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Abstract Severa1 s t a t  i s t  i c a l  aspects of mul t i  step compound processes 
are  d  i scussed. The connect ion  between the cross- sect  ion  auto- cor re la-  
t i o n  func t i on  and the average number o f  maxima i s  emphasized. The res-  
t r i c t i o n s  imposed by the non-zero value o f  the  energy step used in  mea- 
sur ing  the e x c i t a t l o n  func t i on  and the ex er imental  e r r o r  a re  discus-  
sed. App l ica t ions  are  made t o  the system P5Mg(3He,p)27Ak. 

I n  recent years the basic mechanism under ly ing  nuclear reac- 

t i o n s  have been profoundly reexamined i n  view of the increas 

r imental  evidence i n  support o f  new types o f  processes tha t  

complexi ty,  between the usual d i r e c t  and compound ones. 

The theo re t i ca l  desc r i p t i on  o f  these processes i s  

complicated as a r e s u l t  o f  t h e i r  being more complicated than 

ng expe- 

ie ,  i n  

rendered 

the  sim- 

p l e  d i r e c t  processes, usua l l y  descr ibable w i t h i n  DWBA o r  coupled chan- 

ne l s  theory,  and ye t  less  complicated than the usual compound proces- 

ses normal'ly accounted f o r  by the s t a t i s t i c a l  Hauser-Feshbach theory. 

This necessar i l y  impl ies t ha t  the desc r i p t i on  o f  these p reequ i l i b r i um 

processes rnust, somehow, conta in  both the s t a t i s t i c a l  features,  domi- 

nant i n  conpound react ions,  and some coherent e f f e c t s  (e.g. peaking i n  

the forwarcf-angle region) t ha t  character  i ze  d i r e c t  processes. 

Orie poss ib le  way o f  simpl i f y i n g  the theo re t i ca l  d e s c r i p t i o n o f  

p reequ i l ib i iu rn  reac t ions  i s  t o  separate the average cross- sect ion i n t o  

two we l l- def ined and d i f f e r e n t  pieces; one descr ib ing  tha t  p a r t  o f  the 

processes which i s  forward peaked ( c a l l e d  m u l t i s t e p  d i r e c t  p a r t  by the 
O 

MIT groupl) and the o ther ,  symmetrical about 90 , considered as a  ge- 



nera l i zed  Hauser-Feshbach cross- sect ion t h a t  describes what i s  c a l l e d  

precompound o r  mu l t i s tep  compound p a r t .  I n  p a r t i c u l a r ,  t h i s  l a s t  p a r t  

has been the subject  o f  extensive theo re t i ca l  d iscuss ion i n  the l a s t  

several years. P r i n c i p a l l y ,  th ree theor ies  have been advan~ed" ' '~ ,  the 

comrnon fea tu re  of which i s  t h e i r  f i n a l  r e s u l t  summarized as a  genera- 

I ized Hauser-Feshbach expression f o r  the aver'age cross-sect ion.  This 

express-ion i s  g iven as a sum o f  N d i s t i n c t  terms re la ted  t o  the con- 

t r i b u t i o n s  from the N d i f f e r e n t  c lasses o f  compound doorways resonan- 

ces assumed populated i n  the process o f  the format ion o f  the compound 

nucleus. The system i s  al lowed t o  decay t o  the  open channels from any 

o f  these stages. From the c h a r a c t e r i s t i c s  o f  these decay processes one 

should be ab le  t o  learn  something about the nature o f  the compound nu- 

c leus  conf i g u r a t  ions through which the trapped inc ident  f l ux percola-  

tes.  

I n  p a r t i c u l a r ,  i n  the Nested-Doorway Model (NDM) developed re-  

c e n t l y  i n  Ref. 3,  a  major r o l e  i s  g iven t o  the s t a t i s t i c a l  f l u c t u a t i o n s  

around the average cross sec t ion  ( ~ r i c s o n ' s  f l u c t u a t i o n s )  i n  p rov id ing  

the above mentioned informat ion about the d i f f e r e n t  CN stages. Through 

a  c a r e i u l  study o f  the cross- sect ion au to- co r re la t i on  func t ion ,  i t  i s  

suggested tha t  one may be ab le  t o  e x t r a c t  a t  l eas t  s e v e r a l  d i s t i n c t  

c o r r e l a t i o n  widths attached t o  the d i f f e r e n t  l i f e t i m e s  o f  these stages. 

C lear ly ,  f o r  these s t a t i s t i c a l  analyses t o  be v iab le ,  one i s  

forced t o  r e s t r i c t  onesel f  t o  t r a n s i t i o n s  leading t o  wel l- separated d is -  

c r e t e  s ta tes  o f  the res idua l  nucleus. The e x c i t a t i o n  func t ions  o f  these 

t r a n s i t i o n s  are  expected t o  e x h l b i t  c l e a r  s t a t i s t i c a l  f l u c t u a t i o n s ,  f o r  

no t  too  h igh  inc ldent  energies. As the inc ident  energy i s  increased,the 

d i s c r e t e  pa r t s  o f  the spectra o f  eml t ted  p a r t i c l e s  become most ly d i r e c t  

(forward-peaked) i n  nature.  The mul t i  step compound component would, i n  

t h i s  case, con t r i bu te  most ly  t o  the continuum region, accounting p a r t l y  

f o r  the em! ssion o f  " f as t "  (non-evaporat ion) p a r t i c l e s  exhi b i  t ing  90'- 

-symrnetrlcal angular d i s t r i b u t i o n s .  

Recently, several e x c i t a t i o n  func t ions  f o r  d i s c r e t e  t r a n s i -  

t i ons  o f  both 1 i g h t 4-  and heavy5- ion  induced reac t ions ,  have been s ta-  

t i s t i c a l l y  analysed, and consequently a  very c l e a r  evidence has been 



estab l ished i n  support o f  the exlstence o f  more than one c o r r e l a t i o n  

w id th .  I n  these analyses, the general ized c ross- sect lon  au toco r re la t i on  

func t i on  01' Ref. 3 has been used. Subsequent t o  these studies,  i t  was 

suggested i n 6  tha t  the number-of-maxima method (NMM) o f  Br ink  ans Ste- 

phen7 should be app l ied  t o  the ana l ys i s  o f  these e x c i t a t i o n  func t ions ,  

i n  con junc t ion  w i t h  the au to- co r re la t i on  method i n  order  t o  check the 

conslstency o f  r e s u l t s .  Owing t o  the f a c t  t h a t  the pre-compound exc i t a-  

t i o n  func t ions  analysed w i t h  NMM i n  Ref. 6 e x h i b i t  several c o r r e l a t i o n  

widths,  the treatment was necessar i l y  crude. The importance o f  the abo- 

ve double-checking o f  the r e s u l t s  w i t h  NMM c e r t a i n l y  c a l l s  f o r  a  more 

prec ise  theo re t i ca l  d iscussion.  

I n  the present paper we present the above discussion i n  the 

form o f  a  general i z a t l o n  o f  the method o f  B i z z e t i  and ~ a u r e n z l n ~ '  which 

b e t t e r  serves the purpose o f  r e l a t i n g  the average number o f  maxima i n  

the exc i ta t : ion  func t i on  t o  the c ross- sect ion  au to- co r re la t i on  func t i on .  

For completeness, we present i n  Sect ion 2, a  b r i e f  summary o f  

the Nested-Doorway Model o f  precompound reac t ions .  I n  Sect ion 3,wepre- 

sent a  shor t  account o f  the NMM o f  B r i nk  and Stephen and the r e l a t e d  

discussion o f  Ref. 8 .  The gene ra l l za t i on  o f  the BM method t o  the mul- 

t i s t e p  case and the numerical consequences a re  given i n  Sect ion 4. F i -  

n a l l y ,  l n  Sect ion 5 we present several concluding remarks. 

2. A RESUME OF THE NESTED-DOORWAY MODEL OF PREGOMPOUND 
PROCESSES 

For a  b e t t e r  understanding o f  theNested-Doorway Model i t w o u l d  

be worthwh!le emphasizing again some o f  the po in t s  mentioned al ready i n  

the previous sec t ion .  We show i n  F ig .  1 a  t y p i c a l  spectrum o f  emit ted 

p a r t i c l e s  'in a  l i g h t  ion induced reac t ion .  This f i g u r e  c o n s t i t u t e s  the  
1 

pro to type cme usua l l y  used t o  descr ibe a  nuclear reac t ions  a t  no t  too 

small enerqies.  The p reequ i l i b r i um p o r t l o n  o f  the spectrum i s  seen t o  

be i n  the continuum region.  

At  somewhat smal ler  energies, the form o f  the spectrum, chan- 

ges, as evtm the d i s c r e t e  p a r t  o f  the spectrum becomes compound-nucleus 
O 

dominated (90 -symmetrical angular d i s t r i b u t i o n ) .  A  poss ib le  p i c t u r e  o f  

the spectr im a t  these lower energies i s  shown i n  F ig .  2. As i s  c l e a r l y  



Fig .  1 - A schematic p l o t  showing a  t y p i c a l  nuclear reac t i o i i  spectrum. 

The i nd i v i dua l  peaks a t  the end of the spectrum r e p r e s e n t s d i r e c t t r a n -  

s i t i o n s  t o  d i s c r e t e  s ta tes  I n  the res idua l  nucleus. The broad bump in -  

d ica tes  the evaporat ion component. 

F ig.  2 - A schematic p l o t  showing the spectrum o f  emit ted p a r t i c l e s  a t  

lower energies. The i nd i v i dua l  peaks represent compound t r a n s i t i o n s  t o  

d i s c r e t e  s ta tes  i n  the res idua l  nucleus. The d i f f e r e n t  components i n  

each peak represent the con t r i bu t i ons  from the d i f f e r e n t  stages. 



lmpl ied,  i nd i v i dua l  peaks i n  the spectrum rece ive  con t r i bu t i o r i s  f romthe 

decay o f  the compound system a t  the  d i f f e r e n t  stages through which i t  

passes on I t s  way t o  equ l l i b r i um.  

One would there fore  expect t h a t  the  average cross sec t i on  f o r  

a  g iven t r a n s i t i o n  from channel c t o  channel c '  1s (a11 formulae below 

r e f e r  t o  the c o n t r i b u t i o n  o f  a  g iven p a r t i a 1  wave) 

where n r e f e r s  t o  three,  f i v e ,  e t c .  -' exc i tons  con f i gu ra t i ons .  Such a  

simple form f o r  <JR r>  emerges fram a11 th ree theor ies  o f  MSCP. I n  the 
CC 

NDM, the i nd i v i dua l  terms i n  the sum o f  Eq. ( I )  come o u t  a l -l  i n  the 

Hauser-Feshbach form 

where P r e f e r s  t o  the t ransmission m a t r i x  de f ined w i t h  respect t o  an 
n 

averaged 2-matr ix ,  <S> constructed i n  such a  way as t o  represent 
In ' 

absorp t ion  i n  the systern due t o  the coup l ing  t o  doorway classes, n+l, 

n+2, ..., etc . .  We are,  here, adopt ing the fo l l ow ing  convention f o r  l a -  

be l i ng  the doorway c lasses:  the complexi ty increases according t o  the  

order :  l,2,3, ..., N. Class N, t he re fo re  represents the e q u i l i b r a t e d  

compound nucleus con f i gu ra t i on  and thus i s  the longest- l i ved.  The ener- 

gy i n t e r v a l  In i s  chosen i n  such a  way as t o  encompass a l l  c lasses 

w i t h  average l i f e t l m e s  Ia rger  than VIn (or , 'equIva lent ly ,  w i t h  ave- 

rage widths, rn, smal ler  than I ) .  E x p l l c i t l y ,  P i s  g iven by n n 

The t o t a l  S-matt-ix i s  accord ing ly  g iven by 

Since the  f i n a l  resu l  t f o r  $' i s  obtained using an avera- 

g ing i n t e r v a l  I l a rge r  than the widthsof  a l l  classes, we may w r i t e  



where <S>I~ i s  the o p t i c a l  S-matrix, obtained from an o p t i c a l  model 

desc r i p t i on  o f  e l a s t i c  scater r ing .  I t  was shown i n  Ref. 3b t h a t  the 

m u l t i p l e  averaging <<...<{accl>I,.. . '12>11> needed t o  ob ta in  the f i -  

nal  averaged f l u c t u a t i o n  cross- sect ion,  does not  change the s t r u c t u r e  

o f J e  n,cc8 ' ~ q . ( 2 ) ,  a r  long as the i nd i v i dua l  s i e  i n  Eq. (4 )  (o r  ~ q . 6 ) )  

a re  chosen i n  such a  way as t o  average t o  zero, i . e .  

~ q . ( 6 )  c l e a r l y  shows, a lso ,  t ha t  < s r f  +I = 0, e tc . .  The 
n 

important f i r s t  s tep used i n  r e f .  (3)  t o  o b t a i n  the  above r e s u l t  was a  

gene ra l i za t i on  o f  the o p t i c a l  background representa t ion  method o f  Ka- 

wai -McVoy and ~errnan ', which gives 

where gni,c are the usual form f a c t o r s  spec i f y i ng  the residues a t ,  and 

Eni 
are the pos i t i ons  o f ,  the poles i n  S due t o  the doorway resonan- 

ces o f  c lass  n. The gniJc , by const ruc t ion ,  are random va r i ab les  w i t h  

zero mean, <gni,C>In = O .  Eq. (6) i s  then s a t i s f i e d  automat ica l ly .  

With the he lp  o f  Eqs. (6) and (7 ) ,  the S-matr ix  autocorre-  

l a t i m  func t ion .  

may be e a s i l y  evaluated t o  g l ve  

(3)  Ccr (E) = 1 -22- ufa 
n= l  E njccr 

n 

where Ceci are given by Eq. ( 2 ) .  The cross- sect ion  auto-  c o r r e l a t i o n  

func t ion ,  C c c l ( ~ ) ,  i s  then e a s i l y  obtained from Eq. (91, neg lec t ing  

con t r i bu t i ons  from d i  r e c t  reac t ions  ( i  .e., <S>I i s  considered diago- 

na1 i n  channel space) 1 

i 48 



I n  Eqs. ( 9 )  and (101, r,, denotes the c o r r e l a t i o n  w id th  associated 

w i t h  the n - t h  c lass  o f  over lapping doorway resonances. The above re-  

sul  t f o r  Cpc r (E) i s  a  s t ra igh t fo rward  general i z a t i o n  o f  Er icson 's  re-  ., 
s u l t  f o r  the one-class case. For a  more d e t a i l e d  discussion concerning 

the d e r i v a t i o n  o f  Eq.(lO) see r e f s .  3b qnd 3c. 

Recently, several a n a ~ ~ s e s ~ ' ~  o f  e x c i t a t i o n  func t ions ,  us ing  

Eq. ( I  O), have been reported.  These anal yses ind ica ted c l e a r l  y  the pre-  

sente o f ,  a t  l eas t ,  two d i s t l n c t  c o r r e l a t i o n  widths.  I t  should be 

stressed tha t  a  c l e a r  v e r i f i c a t i o n  o f  the m u l t i s t e p  nature  o f  the d i s -  

c r e t e  compound t r a n s i t i o n s  o f  f i g u r e  2, r e fe r red  t o  above, does not  

necessar i l y  requ i re  the presence o f  more than one c o r r e l a t i o n  w id th  i n  

the  C(€) o f  each t r a n s i t i o n .  I t  I s  s u f f i c i e n t  t o  f i n d  d i s t i n c t l y  d i f -  

fe ren t  c o r r e l a t i o n  widths i n  C , (E) f o r  d i f f e r e n t  e x i t  channels. This 
CC 

i s  so s ince the nature o f  the f i n a l  channel might be such as t o  i n d i -  

ca te  s t rong coup l ing  t o  a  g iven c lass  o f  doorways. 

l he  above mentioned analyses a re  q u i t e  important f o r  the un- 

derstanding o f  the reac t i on  mechanism involved.  Recently, these s tu-  

d ies  were extended t o  heavy-ion induced cornpound reac t  ions5 and fu-  

s i o n l O .  Ths o n l y  f ea tu re  o f  the s t a t i s t i c a l  theory t h a t  i s  being tes-  

ted i n  t h e j e  analyses, has been the .ex is tence o f  several d i s t i n c t l ' l i f e  

- t imes1' .  To develop a  more s t r i n g e n t  t e s t  o f  the  theory,  however,other 

consistency checks, o f  the r e s u l t s  obtalned i n  the above studies,  a re  

required.  One poss ib le  cons t ra in t  would be a sum-rule i nvo l v ing  the  

c o r r e l a t i o i i  widths,  suggested recen t l y  by one o f  us". This sum r u l e  

s ta tes  

n 
where D i!; the average leve1 spac n 
ca l  t ransmission ma t r i x .  So f a r  i t  

i n t o  use, due t o  the f a c t  t h a t  no t  

menta l ly .  

n 

ng 

ha s  

a l l  

i n  c lass  n, and P ,  i s  the o p t i -  

been d i f f i c u l t  t o  pu t  Eq. (11) 

the rn,s a re  ex t rac ted exper i-  





t i o n  cros!; sect ion,  õfR ca lcu la ted a t  th ree energies, E, E+€, and E-E,, 

t o  be the th ree basic random va r i ab les .  The j o i n t  p r o b a b i l i t y  d i s t r i -  

bu t i on  o f  these cross sec t ion  i s  taken t o  be Gaussian. Such a  procedu- 

r e  i s  v a l i d  when many channel a re  opened. 

The cond i t i on  t h a t  a t  energy E  the cross sec t ion  a t t a i n s  a  

maximum value i s  

where f o r  the moment we have ignored t h e - e f f e c t  o f  the non-zero va lue 

o f  the e r r o r  bar. The average number o f  maxima per u n i t  energy i n t e r -  
- 

va l ,  n ,  i s  then given by12 

where o, = ofa(E) , o, = ofa(17+~,), u3 =  ufa(^-^,), w i t h  01>02>13 ( f o r  
which reason the appearance o f  the f a c t o r  2) and F(u~,u,,u~) i s  t h e i r  

j o i n t  p r o f ~ a b f l i t y  d i s t r i b u t i o n  given by 

01 
where x = [cT:] and D = det  C, C being 

. , 
mat r i x  element i s  g iven by (see Eq .  ( 

exp [- X'A.] 

the c o r r e l a t i o n  mat r ix ,  whose ij 

0 )  

The ma t r i x  A i s  j u s t  C-'. 



The t r i p l e  Gaussian i n t e g r a l ,  Eq. (14) i s  e a s i l y  eva lua ted  

t o  g i v e  

The C(&,), e t c .  i s  g i v e n  by Eq. (10) .  

Equat ion (17) ,  i n  t h e  l i m i t  o f  ze ro  energy s t e p  s i z e  and one 

c l a s s  case, reduces t o  

which i s  BS r e l a t i o n  v a l i d  f o r  t h e  l a r g e  number o f  channels  case. Eq. 

(17) ,  though v a l i d  f o r  rnany c lasses  and c o n t a i n s  t h e  e f f e c t  o f  f i n i t e  

energy s t e p  (€,#O), s t j  1 1  s u f f e r s  f rom t h e  absence o f  any in fo r rna t ion  

concern ing t h e  nonzero v a l u e  o f  t h e  e r r o r  b a r .  To remedy t h i s  we have 

t o  rnodify t h e  b a s i c  c o n d i t i o n  f o r  hav ing  a rnaximum i n  t h e  cross- sec-  

t i o n ,  Eq. ( 3 ) .  Thus we r e q u i r e  f o r  the  rnaxlmum t h e  f o l l o w i n g  

where v(u) i s  t h e  v a r i a n c e  o f  t h e  c ross  s e c t i o n  

Equat ion (20) guarantees t h a t  o n l y  t h e  "maxima" d e f i n e d  w i t h i n  t h e  e r -  

r o r  bar  (accounted f o r  by t h e  parameter y>O) a r e  t o  be counted. L e t  us 

now i n t r o d u c e  t h e  f o l l o w i n g  parameters 



The average number o f  rea l  maxima per u n i t  energy i s  then given by 

where 

For the  Gaussian desc r i p t l on  o f  F t o  be va l  l d ,  ~ ( 0 )  << 1 .  Thus we ex- 

tend l l m i t s  i n  the i n t e g r a l s  above t o  -a. The j o i n t  d i s t r i b u t i o n  func- 

t i o n  F(x,,x~,x,) i s  j u s t  as l n  Eq. (15). Making the f o l l o w i n g  change 

i n  var iab les  

and c a l l l n g  tan 0 r t, we obta in ,  a f t e r  i n t e g r a t i n g  over y, the f o l l o -  

wing i n teg ra l  fofm f o r  

1 
- 1 1  dt c1+2c,t+c1t2 
n =-.-.i exp 

mo JiZ 0 ~,+2c,t+~,t~ t 2 

where D i s  the  determinant of the c o r r e l a t i o n  ma t r i x  C and i s  g iven by 

and 



I n  a l l  o f  the  above equat 

c (x)  

ions C(x) i s  g iven by Eq. (101, namely 

C lea r l y  i n  the  l i m i t  Y=O, we recover the  er ror- bar  uncorrected Eq.(17). 

The i n t e g r a l  i n  Eq. (23) cannot be evaluated i n  c losed form. 

We have ca lcu la ted n through numerical i n teg ra t i on .  

Equations (23)- (27) w i t h  C(X) g iven by Eq. (10) c o n s t i t u t e  the  

p r i n c i p a l  r e s u l t s  o f  t h i s  sec t lon .  They show c l e a r l y  the way the  mul- 

t i s t e p  aspect of the e x c i t a t i o n  func t ion ,  as exempl i f ied  through the 

genera 

enters  

t o  the 

energy 

1 i m l  t 

ized cross- sect ion au to- co r re la t i on  func t i on  C(X) o f  Eq. (101, 

i n  t he  determlnat ion o f  the  average number o f  mawima, sub jec t  

usual experimental r es t ruc t i ons  o f  having t o  deal w i t h  a f i n i t e  

s tep  s ize,  EO, and a non-zero e r r o r  bar,  y. The zero s tep- s ize  

C0=O) and p e r f e c t  measurement (Y=o) i s  e a s i l y  obtained by ta-  

k i n g  the appropr ia te  I l m i t  I n  Eq. (17). Considering a two-class case 

we ob ta in  

where 

Eqs. (28) and (29) a re  a simple gene ra l i za t i on  o f  the BS formula f o r  

the two-doorway-class case v a l i d  when the number o f  channels i s  l a rge  
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( the  numerical fac tor  a / a  i s  j u s t  0.55, see Eq. ( 1 8 ) ~ .  A c t u a l l t  by 

s e t t i n g  eit:her o  o r  o, equal t o  zero, i n  Eq. (29), we r e c o v e r  Eq. 
1 I 

if o,=O o r  fl -+ - i f  o,=O). (18) f o r  the one-class case (I .e. N -+ - 
1 r 2  

Close inspect ion  of the func t ion  N(u,,a,,rl,r2) shows t h a t  i t s  

value f o r  a  g iven al and a,, 1 l es  between l/r, and l/r,. Using our  

convention i n  order ing  the doorway classes, we have 

The above i nequa l i t y  c l e a r l y  ind ica tes  t h a t  the average number o f  ma- 

xlma t o  be expected i n  an e x c i t a t i o n  func t ion ,  i s  geneyal ly  s m a l l e r  

than the number pred ic ted by BS f o r  the e q u i l i b r a t e d  one-class s i t u a -  

t i o n  (only I',) and l a rge r  than the number associated w i t h  the  simple 

doorway c lass  alone (only r , ) .  This 1s q u i t e  reasonable s ince the pre-  

sente o f  overlapping-doorway modulat ion on top  o f  f i n e  s t r u c t u r e  ( FS ) 

f l uc tua t i o r i s  i n  U(E) w i l l  make some of the FS maxima p r a c t i c a l l y  d i -  

sappear . 

Let us t u r n  now t o  the  e f f e c t  o f  and y. Both the non-zero 

value o f  E, and y resu l  t i n  a  reduct ion  i n  the value o f  n. As E,, i n -  

creases i n  value (E,, 2 r,) some FS maxima s t a r t  d isappear ing and even- 

t u a l l y  when E, reaches the va lue r,, one s t a r t s  c o u n t i n g b a s i c a l l y t h e  

doorway-generated maxima on ly .  I n  so f a r  as the non-zero value o,f the 
- 

e r r o r  bar (y) i s  concerned, the  resu l  t i n g  reduct ion  i n  n i s  q u i t e  

easy t o  understand. The la rger  the e r r o r  bar i n  the  data, the l a r g e r  

would be the unce r ta in t y  i n  the nature  o f  the peaks i n  the e x c i t a t i o n  

func t i on  and accord ing ly  the smal ler  the number o f  the  real maxima t o  

be expected. This f ea tu re  i s  q u i t e  c l e a r l y  seen i n  the formula f o r  n ,  
Eq. (23). 

Tc, e x h l b i t  the dependence o f  n on the  several phys ica l  quan- 

t l t i e s  t ha t  spec i f y  the m u l t i s t e p  nature o f  the reac t ion ,  i .e .  a,, a,, 

a3 , . . . , r1 , i2 , r3 ,  ..., we consider below the s p e c i f i c  case o f  the reac- 

t i o n  2 5 ~ g ( 3 ~ e , P ) 2 7 ~ ~ ,  s tud ied recen t l y  by Bonet t i  etaZ.'. Theseauthors 

analysed several e x c i t a t i o n  func t lons  f o r  t r a n s i t i o n  t o  d i s c r e t e  s ta-  

tes  i n  ,'AR, and found t h a t  i n  a11 cases two c o r r e l a t i o n  widths seem 

t o  be present:  a  l a rge r  one, rl = 200 keV, at tached t o  a  simple, f i v e -  



exc i ton ,  conf igura t ion ,  and a  smal ler  one, r, = 50 keV,assoc ia tedwi th  

the l i f e - t i m e  o f  the e q u i l i b r a t e d  compound nucleus "s i .  

The average number o f  maxirna according t o  Eq. (23) was c a l -  

cu la ted as a  f unc t i on  of and y  and f o r  d i f f e r e n t  combinations o f  a, 

and o,. Our resu l  t s  a re  summarized i n  Figures 3-6. 

I o-' 

Fig,  3 - The co r rec t i on  fac tor  associated w i t h  the  f i n i t e  s i ze  o f  the 

e r r o r  bar, f o r  the combination ol = 0.75, o2  = 0.25, r l  = 100 keV and 

I', = 50 keV. The f u l l  curve corresponds t o  E, = 200 keV, do t ted  one, 

E ,  = 150 keV, dashed-dotted, E, = 100 keV, dashed, E, = 75 keV and 

dashed-dotted-dotted, E, = 50 keV. The c o r  r e s p o n d  i ng va l u e s  o f  

~ ( ~ = o , E , ) A E ,  (Eq. 17)) a re  41, 29, 23, 15 and 12 respec t i ve l y .  The 

e r r o r  bar cor rec ted n i s  obtained by rnu l t i p l y i ng  ~(~=O,E,,)AE by the 

appropr ia te  value o f  d,  p l o t t e d  i n  the f i g u r e  as a  f unc t i on  o f  y 

(see t e x t  f o r  more deta i  l s )  . 



I 
in-l 

Fig.  4 - Same as the previous f i g u r e  f o r  the combination a, = 0.25, 

o, = 0.75, = 200 keV and I', = 50 keV. The va lue of n(y=~,€,)&, i s  

45, 32, 25, 17 and 13 f o r  E, = 50 keV, 75 keV, 100 keV, 150 keV and 

200 keV, 

Flg.  5 

rsspect  i v e l  y .  

- Same as the previous f i g u r e  f o r  the combination a, = 1.0, 

a, = 0.0,. r, = 200 keV, and r , =  50 keV. The value o f  d y = O , € , ) A E ,  

i s  20, 18, 17, 14 and 1 1 ,  f o r  E, = 50 keV, 75 keV, 100 keV, 150 keV 

and 200 keV, respec t i ve l y .  



Fig .  6 - Same as the previous f i g u r e  f o r  the combination a, = 0.0, 

a, = 1.0, r, = 200 keV and i', = 50 keV. The value o f  &y=O,€,)AE, 

i s  45, 33, 26, 17 and 13  f o r  E, = 50 keV, 75 keV, 100 keV, 150 

keV and 200 keV, respect ive ly .  

To b e t t e r  appreciate the  e f f e c t  o f  i nc lud ind  the  e r r o r  bar 

i n  the c a l c u l a t i o n  o f  E, we present our r e s u l t  i n  the f i g u r e s  i n  the 

form of a  f a c t o r  def ined as d(y,eO) = ~ ( Y # O , E ~ ) / ~ ( Y = O , E ~ ) ,  which when 

mul t i p l  i es  g iven by ~ q .  (171, namely ~ Y = o , E , ) ,  suppl ies  the desired 

r e s u l t .  As i s  c i e a r  from the resu l  t s ,  ~(Y,E,) depends s t rong l y  on Y 

and m i l d l y  on E,, f o r  most o f  the d i f f e r e n t  cases studied.  The o n l y  

case where the E, - dependence o f  d(y,&,) i s  very s t rong i s  the one- 

-c lass case associated w i t h  the doorway resonances (ol=l .O, a, =0.0 , 
Fig.5) when y 1s taken t o  be l a rge  (0.5). Although & Y = ~ , ~ o )  always 

decreases wl t h  increasing E,, the c o r r e c t l o n  f a c t o r  d (y ,~ , )  tends t o  

increase w i t h  E,, the c o r r e c t l o n  f a c t o r  d(y,c,) tends t o  increase w i th  

E ~ ,  f o r  a  g lven value o f  y  (see, e.g., F ig .  3,  d(y=0.5, ~ ,=50 )  = 0.2, 

d(y=0.5, E0=200) = 0.47). C lea r l y  t h i s  t rend i n  d, depends on the na- 

t u r e  o f  the c o r r e l a t i o n  func t ion .  As long as there  a re  f i n e  s t r u c t u r e  

f l u c t u a t i o n s  (a,#O), the increase i n  d wi t h  E, i s  very mi i d  even f o r  

la rge values o f  y'  (F ig .  3 , 4  and 6) .  Once the  f i n e  s t r u c t u r e  f l u c t u a -  

t i o n s  a r e  removed, then the  increase o f  d w i t h  E,, i n  the reg ion €,$r, 
i s  seen to be q u i t e  d r a s t i c  espec ia l l y  f o r  l a rge  values o f  y .  For the 



- 5 
case shown l n  Fig.  5  (0,=1 . O ,  a2 =0.0), d ( y 4 . 5 ,  ~ , = 5 0 )  = 5x10 and 

d(y=0.5, ~ , = 2 0 0 )  = 0.43, i . e .  a  change o f  several o rders  o f  magnitude. 

I n  cases where d(y,c,) changes s lowly  w i t h  E,, i t  would be 

natura l  t o  seek a  form for  t h a t  conta ins  the E,- and y- co r rec t i ons  

as m u l t i p l i c a t i v e  fac to rs ,  i n  the sense 

where, though not  ind ica ted i n  Eq. (31 ) ,  both d, and d, should depend 

on al, a2,  r, and r,, and N i s  the f u n c t i o n  def ined i n  Eq .  ( 29 ) .  Apos- 

s i b l e  way clf con t rac t i ng  d, (y)  i s  t o  de f i ne  an average o f  d ( y ,  E,) 

over several value o f  E,, ( i . e .  the average curve i n  Figs. 1,  2  and 

4 ) .  The func t l on  dl(€,) i s  j u s t  Eq. (17) d i v i ded  by Eq. (28). Fur ther  
- 

work on the v a l i d i t y  o f  the approximation impl ied by the  form o f  n 

given i n  Eq, (311, i s  required.  

4. DISCUSSION AND CONCLUSIONS 

In t h i s  paper we have discussed severa 

mu l t i - s tep  compound processes. I n  p a r t i c u l a r  we 

1 s t a t i s t i c a l  aspects o f  

have considered t h e i n -  

terconnect ion between the number o f  maximum method, app rop r i a te l y  ge- 

nera l ized t o  the m u l t i s t e p  case, and the cross- sect ion a u t o -  co r re la -  

t i o n  func t l on  recen t l y  dlscussed i n  connection w l t h  p r e - e q u i l  i b r i u m  

react ions.  

I t  i s  emphasized t h a t  any r e a l i s t i c  a p p l i c a t i o n  o f  the number 

-of-maxima methods must unvoidably consider the  l i m i t a t i o n s  imposed by 

the non-zero value of the energy step s i ze  and the e r r o r  bar.  Both o f  

these e f f e c t s  r e s u l t  i n  a  reduct ion  i n  the average number o f  maxima. 

Our r e s u l t s  should be q u i t e  usefu l  i n  supp ly ingadoub le  check, 

through the comparison o f  w l t h  experiment, o f  the r e s u l t s  o f  the 

general ized Ertcson ana l ys i s  o f  m u l t i s t e p  e x c i t a t i o n  func t ions .  
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RESUMO 

V i r  ios  aspectos e s t a t i s t  icos de processos compostos de m i l  t i - 
p las  etapas são d i scu t i dos .  A re lação en t re  a função de auto-cor re la -  
ção da seção de choque e o número médio de mãximos 6 ressal tada.  As 
res t r i ções  impostas pe lo  va lo r  não nu lo  no passo da energia, usado na 
medida da função de exci tação e o e r r o  ex er imental  são d i s c u t i d a s . ~ ã o  
t e i  tas  ap l  icaçÕes ao sistema "Mg (3He,p)2yA~.  


