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Abstract R o t a t i o n a l  I n s t a b i l i t i e s  and r e s i s t i v e  t e a r i n g  modes a r e  t h e  
most s t r i k i n g  modes observed i n  h i g h  temperature O-pinches w i t h  ze ro  o r  
reversed b i a s  f i e l d .  We s tudy  these c o n f i g u r a t i o n s  which have t h e  e f f e c t  
o f  a r i g i d  r o t a t i o n  o f  the  plasma column. Some recen t  exper imenta l  da ta  
i n d i c a t e  t h a t  an m=2 mode appears a f t e r  t h e  r o t a t i o n  reaches a c r i t i c a 1  
va lue.  We show t h a t  the  growth r a t e  o f  t h e  m=2 rnode may be g r e a t e r , t h a n  
t h a t  o f  t h e  m=l r e s i s t i v e  k i n k  mode, depending on the  exper imenta l  con- 
d i  t i o n s .  We appl  y our  r e s u l  t s  t o  severa1 exper imenta l  data i n  the  1 i t e r a -  
t u r e .  

1. INTRODUCTION 

The purpose o f  t h i s  work i s  t o  extend t h e  paper by Galvão and 

'Santiago1 t o  i n c l u d e  t h e  m=2 t e a r i n g  mode i n  f i e l d  reversed 0- p inches.  

I n  t h i s  paper we considered t h e  m=l k i n k  i n s t a b i l i t y  i n  those c o n f i g u r -  

a t i o n s  i n c l u d i n g  a r i g i d  r o t a t i o n  o f  t h e  plasma column t o  e x p l a i n  some 

t h e o r e t i c a l  and exper imenta l  da ta  g i v e n  i n  t h e  1 i t e r a t ~ r e ~ ' ~ ' ~ ' ~  . I n  

t h i s  case an a n t i - p a r a l l e l  b i a s  magnetic f i e l d  i s  a p p l i e d  b e f o r e  the  

i n i t i a l  compression f i e l d ,  so t h a t  a c o n f i g u r a t i o n  o f  c losed  f i e l d  l ines 

i s  produced which i n h i b i t s  p a r t i c l e  losses .  The r e s i s t i v e  t e a r i n g  mode 

expected i n  these c o n f i g u r a t i o n s  i s  analysed i n  t h e  l i m i t  o f  long wave- 

l e n g t h  and r i g i d  r o t a t i o n .  A r o t a t i o n a l  i n s t a b i l i t y  i s  t h e  most s t r i k i n g  

mode observed i n  h i g h  temperature O-pinches and p rov ides  one o f  t h e m a i n  

l i r n i t a t i o n s  t o  conf inement .  U s u a l l y  an m=2 mode grows and t h e  p l a s m a ,  

f i r s t l y  r o t a t i n g  as a r i g i d  body, becomes e l l i p t i c a l  and, i n  rnany cases, 

breaks up i n t o  two f i l a m e n t s ,  r o t a t i n g  abour each o t h e r .  I n  some con- 

d i t i o n s  however an m=l mode predominates. T h i s  i s  l e s s  w e l l  understood 
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b u t  i s  a l ç o  assoc ia ted  w i t h  the  r o t a t i o n 2 .  Mechanisms t o  e x p l a i n  t h e  

o r i g i n  o f  t h e  r o t a t i o n  have been reviewed by ~ a i n e s ~  and i t i s  probable 

t h a t  more than one mechanism takes  p l a c e  i n  p r a c t i c e .  I n  t h e  l a t t e r  

re ference,  r o t a t i o n  due t o  a  smal l t ransverse  f i e l d  was observed dur ing 

t h e  imp los ion  phase and t h e  ions  were found t o  c a r r y  a  s u b s t a n t  i a  I 

f r a c t  i o n  o f  c u r r e n t ,  as expected. 

The fundamental q u e s t i o n  i n  these i n s t a b i l i t i e s  i s ,  f i r s t l y ,  

t h e  f a c t  t h a t  i n  many s i t u a t i o n s  t h e  m=2 mode i s  observab le  but i n  other  

cases t h e  m=l k i n k  mode i s  t h e  dominant mode. We a l ç o  remark t h a t h i g h e r  

modes (rn22) a r e  r a r e l  y  observed and t h e  absence o f  these modes suggests 

the  presence o f  some damping o r  s t a b i  1  i s i n g  mechanísm3. 

The m=l i n s t a b i l i t y  appears t o  be assoc ia ted  w i t h  t h e  r o t a t i o n  

b u t  t h e r e  i s  no s a t i s f a c t o r y  t h e o r y  t o  account f o r  the  o b s e r v a t i o n z  . 
I n  r e c e n t  s t u d i e s 3  t h e  f requency a n d w a v e l e n g t h o f  t h e  i n s t a b i l i t y  

were found t o  agree w i t h  t h e o r y  and t h e  r o t a t i o n  cou ld  be exp la ined  by 

observed end s h o r t i n g  c u r r e n t s  and i n v o l v e d  t h e  p ropaga t ion  o f  a  t o r -  

s i o n a l  A l f v é n  wave inwards a long  t h e  column. We see t h a t  more work i s  

needed, p a r t i c u l a r l y  exper iments w i t h  new d i a g n o s t i c s  t o  f u l l y  e x p l a i n  

bo th  t h e m = l  and m=2modes, t h e  r o t a t i o n a l  i n s t a b i l i t y  i s  s t i 1 1  a  

se r ious  l i r n i t a t i o n  i n  t h e t a  p inches w i t h  ze ro  o r  reversed b i a s  f i e l d .  

I n  our  system we cons ider  a  p l a s m a c y l  i n d r i c a l  l a y e r  w h o s e  

th ickness  i s  small  cornpared w i t h  i t s  r a d i u s ,  w i t h  the  magnetic f i e l d  i n  

o p p o s i t e  d í r e c t i o n s  on e í t h e r  s i d e  o f  i t .  We show t h a t  t h e  growth r a t e  

o f  t h e  m=2 mode scales w i t h  t h e  1/3 power o f  t h e  plasma r e s i s t i v i t y  and 

t h e  f requency o f  t h e  mode i s  g i v e n  by 

where t h e  A l f v é n  hydromagnetic c h a r a c t e r i s t i c  t i m e  i s  g i v e n  by 

where 
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t h e  r e s i s t i v e  d i f f u s i o n  t ime,  17 t h e  plasma r e s i s t i v i t y , k  t h e l o n g i t u d i -  

na1 mode number, and r, t h e  r a d i u s  where t h e  magnetic f i e l d  vanishes. 

I n  presence o f  a  f i n i t e  r e s i s t i v i t y  17, rnagnetic f i e l d  1 i n e s  d i f f u s e  

through t h e  plasma and t h e  r a t e  i s  p r o p o r t i o n a l  t o  the' t ime  s c a l e  de- 

f i n e d  by T ~ .  Simple r e s i s t i v e  d i f f u s i o n  i s  g e n e r a l l y  much slower than 

the  i d e a l  ( r j = O )  plasma response de f  ined  by T ~ ,  b u t  s p e c i a l  f i e1  d c o n -  

f i g u r a t i o n s  can g i v e  r i s e  t o  much more r a p i d  d i f f u s i o n .  T h i s  magnetic 

reconnec t ion  c o n s i s t s  i n  t h e  growth o f  one o r  more reg ions  i n  terms o f  

t h e  t o t a l  magnetic f l u x  i n  t h e  r e g i o n  a t  t h e  expense o f  o t h e r  reg ions .  

The reconnec t ion  t i m e  i s  g i v e n  by T = sP-rH w h e r e  S = i s  t h e  

Lundqv is t  number and p depends on the  s e l f - c o n s i s t e n t  geornetry,magnetic 

f i e l d  and boundary c o n d i t i o n s ,  v a r y i n g  f rom zero t o  one. I n  p r e s e n t  

f u s i o n  research dev ices  S = 107, so the  reconnec t ion  r a t e s  v a r y  g r e a t l y  

depending on t h e  v a l u e  o f  p .  I n  eq. (1) A rep resen ts  a s c a l a r  quant i  t y  o f  

o r d e r  u n i t y ,  and i t  appears i n  t h e ' e i g e n v a l u e  equa t ion  t h a t  w i l l  be ob- 

t a i n e d  i n  s e c t i o n  2 .  

Our main r e s u l t  i s  t h a t  t h e  growth r a t e o f  t h e  m = 2  mode i s  

g r e a t e r  than t h a t  o f  t h e  m=l r e s i s t i v e  t e a r i n g  mode p r e v i o u s l y  studiedl , 

depending o n  t h e  exper imenta l  da ta  o f  t h e  magnetic f i e l d  c o n f i g u r a t i o n .  

A c t u a l l y ,  one o f  t h e  most impor tan t  problems on t h e  c o n f  i n e m e n t  o f  a  

f i e l d  reversed c o n f i g u r a t i o n  plasma produced by reversed f i e l d  O- p i n c h  

i s  t o  suppress t h i s  m=2 r o t a t i o n a l  i n ~ t a b i l i t ~ ~ ' ~ .  Recen t l y  t h i s  has been 

o b t a i n e d  by u s i n g  a quadrupole f i e l d e .  

A bas ic  d i f f e r e n c e  between our  work and p rev ious  work on res -  

i s t i v e  i n s t a b i l i t i e s  l i e s  i n  t h a t  i n  o u r  case t h e  p a r a l l e l  component o f  

f l u i d  d isp lacement  i s  much l a r g e r  than  t h e  r a d i a l  component i n  t h e  res-  

i s t i v e  l a y e r ,  l e a d i n g  t h e  plasma column t o  breakup i n t o  separate r i n g s .  

t h e  1 i t e r a t u r e  and, We appl  y  o u r  r e s u l  t s  t o  severa1 exper imenta l  da ta  i n  

as usual  u s i n g  MHD theory ,  some q u a n t i t a t i v e  r e s u l t s  

o f  magnitude f rom the observed ones; o u r  b e t t e r  resu  

on  modes where t h e  r e s i s t i v i t y  e f f e c t  i s  predominant 

2. EQUILIBR1UM AND PERTURBED EQUATIONS 

d i f f e r  one o r d e r  

1 t s  are concen t ra ted  

We use MHD equa t ions  i n c l u d i n g  r o t a t i o n  o f  t h e  plasma w lumn i n  

e q u i l  i b r ium.  Our b a s i c  equa t ions  are:  
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drj 1 + + 
P = 4ir ( V X B X B )  - ~ p  , ( 2 )  

+ + - = rlc2 + o x ( v x a )  - v ~ ( ~ v x ~ )  , a t  (3)  

-i -i 
V . B  = O , and V . V  = O  . ( 4  

+ + A 

Here p, B ,  V  = rQ0,  and p rep resen t ,  r e s p e c t i v e l  y, the  mass  d e n s i t y ,  

magnetic f i e l d ,  f l u i d  v e l o c i t y  and p ressure  i n  e q u i l i b r  

o f  B i s  represented i n  f i g .  1 .  The r e s i s t i v i t y  i s  srnall 

t h a t  t h e  c h a r - a c t e r i s t i c  t imes a r e  much s h o r t e r  than t h e  

f u s i o n  t ime.  The b a s i c  equa t ion  i n  e q u i l i b r i u m ,  n e g l e c t  

t i v i t y ,  i s :  

Q2a2 - d 2- f ( r )  = - @+b2 
v'4 d;; 

um. The p r o f i l e  

i n  sense t h e  

r e s i s t i v e  d i f -  

ng t h e  r e s i  s -  

where f = P/;, B = 8 ~ p / B ' ,  r = r 2 / a 2 ,  and 6 being t h e  average va lues  

o f  B and P ,  a the  r a d i u s  o f  the  plasma column, b = B/B and V: = B2/47rP. 

We a l s o  assume t h a t  t h e  e q u i l i b r i u m  v a r i a b l e s  a r e  o n l y  dependent on r .  

Fig.1 - C o n f i g u r a t i o n  o f  the 
Reversed E q  u  i 1  i b r i um Mag- 
n e t i c  F i e l d .  
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We do n o t  i n c l u d e  o t h e r  d i s s i p a t i v e  e f f e c t s  such as v i s c o s i t y ,  because 

t h e  modes descr ibed  i n  t h i s  paper a r e  d r i v e n  u n s t a b l e  by t h e  magnetic 

f i e l d  energy presented i n  f i e l d  reversed c o n f i g u r a t i o n s , a n d t h i s  energy 

can be taped o n l y  through t h e  f i n i t e  plasma r e s i s t i v i t y .  

F o l l o w i n g  t h e  same prev ious  t rea tment  we cons ider  a small  r e -  

g i o n  around t h e  p o i n t  r where B=O and i n s i d e  i t  we take  i n t o  account q 
O 

and R. The s o l u t i o n s  o f  t h e  l a y e r  o r  r e s i s t i v e  equat ions a r e  asympto t i -  

c a l  1  y  matched t o  t h e  ones o f  the  externa1 o r  i d e a l  equat ions (Q = 0) and 

we c a l c u l a t e  the  growth r a t e  o f  t h e  modes. 

We 1 i n e a r i z e  eqs. (2) - (4)  and assume p e r t u r b a t i o n s  o f  t h e  form 

and o b t a i n  

-+ -+ 
v . B 1 = O  , and V.V,=O 

where t h e  s u b s c r i p t s  O and 1 r e f e r ,  r e s p e c t i v e l y ,  t o  the  equi 

pe r tu rbed  q u a n t i t i e s .  

Our a n a l y s i s  o f  t h e  r e s i s t i v e  and i d e a l  equat ions f o l l o w s  t h e  

genera l  t rea tment  f o r  t h e  m modes developed i n  p rev ious  papers1'5. 

D e f i n i n g  t h e  small  parameter E -  -r /-r << 1 we s c a l e  t h e  r e -  H R  
s i s t i v e  equat ions l  t o  o b t a i n  t h e  e igenva lue  equat ion.  Using t h e  s e t  eqs. 

(6 )- (8 )  we o b t a i n  f o r  t h e  components o f  t h e  per tu rbed  q u a n t i t i e s  
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-i (w-ma) (kpS, + i 

1 = k2BBlr + $ (ikBBIZ + $ Blr)1 , (10) 

and 

The ideal equation, taking the limit o f  large wavelength, 

k2r2 << m2 , 

1s: 
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b The w i d t h  o f  the  l a y e r  i s  d e f i n e d  by 6 =  E and a i s  g i v e n  by 

We sca le  the  per tu rbed  v a r i a b l e s  as:  

where 

I n  t h e  o r d e r i n g  o f  t h e  r e s i s t i v e  equa t ions  we r e q u i  r e  t h a t  

terms t h a t  v a n i s h  when n + O  become o f  o r d e r  u n i t y .  T h i s  i s  c o n s i s t e n t  

w i t h  t h e  cho ice  

W i t h  t h i s  cho ice  we can see t h a t  

We can see t h a t  t h e  p a r a l l e l  component o f  t h e  f l u i d  d i s p l a c e -  

ment i s  much l a r g e r  than t h e  r a d i a l  component i n  t h e  l a y e r ,  and t h e  

plasma column tends t o  break up i n t o  t h i n  and e longa ted  h e l i c a l  i s lands .  

Taking t h e  l i m i t  k2r2 << m 2 ,  s u p p o s i n g  a  r i g i d  r o t a t i o n  

(dO/)/dr=O) and u s i n g  t h e  a p p r o p r i a t e d  scal  i ng ,  the  se t  o f  r e s i  s t i v e  equa- 

t i o n s  has a  w e l l  known s o l u t i o n 5  and t h e r e  i s  an asyrnptot ic  s o l u t  i o n  

t h a t  behaves as 
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t e  
and 5, = c = Em ; X = ( r - r o ) / 6 r o .  

We show i n  t h e  appendix t h a t  t h e  f i e l d  equa t ion  f o r  t h e  m = 2 

r n o d e h a s a s o l u t i o n  t h a t  b e h a v e s a s g  = A ( ]  + $ )  w h e n x + O  
MHD 

Thus the  asyrnptot ic  rnatching w i t h  t h e  r e s i s t i v e  equa t ions  can 

be made by u s i n g  the  r e l a t i o n  

Using t h e  s o l u t i o n s  g i v e n  by Coppi e t  a t 5  and t h e  corresponding 

one i n  t h e  appendix we o b t a i n  t h e  e igenva lue  equa t ion  

w i t h  h g iven  by eq. (16) .  

C i s  determined by matching the  i d e a l  equa t ion  o u t s i d e t h e  layer 

and depends on t h e  model o f  the  rnagnetic f i e l d  c o n f i g u r a t i o n .  T h i s  i s  

shown i n  the  appendix f o r  the  m = 2 mode. 

We f i n d  h f rom the  va lues  o f  E which a r e  c a l c u l a t e d  by u s i n g  

the  exper imenta l  da ta .  

3. ANALYSIS OF THE EXPERIMENTAL RESULTS 

We app ly  our  c a l c u l a t i o n s  f i r s t l y  t o  t h e  t h r e e  cases o f  exper-  

imenta l  data g i v e n  by Eberhagen and ~ r o s s r n a n n ~  t o  o b t a i n  C, f o r  t h e  m=l 

andm=2rnodes, a n d c o n s e q u e n t l y ,  t h e r a t i o R g i v e n  b y e q .  ( A - 8 ) .  The 

q u a n t i t i e s  R .  f o r  these t h r e e  cases a r e  shown i n  f i g u r e  2 as f u n c t i o n s  
Z 

o f  (-si). We a l s o  show i n  t h i s  f i g u r e  t h e  e igenvalues Ai f o r  m=2. The 

q u a n t i t y  s = x i r o / b ,  where r. and bm = - B ( ~ = O ) / B ~  were taken as con- 

s t a n t ,  rep resen ts  t h e  i n v e r s e  s lope  o f  t h e  rnagnetic f i e l d  p r o f i l e .  So, 

g i v e n  xl we can c a l c u l a t e d  t h e  e igenva lue  h and then the  growth r a t e  f o r  

a  g i v e n  s lope.  We show i n  f i g u r e  2  t h a t  the  m=2 mode i s  dominan tover the  
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F ig .2  - P r o f i l e s  o f  t h e  e igen-  
va lues  h; f o r  m=2, and t h e  r a t i o  
R i  between t h e  e i g e n v a  l u e s  f o r  
m=2 andm=l  f o r  t h e  d a t a  o f  
Eberhagen and ~ r o s s m a n n ~ ,  f o r  
ro i  = 1 . 1 ,  1 .0  andl .4  cm and s = 
= 0.33, 0.67 and 0.35 cm,respec- 
t i v e l y .  The s u b s c r i p t i  r e f e r s  t o  
the t h r e e  cases descr ibed  i n  t h i s  
experirnent. 

m=l mode f o r  (-xl) > 0.3. For  t h e  exper imenta l  da ta  used we c a l c u l a t e  

(-q) - 0.10, and y - 0.37 X 106 s - I  f o r  t h e  m=l mode. 

Experimental o b s e r v a t i o n s  i n d i c a t e  t h a t  .the m=l mode in t roduces  

an annu la r  s t r u c t u r e ,  s t a b l e  f o r  t imes o f  t h e  o r d e r  o f  10 ps .  I n  these 

exper iments the  t imes assoc ia ted  t o  t h e  g r o t h  o f  t h e  mode a r e  g i v e n  by 

T > 13 p s  and T > 9 ps. We conç ider  o n l y  lower l i m i t s ,  because.the 
exp exp 

t ime i s  measured f rom t h e  beg inn ing  o f  t h e  de fo rmat ion  t o  t h e  onset  o f  

t h e  r o t a t i o n a l  i n s t a b i l i t y .  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  ?=2 mode i s  n o t  ob- 

served i n  t h i s  exper iment ,  f o r  any v a l u e  o f  t h e  r o t a t i o n  f requency .Wi th  

o u r  r e s u l t s  t h e  t h e o r e t i c a l  t i m e  i s  o f  t h e  o r d e r  o f  2.7 ps. 

Recen t l y  M ina to  e t  a l a  s t a b i l i z e d  t h e  m=2 r o t a t i o n a l  mode i n  a 

f i e l d  reversed con f  i g u r a t i o n  (FRC) produced by a f i e l d  reversed O-pinch 

by the  a p p l i c a t i o n  o f  t h e  quadrupole f i e l d .  T h i s  mode was s t u d i e d  by 

severa1 au thors  and t h e  mul t i p o l e - f  i e l d  suppress ion i s  now c ~ m h i o n ~ ~  "l. 

A h igh f3  FRC plasma o f  Ti = 300 eV, Te = 100 eV and ne = 2.7 ~ 1 0 ' ~  cm-3 

w i t h  a r a d i u s  equal t o  3.5 cm and 60 cm o f  leng th ,  was c o n f i n e d  by a n  

a x i a l  magnetic f i e l d  o f  0.8 T. Wi thout  t h e  quadrupole f i e l d ,  the  m = 2 

r o t a t i o n a l  i n s t a b i l i t y  induces an e l l i p t i c  de fo rmat ion  o f  t h e  plasma 

column wi t h  an angu la r  f requency o f  0.85 x 106 s-' . Appl y i n g  t h e  present 
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theory  f o r  these exper imenta l  data,  w i t h  (-x,) = 0 . 4 ,  we f i n d  A2 = 6 . 4  

and y - 0.46 x 106 s - l .  The reconnec t ion  t ime assoc ia ted  i s  found t o  be 

T - 2.2 l l s .  

Wi thout  t h e  quadrupole f i e l d  the  m=2 mode occurs  15 p s  a f t e r  

the plasma p r o d u c t i o n  and grows up t o  t h e  t ime o f  3 5  u s  when t h e  plasma 

c o l l a p s e s .  We represen t  i n  f i g u r e  3 t h e  r a t i o  R f o r  t h i s  exper iment  and 

t h e  exper iments o f  Pharos and t h e  J u l i e t t a  dev ice  a t  JÜI i c h 2  a r e  rep-  

resented i n  f i g u r e  4.  

I n  t h e  Pharos exper iment ,  w i t h  a dense plasma (n - m-3)  

and s p e c t r o s c o p i c a l l y  determined e l e c t r o n  ternperatures o f  up t o  about  

900 eV, s t u d i e s  o f  t h e  r o t a t i o n a l  i n s t a b i l i t y  were c a r r i e d  o u t . T h e c o n -  

f inement  t ime  o f  about 12 p s  i n d i c a t e d  a r a p i d  l o s s  process and t h i s  

was a t t r i b u t e d  e i t h e r  t o  the  r o t a t i o n a l  i n s t a b i l i t y  o r  t o  end losses  

assoc ia ted  w i t h  the  i n s t a b i l i t i e s  a t  t h e  end o f  the  c losed  f i e l d  l i n e  

system. We a p p l y  o u r  r e s u l t s  t o  t h i s  case and f i n d  f o r  (-x,) = 0.40,  

Y2 - 0 .25  x 106 s - I  and a reconnec t ion  t i m e  o f  3 .9  p s .  

I n  t h e  J Ü l i c h  exper iment ,  the  r o t a t i o n a l  i n s t a b i l i t y  * was a l s o  

observed and d e t a i l e d  s t u d i e s  o f  a x i a l  s t r u c t u r e  were c a r r i e d  o u t ,  t h i s  

i s  c o n s i s t e n t  w i t h  t h e  r e s i s t i v e  t e a r i n g  mode. I n  t h i s  exper iment ,  w i t h  

T - 150 eV, Bo - 18 kG, Bco - 31 kG t h e  observed growth r a t e  was o f  t h e  

o r d e r  o f  1.1 ~ s .  App ly ing  our  theory  we c a l c u l a t e  f o r  (-xi) = 0.40,A2 = 

= 10.4, y2 - 0 .98  x 106 S-l, and t h e  reconnec t ion  t ime assoc ia ted  - 1  . O  

4. CONCLUSIONS 

We have s t u d i e d  t h e  m=2 r e s i s t i v e  mode i n  reversed f i e l d  con- 

f i g u r a t i o n s .  The most impor tan t  r e s u l t  i s  t h a t  i t s  growth r a t e  may be 

g r e a t e r  than the  one o f  the  m=l r e s i s t i v e  k i n k  mode, depending on the  

exper imenta l  c o n d i t i o n s .  Thus, t h i s  mode may be assoc ia ted  t o t h e  s p l i t -  

t i n g  o f  t h e  plasma column i n  an annu la r  s t r u c t u r e  as i t  i s  observed i n  

t e a r i n g  modes, The most impor tan t  problem i n  t h e  conf inement o f  FRC 

piasma produced by f i e l d  reversed  O-pinches i s  t o  suppress t h e  m=2 ro -  

t a t i o n a l  i n s t a b i l i t y .  We show f o r  an exper iment  i n  wh ich  t h i s  mode i s  
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Fig.3 - Profiles of the eigenvalue A,, 
for m=2 and the ratio R& between the 
eigenvalues for m=2 and nr-1 for the 
data of Minato et aZ. '. 

Fig.4 - Profiles of the eigenvalues 
A, , for m=2 and the ratio R, be- 
twien the eigenvalues for m=2 and m = I 
for  the data of Pharos and JÜl ich2. 



Revista Brasileira de Física, Vol. 17, n? 4, 1987 

suppressed by a p p l y i n g  a  quadrupole f i e l d ,  i t  would lead  t h e  plasma t o  

c o l l a p s e  i n  a  t ime o f  2 p s ,  one o r d e r  o f  m a g n i t u d e  l e s s  t h a n  t h e  

measured t ime.  The d i f f e r e n c e  may be due t o  t h e  l i m i t a t i o n s  o f  t h e  MHD 

theory  such as t h e  l a c k  o f  f i n i t e  Larmor r a d i u s  e f f e c t s  o r  t o  t h e  e f -  

f e c t  o f  a  Doppler s h i f t  i n  t h e  mode f requency due t o  r o t a t i o n .  

For a  more r e a l i s t i c  t rea tment  we p robab ly  need t o  change t h e  

boundary l a y e r  model by a  g l o b a l  rnethod t h a t  extends t h e  plasma r e-  

s i s t i v i t y  t o  a l l  the  r e g i o n  o f  plasma. We a r e  now per fo rming  t h e  con- 

t i n u a t i o n  o f  t h i s  approach and then we w i l l  be a b l e  t o  o b t a i n  t h e  ex- 

p l i c i t  e f f e c t  o f  t h e  r o t a t i o n  i n  t h e  imaginary p a r t  o f  t h e  e igen-  

f requency.  Consequently,  t h e  modes we have s tud ied  a r e  pure r e s i s t i v e  

t e a r i n g  modes. Our b e t t e r  q u a n t i t a t i v e  r e s u l t  i s  concentrated i n  t h e  

J u l i e t t a  dev ice  and t h i s  i rnp l ies t h a t  t h e  r e s i s t i v e  e f f e c t  i s  predomi- 

nant  i n  t h i s  exper iment .  L i n e a r  theory  o f f e r  a  l i m i t e d  v e r s i o n  o f  t h e  

t e a r i n g  mode behaviour .  The f i r s t  non l i n e a r  e f f e c t  occurs  when t h e  

s i z e  o f  the  i s land exceeds t h e  corresponding one o f  t h e  t e a r i n g  1 a y e r  

and i n  t h i s  case non l i n e a r  c u r r e n t s  dominate the  i n e r t i a .  

The au thors  a r e  g r a t e f u l  f o r  t h e  cornments by D r .  R.M.O.Galvão, 

D r .  K.H.Tsui,  and t o  Prof.C.A.Azevedo f o r  u s e f u l  d i scuss ions .  

APPENDIX 

I n  t h i s  appendix we s o l v e  the  i d e a l  MHD eq.(15) f o r  t h e  m = 2  

mode. We n e g l e c t  i n  t h i s  equa t ion  the  terrns pou2 and make the  change o f  

v a r i a b l e  x = (r-ro)/rm. The two l i n e a r l  y independent s o l u t  ions,  f o r  r e -  

g i o n  I I o f  f i g u r e  1, a r e  o f  t h e  form 

where F i s  the  hypergeometr ic  f u n c t i o n  wi t h  a = 3 - J3, b = 3 + fi and 

c = 2 and 
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where 

w i  t h  

and 

The general s o l u t i o n  f o r  region I I  i s  

When 

r 3 0  ; 
C - A(l + --) ; C = -B/A 

The general s o l u t i o n  fo r  reg ion I i s  

= A *  r (A. 5) 
I 

We determine the constant C by matching the two s o l u t  i o n s  a t  

the boundary po in t  x1 = (rl-ro)/ro, 

where the prime denotes d e r i v a t i v e  w i t h  respect t o  X. 

Thus the eigenvalue i s  ca lcu la ted by eq. (19) and the growth 

ra te  o f  the mode i s  g iven by 

1/3 -1  
u = w - L Q = i ~  A ' I ~  = i y  
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The g rowth  r a t e  scales wi t h  q 1 I 3 ,  s i n c e  

The s o l u t i o n  o f  eq. ( ~ ~ 6 )  g i v e s  

We can see t h a t  plasma r o t a t i o n  in t roduces  a G p p l e r  s h i f t  i n  

t h e  mode f requency. -The r a t i o  between t h e  growth r a t e s  o f  t h e  m = 1 and * 
m =2modes, y, and y2 , i s  g i v e n  by 

(A. 8) 

- 1 
s ince  yi = E i'3 A . T ~  , i = I o r  2. 

Z 

We developed a s imp le  numer ica l  code t h a t  ca I c u l a t e s  C(  - x l ) ;  

O < (-x,) 1 ,  w i t h  t h e  s o l u t i o n s  <r and 5 and t h e  l e f t  s i d e  o f  
1 r 2  

eq.(19) f o r  severa1 va lues  o f  A. E i s  determined f rom e x p e r i m e n t a l  

va lues  o f  t h e  magnet ic  f i e l d ,  d e n s i t y  and temperature ( f o r  c a l c u l a t i n g  

and Consequently f o r  each p o i n t  (-xl) and f o r  f i x e d  E we can 

determine t h e  e igenva lue  A f o r  b o t h  m = 1 and m = 2 modes. 
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Resumo 

Modos r e s i s t i v o s  de rompimento e i n s t a b i l i d a d e s  r o t a c i o n a i s  são 
os mais r e l e v a n t e s  modos observados em O-pinches de a l t a  temperatura com 
ou sem campo reverso  de p o l a r i z a ç ã o .  Estudamos es tas  conf iguraçÕes como 
e f e i t o  de uma ro tação  r í g i d a  da co luna de plasma. Alguns dados e x p e r i -  
menta is  mais recentes ind icam que um modo m=2 aparece depois  que a rota-  
ção a lcança um v a l o r  c r í t i c o .  Mostramos que a taxa de cresctmento do mo- 
do m=2 pode ser  maior  que a do modo r e s i s t i v o  de dobra m =  1 d e p e n d e n d o  
das condições exper imenta is .  Aplicamos nossos r e s u l t a d o s  a d i v e r s o s  da- 
dos exper imenta is  encontrados na l i t e r a t u r a .  


