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Magnetic Bra id ing  due t o  Weak Asymmetry* 

Alexander B. Reches te r  and Thomas H. S t i x  
Plasma Phys i c s  Laboratory,  P r i n c e t o n  u n i v e r s i t y  

P r ince ton ,  New J e r s e y  08540 

Magnetic s u r f a c e s  f o r  a  plasma w i t h  a h e l i c a l  

c u r r e n t  p e r t u r b a t i o n  - c2 a r e  des t royed  by t o r o i d a l  

e f f e c t s  o r  by a  second c u r r e n t  p e r t u r b a t i o n ,  of  

incommensurate h e l i c i t y ,  and t h e  behavior  of magnetic 

f i e l d  l i n e s  becomes s t o c h a s t i c  i n  l a y e r s  of r e l a t i v e  

- 2 .  
width E exp(- .rr /2~) . 

This  work cons ide r s  how t h e  magnetic s u r f a c e s  f o r  a  tokamak 

d i scha rge  a r e  a f f e c t e d  by h e l i c a l  p e r t u r b a t i o n s  of t h e  plasma 

c u r r e n t .  Such c u r r e n t  p e r t u r b a t i o n s  are known t o  b e . a s s o c . i a t e d  
b 

with  r e s i s t i v e  modes, " and s u b s t a n t i a l  exper imenta l  ev idence  

4 
'6 has  been o f f e r e d 3  f o r  t h e  occur rence  of magnetic i s l a n d s  asso-  

c i a t e d  wi th  non l inea r  t e a r i n g  i n s t a b i l i t i e s .  5 ' 6  I n  t h i s  paper  

w e  show t h a t  t h e  exis . tence of two such modes w i t h  d i f f e r e n t  

h e l i c i t y  - o r  t h e  e f f e c t  of t o r o i d a l  geometry on a s i n g l e  such 

mode l e a d s  t o  t h e  d e s t r u c t i o n  of magnetic s u r f a c e s .  The r e su l t -  

a n t  s t o c h a s t i c  wandering o r  "b ra id ing"  of t h e  magnetic l i n e s  can 

produce c o l l i s i o n l e s s  r a d i a l  h e a t  t r a n s p o r t ,  enhanced c u r r e n t  

p e n e t r a t i o n  and r a d i a l  p a r t i c l e  t r a n s p o r t ,  and may change t h e  

induc tance  f o r  t o r o i d a l  plasma c u r r e n t  f low s o  t h a t  sudden o n s e t  

of b r a i d i n g  would produce nega t ive  o r  p o s i t i v e  s p i k e s  i n  t h e  

loop-vol tage s i g n a l .  7 

The mechanism of magnetic s u r f  a c e  d e s t r u c t i o n 8  was f i r s t  

i n v e s t i g a t e d  i n  two c l a s s i c  papers  on magnetic i r r e g u l a r i t i e s ,  9 , l O  



where it was 'demons'tkated t h a t  a  spectrum of  over lapping  reso-  

nances  p r o d u c e s ~ s t o c h a s t i c  wandering of t h e  magnetic f i e l d  l i n e s .  

I n  t h i s  work we 's tar ' t  w i t h  a  f i e l d  of h e l i c a l  symmetry and 

e x a c t  m a g n e t i  surfa 'ces  which e x h i b i t s  a  s i n g l e  s e t  of primary 

i s l a n d s ,  i .e . ,  a, s i n g l e  resonance a t  some r = r between t h e  
0 

h e l i c a l  v a r i a t . i o n  and t h e  r o t a t i o n a l  t rans form I ( r )  . Weak 

asymmetry i s  in t roduced  v i a  a  f i r s t - o r d e r  magnetic p e r t u r b a t i o n  

o f  d i f f e r e n t  h e l i c i t y  which might be due t o  t o r o i d a l  e f f e c t s  o r  

t o  t h e  p re sence  of a second magnetic resonance a t  r r . The 

incommensurate p e r t u r b a t i o n  i s  found t o  produce 1 i t t l e . s e c o n d a r y  

i s l a n d s  which appea r  wherever. t h e  F o u r i e r  components of t h e  per-  

t u r b a t i o n  r e s o n a t e  w i t h  t h e  l o c a l  t rans form,  w ( k ) ,  Eq .  ( 4 ) ,  

w i t h i n  t h e  pr imary i s l a n d s .  I n  f a c t ,  a p i le -up  occurs  wi th  a  

denumerable i n f i n i t y  of  cha ins  of  t h e s e  l i t t l e  secondary i s l a n d s  

a p p e a r i n g  a s  t h e  primary s e p a r a t r i x  i s  approached from both 

i n s i d e  and o u t s i d e .  C a l c u l a t i n g  t h e  width  of t h e  secondary 

i s l a n d s  i n  each such c h a i n  and t h e  spac ing  between a d j a c e n t  

c h a i n s ,  w e  f i n d  t h a t  t h e  r e l a t i v e  t h i c k n e s s  of  t h e  b r a i d i n g  

r e g i o n ,  w i th in .wh ich  secondary- is land o v e r l a p  occurs  (see Fig .  l ) ,  

i s  g i v e n  by a  ken-analytic f u n c t i o n  of t h e  expansion parameter ,  
- 

E , namely E 'exp ( - n / 2 ~  . E , def ined  i n  E q .  ( 8 )  , i s  propor- 

t i o n a l  t o  t h e  t h i c k n e s s  o f  t h e  primary l s l a n d s  and i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  m r  - r m  . !L = 21ml /ml  + 1 , and m and 

ml a r e  az imutha l  mode numbers f o r  t h e  o r i g i n a l  h e l i c a l  f i e l d  and 

f o r  t h e  p e r t u r b a t i o n .  T h i s  r e s u l t  may be  compared wi th  an e a r l i e r  

estimate1' f o r '  t h e  t h i c k n e s s  o f  t h e  s t o c h a s t i c  l a y e r  - exp (-I/&) . 
W e  a l s o  f i n d  t h a t  t o r o i d a l  e f f e c t s  .produce s t o c h a s t i c  r eg ions  

around t h e  s e p a r a t r i c e s  a s s o c i a t e d  w i t h  any magnetic i s l a n d .  A s  



a  s p e c i f i c  i l l u s t r a t i o n ,  w e  c o n s i d e r  t h e  m = 2  ST tokamak 

i s l a n d s ,  measured by von ~ o e l e r ,  and e v a l u a t e  t h e  f r a c t i o n  of  

'4 i s l a n d  a r e a  i n  which t h e  magne t ic  f i e l d  'is s t o c h a s t i c .  
I 

I t  i s  worth  n o t i n g  t h a t  t h e  r e s u l t s  o b t a i n e d  h e r e  may be 

d i r e c t l y  a p p l i e d  a l s o  t o  t h e  a n a l y s i s  o f  t h e  mot ion o f  a  charged  

p a r t i c l e  i n  t h e  f i e l d  o f  two incommensurate p l a n e  waves. 
11 

W e  c o n s i d e r ,  I n  z e ro  o r d e r ,  a r i~agne t i c  f i e l d  o f  h e l i c a l  

-f 
symmetry, B ( r , u ) ,  u  E m0 - nz/R . r ,  0 ,  and z  a r e  t h e  u s u a l  

c y l i n d r i c a l  c o o r d i n a t e s .  The f i e l d  i s  d e r i v a b l e  from a  v e c t o r  

+ 
p o n t e n t i a l ,  B = V x x ( r , u )  , and d i r e c t  s u b s t i t u t i o n  w i l l  v e r i f y  

t h a t  t h e  f l u x  f u n c t i o n  12 $ = mAZ + .n ( r / R ) A e  = -1 [mBO - (nr/R) B Z ]  d r  

+ 
s a t i s f i e s  t h e  c o n d i t i o n  f o r  a  magne t ic  s u r f a c e ,  B-V$ = 0 . W e  

d e f i n e  2n/1 ( r )  q  ( r )  E r < B  > / R < B 6 >  , where t h e  a v e r a g e s  a r e  
b z 

ta l ten over  a p e r i o d  i n  u  , and,  making u s e  o f  t h e  i d e n t i t y  

6 r B r  = a$/au , expand around t h e  r a t i o n a l  s u r f a c e  r = r , a t  
0 

which n q ( r o )  - m = 0 . With Br = b ( r )  s i n  u  , which w e  might  

imagine s t e m s  from a h e l i c a l  r i p p l e  i n  t h e  plasma c u r r e n t  d i s t r i -  

b u t i o n  e q u i v a l e n t  t o  A j n  - 6 ( r  - ro) c o s  u  , w e  f i n d  

2  z 2 r  - r - r c o s  u  I (1 

2  1 /2  The i s l a n d  s e p a r a t r i x  i s  g iven  by t h e  1 = y c o n t o u r ,  y E I r l  
f 

and t h e  f u l l  w id th  of  t h e  i s l a n d s  i s  4y . See  F i g .  1. 



' 'f 

~ntroducinb orthogonal coordinates 5, a, n which are 

local to the primary islands, the coordinate 5 , Eq. (1) , 

parameterizes the magnetic surfaces and V€, will be everywhere 

perpendicular to them. The third coordinate, n , is chosen so 

that Vq is directed along the r = constant, u = constant -. 
helical lines and is normalized so that I V V I  = 1 . 6 is per- 

A A 

pendicular to fi and to 5 , & = fj x 5 , and we choose to 

calibrate a so that its rate 031 cliailge along v is a I u r r ~ L i o n  

of 6 slnne, i.e., so that & = du/dn - w (5) , with the important 
advantage that Eq. (6), below, will then be immediately soluble by 

simple Fourier analysis. 

One may verify that the choice da/du = (da/dn) / (du/d~) = 

y (aC/ar)-l will provide that w - da/d~ remains constant along 
a line of force, i.e., on a single 5 surface. We now introduce 

new variables., k ( 5) , 

and, inside the separatrix, < (k, u) , such that k sin < I sin (u/2) . 
The integration . . of da/du = y (dc/dr) -' then leads directly to 
< = am(a,k) and the coordinate transformation equations, . . 

-1 
u = 2 sin [k sn(a,k) 1 and r - r = 2yk cn(a,k) , where sn 

0 

and cn are.Jacobian elliptic functions, periodic with the 

period 4K (k) , and where K (k) is the complete elliptic integral 

of the first kind. The angle variable a increases by the . 

increment 4K (k) on one complete circuit (see Fig. 1) ; if we 

renormalize this increment to 27r , then the effective rotational 
~ .. . 

transform in the island interior, relative to the local magnetic 

axis (the elliptic stagnation point), will be w(k) , 



..) 
'I2 , t h e  d i s t a n c e  a long  <$ (r0 , u )  > where L ' 2rR[1 + (nro/mR) I 

f o r  A z = 2 v R .  

D i s t ances  between nearby c o n t o u r s  6 and 5 + d5  are 

2  2  2  2  -Indk , 
r e l a t e d  by Id$[ = d6 1.85 1-I = 2y [cn a +  (my/ro) s n  a dn  a ]  

and t h e  area i n s i d e  a  c l o s e d  c o n t o u r '  E(k) , k  < 1 , i s  g i v e n  

- A~ - 16y k  1 Vul (1-k2) d~  dk (k ) .  
I 

where lvul = mL/2nroR . Ai may a l s o  be  c o n s i d e r e d  t h e  a c t i o n  v a r i a b l e  

con juga t e  t o  t h e  a n g l e  v a r i a b l e  a ; t h e  FIamiltonian would be 5  ( A .  ) . 
1 

Outs ide  t h e  s e p a r a t r i x ,  t h e  a p p r o p r i a t e  s u b s t i t u t i o n  l e a d s  t o  

u  = 2am[B , ( l / k ) ]  , s - r = 2yk d n [ B , ( l / k ) ]  , and i n  ( 4 1 ,  
0 

K + K ( l / k )  . See F ig .  1. Di s t ances  a r e  r e l a t e d  by 

2 2  2 I d;l = 2y [dn B + (ym/kro) s n  Bcn2B1-1/2dk , and t h e  t o t a l  a r e a  

between t h e  upper and lower 5 ( k )  , k  >, 1 , c o n t o u r s  from ' fi = 0 

t o  2K ( l / k )  is  A. = 16ykl V U ~  E ( l / k )  , where E i s  t h e  complete  

e l l i p t i c  i n t e g r a l  of t h e  second k ind .  

W e  now i n t r o d u c e  weak asymmetry throuqh t h e  f i r s t - o r d e r  pe r -  

t u r b a  t i o n ,  Br (') = b ( l )  s i n  w , b  (') = c o n s t a n t  , a s  miqht  b e  induced 

by h e l i c a l  plasma c u r r e n t  r i p p l e s  a t  an  a d j a c e n t  s u r f a c e ,  r = r 
1 ' 

The f i r s t  s t e p  i s  F o u r i e r  a n a l y s i s ' o f  t h e  p e r t u r b a t i o n  f i e l d ,  

- F , Eq. ( 6 )  , i n t o  harmonics o f  t h e  v a r i a b l e s  a and n 

W e  d e f i n e  X and K such t h a t  on r = r 
0 

w = m 0 - nl(z /R)  = 
1 

Xu - K ( ~ / R )  I A = m /m , K = n - (111 n/m)  . The e r r o r  i n  t h e  1 1 1 

approx imate  forms,  f o r  A and K i s  o f  o r d e r  (ro/qR) . I n  t h e  



e n s u i n g  F o u r i e r  a n a l y s i s ,  2h is  r e q u i r e d  t o  be  i n t e g r a l ,  b u t  

t h e  r e s u l t s  shou ld  b e  r e p r e s e n t a t i v e  of  t h e  a n a l y s i s  f o r  o t h e r  
..... 

v a l u e s  of  h . The new magnet ic  s u r f a c e s  w i l l ,  n e a r  r = r- , 
u 

b e  of  t h e  form $ ( O )  ( k )  + 0") ( k , a , q )  = c o n s t a n t ,  and w i l l  

s a t i s f y  t h e  f i r s t - o r d e r  equ.at ion,  6''' V$ 'I) = ( 6 ~ ~  + BB,) * v $  - - 

? S ( l )  ( 0 )  . W e  approximate  B a s  c o n s t a n t ,  • and u s e  Eq. ( 4 )  
rl 

t o g e t h e r  w i t h  da/dq = I v a l B a / l v i l l B q  t o  e v a l u a t e  lvalBu , t o  

find, inslde t h e  s e p a r a t r l x ,  

Al though E q .  ( 6 )  was d e r i v e d  f o r  t h i n  pr imary i s l a n d s ,  i t s  

u s e  of  t h e  a c t i o n  [Ai ( k )  o r  A. ( k )  ] - a n g l e  ( a )  formalism a s s u r e s  

u s  t h a t  an  e q u a t i o n  o f  t h i s  same fo rm.cou ld  be o b t a i n e d  f o r  t h i c k  

pr ' imary i s l a n d s .  

T o  s o l v e  Eq. 161 . w e  Fouri-er-expand hoth 0 and F (1) p 

and s u b s t i t u t e  ' t o  o b t a i n  Ol lY  ( k )  = - i F  (k )  (d$ (O)/d<)  
PV 

-1 [pw(k) - ~ T V K ]  . :  , u s i n g  L - 2'mR . S i n c e  w e  are f r e e  t o  choose 

t h e  f u n c t i o n  $ ( 0 )  ( k )  , t h e  s i m p l ' e s t  s e l e c t i o n .  f o r .  s o l u b i l i t y  i s  

d $ ( O ) / d k = J I  (k-k ) where w(kVv 
P V  

). = 2 ' m v ~ / ~  f o r  each u , v  . 
l J f  '!. 

Then t h e  magne t ic  s u r f a c e s  can be  de te rmined  by expanding.  

$ + $ ( l )  = c o n s t a n t  around each  l i t t l e  resonance ,  k  = k , 
P V  

(k-k ;) 
5, - d w  d S  

"' - i P- - 
2 ( dk dk)-' ? I F p ~ e x p  R ( 7  



summing j u s t  o v e r  p , v  and - , -V . 
L'J To de t e rmine  F , 

PV 

2lT 
:Q 

4 K  
F ( k )  = [ b n ~  (k )  1 d  ( q K / R )  lo daF (w,  k )  exp  i [ -  (npa/2K) + ( v ~ q / R )  1 , 

'0 0 

- a 
w i t h  F  (w,k) - -L (b  /Bq) (r-ro) s i n [ h u -  ( r q / R )  1 , w e  r e c a l l  

-1 r - r = 2yk c n ( a , k ) ,  X - ml/m , and u / 2 - s i n  ( k  s n  a )  E Q  . 
0 

Then w e  expand, f o r  example f o r  2X even ,  s i n ( X u )  = s in(2XR) 

= ( - l j h + l  22h-1 cos 0  sin2"l fi + . . . = (-1) h+122h-1dn a  ( k sna )  ... 2 x 4 ,  

and i n t r o d u c e  s i m i l a r  expans ions  f o r  2h odd and f o r  cos(2mlQ/m) . 
Co.nt r ibut ions  t o  F from subsequen t  t e r m s  i n  t h e  series a r e  

I1 v  

a l g e b r a i c a l l y  sma l l  i n  t h e  expans ion  pa r ame te r ,  E , E q .  ( 8 ) .  The 

a - i n t e g r a l  i s  e a s i l y  e v a l u a t e d  i f  i t s  c o n t o u r  i s  d e p r e s s e d ,  f o r  

1~ > 0  , t o  r u n  from (0,O) t o ,  ( 0 ,  - i m )  t o  ( 4 K ,  - i m )  t o  ( 4 K , O ) .  

Expanding t h e  i n t e g r a n d  a b o u t  t h e  uppermost p a i r  of  s i n g u l a r  

2  1 /2 ]   point^?^ w e  use,  f o r  example n e a r  a  = 2K - i K "  , K '  E K[(1-k ) 

-1 cn  a = cn (2K-iK' + Aa) = dn(Aa)  [ i k  sn (Aa)  1 , e tc . ,  w i t h  t h e  

expans ion  pa ramete r  E , , 

I 

 he e v a l u a t i o n  o f  F  can be  c a r r i e d  th rough  i n  a  s t r a i g h t -  
. u v  

forward f a s h i o n  w i t h o u t  t h e  smal l -& expans ion  -- e . g . ,  p i c k i n g  

up t h e  r e s i d u e s ,  e tc .  -- b u t  t h e  r e s u l t  i s  curnbersorne.) The 

argument f o r  w and f o r  t h e  K and K' e l l i p t i c  i n t e g r a l s  i s  

kll v 
,' and v = t l  . r i s  t h e  r a d i u s  a t  which q ( r l )  would 

1 

equa l  ml/'nl i t  w e r e  c o n s t a n t .  I n  t h i s  manner w e  f i n d  - 
F 

1J.v f o r  p > 0  , and f o r  p < 0  w e  u se  F  = F  * . , Then 
-IJ,-v P V  

E q .  ( 7 )  t a k e s  t h e  s t a n d a r d  form f o r  i s l a n d  c o n t o u r s ,  



-2 2A-2 Q) - 2  1 exp ( - K t / €  1 
r k  = (2A): k 'm 2A-1 

E 

where H a [Sgn ( w ~ )  1" The f u l l  width  of t h e  l i t t l e  i s l a n d s  i n .  
.. . 

t e r m s  of  k  i.s - 
4 ~ k  t yk = l r k l  l 2  . From t h e  resonance con- 

d i t i o n  w,(k,,,,,) = 2 n v ~ / p  and u s i n g  1.v ] = 1 , w e  can f i n d  t h e  
.. . 

i nc remen t  i n  kv v 
, Ak , cor responding  t o  a d j a c e n t  r e sonan t  

s u r f a c e s d e t e r m i n e d  by l ~ u l  = 1 . Using ( 4 )  and ( 8 ) .  

Ak = 2n 1 r 1 [ u  2dw/dk] = nE [2dK/dk] -' . Because w (k )  + 0 a s  ' 

k -i 1 , E q .  ( 4 1 ,  resonances  w i l l  occur  f o r  a l l  i n t e g e r  
p > "in . 

(A  s i m i l a r  p i l e -up  a l s o  occu r s  a s  t h e  s e p a r a t r i x  i s  approached 

from t h e  o u t s i d e . )  Over lap of l i t t l e  i s l a n d s  w i l l  begin  when 

Ak = 4y , which o c c u r s  when 
k 

,. . 

F o r  k + 1 , k(2dK/dk)-' = 1-k = 6.k and K '  ( k )  = n / 2  . A s  

no t ed  b e f o r e ,  t h e  t h i c k n e s s ,  6k , of '  t h e  s t o c h a s t i c  l a y e r  i s  
0 

-21-1 
g i v e n  by a non-ana ly t i c  f u n c t i o n  0.6 E , namely, - E  e x p ( - n / 2 ~ )  . 
F o r  f i x e d  b , E v a r i e s .  a s  ( d ~ / d r ) .  'I2 a n d  i n  t h i s  c i rcumstance 

h igh-shear  r e g i o n s  w i l l  b e  e s p e ~ i a ~ l - y  s u s c e p t i b l e  t o  magnetic 

b r a i d i n g .  Of some i n t e r e s t  a l s o  i s  t h e  s t e e p  rise of t h e  
- 

f u n c t i o n  E "-'exp ( - K t / € )  p r i o r  t o  r each ing  i t s  maximum a t  

E = K1/(2A+1) . I n  t h i s  range a  modest i n c r e a s e  i n  E can pro- 

duce  a sudden l a r g e  i n c r e a s e  i n  the .  t h i c k n e s s  of t h e  b r a i d i n g  

l a y e r .  

Ou t s ide  of  t h e  zero-order  s e p a r a t r i x ,  t h e  exp res s ions  f o r  



w and E a r e  t h e  same a s  b e f o r e  e x c e p t  t h a t  K = K ( l / k )  , 
,dl 

e t c .  Equations f o r  t h e  new magnetic s u r f a c e s  i n  t h e  neighhor-  

4 hood of k = k a r e  i n  t h e  £ o m  of  set  (9)  b u t  w i t h  a -t B , 
P V  

( k d ~ / d k ) - l +  - k2' [ d ~ ( l / k ) / d k ] - I  and H +  ( 1 / 2 )  [ l  + (-1) P+2Al 

[l + sgn ( w ~ )  1 . Resonances appear  on ly  f o r  sgn ( w ~ )  > 0 and 

1 0 ~ 1  = 2 , s o  t h a t  t h e  d e n s i t y  of l i t t l e  i s l a n d s  and t h e  t h i c k -  

nes s  of t h e  b r a i d i n g  l a y e r  a re  reduced t o  approximately  h a l f  

t h e i r  i n s i d e - s e p a r a t r i x  va lues .  The e x p r e s s i o n  f o r  t h e  o v e r l a p  

cond i t i on  resembles  (10) excep t  t h a t  t h e  new l e f t -hand  s i d e  r e a d s  

[ k 2 ' d ~ ( l / k ) / d k ] - l  - 26k . 
Using t h e  r e s u l t s  of  t h e  p rev ious  paragraphs  t o g e t h e r  w i t h  

t h e  express ion  f o r  Ai , Eq. (5), and f o r  A. , w e  can  e a s i l y  

d e r i v e  an exp res s ion  f o r  t h e  r a t i o  of  t h e  t o t a l  s t o c h a s t i c  a r e a  

bo th  i n s i d e  and o u t s i d e  t h e  primary s e p a r a t r i x ,  6 A  , t o  t h e  

t o t a l  a r e a ,  A , w i t h i n  t h e  primary s e p a r a t r i x ,  v a l i d  f o r  

The c o n s i d e r a t i o n s  h e r e  can be a p p l i e d  t o  s tudy  t h e  e f f e c t  

of t o r o i d a l  geometry on magnetic i s l a n d s .  To f i r s t  o r d e r  i n  

r / R  , t h e  axisymrnetric p o l o i d a l  and t o r o i d a l  f i e l d s  a r e  g iven  1 4  

by Bp($) [l + ( r /R)A($)  cosel  and Bt($)  [ I  - ( r / R )  cose l  ; t h e  

q u a n t i t y  A + I i s  p r o p o r t i o n a l  t o  t h e  magnitude of  t h e  e f f e c -  

t i v e  " v e r t i c a l "  f i e l d  needed t o  ba l ance  t h e  well-known t o r o i d a l  

2 hoop f o r c e s .  We compute t h e  e x c i t a t i o n  f u n c t i o n  F = n y  n (A+l) ;  

(TI'K) { s i n  1 ( m + l )  8 - n z / ~ l  + s i n  [ (m-1)  8-nz/R] ) , and c a r r y  o u t  t h e  

p e r t u r b a t i o n  a n a l y s i s  a s  b e f o r e  t o  f i n d ,  w i t h  ml = m 2 1 , 

n = n ,  1 



as a measure of the' beginning of little-island overlap and magnetic 
'I 

braiding just inside the separatrix. 

Abel inversions of x-ray intensity oscillations from the ST 

tokamak indicated, just prior to disruption, the presence of a 

magnetic island near the q = 2 surface of 4Y = 3.5 - 4 cm full 

thickness. Using m = 2 , n t f ,  r - 8 c m ,  R1'103 c m ,  
0 

d l / d r  = 0.4 qm-I , and thus c = 0.21 and h = 3/2 , and setting 

A = 0 , simultaneous solution of Eqs. (5) and (12) shows thats 

- 30% of the interior area of the m = 2 island would be braided 

by the toroidal perturbation of the symmetry, close to the maximum 

of (12) with. respect to variation of E . ( *  
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7 5 3 9 8 2  
Fig. 1. Structure of primary magnetic islands in the 

vicinity of r = r showing several S=constant contours and, at 
o f  selected points, values of the angle variables u, a and B .  r > 0. 

Shading indicates a representative region of "braiding," i,.e., 
stochasticity. 




