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SPECTROSCOPY LETTERS, 9 ( 9 ) ,  641-651 (1976)  

CHEMISTRY I N  LASERS. X I .  

NON-CLASSICAL ASPECTS OF FUSION: 

THE ZHABOTINSKY EFFECT AND COMMUNICATIONS THEORY. 

Csaba P. K e s z t h e l y i  

The Char les  Edward Coates Laboratory 
Department of Chemistry 

Louis iana S t a t e  U n i v e r s i t y  
Baton Rouge, Louis iana 70803 

U . S . A .  

Key Words: Laser ,  f u s i o n ,  Zhabot insky-ef fec t .  

ABSTRACT 

Developed from t h e  a p p l i c a t i o n  of o p e r a t i o n a l  mathematics 

and Markoff- theory i n  quantum mechanics [cA:a:8225v], t ransform 

space  t rea tment  of E i n s t e i n  d i f f u s i o n  [cA:&:49699s], and acous to-  

o p i c  e f f e c t s  i n  l a s e r s  [CA:&:16&36y!, t h e  paper examines non- 

c l a s s i c a l  a s p e c t s  of l a s e r  d r i v e n  f u s i o n  p r e s e n t i n g  f a v o r a b l e  

o p t i o n s  which remain g e n e r a l l y  inexplored .  

(End of  A b s t r a c t )  

The problem of provid ing  s u f f i c i e n t  energy d e n s i t i e s  t o  a l l o w  

economical ly  s u c c e s s f u l  laser d r i v e n  f u s i o n  i s  a source  of  

cont inuing  innovat ion  i n  the  s c i e n t i f i c  c o m u n i t y .  Basic  and 
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6 4 2  KESZTHnYI  

a p p l i e d  r e s e a r c h  on lasers h a s  main ta ined ,  o r  i f  p o s s i b l e  even 

a c c e l e r a t e d ,  t h e  k a l e i d o s c o p i c  e f f e c t  o f  new Keeping i n  

t u n e  w i t h  c u r r e n t  developments could b e  cons idered  a n  a lmost  f u l l -  

t i m e  t a s k ,  and a somewhat r a d i c a l  d e p a r t u r e  from on-going a c t i v i t y  

a hard  t o  j u s t i f y  expendi ture  o f  t ime and r e s o u r c e s .  Y e t  t h e  

S c i e n t i f i c  approach must remain cognizant  of  t h e  f a c t  t h a t  

p r o g r e s s  i s  o f t e n  'around t h e  c o r n e r '  r a t h e r  than  ' s t r a i g h t  down 

t h e  r o a d ' ;  t h e  t h r e e  examples t h a t  one may r e c a l l  p e r t a i n  t o  

e l e c t r i c i t y ,  a v i a t i o n ,  and lasers. I n  t h e  e a r l y  days e l e c t r i c i t y  

w a s  regarded as a m e r e  s c i e n t i f i c  c u r i o s i t y ,  a non-sequi tur  i n  t h e  

r e a l m  of compet i t ion  w i t h  the steam engine  and g a s  l i g h t .  P r i o r  

t o  t h e  s u c c e s s f u l  f l i g h t  of t h e  Wright b r o t h e r s ,  a l e a r n e d  

academician h a s  publ i shed  a lengthy  communique i n  which h e  

demonstrated t h a t  mechanical  f l i g h t  of h e a v i e r  than  a i r  d e v i c e s  

w a s  s c i e n t i f i c a l l y  imposs ib le .  F i n a l l y ,  t h e  b e s t  He-Ne  laser l i n e  

i s  one t h a t  was p r e v i o u s l y  regarded q u i t e  u n f e a s i b l e ,  whereas t h e  

pr ime c a n d i d a t e  l i n e s  turned  o u t  t o  b e  u n f e a s i b l e .  In  essence ,  

t h e n ,  we should c l e a r l y  d i s t i n g u i s h  between r e - a s s e s s i n g  our  

o p t i o n s ,  and r e - o r d e r i n g  our  p r i o r i t i e s .  We should  c o n t i n u a l l y  

a t t a c h  utmost s i g n i f i c a n c e  t o  pursue  t h e  former, so  that we  can 

u n d e r t a k e  t h e  l a t t e r  most e f f i c i e n t l y  whenever such a c t i o n  i s  

mandated. A t y p i c a l  se t  o f  o p t i o n s  r e l a t e d  t o  energy concern 

n u c l e a r  f i s s i o n ,  laser d r i v e n  f u s i o n ,  and s o l a r  power. V o l a t i l e  

as t h e  i s s q e s  may be,  t h e  s c i e n t i f i c  framework cal ls  f o r  c o n t i -  

nuous updat ing  and r e a s s e s s i n g  o u r  o p t i o n s .  The ensuing  m a t e r i a l  

relates t o  some s p e c i a l  a s p e c t s  o f  t h e  i n t e r a c t i o n  between matter 

and r a d i a n t  energy. 
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ZHABOTINSKY EFFECT AND COMMUNICATIONS THEORY 643  

I n  pursuing t h e  problem of f u s i o n  v i a  laser d r i v e n  implosion6, 

a v e r y  complex s i t u a t i o n  p r e s e n t s  i t s e l f .  Within a t i m e  span t h a t  

i s  e x t r a o r d i n a r i l y  b r i e f  t o  begin  w i t h ,  one should cope w i t h  

changing from s o l i d  t o  l i q u i d  t o  plasma. 

a b o u t  Id" OK, d e n s i t y  - 1s" p a r t i c l e s  /cm3, i n e r t i a l  confinement 

t ime approximately lo-'' - 10-l~ seconds are  b u t  p a r t  o f  t h e  

p h y s i c a l  c o n s t r a i n t s ;  a b s o r p t i o n  of  laser l i g h t  i n  t h e  c r i t i ca l  

d e n s i t y  reg ion  r e q u i r e s  about  one m i l l i m e t e r  plasma depth  f o r  -1 

p e t e r  i r r a d i a t i o n ,  and 100 mm plasma depth  f o r  l o p  l a s e r  l i g h t .  

By c h a r a c t e r i z i n g  t h e  system i n  s e v e r a l  ways, w e  can proceed t o  

c i t e  some new o p t i o n s  i n  ex tending  plasma confinement t i m e  - -  t h e  

v a r i a b l e  that  should approach t h e  f u s i o n  r e a c t i o n  t i m e ,  which i s  

less  than a microsecond. 

confinement time and f u s i o n  r e a c t i o n  time, o f  course ,  reduces the 

e f f e c t i v e  s a m p l e  s i z e  f o r  energy r e l e a s e . )  

Temperatures reaching  

( A  g r e a t  d i screpancy  between plasma 

The a p p l i c a t i o n  o f  m a p p i n g i n  t h e  c h a r a c t e r i z a t i o n  o f  

q u a n t u m s t a t e s a s a  f i n i t e  c o u n t a b l e  M a r k o v  

c h a i n h a s  been c i t e d  i n  t h e  A b s t r a c t ,  and we s h a l l  f i r s t  

expand t h e  re la t e d  mathematical  framework. 

Topologica l ly ,  t h e  boundary between t h e  imploding and 

exploding p a r t  of  t h e  sample should f u n c t i o n  t o  provide  two 

s u b s e t s  of  t h e  t o p o l o g i c a l  space  X t h a t  are s e p a r a t e d  o r  d i s -  

connected.  I f  we l e t  t h e  two s u b s e t s  b e  A and B, s e p a r a t i o n  i s  

achieved  i f f  
- 

A ~ B  = b and A n B  = 0 El3 

whereas s u b s e t  A can be cons idered  d isconnec ted  i f  t h e r e  e x i s t  open 
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644 KESZTHELYI 

subsets D and E of X such that A n D and A n E  are disjoint 

non-empty sets whose union is A, 

A. Formally, D u E is a disconnection of A iff 

D u E being the disconnection of 

Next we may consider compression and implosion in terms of 

p a t h requirements. The homotopy H will, for example, compress 

the domains F (F : I2 + X) 

follows 

and G (G : I2 -B X) if H : I" - + X  

if O s t < +  u 3 
G (s,2t - 1) if < t < 1 . H (s,t) = 

To represent compression sequentially, c o n t r a c t i n g 

m a p p i n g can be employed. If X is a metric space, a function 

f : X -. X is a contracting mapping if there exists a real num- 

ber a, 0 < a 5 1, such that for every p,q E X, 

i.e. the distance between the images of any two points is less than 

the distance between the points. 

In relation to contracting mapping it is important to establish 

that a complete metric space converges to a single point p X, 

even though c o m p 1 e t e n e s s is not a topological property. 
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ZHABOTINSKY EFFECT AND COMMUNICATIONS THEORY 645 

To demonstrate the convergence of a complete metric space to 

a single point, we let a. be any point in X, By setting 

our claim is that (31,a2,a3, ...) is a Cauchy sequence. Note that 

But 

d ( f i  +'(ao),fi(ao)) s dd(f(ao),a,), hence 

d(fs I- t(ao),ft(ao) I dd(f(ao),ao)(l + or -I- d + ... 
+ as - ') s atd(f(ao),ao)[U(l - o r ) ]  c7 1 

(1 + a +  2 + ... + a s  - I) 1/(1 - 01). E8-l since 

I f  we let E > 0 and set 

and (a,) is a Cauchy sequence. Because X is complete, (a,) con- 

verges to a point, say, p e X. We claim that f ( p )  = p;  since X is 

sequentially continuous, 
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646 KESZTHELYI 

F i n a l l y  we show t h a t  p i s  unique. Suppose f ( p )  = p and f ( q )  = q; 

then  d(p ,q)  = d ( f ( p ) , f ( q ) )  

hence p = q. 

oEI(p,q). But d(p ,q)  = 0 s ince  a < &  

Some of t h e  previous work c i t e d  i n  t he  A b s t r a c t was 

also r e l a t e d  t o  convergence; the  treatment was r a t h e r  one-sided i n  

t h e  present  contex t ,  assuming i d e a l  c y l i n d r i c a l  d i f fus ion  and the  

es tab l i shment  of monotonic dens i ty  g rad ien t s  towards the  center  o f  

l a s e r  i n t e r a c t i o n ,  mathematically prescr ibed  i n  terms of 

B e s s e 1 f u n c t i o n s .  The reason the  previous treatment 

i s  considered inadequate a t  the  present: time i s  t h a t  i t  w a s  based 

on boundary condi t ions  s i m i l a r  t o  those applying t o  ord inary  hea t  

f low from an  i s o t r o p i c  r e s e r v o i r ,  which i s  an un l ike ly  approxi- 

mation f o r  l a s e r  dr iven  implosion and fusion. On the  o the r  hand, 

t h e  cu r ren t  problem presents  synchronous needs f o r  a t  l e a s t  two of  

t h e  f i e l d s  of dynamics: c 1 a s s i c a 1 and q u a n t u m. I n  

P a r t  I V  of t h i s  s e r i e s  it w a s  pointed o u t  t h a t  macroscopic repre-  

s e n t a t i o n s  such as taking recourse  t o  an o s c i l l a t o r  feedback loop 

analogy have been remarkably successfu l  i n  p red ic t ing  and r a t i o -  

n a l i z i n g  t h e  opera t ion  of tuned dye l a s e r s  for example, whereas 

s t a t i s t i c a l  cons idera t ions  on the  molecular leve l7  r equ i r e  a more 

s e r i o u s  depar ture  from the  usua l  treatment t o  account f o r  the  same 

phys ica l  observations.  Perhaps no t  su rp r i s ing ly ,  t h e r e  i s  cont in-  

u ing  development i n  the  d e s c r i p t i v e  d i s c i p l i n e s  themselves8' ', 
q u i t e  apart  from t he  complex app l i ca t ions .  It i s  i n t e r e s t i n g  t o  

no te ,  no t  merely a s  s c i e n t i f i c  h i s t o r y  but  a l s o  i n  order  t o  develop 

a cohesive view of  our  sub jec t ,  t h a t  less than a hundred years ago 
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ZHABOTINSKY EFFECT AND COMMUNICATIONS THEORY 647 

t h e  continuum representa t ion  w a s  more f r e e l y  used t o  t r e a t  chemi- 

c a l l y  r e l a t e d  problems and systems1'-12, and i t  i s  apparent t h a t  

t h e  d ispropor t iona te  share  of our a t t e n t i o n  claimed a t  the  present  

time by the  microscopic approach i s  a dubious b less ing  i f  the  sys- 

t e m  has important continuum proper t ies .  

Only in r ecen t  years  has  chemistry come t o  inves t iga te13  i n  

d e t a i l  such momentum r e l a t e d  phenomena as the  Zhabotinsky e f f e c t ,  

shee r  grad ien t  e f f e c t s  on i t ,  Liesegang r ings  and per iodic  p rec ip i -  

t a t i o n  phenomena, and the  ampl i f ica t ion  of sound i n  chemical reac- 

t i ons .  Thus we have an impetus f o r  f u r t h e r  exploring the  t o t a l  

m o m e n t  o f  m o m e n t u m ,  

f o r  the  in t roduct ion  of o s c i l l a t o r y  e f f e c t s  i n t o  o p t i c a l l y  dr iven  

implosion and fus ion  presents  an opt ion  f o r  very  s i g n i f i c a n t  ex- 

tens ion  of e f f e c t i v e  confinement time. Proper desc r ip t ion  can be 

formulated from the  s p a t i a l  g rad ien t  of  t h e  instantaneous v e l o c i t y  

f i e l d  t h a t  def ines  the v e 1 o c i t y g r a d i e n t t e n- 

s o r,  Y.. ( o r y )  as 
1 3  

o r  

y = 3 ( v v x  + V X V )  + a v v x  - V X V )  P.5 1 

The second term i n  Equations 14 and 15 Is of  p a r t i c u l a r  i n t e r e s t  t o  
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648 KESZTHELYI 

us; the term represnts the skew syrmnetric v o r t i c i t y- or  

s p i n t e n s o r, which i s  the material  derivative of the 

E u l e r i a n  l i n e a r  r o t a t i o n  t e n s o r , i . e .  

A large value of the v o r t i c i t y 

i s  a c u r 1 of the veloci ty  f i e l d ,  re la ted t o  the v o r t i c i t y  

tensor as 

v e c t o r ,  9, which 

y =  vx x v, P.7 3 

w i l l  allow ta rge t  sample deformation w i t h  extended confinement time 

even i n  the absence of the above mentioned periodic e f f e c t s  (of 

which there  i s  a paucity of avai lable  observation, and a r e  a l so  

l e s s  well understood). 

Acoustic e f fec ts  were c i ted  i n  the A b s t r a c t as be- 

ing relevant t o  some types of lasers ,  and sonic e f fec ts  may a l s o  

play an important ro le  i n  plasma behavior. The smallest  wavelength 

of sound i s  set by thermal l a t t i c e  vibrations beyond which the ma- 

ter ia l  can not follow the input sound, hence i s  about 2 A only: 

Although formally similar treatment of acoustical ,  e lec t r ica l ,  and 

mechanical problems has been i n  the  l i t e r a t u r e  f o r  a number of 

years (consider e.g. the 

i n  the acoustical ,  and e l e c t r i c a l  and mechanical analogue represen- 

ta t ions) ,  our s t a t e  of predictive a b i l i t y  f o r  very dense and un- 

s t a b l e  plasmas i s  q u i t e  inadequate. For chemists unschooled i n  

acoust ics  it may be worthwhile to  gain a b e t t e r  feel ing f o r  the 

H e 1 m h o 1 t z r e s o n a t o r 
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ZHABOTINSKY EFFECT AND COMMUNICATIONS THEORY 649 

nature of acoustic propagation by delineating that the notion of 

spherical waves propagating from a common origin is of limited sig- 

nificance. The d i r e c t i v i t y 

[sin(ka& p)/kaa 81 expresses non-uniform radiation characteris- 

t i c s  of the source, giving rise to rn a j o r and m i n o r 

1 o b e s for example. The lack of information on self-focussing 

in the present case is very regrettable--the acoustic perturbations 

may not have a markedly deleterious effect on plasma stability in 

such systems, and in turn with the prospect of extending the con- 

finement time by orders of magnitude, new target samples holding a 

promise for strong self-focussing could be systematically tested. 

There is very little room for doubt that communications theory has 

a vital and only partly explored r o l e  in describing system proper- 

ties and response, aimed at extending plasma confinement by vortex 

or periodic effects. R o o t 1 o c u s analysis of the time 

domain response may uncover centers for oscillatory effects, or f o r  

monotonic phase angle dependent constriction as given by the 

N y q u i s t  p l o t  of .-Tjw 

f u n c t i o n 

. [jw + PI-' . 
In a physical situation where propagation of electromagnetic 

energy, sonic energy, particles, and bulk (sample) plasma are all 

co-temporal and co-spatial within the small target volume, descrip- 

tions can become multifarious and uncertain in the textbook sense; 

it is from the experimentalist viewpoint that the multifariousness 

brings a positive note: the expansion of  sample confinement time in 

laser driven fusion should be actively sought, utilizing some un- 

accelerated, the kaleidoscopic effect of new idea~l-~ 
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650 KESZTHELYI 

o r  marginally explored e f f e c t s .  In the days of l a rge  i n s t i t u t e s  de- 

voting l a rge  summs and major e f f o r t  t o  r e l a t e d  problems, i t  perhaps 

s e e m s  t o  ca r ry  a touch of audac i ty  t o  propose progress along the 

l i n e s  of l i t t l e - exp lo red  e f f e c t s ;  such has no t  been the  i n t e n t  in 

presenting these remarks. 
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