


1. In t roduc t ion  

The formation o f  o rde r  o u t  o f  chaos is one of t h e  most i n t e r e s t -  
1 ing  problems i n  p resen t  time . Although it is a gene ra l  problem i t  

should be d i scussed  c a r e f u l l y  i n  some s p e c i a l  cases  which a r e  proved 

e x p e r i m n t a l l y  i n  d e t a i l .  Such a case  might be t h e  atomic nucleus  t h e  

p r o p e r t i e s  of which a r e  inves t iga ted  f o r  more than f i f t y  years .  

The nucleus  is a phys ica l  system c o n s i s t i n g  o f  p a r t i c l e s  which 

a r e  a l l  of t h e  same type. Every nucleus  appears  i n  d i f f e r e n t  s t a t e s  

which can be e x c i t e d  and i n v e s t i g a t e d  by means o f  d i f f e r e n t  nuc lea r  re-  

a c t i o n s .  Two types  of nuc lea r  r e a c t i o n s  induced by, e . g . ,  low-energy 

nucleons a r e  very wel l  known f o r  a long time: t h e  f a s t  d i r e c t  r e a c t i o n  

process  and t h e  slow resonance r e a c t i o n  process .  While i n  t h e  f i r s t  

c a s e ,  informat ion on t h e  t a r g e t  nucleus  can be ob ta ined ,  t h e  resonance 

process  con ta ins  informat ion on t h e  compound nucleus. For both p roces -  

s e s ,  mathematical methods a r e  worked o u t  t h e  r e s u l t s  o f  which a r e  in 

good agreement with  the  experimental d a t a .  Although t h e  methods used i n  

both cases  a r e  completely d i f f e r e n t  from each o t h e r ,  a r e g u l a r  motion 

o f  t h e  nucleons i n s i d e  t h e  nucleus  is proposed i n  both c a s e s .  Neverthe- 

l e s s ,  nuc lea r  p h y s i c i s t s  hold o f t e n  t h e  idea t h a t  nucleons i n  n u c l e i  

move chao t i ca l ly2" .  

I t  is t h e  aim of the  p resen t  paper  t o  d i s c u s s  t h i s  problem on t h e  

b a s i s  of numerical r e s u l t s  obtained from microscopic c a l c u l a t i o n s .  

2. Bound and i s o l a t e d  nuc lea r  s t a t e s  

The b a s i s  of t h e  microscopic nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  is 

t h e  s h e l l  nude1 i n  which a r egu la r  motion of the  nucleons is assumed t o  

t ake  p lace  i n  a conse rva t ive  f i e l d  of fo rce .  The b a s i c  equa t ion  is t h e  

Schrodinger equat ion i n  a func t ion  space (O space)  i n  which a l l  nucle- 

ons occupy bound and quasibound s i n g l e - p a r t i c l e  s t a t e s ,  

wi th  the  Hamilton ope ra to r  



and tio0 "QHQ.  Here, Q is the p r o j e c t i o n  ope ra to r  on to  t h e  Q space  

which 'is t h e  t o t a l  func t ion  space i n  nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  

(Q  = 1 ) .  The wavefunctions of  t h e  many-particle nuc lea r  s t a t e s  a r e  

i d e n t i f i e d  with  t h e  e igenfunct ionk 4 F while  t h e  r e a l  e igenva lues  E? 
a r e  assumed t o  be t h e  ene rg ies  of t h e  s t a t e s .  T h e  Hamilton ope ra to r  is 

proposed t o  be Hermitean s i n c e  t h e  system is considered t o  be l i m i t e d  

t o  the Q space. The wavefunctions 

48" = , F a R i  i yi ( 3 )  

a r e  mixed i n  t h e  b a s i c  wavefunctions yi, t h e  e n e r g i e s  E? a r e  r e a l .  

The r e s u l t s  of t h e  microscopic nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  de- 

s c r i b e  s u c c e s s f u l l y  t h e  low-lying bound nuc lea r  s t a t e s  a s  wel l  a s  t h e  

s t a t e s  a t  h igher  e x c i t a t i o n  energy which a r e  i s o l a t e d  due t o  t h e i r  smal l  

decay widths  o r  (and)  t h e i r  l a r g e  d i s t a n c e  from o t h e r  s t a t e s  wi th  t h e  

same s p i n  and p a r i t y .  The r e s u l t s  of t h e  nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  

r e p r e s e n t  t h e  r e a l  nuc lea r  theory proved by many exper imental  d a t a ,  

sometimes i n  a "revolut ionary"  manner4 a s ,  e .g . ,  by t h e  discovery of 

i s o b a r i c  analogue resonances  and of Gamow-Teller resonances. I t  rust be 

concluded, t h e r e f o r e ,  t h a t  t h e  nucleons move i n s i d e  t h e  nucleus  with  

some r e g u l a r i t y  which is, obviously ,  d i c t a t e d  by t h e  Pau l i  exc lus ion  

p r i n c i p l e .  

I t  is, however, very we l l  known t h a t  t h e  w a v e f u n c t i o n s 4 F  of 

t h e  nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  do n o t  have t h e  t r u e  asymptot ic  be- 

haviour  and t h a t  t h e  f i n i t e  l i f e t i m e  of t h e  nuc lea r  s t a t e s  cannot  be 

c a l c u l a t e d  wi th in  t h e  model. The po in t  is t h a t  t h e  nucleus  is t r e a t e d  

a s  a c losed  system (Q = 1 )  i n  nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  a l though 

most of t h e  nuc lea r  s t a t e s  can decay by p a r t i c l e  emiss ion s i n c e  they 

l i e  above p a r t i c l e  decay th resho lds .  The system, included i n  t h e  Q 

space,  is, i n  r e a l i t y ,  coupled t o  t h e  continuum (P space )  and must be 

t r e a t e d  a s  an open system: The nuc lea r  s t a t e s  a r e  "quasibound s t a t e s  
5 embedded i n  t h e  continuum" (QBSEC) . 

Recent ly ,  a method has  been worked ou t5 j6  f o r  t r e a t i n g  t h e  nu- 

c l e u s  a s  an open quantum mechanical system. The b a s i c  Schrodinger  equa- 

t i o n  Hy= E y  is l i n e a r  i n  t h e  whole P + Q func t ion  space (P + Q = l ) ,  

b u t  non l inea r  f o r  t h e  system confined i n  t h e  Q space:  

(HQQ - E) y = -Hap I+ (4a)  

As a consequence, c o r r e c t i o n  terms t o  t h e  Hamilton ope ra to r  

a s  we l l  a s  t o  the wavefunction 

appear by which the coupl ing of t h e  Q subspace t o  t h e  P subspace is 

taken i n t o  account. The wavefunctions 

a r e  e x f a c e d  i n  terms of  t h e  s h e l l  model wavefunctions(t) 7. T h e  wave- 

func t ion  QR has t h e  t r u e  a s y a p t d i c  behaviour. The Hamilton o p e r a t o r  

H z f  is non-Hermitean. Its eigenvalues  a r e  complex, 

C 
C 

desc r ib ing  t h e  pcls iEons ER a s  well a s  t h e  widths  rR of the  nuc lea r  

s t a t e s .  The wid ths  rR a r e  inve r se  p ropor t iona l  t o  the  l i fe t i -% of  

t h e  resonance s t a t e s .  

I t  has  been on the b a s i s  of  t h i s  model t h a t  the spec t ro -  

scop ic  p r o p e r t i e s  of  the d i f f e r e n t  nuc lea r  s t a t e s  can be desc r ibed  by 

the s t andard  nuc lea r  s t r u c t u r e  methods t o  a good approximation a s  long 

a s  t h e  nuc lea r  s t a t e s  a r e  e i t h e r  bound o r  well i s o l a t e d .  I n  such a 

case ,  t h e  a d d i t i o n a l  f o r c e s  v i a  the continuum, which appear  i n  the open 

system, a r e  smal l .  A s  a consequence, t h e  nuc lea r  s t a t e s m a y  be consid-  

e r e d  as conse rva t ive  s t r u c t u r e s ,  t o  a good approximation. T h e  c o e f f i -  

c i e n t s  bRR, i n  t h e  sxpans ion  (1)  f u l f i l l  approximately t h e  cond i t ion  
C 

bRR, ~3 JRR,. The energy s h i f t s  EY - ER a r e  smal l  bu t  nonvanishing - 
even f o r  bound s t a t e s .  The f i n i t e  l i f e t i m e  TR of t h e  resonance s t a t e s  

fol lows i rmed ia te ly  from the non-Hermitean p a r t  Gf - HQQ o f  t h e  

Hamilton ope ra to r .  

The equat ions  of t h e  open quantum mechanical nuc lea r  system i n  

t h e  Q space a r e  non l inea r ,  eqs .  ( 4 ) .  Fur the r ,  s t rong  coopera t ive  e f -  

f e c t s  a r e  known f o r  a long tireL t o  e x i s t  i n  the nuc lea r  system. S e l f -  

o rgan i sa t ion  is expected the re fo re ,  from a mathematical po in t  o f  view, 

t o  t ake  p l a c e  i n  the  nuc lea r  system. 

The r e g u l a r  motion of  the nucleons supposed i n  a l l  nuc lea r  s t r u c -  
8 t u r e  c a l c u l a t i o n s  can be, indeed, understood a s  a consequence of t h e  

s t r o n g  coopera t ive  e f f e c t s  e x i s t i n g  between the  ind iv idua l  nucleons. A 

comnon p o t e n t i a l  llo is formed By t h e  nucleons themselves. T h e  r e s i d u a l  

i n t e r a c t i o n  V i k  between t h e  nucleons is r e l a t i v e l y  small.  The d i f f e r e n t  

many-particle s t a t e s  of a nucleus d i f f e r  by t h e  d i f f e r e n t  occupat ion o f  

the  s i n g l e - p a r t i c l e  s t a t e s  with nucleons i n  t h e  c o m n  p o t e n t i a l .  Only 

i n  the  ground s t a t e ,  a l l  t he  nucleons occupy t h e  lowest s i n g l e - p a r t i c l e  



s t a t e s .  I n  the  e x c i t e d  s t a t e s ,  some of t h e  nucleons occupy higher- lying 

s i n g l e - p a r t i c l e  s t a t e s ,  wtiich a r e  still  bound, by l eav ing  ho les  i n  t h e  

low s i n g l e - p a r t i c l e  s t a t e s .  I f  t hese  s t a t e s  of t h e  many-particle system 

l i e  above p a r t i c l e  decay th resho lds ,  they have a f i n i t e  l i f e t i m e  

a g a i n s t  decay i n t o  t h e  open channels .  

Thus, the  r egu la r  motion of the  nucleons i n  bound and i s o l a t e d  

nuc lea r  s t a t e s  is n o t  i n  c o n t r a d i c t i o n  t o  t h e  e x i s t e n c e  of s t r o n g  coop- 

e r a t i v e  e f f e c t s  between t h e  nucleons,  a s  proposed i n  r e f . 2 ,  but is 

caused by them. The d e s c r i p t i o n  of t h e  nuc lea r  s t r u c t u r e  by r e s t r i c t i n g  

t o  t h e  Q space is a good approximation according t o  the  s l a v i n g  b r inc i -  
9 p l e  which is un ive r sa l  i n  syne rge t i c s  . Fur the r ,  t he  d i f f e r e n t  nuc lea r  

s t a t e s  should be considered a s  d i s s i p a t i v e  s t r u c t u r e s  formed by s e l f -  

o rgan i sa t ion  f a r  from equi l ibr ium i n  accordance with  the  d e f i n i t i o n  of 

d i s s i p a t i v e  s t r u c t u r e s  i n  open systemsl'lO. 

3. The t r a n s i t i o n  from i s o l a t e d  t o  over lapping resonance s t a t e s  

I n  c o n t r a s t  t o  t h e  success  of nuc lea r  s t r u c t u r e  c a l c u l a t i o n s  a t  

low l e v e l  d e n s i t y ,  t h e  exper imental  r e s u l t s  a t  h ighe r  l e v e l  d e n s i t y  a r e  

n o t  descr ibed sa t i s f ac to r i1y .They  r a i s e  a number of ques t ions  which a r e  

on t h e  i n t e r f a c e  of r e a c t i o n  theory and nuc lea r  s t r u c t u r e  and f o r c e  u s  

t o  r e t h i n k  our  assumptions i n  dea l ing  wi th  nuclear  r e a c t i o n s  on sever-  

a l  p o i n t s .  

In  s t anda rd  nuc lea r  r e a c t i o n  theory,  t h e  motion of t h e  nucleons 
3 is assumed t o  be a c h a o t i c  one . The nuc lea r  s t a t e s  a r e  proposed t o  be 

s t a t i s t i c a l l y  independent a l though t h i s  assumption could n o t  be proven 

exper imental ly ,  e .g . l l ,  and a l l  t h e  nuc lea r  s t r u c t u r e  s t u d i e s  po in t  t o  
s t r o n g  coopera t ive  e f f e c t s .  

I n  o rde r  t o  c l a r i f y  t h i s  problem, microscopic c a l c u l a t i o n s  i n  an 

open nuc lea r  system have been performed i n  dependence on t h e  degree of  

coupl ing between t h e  system (Q subspace) and t h e  environment (P sub- 

. space) .  The method used is the  Rossendorf continuum s h e l l  model (CSM) 

sketched by eqs .  (1)  t o  ( a ) ,  f o r  d e t a i l s  s e e  The degree of 

coupl ing between t h e  two subspaces has  been va r i ed  by hand. The calcu-  

l a t i o n s  a r e  performed i n  t h e  fol lowing manner. 

( i )  The s h e l l  model problem (1)  is so lved  f o r  t h e  conpound nucleus  

160 with  b a s i c  wavefunctions cp; o u t  of the  conf igura t ion  space 
1 

( l ~ ~ / ~ , l ~ ~ ~ ) - ~ ( 2 s ~ ~ ~  2 Bld5/2) and (1sl/2)-1(lpy2]lp1/2)-1 
(2s1/2,1d5,7) . The 76 s t a t e s  wi th  J T =  1- (mixed i s o s p i n )  a r e  

mixed-in the b a s i c  s t a t e s  (Pi, eq. (31, s i x  of which a r e  of 

( lp - lh )  type  and the  remaining ones  a r e  of (2p-2h) type. The 

p o t e n t i a l  used is of Woods-Saxon type with  s t anda rd  parameters12. 

( i i )  The shell model problem (1)  is so lved  f o r  t h e  r e s i d u a l  nuclei 15, 

and 150 wi th in  the conf igura t ion  space ( lp3/2~-1 and (1plI2)-l by 

using t h e  s a w  p a r a w t e r s  a s  f o r  160. 

( i i i )  The Wwiidinger  equat ion (8) with t h e  non-Hennitean ope ra to r  (5 )  

is s o l v e d  i n  an energy r e g i o n  h e r e  t h e  dJI2 s i n g l e - p a r t i c l e  

resonance is ~t i n p o r t a n t ,  w i th  29 o r  30  wt of  the 76 r e m n c e  
s t a t e s  *ich a r e  used a s  b a s i c  s t a t e s  i n  the coupled c h a m e l  c a l -  

c u l a t i o n s  (8).  The 29 resonance s t a t e s  have -11 c o ~ p o n e n t s  of  

t h e  b a s i c  lp - lh  conf igura t ions .  I n  sane c a l c u l a t i o n s ,  another  

r e m n c e  s t a t e  has  been added t o  the 29 cries wi th  t h e  main con- 

ponent yi = (lp3/2)-1 ld5/21 either T = 0 o r  T = 1. The muher 
o f  chamels taken i n t o  account i n  t h e  c a l c u l a t i o n s  is 1 (corre-  

sponding t o  t h e  ground s t a t e  1/2- of  l5,), 2 (corresponding t o  

t h e  two s t a t e s  1/2- and 3/2- of 15,) o r  4 (corresponding t o  the 

two s t a t e s  1/2- and 3/2- i n  both n u c l e i  '51.5 and 150). 

I n  f i g s .  1 to_), the dependence of  the  i n e l a s t i c  c r o s s  s e c t i o n  

and of t h e  widths  rR on t h e  degree of over lapping <r> / < D ) o f  t h e  

resonance s t a t e s  ( w h e ~ e  <r> st is t h e  mean width and <D> 6 the 

mean d i s t a n c e )  is shown. The over lapping has  been va r i ed  by so lv ing  

eq. (8 )  with inpu t  valyes  ET ob ta ined  a s  s o l u t i o n s  of eq. ( 1 )  a s  wel l  

a s  wi th  o t h e r  values  ERgM changed by hand i n  such a manner €hat t h e  

d i f f e r e n c e s  E? between the e n e r g i e s  of  t h e  d i f f e r e n t  shell model 

s t a t e s  a r e  reduced. The wavefunctions 4 F of  the shell model s t a t e s  

used a s  inpu t  i n  eq. (8 )  thereby remain unchanged. Such a procedure t o  

vzry the degree of over lapping - is j u s t i f i e d  because the e igenfunc t ions  

4R and eigenvalues  ER - F of  the opera to r  (5 )  depend only weakly 

on energy. The p a r a w t e r s  of  the Cloods-Saxon p o t e n t i a l  and of t h e  re-  

s i d u a l  i n t e r a c t i o n  remain unchanged i n  t h i s  procedure ( f o r  d e t a i l s  see 
r e f .  13). 

The degree of  over lapping < r>/ (0) of  t h e  r e sonance  corre- 

sponds t o  t h e  s t r e n g t h  of  e x t e r n a l  mixing, involved i n  eqs .  (7 )  and (81, 

h i c h  is given by the ~ n - d i a g o n a l  matr ix  e l emen t s  

<$d\~g - H~\($:> = <4:(~~ c:) ~ ~ ~ l 4 ~ z >  . (9 )  

The more the resonances over lap,  the l a r g e r  a r e  the mat r ix  elenrents (9) .  

The r e s u l t s  shovrn i n  f i g s .  1 t o  3 i l l u s t r a t e  t h e r e f o r e  the b e h a v i w r  of 

the nuc lea r  system i n  dependence on t h e  degree of e x t e r n a l  mixing of  

the resonance s t a t e s  v i a  t h e  continuum. 

The e i g e n f u n c t i o n s d  o f  H ~ ,  eq. (3 ) ,  a s  wel l  a s  t h e  eigen- 

func t ions  qR of Gf, eq. ( 7 ) ,  a r e  the more mixed i n  the cor respmding  

b a s i c  func t ions  Ti and 4y the s t r o n g e r  t h e  r e s i d u a l  i n t e r a c t i o n  V is 



h a v e  d o m i n a n t  2p-2h 
n u c l e a r  s t r u c t u r e  
( c o r r e s p o n d i n  t o  
F i g .  1 i n  r e f  . f 3 )  
a n d  1 s t a t e  h a s  d o -  

4 h~] 
30 

m i n a n t  1 p - l h  n u c l e a r  
I , , , ,  

.5 330 s t r u c t u r e  a n d  T = 1 .  

i n  t h e  f i r s t  case  and t h e  non-diagonal matr ix  elements (9 )  a t  f i x e d  re-  

s i d u a l  i n t e r a c t i o n  V i n  t h e  second case.  Strong i n t e r n a l  mixing corre-  

sponds t o  l a r g e  c o e f f i c i e n t s  aRi with R f i i n  t h e  expansion ( 3 )  i n  the  

same manner a s  s t rong  ex te rna l  mixing l e a d s  t o  l a r g e  c o e f f i c i e n t s  bRR, 

with R f R '  i n  t h e  expansion (7 ) .  The c o e f f i c i e n t s  aRi a r e  r e a l  while 

- d e p e n d e n c e  o n  t h e  d e -  
' g r e e  o f  o v e r l a p p i n g  
4 r ) I C D ) .  The  c a l c u l a -  
t i o n  h a s  b e e n  p e r f o r -  
med w i t h  two c h a n n e l s  

I , 
$*  330 33.1 a n d  w i t h  3 0  r e s o n a n c e  

s t a t e s .  29 o f  w h i c h  

-- 

- F i g .  1 .  

the c o e f f i c i e n t s  bRR, a r e  complex s i n c e  t h e  opera to r  HoQ is Hermitean 

and the  opera to r  (5) is non-Hermitean. 

The bas ic  wavefunctions Goi of t h e  s h e l l  model problem ( 1 )  de- 

s c r i b e  a r egu la r  motion of the  nucleons i n  t h e  c e n t r a l  d o t e n t i a l  which 

is d i c t a t e d  by ' the  Paul i  p r inc ip le .  I f  t h e  eigenfunct ions +F a r e  

mixed s t rong ly  i n  t h e  y i ,  i . e .  no main component i n  t h e  expansion ( 3 )  

- "N 1 p,p' ) " ~ 3 , ~  - 
QI<D> = 16 

can be found, then the  motion of the  nucleons is usua l ly  considered t o  

be a chao t i c  one. Another r ep resen ta t ion ,  e.g. by t ak ing  i n t o  account 

the  c o l l e c t i v e  aspec t s  i n  t h e  in te rp lay  between t h e  cons t i tuen t  p a r t i -  

cles from the  very beginning, is more adequate i n  t h i s  case.  This f a c t  

is very well known from t h e  numerous nuclear  s t r u c t u r e  c a l c u l a t i o n s  f o r  

heavy nuclei .  

In  a c losed system, a chao t i c  motion of t h e  nucleons (from t h e  

one-body po in t  of view) corresponds t o  t h e  formation of an equi l ibr ium 

The  i n e l a s t i c  c r o s s  
s e c t i o n  1 5 ~ ( p , p ~ )  i n  

s t a t e :  t h e  d i f f e r e n t  bas ic  s t a t e s  a r e  exc i t ed  with a p r o b a b i l i t y  which 

is about t h e  same f o r  a l l  Yi, and t h e  l i f e t i m e  of t h e  nuclear  s t a t e  is 

i n f i n i t e  by d e f i n i t i o n .  An equi l ibr ium s t a t e  of t h e  system w i l l  be 

reached the re fo re  i f  t h e  system is closed and i f  t h e  r e s i d u a l  i n t e r -  

ac t ion  is  not  too small.  

<r> /a> = s 'i 
F i g . 2 .  - 

. T h e  w i d t h s  r R  o f  t h e  i n -  
d i v i d u a l  r e s o n a n c e  s t a -  
t e s  R i n  d e p e n d e n c e  o n  
t h e  d e g r e e  o f  o v e r l a p p -  
i n g < p )  /<D . T h e  c a l c u -  
l a t i o n  h a s  z e e n  p e r f o r -  
med w i t h  two c h a n n e l s  
a n d  w i t h  t h e  same 3 0  r e -  
s o n a n c e  s t a t e s  a s  i n  
F i g .  1 .  

In  t h e  open system, the e x t e r n a l  mixing c r e a t e s  a l s o  an e x c i t a -  

of  t h e  bas ic  s t a t e s  +? which is more o r  l e s s  t h e  same f o r  a l l  

i f  t h e  ex te rna l  mixing is n o t  too small.  But i n  c o n t r a s t  t o  a 

c losed system, the  open system has t o  organise  i t s e l f  i n  such a manner 

t h a t  t h e  l i f e t i m e  of t h e  s t a t e s  reached is a s  long a s  poss ib le .  Other- 

wise, t h e  s t a t e  reached cannot be considered a s  an equi l ibr ium s t a t e .  

The r e s u l t s  shown i n  f i g .  3 i l l u s t r a t e  t h i s  behaviour of t h e  open 

nuclear  system. Ins tead  of t h e  l i f e t i m e  of t h e  resonance s t a t e s ,  t h e i r  

widths a r e  considered.  A s  long a s  the resonance s t a t e s  do not over lap  
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The r a t i o  of the  sum of the  two and three ,  resp., l a r g e s t  widths t o  the sum \ 
of the remaining widths f o r  the 30 resonance s t a t e s  show i n  Fi s. 1 and 2 
and f o r  the  29 resonance s t a t e s  shown i n  Figs. 1 and 2 of ref .19 i n  depend- 
ence on t h e  degree of overlapping r/B. ' 

(<r> /<D> < 11, it holds bRR, er JRR, .  T h e  motion of the nucleons 
i n  the  e igens ta tes  of is therefore of the  same regular i ty  a s  i n  5' 
the  corresponding e igens ta tes  of HOQ. AS soon a s  the resonance s t a t e s  

begin t o  overlap, the system tends t o  reach an equilibrium s t a t e  by 

m a n s  of t h e  ex te rna l  mixing: The exr~ansion (7) contains many terms the 

weights bRR, of which a r e  of almost the same magnitude. Additionally, 

the  widths of most resonance s t a t e s  a r e  reduced, i . e .  t h e i r  l i f e t i m e s  

a r e  enlarged. This reduction of t h e  14dths nust, however, be conpen- 

sated i n  the open system due t o  the condition6 

G F R =  R rR , (10) - 
where rR a r e  the  widths of the  resonance s t a t e s  R obtained by taking 
i n t o  account the  external  mixing (eigenvalues of fff according eq. (8)) 

W 
and rR a r e  t h e i r  widths calculated by neglecting the external  mixing 
(diagonal matrix elements of H ~ ~ ~ ) .  The n u m r i c a l  r e s u l t s  show t h a t  the  

W 
conpensation takes place by an enlargement of the  widths of a small num 
ber of s t a t e s .  The stronger the external  mixing, the  la rger  is the d i f -  

ference between the widths of t h e  many long-living s t a t e s  and those of 
t h e  few short- l iving s t a t e s .  The red is t r ibu t ion  of the  widths s t a r t s  

r a t h e r  suddenly a t  <T>/<o > r 1. 

The matrix elements <$:I ti I 5 ) of the operator HQp between 
the  wavefunctions +;of the  Q space and the sca t te r ing  wavefunctions 

CI 5 ;  of the P space are involved i n  both expressions f o r  the w i d t h r R  a s  
well a s  the exc i ta t ion  probabil i ty of the  resonance s t a t e  R i n  nucleon 

# 

i2duced reactions. A long l i fe t ime T R ,  corresponding t o  a small width 

fR, is correlated therefore with a small exc i ta t ion  probability8. Con- 
sequently, t h e  equilibrium s t a t e s  with a long l i fe t ime a r e  excited with 

a small probabil i ty i n  nucleon induced react ions.  

The few other s t a t e s  of the system which appear due t o  the  condi- 

t ion  (10) i n  an open system together with the many "equilibrium" s t a t e s ,  

a r e  fa r  from equilibrium. These s t a t e s  have a large width, correspond- 

ing t o  a shor t  l i fe t ime,  and w i l l  be excited i n  nucleon induced reac- 

t i o n s  with a large probabil i ty.  They can therefore be s inu la ted  by 

s ing le -par t ic le  resonances i n  r e l a t i o n  t o  the t a r g e t  nucleus, i .e .  by 

changing the  cen t ra l  po ten t ia l .  In t h i s  representat ion,  the short-living 

resonance s t a t e s  consist  of one unbound nucleon i n  r e l a t i v e  motion t o  

the t a r g e t  nucleus which cons is t s  of A - 1 bound nucleons. The motion 
of these A - 1 nucleons is a regular one i n  the  cen t ra l  po ten t ia l  cre- 
ated by the nucleons themselves. 

In an open system the  equilibrium s t a t e  with a chaotic motion of 

the  nucleons can, therefore,  not be reached imnediately. On the way t o  

the  equilibrium, another s t a t e  fa r  from equilibrium appears which be- 

comes soon the  overwhelming one due t o  its large and f a s t  probabil i ty 

of exc i ta t ion .  This s t a t e  can be represented by a regular  (and not  

chaotic)  motion of a l l  but one nucleon. 

The two extreme cases of react ion mechanism a t  low and high l e v e l  

density a r e  very well known i n  nuclear react ion theory. While informa- 
t ion  on the nuclear s t ruc ture  of the  resonances i n  the A nucleon system 

can be obtained a t  low leve l  densi ty,  t h i s  information is l o s t  a t  high 
l e v e l  density. According t o  the chaotic m t i o n  of the nucleons, the 

resonance s t a t e s  can be seen a t  high leve l  densi ty a s  f luc tua t ions  
around an average value only. This average value is determined by the 

f a s t  d i r e c t  process which contains the information on the  environment 

(motion of a nucleon r e l a t i v e  t o  t h e  t a r g e t  nucleus). The cor re la t ion  
between the system (Q space) and the  continuum (P space) is so  strong 
a t  high level  densi ty t h a t  the consideration of the nucleus a s  an open 

system ( in  the  Q space) looses its sence. The propert ies  of the  system 
a t  high level  density a re  determined mainly by the  P space in  which the 
motion of only A - 1 nucleons is a regular  one. 

It is worthy of note t h a t  i r r e v e r s i b i l i t y  on a microscopic leve l  
8 

e x i s t s  still a t  high leve l  densi ty i n  the long-living s t a t e s ,  but is 



hidden p a r t l y  by t h e  f a s t  d i r e c t  s c a t t e r i n g  p rocess  which is r e v e r s i b l e  

a s  a whole i n  t h e  P + Q space. The s c a t t e r i n g  p rocess  is desc r ibed  by 

a Hamilton ope ra to r  ~ h i c h  is Hermitean i n  t h e  c losed  P + Q space.  

It can be seen from f i g .  3 ( see  a l s o  ref .16)  t h a t  t h e  t r a n s i t i o n  

from t h e  resonant  process  t o  t h e  d i r e c t  one t a k e s  p lace  a t  

<T>/<D > s 1, independently of t h e  nuc lea r  s t r u c t u r e  of t h e  reso- 

nance s t a t e s  and of  t h e  number of channels  taken i n t o  account  i n  t h e  

ca lcu la t ion .  The add i t ion  of a resonance s t a t e  wi th  mainly lp - lh  nucle- 

a r  s t r u c t u r e  and with  i s o s p i n  T = 0 o r  T = 1 does n o t  change t h e  f i n a l  

r e s u l t  d iscussed above. T h e  resonance s t a t e  wi th  mainly lp - lh  nuc lea r  

s t r u c t u r e  can be i d e n t i f i e d  i n  the  c r o s s  s e c t i o n  a t  low l e v e l  dens i ty  

bu t  no t  a t  h igh  b v e l  densi ty14.  The number of channels  taken i n t o  

account i n  t h e  numerical c a l c u l a t i o n  is c o r r e l a t e d  with  t h e  number of 

s h o r t - l i v i n g  resonance s t a t e s  a t  h igh l e v e l  dens i ty  a s  it is t o  b e  

expected from c a l c u l a t i o n s  i n  a schematic  modei15. The gene ra l  p i c t u r e  

of  t h e  t r a n s i t i o n  from one type of r e g u l a r  motion t o  another  one is, 

however, independent of t h e  number of channe l s .  It is, obviously ,  t h e  

sha rpe r ,  t h e  l a r g e r  t h e  continuum is, i . e .  t h e  l a r g e r  t h e  number of 

channels  is ( re f .%.  

The t r a n s i t i o n  from the resonance r e a c t i o n  mechanism a t  low l e v e l  

dens i ty  t o  the d i r e c t  r e a c t i o n  mechanism a t  high l e v e l  d e n s i t y  has  been 

i n v e s t i g a t e d  i n  t h i s  paper by means of numerical r e s u l t s  ob ta ined  from 

microscopic c a l c u l a t i o n s  f o r  nucleon induced r e a c t i o n s .  I n  t h e  r e so -  

nance r eac t ion  mechanism, a compound nuc leus  is formed t h e  p r o p e r t i e s  

~f h i c h  can be descr ibed by s tandard nuc lea r  s t r u c t u r e  c a l c u l a t i o n s .  

The nvcleons move i n  an average p o t e n t i a l  i n  a r e g u l a r  manner. The sec-  

ond p a r t  of  t h e  Hamilton ope ra to r  (53 is smal l  i n  conpar ison wi th  the 

f i r s t  p a r t .  I n  the  d i r e c t  r e a c t i o n  mechanism, t h e  nucleon is s c a t t e r e d  

i n  the f i e l d  of  t h e  t a r g e t  nucleus  rls a whole. A l l  bu t  one nucleon move 

i n  an average p o t e n t i a l  i n  a r egu la r  manner. The second p a r t  of  the 

Hamilton ope ra to r  (5 )  p l ays  an important r o l e .  

The numerical c a l c u l a t i o n s  g i v e  t h e  fol lowing r e s u l t s  

( i )  The t r a n s i t i o n  from resonant  t o  d i r e c t  r e a c t i o n  mechanism takes  

place r a t h e r  sha rp ly  a t  < r > / < D )  c 1. T h e  t r a n s i t i o n  is t h e  

sharper  the l a r g e r  t h e  contirmum is, i . e .  t he  more channels  a r e  

taken i n t o  account i n  the c a l c u l a t i o n  ( r e f .16 ) .  

( i i )  T h e  second p a r t  of  t h e  Hamilton ope ra to r  ( 5 )  c r e a t e s  both an 

informat ion l o s s  on t h e  nuc lea r  s t r u c t u r e  of t h e  compound nucle-  

us  and an informat ion ga in  on t h e  nuc lea r  s t r u c t u r e  of the  open 

channels ,  i . e .  on t h e  nuc lea r  s t r u c t u r e  of t h e  t a r g e t  and r e s id -  

u a l  n u c l e i .  

( i i i )  A t  h igh l e v e l  dens i ty ,  two types  of motion of t h e  nucleons e x i s t  

s i rmltaneously:  a motion i n  long- l iv ing  s t a t e s  which a r e  near  

equ i l ib r ium,  and a motion i n  s h o r t - l i v i n g  s t a t e s  which a r e  f a r  

from equi l ibr ium.  The long-l iving s t a t e s  a r e  e x c i t e d  i n  nucleon 

induced r e a c t i o n s  with  a smal l  p r o b a b i l i t y  while t h e  short-living 

ones  a r e  e x c i t e d  with  a high p r o b s b i l i t y .  Furthermore, t he  reac-  

t i o n  v i a  t h e  s h o r t - l i v i n g  s t a t e s  is very f a s t .  Due t o  t h e i r  

l a r g e  widths ,  t h e s e  s t a t e s  ove r l ap  the  long- l iv ing  s t a t e s ,  and 

t h e  nucleus  behaves more o r  l e s s  a s  a rrhole. 

( i v )  From t h e  po in t  of view of the  con~pound nucleus ,  t h e  ~ iuc lcons  move 

c h a o t i c a l l y  i n  long-l iving s t a t e s  a t  high l e v e l  dens i ty .  These 

s t a t e s  appear i n  t h e  c r o s s  s e c t i o n  a s  f l u c t u a t i o n s  around an 

average value. 

( v )  From t h e  p o i n t o f  view of t h e  t a r g e t  and r e s i d u a l  n u c l e i ,  t h e  

motion of t h e  nucleons a t  high l e v e l  dens i ty  of t h e  compound nu- 

c l e u s  is rep resen ted  by a r e g u l a r  motion of a l l  but one nucleon 

i n  t h e  average f i e l d  of t h e  t a r g e t  and r e s i d u a l  n u c l e i ,  r e sp .  

The average value of t h e  c r o s s  s e c t i o n  is determined by the  

s c a t t e r i n g  of a nucleon i n  t h e  f i e l d  of t h e  t a r g e t  nucleus a s  a 

whole. 

( v i )  The numerical r e s u l t s  show t h a t  o rde r  o u t  of chaos t a k e s  p lace  

only i n  t h e  open quantum mechanical nuc lea r  system. I n  a c losed  

system, t h e r e  a r e  no f o r c e s  t o  int roduce a new o rde r .  I f  t he  

equ i l ib r ium s t a t e  is reached i n  a c losed  system, i t  can e x i s t  a 

long time without any d i s t o r t i o n .  

( v i i )  There e x i s t s  a s t r o n g  c o r r e l a t i o n  between t h e  f i n i t e  l i f e t i m e  of 

t h e  s t a t e s  near  equ i l ib r ium i n  an open system and t h e  formation 

of s t a t e s  f a r  from equi l ibr ium.  I n  the  s t a t e s  f a r  from e q u i l i b -  

rium, t h e  t a r g e t  nucleus  behaves a s  a whole, i . e .  t h e  many-body 

aspec t s  play a subord ina te  r o l e  i n  t h e  P + 0 space.  

( v i i i )  The f i n i t e  l i f e t i m e  of the  nuc lea r  s t a t e s  c r e a t e s  a n  i r r e v e r s i -  

b i l i t y  on a microscopic l e v e l .  This i r r e v e r s i b i l i t y  con t inues  t o  

e x i s t  a t  h igh l e v e l  dens i ty  a l though the main p rocess  ( s c a t t e r -  

i n g  of a nucleon on a t a r g e t  nucleus)  is, of  cour se ,  r e v e r s i b l e .  

Although most of t h e  discussed r e s u l t s  a r e  very wel l  known i n  nu- 

c l e a r  physics  f o r  a long t ime,  a d i r e c t  exper imental  t e s t  has  y e t  t o  



come (for a deta!led discussion see ref.'). The most direct way is to 

investigate the lifetime of the conpound nucleus states in dependence 

on the excitation energy and the correlations between the resonance 

anplitudes. In both cases, deviations from the assunptions of standard 

nuclear reaction theory result if the nucleus is considered as an open 
system. 

In this paper, only nucleon channels have been considered. The 

results hold, however, in an analogous manner also for, e.g., alpha 

particle channels and for the coupling to the electromagnetic field. 
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P O T T ~ ~  H. E4-88- 1 4 1 
Cmoopramsaqm H a T o m e  =pa 

TIPH nonow sacnemmx pesynaTaToB, nonyveHHanr HS -PO- 
CKonmecKHx pacseToB pea~qH#, BnrssaHHbDc HymeoHam, pac- 
cMaTpmaeTcx nepexoa OT pesoHaHcHoro MexaHHsMa pea~rrlrdt 
npH HHSKHX IIJIOTHOCTRX K WRMOMY MexamsMy npH B~ICOKHX 
~OTHOCTRX. llepexo~ 06~apy~sae~cff npH <DZa>, KorAa 
CyQeCTByiOT OAHOBpeMeHHO m a  THna A B w m H R  HyMOHOB: AOJI- 
r O X H B ~ e  COCTORHHR, HaXOA$ilQHeCff IIOsTH B PaBHOBeCHH, H 
KopoTKoaMsynpie COCTORHHR, ynanexixiwe OT paBHosecm.  ORB- 
JIeHHe IIOpRAKa HS XaOCa H ~ ~ J I S O A ~ ~ T C X  TOJIbKO B OTKPUTO# KBIH" 

T O B O M ~ X ~ H H ~ ~ C K O #  HJl,ep~0# CHCTeMe. OHO RBIIReTCR CJIeACTBH- 
eM KB~HT O B ~ D C  @ n y x c ~ y a W  sepes KOHTHHY~M. 

Pa6oTa BbmOJIHeHa B ga60paTopH~ T ~ O ~ ~ T H ~ ~ C K O #  @HSHKH 

OmH. 

Coo6- 06squwemuoro mmmym rureplrsn ncclreno~. Lly6aa 1988 

Rotter I. E4-88- 14 1 
Self-organisation and Atomic Nuclei 

The transition from the resonance reaction mechanism 
at low level density to the direct reaction mechanism at 
high level density is investigated by means of numerical 
results obtained from microscopic calculations for nucle- 
on induced reactions. The transition takes place rather 
sharply at <Dm>; Here, two types of motion of the nuc- 
leons exist simultaneously: a motion in long-living sta- 
tes which are near equilibrium and a motion in short-li- 
ving states which are far from equilibrium. A formation 
of order out of chaos takes place only in the open quan- 
tum mechanical nuclear system. It is caused by the quan- 
tum fluctuations via the continuum. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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