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It is suggested that, in a tokamak discharge, the 

initial rapid current penetration and the disruptive 

instability3nay.each be attributed to a type of non- 

linear double tearing instability which causes growth 

and overlap of radially-separated magnetic islands. 

The ensuing reconnection and braiding .of magnetic 

lines would enhance local radial heat and particle 

transport, and could permit rapid redistribution of 

'plasma current, inducing positive or negative spikes 

in the loop-voltage ' signal, 

Two curious characteristics of tokamak disclaarges are the 

initial-phase current penetration,' which appears to proceed 
2 

anomalously fast, and the later-phase disruptive instability, 

which shows negative spikes on the loop voltage signal and is 

characteristically followed by rapid plasma movement and loss. 

We sugqest that the two processes are related, namely, that both 

are instances of growth and overlap of sets of magnetic islands 

on adjacent rational surfaces. Such overlap would bring about 

relatively rapid reconnection of magnetic lines of force and 

could cause sudden redistribution of the plasma current. The 

1 associated rapid change of magnetic flux would produce positive 

u' 
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or negative voltage spikes and the magnetic-line reconnection 

would enhance radial heat.and particle transport. 3 

TWO models for island overlap are sroposed. The more 

tractable one involves the helically-symmetric double tearing 

mode4 in its nonlinear evolution. 1h this mode, perturbations 
-f -t 

grow at each of two singular (k*B = 0) surfaces in the plasma. . . 

The rotational transform must be the same at the two surfaces, . . 

but this condition mav in fact arise during the skin phase of the 

tokamak discharge when the plasma current at the core is still. 1,ow. 

If, in the nonlinear-growth phase of this instability, the islands 

overlap, reconnection of the magnetic lines and a new magnetic 

topology may he expected to appear. Because this mode retains 

helical symmetry, the magnetic surfaces are not destroyed but they 

may become highly convoluted. Redistribution of plasma current 

along the new surfaces would then appear as fast radial current 

penetration. 
. . 

In addition to its application to understanding anomalous 

current penetration, the nonlinear double tearing mode is of 

interest for computer modelling of the tokamak plasma.5 The mode 

can Se studied in cylindrical geometry with helical symmetry and 

exact magnetic surfaces, and its evolution with reconnection of 

magnetic surfaces and rapid current redistribution might also 

reproduce the major characteristics of the disruptive instability. 

The second model for island overlap pertains to the normal 

phase of the tokamak discharge, when the rotational transform is 

a monotonically decreasing function of the plasma minor radius. 

We consider the presence of a primary set of islands at a rational 



surface, .slowly growing due to ingtability of the ordinary tearing 

mode. In the magnetostatic analysis, nonlinear mixing of the pri- 

mary 'perturbation mode [mode numbers m, n; q (r) = m/n] with the 

toroidal geometric factor, R + rcos 8 , ( e l  m = 21, n = 0) 

produces associated perturbation magnetic fields6 with helicity 

m ? 1,. n . Satellite islands must therefore appear at q (r) = 

(m 2 l)/n with widths expected to be of the order of (r/R) 1/2 

.times the width of the primary islands. A qualitative discussion 

indicates that the same mechanism which leads to. nonlinear growth 

for the.double tearing mode can enhance the growth of the outer 

satellites and speed up the approach to overlap. We suggest that 

the disruptive instability is due to the occurrence of such 

accelerated growth and overlap. 
b 

. From an analytical point of view, the interaction between 

islands of incommensurate helicity is very different from the case 

of the double tearing mode with helical symmetry. The approach to 

island overlap in the asymmetric case produces local stochastic 

destruction of the magnetic surfaces and braiding of the magnetic 

lines of force in this region. 7 8 Throughout the braided region 

the current density (more accurately, l 3  and electron tenpera- 

ture must become uniform. 

To understand the generation of voltage spikes, let us 

consider plasma currents, differing in magnitude, flowing on adja- 

cent magnetic surfaces. If the magnetic field lines are somehow 

suddenly braided, transient phenomena will occur, after which 

1 j,/B in this region, as just mentioned, is uniform. Simplifying 

the model to the interaction of just two sheet currents, an ' 

.. , 

I\.. 



e l e c t r i c - c i r c u i t  analogy,  F ig .  1, i s  h e l p f u l ,  p a r t i c u l a r l y  i n  

view of  t h e  d i f f i c u l t i e s  * < i t e d  i n  t h e  l i t e r a t u r e 2  i n  account ing 

f o r  t h e  p o l a r i t y  of  t h e  spikes.. I n i t i a l l y ,  c u r r e n t  il flows on 

t h e  i n n e r  of two a d j a c e n t  t o r o i d a l  magnetic s u r f a c e s ,  and c u r r e n t .  

i i # il , on . t h e  o u t e r .  The energy df ' the  p o l o i d a l  m a g n e t i c  2' 2  
2 f i e l d  s t o r e d  between t h e  two sur ' faces  i s  r ep re sen ted  by Liil  / 2  , 

Li symbolizing t h e  " leakage inductance.  " s i m i l a r l y ,  t h e  magnetic 

'energy s t o r e d  o u t s i d e  t h e  o u t e r ' s u r f a c e  is r ep re sen ted  by 

2  ( L ~ ~ Z  + 2 ~ i ~ i ~  + ~ i ~ )  / 2 .  Bra id ing  in t e rmixes  t h e  f i e l d  l i n e s ,  

e f f e c t i v e l y  c r e a t i n g  t h e  series e l e c t r i c a l  connect ion i l l u s t r a t e d  

i n  t h e  r ight-hand .diagram i n *  Fig .  1. A t  f i r s t ,  t h e  c u r r e n t  through 

t h e  i n d u c t i v e  e.lements i s  s t i l l  il and i2 , il # i 2  , and 

v -; - 0 r e q u i r e s  ' t h a t  t h e  d i f f e r e n c e  c u r r e i t ,  i - i , ' flow 2 1 

r a d i a l l y  between t h e  former s u r f a c e s .  The l i k e l y  phys i ca l  p rocess  

f o r  t h i s  t r a n s i e n t .  r a d i a l  f low i s  p o l a r i z a t i o n  c u r r e n t ,  producing 

p o l o i d a l  plasma motion which.would be  qu ick ly  d i s s i p a t e d ,  p r i m a r i l y  
v 

i n  i o n  h e a t .  9f10  The r a d i a l  c u r r e n t  pa th  i s  r ep re sen ted  e l e c t r i -  

c a l l y  by some (h igh)  impedanqe Z , br idg ing  t h e  i n d u c t i v e  e lements .  

C i r c u i t  a n a l y s i s  ,wi th  perfect '  coupling.,  L = M , and wi th  a  

r e s i s t i v e  impedance f o r  Z shows a n e t  change, A i  , i n  t h e  t o t a l  

l oop  c u r r e n t ,  A i  = 2 i  f i n a l  - i + i = 4 )  i - i )  and . 
2 a l s o  shows t h a t  an energy approximately L i ( i l  - i ) /8  i s  d i s s i -  2 

f 

pa ted  i n  t h e  b r i d g i n g  r e s i s t a n c e .  Thus, i f  t h e  o u t e r  s h e e t  c u r r e n t  

'(i2) were i n i t i a l l y  g r e a t e r  than  t h e  i n n e r  s h e e t  c u r r e n t  (il) , 

a s  i n  t h e  s k i n  phase f o r  a  to.k,amak . . discharge- ,  c u r r e n t  p e n e t r a t i o n  

by b r a i d i n g  would r e s u l t  i n  a, s l i g h t l y  sma l l e r  t o t a l  loop  c u r r e n t  

and would be accompanied by a  sudden r aduc t ion  of  t h e  e x t e r n a l  



p o l o i d a l  magnetic f i e l d ,  g iv ing  rise t o  a  p o s i t i v e  v o l t a g e . s p i k e  

on t h e  loop-voltage s i g n a l .  On t h e  o t h e r  hand, f o r  il > i2 

i n i t i a l l y ,  a s  i n  t h e  c o n f i g u r a t i o n  preceding a normal d i s r u p t i o n ,  

t h e  v o l t a g e  sp ike  would be  nega t ive .  

We t u r n  now t o  t h e  c o n s i d e r a t i o n  of t h e  double  t e a r i n g  mode, 

under which t e a r i n g  of magnetic l i n e s  occu r s  i n  t h e  v i c i n i t y  of 

each of two nearby magnetic s u r f a c e s  which have t h e  s a m e  va lue  of  
. + 
k - 8  o r  r o t a t i o n a l  t ransform.  Now it is ,  i n  f a c t ,  s impler  t o  

o f f e r  an example of a  m u l t i p l e  t ea r ing .  mode. W e  cons ide r  t h e  

f o r c e - f r e e  equ i l i b r ium,  , 

and fo l low t h e  c l a s s i c  analysis1* of  t h e  t e a r i n g  i n s t a b i l i t y  w i t h  

p e r t u r b a t i o n s  of  t h e  form f l  (;, t) = f l  (x)  e x p ( i k y  + y t )  . 
Away from t h e  s i n g u l a r  ( 3  = 0 )  s u r f a c e s ,  t h e  p e r t u r b a t i o n  

0 

~r B 
X /B c l o s e l y  fo l lows  t h e  i n £  i n i t e - c o n d u c t i v i t y  r e l a t i o n ,  

-1 2' Eq. ( 2 0 )  of Ref. ( 1 2 ) .  namely. v2$ = QF d  ~ / d x ~  , with  

F 3  R 
Y 

( O ) / B .  With B,(x) as given.  t he  s imple  s o l u t i o n  

Q - cos  ': [ ( A ~  - k2)  li2x] exp ( i k y  + y t )  s a t i s f i e s  t h e  i n f i n i t e -  

c o n d u c t i v i t y  p e r t u r b a t i o n  equa t ion ,  and F ig .  2 shows how the 

s o l u t i o n s  may be chosen i n  succes s ive  o u t e r  regions. .  The jump' 

i n  d$/+dx a t  each s i n g u l a r  s u r f a c e  i s  (A1/a)  E d++/'Q+dx - 
2 

dq-/$-dx = 2 ( A  - k2l1I2 t a n  [ ( A  - k 2 ) 1 ' 2 ~ / 2 ~ ]  which i s  matched 

t o  t h e  inner-region r e s i s t i v e  s o l u t i o n s  ( d o t t e d  l i n e s  i n  F ig .  2) 

and i s  r e l a t e d  t o  t he  i n s t a b i l i t y  growth r a t e  v i a  E q s .  ( 3 4 ) ,  ( 3 6 )  

and (49) o£* R e f .  (12) , 
1 . . 



The mode is  u n s t a b l e  f o r  Ikl < I . A I  [and p robab ly  u n s t a b l e  f o r  

2  2 1/2 
a l l  lkl = Iky + kZ I , choos ing  kZ such t h a t  s i n g u l a r  

s u r f a c e s  o c c u r  a t  Ax = ~ R I T  2 s , i n t e g r a l ,  w i t h  E 

s u f f i c i e n t l y  s m a l l ,  c f .  Sec .  V, R e f .  ( 4 ) 1 ,  showing growth a t  

a l l  s i n g u l a r , s u r f a c e s  and showing t h e  same s i g n  f o r  $ 5 B ~ ( ~ ) / B  

f o r  y  = . c o n s t a n t , . a l l  x  . The ney magnet ic  s u r f a c e s ,  i n c l u d i n g  

11ow.the : f i r s t - o r d e r  p e r t u r b a t i o n s , . d i s p l a y  t h i n  i s l a n d s  around 

t h e  fo rmer  s i n g u l a r  s u r f a c e s  (Ax =. RIT +  IT/^) . Because t h e  s i g n  

o f  t h e  magne t i c .  s h e a r  changes. wi th . ,  X(Ax) = .rr , a d j a c e n t  i s l a n d  

c h a i n s  show a  180U s h i f t  of  s p a t i a l  phase .  

Growth of  t h e  m u l t i p l e  t e a r i n g  mode may b e  expec ted  t o  

c o n t i n u e  th rough  i t s  n o n l i n e a r  phase .  D e v e l o p i ~ n ~  a  p h y s i c a l  p i c -  

t u r e  o f  t h i s  n o n l i n e a r g r o w t h ,  we f i r s t  n o t e  t h a t  f o r  t h e  f o r c e - f r e e  

t + + + +  
p'lasma, J ( r )  = y ( r ) B ( r )  , and V - 3  = 0  i m p l i e s  5*Vy = 0 , i . e . ,  

. . 

j , /B  i s  c o n s t a n t  a l o n g  each  o i  t h e  Y = c o n s t a n t  magnet ic  s u r -  
Z 

f a c e s .  Now i n  o u r  mult iple-mode e q u i l i b r i u m ,  ( 4 a / c ) j Z  ( 0 )  = 

dB (O)/dx = -JsinAx and jZ  
Y 

(O) 
would b e  a l t e r n a t e l y  p o s i t i v e  and 

n e g a t i v e  on  magne t i c  s u r f a c e s  of  a d j a c e n t  i s l a n d  c h a i n s .  D i f f u s i o n  

t e n d s  t o  smooth o u t  such d i f f e r e n c e s  by normal r e s i s t i v e  (eddy 

c u r r e n t )  p r o c e s s e s .  Adopting f o r  t h e  moment a  v i s c o u s  model o f  

r e s i s t i v e  d i s s i p a t i d n ,  o u r  i n t u i t i o n  would p i c t u r e  c u r P e n t  d i f -  

f u s i n g  a c r o s s  t h e  magne t i c  s u r f a c e s  a t  r a t e s  p r o p o r t i o n a l  t o  t h e  

l o c a l  g r a d i e n t s ,  b u t  s i m u l t a n e o u s l y  s p r e a d i n g  o u t  a l o n g  each  

s u r f a c e  t o  m a i n t a i n  cons tancy  of  j Z / B Z  . Now a s  c u r r e n t  d i f f u s e s  

away from t h e  p o s i t i v e - j  i s l a n d s ,  t h e  d u r r e n t  d e f i c i t  
z  

a p p e a r s  ma in ly  i n  t h e  r e g i o n  of  t h e  x - s t a g n a t i o n  p o i n t s  j u s t  

b e c a u s e  t h e  magne t i c  s u r f a c e s  a r e  s p r e a d  a p a r t  most w i d e l y  t h e r e .  



It is easy to verify that the perturbation magnetic field due to 

this deficit is properly phased in space to enlarge the islands. 

Similarly, the current accumulations at the x-points of the 

negative-.j. z 
(O) chains are seen also to contribute to island 

enlargement as one recalls that the magnetic shear is reversed 

in adjacent layers. Hopefully, computer analysis will provide 

quantitative support for this intuitive description of island 

growth. 

Looking now at the nonlinear growth of the double tearing 

mode, the sketches in'~ig. 3 represent bald gu.esses at the possible 

evolution of the magnetic surfaces for this instability, and are 

3 modelled with the simple function Y = (x /3) - xx * + 
0 

~ ( t )  cos ky , the perturbation-size parameter, E , increasing 

from the top to the bottom sketch. Of particular interest is the 

reconnection of the flux surfaces that occurs at intermediate E . 
.I'f such reconnection were to take place in the double tearing mode., 

it would be accompanied by a rapid 'redistribution of the current 

and electron heat along the new convoluted and'extended magnetic 

surf aces. 

For normal-phase tokamak operation, the rotational transform 

is a monotonically decreasing function of radius, and the equili- 

brium configuration is not appropriate to the two-dimensional 

double tearing instability. On the other hand, toroidal effects 

will cause satellite islands to be associated with any set of 

primary islands. The reason is qualitatively clear -- the primary 
islands are produced by a helical radial perturbation magnetic 



f i e l d %  T h i s  p e r t u r b a t i o n  f i e l d  is ,  i n  t u r n ,  induced by a 

p e r t u r b a t i o n  c u r r e n t ,  and it i s  t h i s  , c u r r e n t  which must have 
-b 

t h e  same h e l i c i t y  a s  t h e  l o c a l  magnet ic  f i e l d  ( e . g . ,  Bevy = 0 )  . 
-+ 

So lv ing  t h e n  . f o r  t h e  induced p e r t u r b a t i o n  B f i e l d ,  t h e  magneto- 

s t a t i c  e q u a t i o n s  i n t r o d u c e  n o n l i n e a r  mixing of  t h e  pr imary 

p e r t u r b a t i o n  f i e l d ,  Br - b ( r )  cos  (m0 - ng) w i th  t h e  t o r o i d a l  

geometry f a c t o r ,  1 + ( r / R )  cog 0 ,  s o  t h a t  . secondary f i e l d s  o f  

o r d e r ,  AB, - ( r / R ) b ( r ) c o s [ ( m f l ) B  - 1141 , etc., appear as 

neces sa ry  components of t h e  complete s e l f - c o n s i s t e n t  s o l u t i o n .  

Assoc i a t ed  w i t h  primary q  = 2 i s l a n d s  w i l l  t h e r e f o r e  be  q = 3  

. s a t e l l i t e  i s l a n d s  w i t h  wid th  - ,, r .. . l 2  t i m e s  a s  l a r g e  a s  t h e  

pr imary i s l a n d .  Second-harmonic c u r r e n t  components i n  t h e  primary 

i s l a n d  (e.g, . ,  m = 4 ,  n=2) . can s i m i l a r l y  l e a d  t o  s a t e l l i t e s  a t  

q=3/2 and q=5/2 . q=3/2 s a t e l l i t e s  would a l s o  he induced by 
/ 

second-harmonic components ( m = 2 ,  n=2) i n  a  primary q = l  plasma 

c u r r e n t  d i s t o r t i o n .  

One s u g g e s t i o n  might t hen  be  t h a t ,  plasma d i s r u p t i o n  occu r s  

when primary i s l a n d s  due,  s a y ,  t o  a  s i n g l e  t e a r i n g  mode, grow 

s u f f i c i e n t l y  t o  o v e r l a p  w i t h  t h e i r  own s a t e l l i t e  i s l a n d s  o r ,  

pe rhaps ,  w i t h  t h e  q=3/2 s a t e l l i t e s  of  a  q=1 c o r e  d i s t o r t i o n .  

But.  under c e r t a i n  c o n d i t i o n s  w e  cou ld  a l s o  e x p e c t  growth o f  t h e  

s a t e l l i t e  i s l a n d s  themselves .  S p e c i f i c a l l y ,  i n  a  geometry w i th  

b o t h  r a d i . a l l y  d e c r e a s i n g  j , and t rans form,  d i f f u s i o n  toward and 

accumulat ion .of j,, near  t h e  x -po in t  r e g i o n s  of  o u t e r  s a t e l l i t e  

i s l a n d s  would produce p e r t u r b a t i o n  . . ,  8 . f i e l d s  w i t h  p roper  s p a t i a l  

phase  t o  enhance t h e  width  - [Br (1).11/2 o f  t h e s e  i s l a n d s  ( a t  



some minor cost to the width of the larger primary-island). We 

could expect the combined system to be unstable with character- 

istic growth rates for the outer satellites typical of the 

nonlinear tearing mode, l3 and this instability of the combined 

system, with satellite growth and island overlap speeded up by 

x-point current accumulation, suggests a quite interesting 

mechanism for sudden plasma disruption. 
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BEFORE AFTER 

753864 
Fig. 1. Circuit analogy showing reconnection of current 

paths following a disruption of the magnetic fields in a plasma. 



Fig.  2 .   ine ear , multiple tearing mode, showing amplitudes 
o f  zero- and f irst-order magneti'c' .f ie: lds .  
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753985 
F i g  3 .  Conjectured evolution of magnetic surfaces-in non- 

linear double tearing instability. , 




