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DESCRIPTION AND USE OF THE MONTE CARLO CODE "LILITA" 

Jorge Gomez del  Campo 
and 

Robert G. Stokstad 

. 

. 

I. INTRODUCTION . 

The computer code "LILITA" models t h e  e q u i l i b r i u m  decay o f  t he  pr imary 

r e a c t i o n  products o f  heavy-ion c o l l i s i o n s .  

code have been developed. The f i r s t  i s  t h e  p r e d i c t i o n  o f  r e l a t i v e  y i e l d s ,  

energy spectra and angular d i s t r i b u t i o n s  of evaporat ion residues and l i g h t  

p a r t i c l e s  (a1 phas, protons and neutrons) produced i n  a heavy-ion compound- 

nuc lear  react ion.  

o f  exc i ted  fragments produced i n  a two-body c o l l i s i o n  (such as quasi- 

e l a s t i c  o r  deep i n e l a s t i c  sca t te r ing) .  

r e a c t i o n  products i s  ca l cu la ted  by us ing t h e  Hauser-Feshbach formula i n  

con junc t ion  w i t h  the  Monte Car lo  method, and t h e  r e s u l t s  are given i n  the  

l abo ra to ry  system--in e i t h e r  s ing les  o r  coincidence modes. 

Two major app l i ca t i ons  o f  t h e  

The second cons is ts  of modeling the  e q u i l i b r i u m  decay 

The e q u i l i b r i u m  decay o f  t he  

The code can 

generate the  r e s u l t s  i n  both histogram and event-by-event formats t o  s u i t  

t h e  a p p l i c a t i o n  o f  t he  user. 

I n  sect ions I 1  and I11 o f  t h i s  r e p o r t  we descr ibe the  approximations 

used i n  eva lua t ing  t h e  Hauser-Feshbach formula and i t s  use i n  con junc t ion  

w i t h  t h e  Monte Car lo  method, respec t ive ly .  Sect ion I V  g ives a d e s c r i p t i o n  

o f  t h e  program inpu t  and a d iscuss ion o f  t he  event-by-event ca lcu la t ions .  

Sect ion V descr ibes the  processing o f  t h e  event-by-event f i l e  used f o r  

coincidence ca lcu la t ions ,  e i t h e r  f o r  f u s i o n  reac t ions  or  f o r  two-body 

i n e l a s t i c  c o l l i s i o n s .  

f o r  t h e  s t a t i s t i c a l  model ca lcu la t ions ,  and i n  t h e  Appendix the  f l o w  

diagram o f  the  code i s  discussed. 

Sect ion V I  contains comments on the  parameters used 

1 
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An e a r l i e r  vers ion o f  t h e  code has been used ex tens ive ly  i n  a "s ing les"  

mode f o r  c a l c u l a t i o n s  o f  t h e  evaporat ion residues o f  an e q u i l i b r a t e d  com- 

pound nucleus. Examples are given i n  Refs. 1-3. Also i n  Ref. 3 i s  a 

b r i e f  d e s c r i p t i o n  o f  these ca lcu la t ions .  

11. 

A. 

APPROXIMATIONS I N  EVALUATING THE HAUSER-FESHBACH FORMULA 

The Level Densi ty  - and Transmission C o e f f i c i e n t s  

The f i r s t  step i n  t h e  c a l c u l a t i o n s  i s  t h e  s p e c i f i c a t i o n  o f  an e x c i t e d  

-- 

fragment o f  mass A, nuclear charge Z, t o t a l  angular momentum (magnitude 

and d i r e c t i o n )  3, and e x c i t a t i o n  energy Ex. 

mined according t o  t h e  d i s t r i b u t i o n  o f  pr imary r e a c t i o n  products f o r  

e i t h e r  a f u s i o n  or  a two-body react ion,  and t h e  d i f f e r e n t  opt ions a v a i l a b l e  

f o r  t h i s  step are descr ibed i n  sec t ion  I V .  

These q u a n t i t i e s  are deter-  

Once J ,  Ex, Z and A have been determined, t h e  next step i s  t h e  com- 

p u t a t i o n  o f  t h e  p r o b a b i l i t y  o f  emission o f  p a r t i c l e  a w i t h  o r b i t a l  angular 

momentum a,. This normalized p r o b a b i l i t y  can be expressed as: 

The index a = 1, 2 or  3 corresponds t o  t h e  emission o f  neutrons, 

protons, o r  a p a r t i c l e s ,  respec t ive ly .  The p r o b a b i l i t y  d i s t r i b u t i o n s  

pJ,ga are given by: 
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-b + + 
where Sa = I, + i, i s  t h e  entrance channel spin, i, i s  0 o r  In, and 
+ +  + %  

J = Sa + E,. I, i s  t h e  i n t r i n s i c  angular momentum of t he  res idua l  nucleus. 

The T~,(E) are t h e  o p t i c a l  model t ransmiss ion c o e f f i c i e n t s .  The q u a n t i t y  

P ( E , ~ a )  i s  the  dens i ty  o f  l e v e l s  i n  the  res idua l  nucleus, a t  an e f f e c t i v e  

e x c i t a t i o n  energy U determined by the  emission o f  p a r t i c l e  type  a w i t h  

energy E. The code uses d i f f e r e n t  approximations f o r  P(E,I,) fo r  exc i ta -  

t i o n  energies i n  the  h igh  dens i ty  (continuum) reg ion  and i n  the  low exc i -  

t a t i o n  (d i sc re te  l e v e l s )  region. 

' The Fermi gas l e v e l  dens i ty  (Ref. 4-6) i s  o f  t he  form: 

. where c = Jrigfi2, u2 i s  t h e  sp in  c u t o f f  f a c t o r  given by a2 = c t ,  where 

t = 

t h e  maximum e x c i t a t i o n  energy i n  t h e  channel a (see Fig. 1); i S  t he  

p a i r i n g  energy given i n  Ref. 4. 

and t h e  e x c i t a t i o n  energy U i s ' g i v e n  by U = Eo - Ap - E. Eo i s  

For  speed i n  computation, t h e  code uses a constant-temperature 

approximation t o  t h e  Fermi gas l e v e l  dens i ty  (FGLD) i n  the  continuum 

region. For the  d i s c r e t e  reg ion  a un i form l e v e l  dens i ty  i s  used. The 

e x c i t a t i o n  energy a t  which the  continuum reg ion  i s  def ined t o  begin i s  ECT 

( sec t i on  I V ,  f i l e  19 and Fig. 1). 

model t ransmiss ion c o e f f i c i e n t s  i s  achieved by f i t t i n g  a Fermi f u n c t i o n  t o  

The parameter izat ion o f  t he  o p t i c a l  

t h e  o p t i c a l  model T Q ' s .  This  func t ion  i s  given by: 

. 
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An example o f  t h e  fit obta ined t o  the  o p t i c a l  model TL,'s us ing  Eq. 4 i s  

g iven i n  Fig. 2. 

1) The Continuum Region 

The i n t e g r a t i o n  o f  Eq. 2 i s  done i n  two par ts .  The d i v i s i o n  o f  t he  

two ranges o f  i n teg ra t i on ,  (1) and (2), does not  always correspond t o  a 

continuum reg ion  and a d i s c r e t e  region, bu t  depends on t h e  r e l a t i v e  values 

between t h e  maximum e x c i t a t i o n  energy (E,) and ECT. 

t i o n  energy Eo i s  obtained when t h e  p a r t i c l e  i s  emi t ted w i t h  energy E = 0 

(see Fig. 1) and i s  equal t o  EX-Esep where Esep i s  t he  separat ion energy 

The maximum exc i ta -  

. 

a t  channel a. 

Four cases are considered f o r  t he  i n t e g r a t i o n  o f  Eq. 2 and are  i l l u s -  

t r a t e d  i n  Figs. 3a t o  3d, respec t ive ly .  The f i r s t  case (3a) corresponds 

t o  ECT G E0/4 which usua l l y  app l ies  f o r  t h e  f i r s t  step o f  t h e  evaporation, 

s ince  t h e  e x c i t a t i o n  energy i s  large, and a l so  f o r  a l l  successive evapora- 

t i o n  stages i n  which ECT G E0/4. For t h i s  case t h e  d i s c r e t e  l e v e l s  

c o n t r i b u t i n g  t o  t h e  i n t e g r a l  can be neglected, and i t  i s  poss ib le  t o  use 

t h e  constant temperature formula f o r  both ranges (1 and 2) o f  i n teg ra t i on ,  

f i t t i n g  t h e  constant temperature formula t o  FGLD i n  each range. The sharp 

c u t o f f  formula f o r  t h e  TRa(c) i s  used, w i t h  values o f  Coulomb and c e n t r i -  

f uga l  b a r r i e r s  determined by f i t t i n g  Eq. 4 t o  the  o p t i c a l  model TR1s. 

For  t h i s  case Eq. 2 can be w r i t t e n :  

c 
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. 

. 

where t h e  index (1) stands f o r  range (1). 

assumed constant f o r  range (1); p ( 0 )  i s  t he  FGLD computed a t  e x c i t a t i o n  

The sp in  c u t o f f ,  Gal, i s  

energy, Eo, of t he  res idua l  nucleus. 

range ( l ) ,  ext rac ted  by f i t t i n g  e 

E = E0/2. 

T, i s  t h e  constant temperature f o r  

1 t o  t h e  FGLD a t  an e x c i t a t i o n  energy 
-E/T 

The l i m i t s  o f  i n t e g r a t i o n  a, and b, are given by: 

a, = B, Coulomb p lus  
sharp c u t o f f  

bl = Eo - E0/2 = E0/2 

and B, i s  given by: B, - - 

c e n t r i f u g a l  b a r r i e r  (consequence o f  us ing the  
mode 1 ) 

B,(!t=O) + (li2/2p,R$,) !t,(!t,+l) . (6) 

An equat ion s i m i l a r  t o  Eq. 5 can be w r i t t e n  f o r  reg ion  (2) us ing  

t h e  l e v e l  dens i ty  

f o r  E > E0/2, where T, i s  t h e  constant 

ex t rac ted  by f i t t i n g  p, t o  t h e  FGLD a t  

i n t e g r a t i o n  are a, = E0/2,b2 = Eo. 

temperature f o r  range (2)  

E = E0/4, and the  l i m i t s  o f  

F igure  3b i l l u s t r a t e s  the  second case f o r  which E0/4 < ECT < Eo/2. 

For  t h i s  s i t ua t i on ,  range (1) covers Baa < E 

constant temperature i s  used. 

constant temperature formula i s  evaluated a t  ECT instead o f  E0/4. 

t h i r d  case, i l l u s t r a t e d  i n  Fig. 3c, app l ies  when E& < ECT < Eo- 

range (1) extends from BR, 

range (2) i s  now a d i s c r e t e  reg ion  where a constant l e v e l  densi ty ,  DLD 

i n  Fig. 3c, i s  used (see d iscuss ion below). The l a s t  case occurs when 

ECT G Eo (Fig. 3d), and range (1) extends from Eo G E < Eo, range (2)  i s  

zero, and the  constant l e v e l  dens i ty  i s  used f o r  range (1). 

Eo ( a s  before) and a 

I n  range (2), however, T, used i n  the  

The 

The 

E Eo, bu t  TI i s  evaluated a t  ECT; and 
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The r e s u l t  o f  t h e  two-region l e v e l  dens i ty  approximation ( s o l i d  

l i n e )  i s  compared t o  t h e  FGLD (dashed l i n e )  i n  Fig. 4. 

2) The D iscre te  Region 

For t h e  case o f  a d i s c r e t e  l e v e l  region, Eq. 2 i s  used w i t h  a l e v e l  

d e n s i t y  Pd appropr ia te  f o r  t h i s  region. 

l a t e d  when t h e  p a r t i c l e  energy E is c lose  t o  o r  l e s s  than t h e  b a r r i e r  B,,, 

i t  i s  not  poss ib le  t o  use a sharp c u t o f f  f o r  T,,. 

where C, and A are  given on F i l e  19 and Card 6 (Sect ion I V ) ,  respec t ive ly .  

Since d i s c r e t e  reg ions are popu- 

The code uses Eq. 4, 

That i s ,  we assume t h a t  t h e  l e v e l  dens i ty  i s  independent o f  E. 

d i s t r i b u t i o n  i s  given by 

The s p i n  

where Ed = minimum (E,,ECT) and Jd/J, ig are given on F i l e  19 (Sect ion 

IV).  

2 J r i g / f i 2  = -0192 x A 5 l 3  x rc2, where rc i s  a l s o  given i n  F i l e  19 

(Sect ion IV), and po  i s  ca lcu la ted  by 

4 r i g  i s  t h e  r i g i d  body moment o f  i n e r t i a ,  ca lcu la ted  by 

Imax 
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. 
Io i s  t h e  ground s t a t e  spin. 

and i s  a l s o  given i n  f i l e  19. 

DLD i s  t h e  number o f  l e v e l s  per MeV a t  ECT 

B. Successive Evaporation 

The code computes Eqs. 1 and 2 using e i t h e r  t h e  continuum form 

(Eq. 5) o r  t h e  d i s c r e t e  form (Eq. 8) f o r  t h e  n,p and a channels f o r  every 

s tep i n  t h e  evaporat ion process. 

and t o t a l  angular momenta Iai i s  produced. 

res idua l  nucleus obtained from t h e  s p i n  d i s t r i b u t i o n  o f  Eq. 5 o r  9 i s  I,i* 

When E x i  (i step) i s  l e s s  than E I M  (given i n  F i l e  19) t h e  evaporat ion 

A sequence o f  e x c i t a t i o n  energies Exi 

The angular momentum o f  t h e  

process stops. The sequence stops a l so  when an angular momentum I a i  i s  

reached f o r  which the re  i s  no poss ib le  coupl ing t o  t h e  angular momentum 

e x i t  channel ( e i t h e r  by t ransmission c o e f f i c i e n t  c u t o f f  T, < 10-ICUT0 o r  

by an y r a s t  c u t o f f ) .  

C. Gamma-Ray Competit ion 

Gamma compet i t ion i s  inc luded i n  t h e  code by a parameter GAMMA ( F i l e  

This parameter i s  19) t h a t  g ives t h e  t o t a l  p r o b a b i l i t y  f o r  gamma decay. 

used only  i n  t h e  case t h a t  t h e  p,n, and a channels are each open only  f o r  

t h e  d i s c r e t e  region. 

. l o o k i n g  a t  known decay p roper t i es  o f  t h e  nucleus under considerat ion.  

This p r o b a b i l i t y  has t o  be determined e m p i r i c a l l y  by 

However, gamma decay can be t h e  only  a1 lowed mode o f  decay if, due t o  

angular momentum considerat ions,  decay i n  t h e  p a r t i c l e  channels requ i res  

values below the  y r a s t  l i n e  or  R, values such t h a t  T < 10-ICUTO. 
I a i  ,a 
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D. K i  nemat i cs 

For a l l  sequences o f  evaporated p a r t i c l e s ,  t h e  code c a l c u l a t e s  t h e i r  

v e l o c i t i e s  (and those o f  t h e  r e c o i l  nucleus as w e l l )  w i t h  respect t o  t h e  

center-of-mass system o f  t h e  decaying nucleus. The coord inate system 

used i n  t h e  computation o f  these v e l o c i t i e s  i s  i l l u s t r a t e d  i n  Fig. 5 f o r  

t h e  cases o f  f u s i o n  (5a) and two-body r e a c t i o n  (5b). 

,+i and 6i as t h e  p o l a r  and azimuthal angles o f  t h e  d i r e c t i o n  o f  emission 

of t h e  l i g h t  p a r t i c l e s  w i t h  respect t o  a quant iza t ion  axis, taken along 

t h e  d i r e c t i o n  o f  t h e  t o t a l  angular momentum, J ,  whose d i r e c t i o n  w i t h  

D e f i n i n g  t h e  angles 

respect  t o  t h e  l a b o r a t o r y  system i s  given by t h e  primary d i s t r i b u t i o n  

(i.e., perpendicular t o  t h e  beam f o r  f u s i o n  reac t ions  and by a given 

a1 i gnment f o r  t h e  two-body case). 

o f  emission o f  t h e  l i g h t  p a r t i c e s  and, consequently, t h e  d i r e c t i o n  o f  t h e  

r e c o i  1 ve l  o c i  t i es. 

These angl es determi ne t h e  d i  r e c t i  on 

I n  general, t h e  quantum mechanical angular d i s t r i b u t i o n  can be 

5 w r i t t e n  as: 

where t h e  i n i t i a l  o r i e n t a t i o n  o f  t h e  t o t a l  angular momentum J i s  g iven by 

t h e  o r i e n t a t i o n  tensor  p j .  

nucleus reac t ions  and t h e  quant iza t ion  ax is  as t h e  beam d i r e c t i o n ,  t h e  

f a m i l i a r  Hauser-Feshbach expression6 ' (which i s  e s s e n t i a l l y  t h e  product o f  

two Z c o e f f i c i e n t s  t imes t h e  Legendre polynomial) can be derived. 

present code, we have chosen t h e  d i r e c t i o n  o f  J as q u a n t i z a t i o n  a x i s  and 

Using Eq. 12 f o r  t h e  s p e c i f i c  case o f  compound 

For t h e  
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MJ = J, where MJ i s  t h e  p r o j e c t i o n  of J along t h e  quan t i za t i on  axis. 

t h i s  s i t u a t i o n  Eq. 12 reduces t o  

For 

(13)\ 

where t h e  c o e f f i c i e n t s  BA and A, are given by 

B, = 2(2J+1)l12 < J J J-J I X 0 > (14) ' 
A, = (2J+1)l12 (2R,+l) <R, 0 R, 0 I O> W(R,R, JJ I Sa), 

where B, and A, are given i n  terms o f  Clebsch-Gordon and Racah c o e f f i c i e n t s  

and Sa i s  t h e  channel spin. The d i s t r i b u t i o n  o f  6i i s  i so t rop i c .  

The advantage of us ing Eqs. 13 and 14 i s  t h a t  they depend only  on t h e  

va r iab les  J, R,, Sa and +i and therefore t h e  angular d i s t r i b u t i o n  can be 

c a l c u l a t e d  i n  advance and s tored i n  an a r ray  which i s  def ined by t h e  

indexes J, R, and Sa. 

9 

A f u r t h e r  s i m p l i f i c a t i o n  o f  Eqs. 13 and 14 has been 

t o  consider on ly  i n t e g e r  spins, t o  reduce as much as poss ib le  t h e  s izes o f  

t h e  a r ray  t h a t  conta ins t h e  angular d i s t r i b u t i o n .  

extends t o  t h e  maximum of 22, o r  ~ A J  where AJ = I J - Sa I . 
Eqs. 13 and 14 only  t h e  MJ = J component i s  considered, i t  i s  necessary t o  

i nco rpo ra te  t h e  i n i t i a l  o r i e n t a t i o n  o f  J ;  t h i s  i s  done through t h e  use o f  

c l a s s i c a l  r o t a t i o n a l  matr ices, as discussed i n  t h e  f o l l o w i n g  section. 

The summation over x 
Since i n  

For  every combination o f  angular momenta, t h e  p r o b a b i l i t y  d i s t r i b u -  

ated i n  5-degree steps from 

t h e  a r ray  IQME( I), given on 

t i o n  f o r  + i , P ( + i )  = W ( + ~ ) S  

0' t o  90°,  and t h e  r e s u l t s  

f i l e  28 (see sec t i on  IV). 

n +i, i s  ca 

are s tored 

cu 

i n  
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The semiclassical  l i m i t  t o  Eqs. 13 and 14 (J,I,>>R,) i s  a l s o  Used i n  

t h e  code, and t h i s  expression i s  

AJ where PR (COS $i) are t h e  associated Legendre polynomial. 

Eq. 15 are s tored i n  t h e  ar ray  ISCL(1) given a l s o  on f i l e  28. 

For  subsequent steps i n  t h e  evaporat ion process o r  f o r  cases where 

Resul ts  o f  
a 

J + MJ, Eqs. 13 and 14 should incorporate t h e  MJ dependence; however, 

t h i s  would r e q u i r e  a considerable amount o f  storage space. 

t h i s ,  t h e  quantum mechanical angular d i s t r i b u t i o n  i s  always c a l c u l a t e d  

f o r  t h e  case MJ = J and a c l a s s i c a l  r o t a t i o n  o f  coordinates i s  done by 

t h e  angles +a and 6, which are t h e  p o l a r  and azimuthal angles o f  I, w i t h  

respect t o  t h e  quant iza t ion  axis. 

g iven by: 

To avoid 

The angle 6, i s  i s o t r o p i c  and $, i s  

MI, cos (0,) = - 
1, 9 

where MI i s  g iven by i t s  p r o b a b i l i t y  d i s t r i b u t i o n  PMI : 
a a 

This  p r o b a b i l i t y  d i s t r i b u t i o n  i s  computed p r i o r  t o  the  Monte Car lo  

c a l c u l a t i o n s  and i s  s to red  on t h e  a r r a y  IGLEB(1) f i l e  27 (see sec t ion  IV). 

The coupl ing scheme of J, R, and I, i s  i l l u s t r a t e d  i n  Fig. 6. 

c a l c u l a t i o n s  of Eqs. 13-15 and 17 were done w i t h  a computer program 

provided by J. R. Beene.7 

The 
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111. THE MONTE-CARLO METHOD AND THE ORDER OF THE CALCULATION 

Since t h e  Monte Car lo  method c o n s t i t u t e s  t h e  core o f  t h e  program, a 

b r i e f  d e s c r i p t i o n  o f  i t  i s  given. I n  general, f o r  a given p r o b a b i l i t y  

d i s t r i b u t i o n  P(y) and a random number 0 < x < 1, one has 

where F(y) = I P(y)dy. 

If a and b cover a l l  t h e  range o f  y values, 

and, i n  terms o f  X, 

I n  those cases where F(y) i s  known, one can solve Eq. 16 e i t h e r  by 

i n v e r s i o n  y = g(x) o r  by i t e r a t i o n  procedures. As an i l l u s t r a t i o n  o f  

t h i s ,  we apply Eqs. 18 and 19 f o r  t h e  p r o b a b i l i t y  PJ, us ing t h e  sharp 

cutof f  model given by PJ = (23 + l ) / ( J c  + 1)2. This i s  done i n  t h e  

f o l  1 owi ng way: 

;‘PJ = 1 and F(J) = (J+1)2/(J,+1)2 
J=O 

, 

from which i t  f o l l o w s  t h a t  

F ( J ) -11 (&+I ) 
X =  F ( J ~  1-1/ ( Jc+l) 2 

. 

By i n v e r s i o n  o f  Eq. 21, one gets J = 1 x{(Jc + 1)2 - 1) + 1 - 1. 

t h e  case o f  f u s i o n  react ions,  t h e  program uses Eqs. 18 and 19 t o  o b t a i n  

For 
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t h e  q u a n t i t i e s  o f  i n t e r e s t  dur ing  t h e  evaporat ion process according t o  

t h e  f o l l o w i n g  steps: 

1) Obtain t h e  i n i t i a l  compound nucleus angular momentum 3 using 

Eq. 21, o r  UJ def ined on card set  12. 

From Eq. 1 f o r  t h e  given 3, o b t a i n  R, and a. 

a neutron, proton, o r  alpha). 

2) ( a  = 1, 2, o r  3 f o r  

This i s  done by us ing 

r) 

(22) 

when t h e  summation equals t h e  random X, then a ,  R,, and t h e  

range o f  i n t e g r a t i o n  R ( l )  o r  (2) are determined. Also, t h e  A 

and Z of t h e  res idua l  nucleus are thus determined. 

3) Ex t rac t  t h e  c.m. energy c a r r i e d  away by t h e  emi t ted  p a r t i c l e .  

Th is  i s  done us ing t h e  fo l low ing :  

For  R = 1 

-B Ra/T1 - BRa/T1 - b l  /T1) y = e  - x(e - e  9 

where t h e  var iab les  are  def ined i n  Eqs. 5 and 6. 

For R = 2 

and 

For  e i t h e r  range: = bl(R-1) - TR an(y) , where R = 1 o r  2. 

Thus, t h e  f i r s t  evaporat ion i s  completed and a sequence o f  J,  CL, 

and has been determined. Next, one computes t h e  f i n a l  R a y  

e x c i t a t i o n  energy E i ,  Mass (A) and charge ( Z )  o f  t h e  r e s i d u a l  . 
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nucleus. If E i  EIM(A,Z) ( f i l e  19), then an evaporat ion res idue 

n 

has been produced and t h e  program computes t h e  kinematics. 

Ei EIM(A,Z), t h e  process continues. 

From J and a, o b t a i n  t h e  res idua l  angular momentum I, using t h e  

s p i n  dependent p a r t  o f  Eqs. 3 o r  8 ~(1,) wi th :  

If 

4 )  

J+R, S,+i , 
N =  c c 

Sa= I J-a, I I,= I S a - i a  
(25) '  

and 

1 p( Ia ) /N  = X 
Sa', 

(when t h e  summation o f  t he  numerator makes t h e  r a t i o n  equal t o  X, 

then Iaj i s  determined). 

With t h e  new t o t a l  angular momentum I, and t h e  e x c i t a t i o n  energy 

E i  t h e  code ca l cu la tes  Eq. 1. 

same equations except J + I,. 

t h e  equations used i n  steps 2 and 3 must be rep1 aced by t h e  

equiva lent  Eqs. 8 through 11). 

5 )  

Steps 2 and 3 are repeated w i t h  t h e  

(When d i s c r e t e  regions are involved, 

For  each evaporat ion residue event, t h e  program stores J ,  

(~,i,ai,A~,Zi) f o r  i=l,n, where n i s  equal t o  t h e  number o f  l i g h t  

p a r t i c l e s  emitted. 

alphas, a i  i s  equal t o  1, 2 o r  3, respect ive ly .  

o f  t h e  res idua l  nuc le i  are A i  and Z i .  

For t h e  evaporat ion o f  neutrons, protons and 

The mass and charge 

From the  values of and t h e  angles $i and tii obtained from Eqs 13 

and 14 O r  15, a Ve loc i t y  Vector 7' = ( v i ,  $i, si) f o r  t h e  emi t ted i 

p a r t i c l e s  i s  determined. 
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To c a l c u l a t e  the  l abo ra to ry  v e l o c i t i e s  of t h e  emi t ted  p a r t i c l e s  V a s  
I 

i t  i s  necessary t o  t ransform the  v e l o c i t i e s  V i  i n  a se t  of axes i n  t h e  

c.m. system o f  t he  emi t ter .  

format ion,  we have 

C a l l i n g  Ai'' t h e  ma t r i x  o f  such a t rans-  

- va = vp + vi-1 + vi , 
where Vi  i s  given by 

i -1 

i =o 
and A i "  = II R i  

I n  t h e  above equat ion i represents t h e  evaporat ion step, n the  t o t a l  

number o f  evaporated p a r t i c l e s ,  and V i  i s  g iven by the  f o l l o w i n g  
c 

recurrence re1 a t  i on : 

vi 'Ti-1 + Tri + vp 
where Tri i s  given by 
- vri = Ai-l - I vri . 

The vector  Tri' i s  t he  r e c o i l  v e l o c i t y  imparted t o  the  fragment due t o  

t h e  p a r t i c l e  emission and i s  ca l cu la ted  f r o m T i  by a s imple r e f l e c t i o n  

of coordinates. 

pr imary fragment which i s  equal t o  the  v e l o c i t y  o f  t he  compound nucleus 

f o r  f us ion  react ions,  and f o r  two-body reac t ions  should be s p e c i f i e d  i n  

t h e  pr imary d i s t r i b u t i o n .  

matr ices const ructed w i t h  the  angles $a i  and dai determined from Eqs- 16 

and 17. 

angular momentum w i t h  respect t o  t h e  quan t i za t i on  ax i s  due t o  p a r t i c l e  

The v e l o c i t y  Vp i s  the  l abo ra to ry  v e l o c i t y  o f  t he  

The matr ices R i  a re  c l a s s i c a l  r o t a t i o n a l  

These angles descr ibe t h e  change o f  o r i e n t a t i o n  o f  t he  t o t a l  
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emission. For every sequence o f  evaporated p a r t i c l e s ,  Eqs. 26 and 27 

a re  ca l cu la ted  w i t h  s t a r t i n g  cond i t ions  (i=l) o f  Ro, A 1  = Ro, vo = 0. 

The labo ra to ry  v e l o c i t y  o f  t he  secondary fragment, o r  evaporat ion 

res idue i n  the  case o f  fusion, i s  given by Eq. 27 f o r  i=n. The m a t r i x  

R, descr ibes the  i n i t i a l  o r i e n t a t i o n  o f  t he  t o t a l  angular momentum J 

w i t h  respect t o  t h e  perpendicu lar  t o  the  reac t i on  plane and i s  t he  u n i t  

ma t r i x  f o r  t he  case o f  f u l l  alignment i n  t h e  two-body react ion.  

case o f  fusion, J has a random o r i e n t a t i o n  i n  a plane perpendicu lar  t o  

t h e  beam and Ro i s  a r o t a t i o n a l  ma t r i x  f o r  t he  angles 0, = 2IIx, when x 

i s  a random number and b o  = n/2. 

For the  

The Monte Car lo  ca l cu la t i ons  descr ibed above generate a ser ies  o f  

events, e i t h e r  i n  s ing les  o r  coincidence modes, f o r  t he  res idua l  f rag-  

ments and l i g h t  p a r t i c l e s .  

t ype  N(Z,M,eL,$L,EL), where N represents the  number o f  events i n  the  

b i n s  eL+BL+ABL, $L+$L+A$L, EL+EL+AEL f o r  a given fragment o r  l i g h t  par- 

t i c l e  o f  charge Z and mass M. 

azimuthal l abo ra to ry  angles, respec t ive ly .  The po la r  ax i s  i s  taken 

along the  beam d i rec t i on ,  and EL i s  t h e  l abo ra to ry  energy. 

These events a re  grouped i n  a m a t r i x  o f  the 

The angles eL and $L are  the  po la r  and 

The construc- 

t i o n  o f  the  l abo ra to ry  d i f f e r e n t i a l  and in teg ra ted  cross sect ions i s  

done from the  m a t r i x  N and the  p a r t i c u l a r  requirement o f  t he  ca lcu la -  

t i ons ,  such as coincidences, s o l i d  angle and absolute cross sec t i on  

scales. A few examples o f  t h i s  procedure are given below. 

The cross sec t i on  f o r  product ion o f  a given Z,M fragment i s :  

where UT i s  t h e  t o t a l  cross sec t ion  f o r  e i t h e r  the  fus ion  o r  two-body 
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process and NT i s  t h e  t o t a l  number o f  events generated by t h e  Monte 

Car l  o c a l  c u l  a t  ions. 

The double d i f f e r e n t i a l  cross sec t i on  i s :  
J 

where A+L i s  g iven by t h e  so 

For t h e  case o f  s ing les  

p r o j e c t i l e ,  t h e  +L d i s t r i b u t  

cross sec t i on  can be w r i t t e n  

i d  angle c o n s t r a i n t  A+L = dQL/(AeL s i n  e L ) .  

ca l  c u l  a t  i ons and unpol a r i  zed t a r g e t  and 

on i s  i s o t r o p i c  and t h e  double d i f f e r e n t i a l  

as 

Expressions s i m i l a r  t o  those above can be obtained f o r  t h e  case o f  coin- 

. c i  dence c a l  c u l  a t  i ons. 

. 
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I V .  DESCRIPTION OF INPUT FOR CODE "LILITA" 

CARD 1) MORE, ITIME, I P R I N T  

FORMAT (315) 

MORE = 0: Complete i npu t  from cards 2 through 11 must be given. 

MORE < 0: Terminates t h e  program. 

IT IME:  Time i n  sec. f o r  each c a l c u l a t i o n  (i.e. one bombarding energy). 
Th is  parameter a l lows one t o  have a p r i n t e d  output once t h e  
running t ime exceeds ITIME. 

IPRINT:  Gives a d e t a i l e d  output, I P R I N T  times, f o r  each event. Use 0 o r  
a small number - 10. 

CARD 2) IMOD, JONE, IPT, INU, IEN, IANG, ICUTO, IONLY 

FORMAT (1018) 

IMOD = 0: Energy and angular d i s t r i b u t i o n s  o f  residues w i l l  be calcu- 
l a t e d  and r e s u l t s  s to red  as a func t ion  o f  Z o f  t he  residue. 

IMOD = 1: Calcu lates on ly  t o t a l  y i e l d s  o f  evaporat ion residues. 

IMOD = 2: Energy and angular d i s t r i b u t i o n s  w i l l  be ca l cu la ted  and a l l  
decay cascades s tored event by event on tape. See sec t i on  V. 

JONE: JONE + 1, f u s i o n  input .  
JONE = 1, two-body input .  

IPT: Maximum number o f  protons i n  the  i npu t  tab le.  I P T  < 34. 

INU:  Maximum number o f  isotopes al lowed f o r  a given Z. 
I P T  and I N U  con t ro l  t he  ar ray  o f  nuc le i  considered i n  the  
c a l c u l a t i o n s  and descr ibed on f i l e  19. 

I N U  < 12. 

IEN:  Parameter used t o  con t ro l  t he  steps AE f o r  t he  energy d i s t r i -  
but ions;  AE = ( E l  - EMG)/IEN where E l  and EMG are  given on 
ca rd  5. Used on ly  i f  IMOD = 0. Also, t h e  f i r s t  energy b i n  i s  
g iven by E = EMG. Usual ly  i t  i s  convenient t o  use EMG = 0.0. 

IANG: Angular d i s t r i b u t i o n s  w i l l  be s tored every IANG degrees 

Cuts o f f  t he  t ransmiss ion func t i on  a t  Tmin = 10-lCUTo. 

( i n t e g e r  steps). IANG > 1. Used only  i f  IMOD = 0. 

ICUTO: 

IONLY: IONLY = 1 w i l l  generate the  pr imary d i s t r i b u t i o n ,  i n  a Monte 
Car lo  way; i.e. no evaporat ion i s  done. This op t i on  i s  
useless f o r  fusion, so IONLY = 0. 
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CARD 3) (IMAX(I), I = l ,  I P T )  

FORMAT (2014) 

IMAX(1): Maximum l a b  angle f o r  which angular d i s t r i b u t i o n s  w i l l  be calcu- 
l a t e d  f o r  t h e  residues Z(1) = Z compound nucleus + I - IPT. 
IMAX(1) = 0 f o r  a l l  residues whose Z < Z m i  
Z,., and Z are def ined on Card 4. The ?MAX( I )  va!%s are used 
o n l y  f o r  Ik!b = 0. 
wants t o  exclude some residues from t h e  kinematics ca lcu la t ions .  
A l l  I M A X ( 1 )  = 0 between Zmin  and Z, w i l l  be excluded from t h e  
k inemat ic  ca lcu la t ions .  

dues as a f u n c t i o n  o f  Z and hence I E N  *IfT I M A X (  I) G 8000 where 
I E N  has been def ined on Card 2. 

Enter 
o r  Z > Z where 

For IMOD = 2, IMAX(1) f 0 unless t h e  user 

The ar ray  ? f K  (8000) s tores t h e  res ' i -  

1-1 

CARD 4) ( ICO(I) ,  I = 1, 7), LMAX1, LMAX2, LMAX3 

FORMAT (1018) 

ICO(1): Number of events requested f o r  a l l  t h e  residues. 

ICO(2): Maximum A considered i n  t h e  i n p u t  t a b l e  ( u s u a l l y  A o f  composite 
system) 

ICO(3): Maximum Z considered i n  t h e  i n p u t  t a b l e  ( u s u a l l y  Z o f  composite 
system) 

ICO(4): 

ICO(5): Not used. 

Zmin f o r  which angular and energy d i s t r i b u t i o n s  w i l l  be ca lcu lated.  

ICO(6): Zmax + 1; where Z 
d i s t r i b u t i o n s  w i  lYa6e calculated. 

i s  t h e  maximum Z f o r  which angular and energy 

ICO(7): Logical  number o f  output u n i t  f o r  IMOD = 2. 

LMAX1, LMAX2, LMAX3: Maximum R-1 f o r  n, p, a. Maximum values al lowed are 
(15,15,25). 

CARD 5) CM1, CM2, CNM, ZT, ZP, E l ,  EMG 

FORMAT (8F10.0) 

CM1: P r o j e c t i l e  mass number. 

CM2: Target mass number. 

CNM: Compound nucleus mass number. ZT, ZP are Z o f  t a r g e t  and Z o f  
p r o j e c t  i 1 e. 

E l :  Lab p r o j e c t i l e  energy (MeV). 

. 

EMG: Minimum energy (MeV) considered f o r  energy d i s t r i b u t i o n s .  
Usual ly  EMG = 0. 
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CARD 6) ALMAS 

FORMAT (F10.0) 

ALMAS: Parameter t o  con t ro l  t he  choice o f  l e v e l  dens i ty  parameter a. If 
ALMAS > 0 ALD i s  read from f i l e  19. If ALD = 0, then ALD = A*ALMAS. 
ALMAS < 0 se lec ts  t h e  G i l b e r t  and Cameron op t i on  f o r  t h e  l e v e l  
dens i t y  (see comment cards i n  the  main program). 

CARD 7) INEU(I), I=l, IPT 

FORMAT (1413) 

INEU defines the  maximum neutron number t h a t  w i l l  be considered f o r  isotopes 

o f  a given Z. The masses and q u a n t i t i e s  needed t o  compute the  l e v e l  d e n s i t i e s  

a re  contained on f i l e  19 and they are  arranged i n  ar rays o f  elements (I,J), 

where I runs from 1 t o  I P T  i n  i nc reas ing  proton number, and 3 f rom 1 t o  INU i n  

decreasing neutron number. 

de f ined by the  f o l l o w i n g  re la t i ons :  

The ind i ces  (1,J) f o r  a given (A,Z) nucleus are  

I = Z+IPT-IC0(3) and J = I+IC0(2)-INEU( 1)-IPT-A+1. 

Table I i l l u s t r a t e s  the  arrays used on f i l e  19 f o r  t he  case o f  compound 

nucleus 26A1 w i t h  ICO(3) = 13, ICO(2) = 26, I P T  = 12 and INU = 6. 

CARD 8) ILKI,  IELKI, IALKI, ISHIF, I A N F I  

FORMAT (1018) 

ILKI :  If equal t o  0, t h e  energies and angles o f  l i g h t  p a r t i c l e s  are not  
stored; i f  equal t o  1, they are stored. 

IELKI: Number o f  energy b ins  

IALKI: Number o f  angular b ins  

ISHIF: Use 0 

IANFI: Use 0 

CARDS 9) and 10) - Two comment cards. 

FORMAT (20A4) 
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CARD 11) ICARD, ICOMNU, IBAR, IMAX, ICLA, JKK, MC, IZC,  SIGTO, EX, RAM 

FORMAT (815, 3F10.0) 

This  card c o n t r o l s  the  i n p u t  s e l e c t i o n  f o r  t h e  Subrout ine Primary and 

de f ines  whether a f u s i o n  o r  a two-body reac t i on  i s  t o  be simulated. 

ICARD: 

ICOMNU: Equal t o  1 f o r  f us ion  and 0 f o r  two-body 

Number o f  cards t h a t  de f i ne  t h e  Primary Input. If 0 f u s i o n  input.  

I BAR : 

JMAX : 

ICLA: 

I CLA: 

JKK: 

MC : 

I zc 

S I G  

EX:  

Th is  parameter def ines t h e  J d i s t r i b u t i o n .  For t h e  f u s i o n  case, 
t h i s  d i s t r i b u t i o n  i s  determined e i t h e r  by t h e  use o f  t h e  sharp 
c u t o f f  i n  t h e  entrance channel (Eq. 20) i n  which case IBAR=l, o r  
by i n p u t  cards i n  which case IBAR=O. 
g iven by Card Set 12. 

The J d i s t r i b u t i o n  i s  

Equal t o  2*Jc f o r  a f u s i o n  reac t i on  us ing the  sharp c u t o f f  
(Jc c r i t i c a l  J). 

For E r i cson -S t ru t i nsk i  angular d i s t r i b u t i o n s  o f  li h t  p a r t i c l e s ,  

o p t i o n  i s  t h a t  descr ibed i n  Ref. 3). 
use 1 (same op t ion  as our previous vers ion  o f  L I L I  9 A; t h i s  

Equal 0 f o r  t he  quantum mechanical ca l cu la t i ons  descr ibed i n  
sec t i on  1I.D. 

I s  a parameter used t o  c o n t r o l  t he  shar ing o f  e x c i t a t i o n  energy 
i n  a two-body react ion.  If t o t a l  e x c i t a t i o n  EXT i s  l e s s  than 
JKK, EX1  and EX2 are given by E X 1  - Al*EXT/(Al + A2). 
EXT > JKK, then (EXl-Al)/a, = (EX2-A2)/a2 (equal temperatures). 

If 

Mass number o f  composite system. 

Z o f  composite system. 

= YJ’ 0: Tota l  cross sec t i on  i n  mb f o r  t he  process. i.e., 
where UJ i s  given on Card Set 12. 
SIGTO = nK2(Jc+1)20 

For f u s i o n  w i t h  IBAR = , 

E x c i t a t i o n  energy f o r  compound nucleus. 

RAM: Rat io  o f  f l u c t u a t i n g  t o  a l igned components o f  angular momentum 
f o r  D I C  (i.e. two-body) input .  

If ICARD > 0, then t h e  f o l l o w i n g  i n p u t  (Card Set 12) must be g iven by a 
number o f  cards equal t o  ICARD. 

c 
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CARD Set 12) 

The inpu t  f o r  f u s i o n  i s  as fo l lows:  

READ 23, PRO(I), QMM(I), XJ( I ) ,  RAA(I), RBB(1) 

23 FORMAT (F8.0, 8X, F8.0, 8X, F8.0, 16X, 2F8.0), 

DO...I = 1, ICARD 

where 

PRO(1): UJ 

QMM(1): EX 

XJ(1): J 

RAA(1):  Z compound 

RBB(1): Mass compound (A number) 

For  a two-body r e a c t i o n  t h i s  i n p u t  i s  as fo l lows:  

DO...I = 1, ICARD 

READ 23 P R O ( I ) ,  Q G G ( I ) ,  QMM(I), S I Q ( I ) ,  XJ( I ) ,  SXJ(I), ETHE(I), R A A ( I ) ,  
RBB( 13 , QJMA( I) 

23 FORMAT (10F8.0) 

This  i n p u t  has been designed f o r  t he  s p e c i f i c  case o f  modeling the  

e q u i l i b r i u m  decay i n  D I C  f o r  t h e  Z0Ne + 63Cu reac t i on  (see Ref. 10). 

PRO(I), cross sec t ion  f o r  t h e  i t h  two-body reac t ion ;  QGG(1) i s  t h e  Qgg 

f o r  t h i s  channel; QMM(1) i s  t he  most probable Q, where Q i s  def ined by a 

Gaussian d i s t r i b u t i o n ,  SIQ(1)  i s  t he  Q spread (UQ) given i n  u n i t s  of t he  

most probable Q, XJ(1) i s  t he  amount o f  t rans fe r red  angular momentum 

(a l igned pa r t ) ,  SXJ(1) i s  t he  J spread (uJ), where J i s  a l so  de f ined by a 

Gaussian d i s t r i b u t i o n ,  ETHE(1) = n, where n i s  a parameter t h a t  def ines 

t h e  c.m. angular d i s t r i b u t i o n  of t he  pr imary fragments and i s  given by 

(from 8c.m. = 2" t o  90"): 

. 
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RAA(1) i s  t he  Z o f  t h e  pr imary fragment ( p r o j e c t i l e  l i k e  fragment, o r  

body 3 i n  t h e  usual two-body k inemat ics no ta t i on )  and RBB(1) i s  t h e  mass 

o f  t h e  fragment. QJMA(1) i s  a parameter used t o  de f i ne  the  Q dependence 

o f  t he  t r a n s f e r r e d  angular momentum, i.e.: 

J ( Q )  = XJ(1) * Exp ((QJMA(I)-Q),/TEMP2) , (32) 

where TEMP = EX o f  Card 11, and J, t h e  a l igned p a r t  o f  t he  angular momen- 

tum, i s  given by: J = J (Q)  + SXJ(1) x GAUS(V) where GAUS(V) i s  a 

Gaussian random number. The t o t a l  angular momentum f o r  fragment 1 i s  

g iven by: 

51, = I o  ,(le0 + R2 + 2R(2V - 1 ) )  , (33) 
1 

where R = RAM given on Card 11 and i s  def ined by R = If/Io, where If i s  t h e  

f l u c t u a t i n g  component and Io t h e  a1 igned one. Io 1 s  given by: 

where 4, and 4, are  the  moments o f  i n e r t i a  o f  t he  two bodies. 

F i l e  19 conta ins the  f o l l o w i n g  in format ion:  

READ (19,lO) 121, IM1,  AMXT, (FUSI(L), L = 1, 11) 

IO FORMAT (215, F12.6, l lF6.2) 

I Z 1 :  Z nucleus 

I M 1 :  A nucleus 

AMXT: Mass i n  AMU 

FUSI (1) : a (1 eve1 dens i ty  parameter) 

FUSI(2): ( p a i r i n g  energy) 

FUSI(3): E I M  ( t h resho ld  f o r  p a r t i c l e  emission; below E I M  on l y  y-decay 
i s  poss ib le )  
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FUSI(4): ECT 

FUSI(5): GAMA, i s  a parameter 0 < GAMA < 1, t o  a l l ow  t h e  assignment o f  
a p r o b a b i l i t y  f o r  y competit ion. 

FUSI(6): DLD (number o f  d i s c r e t e  levels/MeV a t  ECT) 

FUSI(7): l'h2/29d I f o r  FUSI(7) < 0. 
(Jd /Sr ig ) - l ,  where J d  i s  t h e  moment Of i n e r t i a  o f  t he  nucleus 
a t  an e x c i t a t i o n  energy f rom 0 - t o  ECT. 

Io(Io + l), Io = ground s t a t e  spin. 

ro i n  Fermi f o r  computation o f  2 Jrigfi2 = .0192 A 5 1 3  ro2. 

ro i n  Fermi f o r  computation o f  t he  R = 0 proton b a r r i e r  (i.e. 
Coulomb) 

ro i n  Fermi, used i n  the  computation o f  t he  R = 0 a bar r i e r .  

If FUSI(7) > 0, then FUSI(7) = 

FUSI(8): 

FUSI(9): 

FUSI(10): 

FUSI(11): 

READ (19,191) I Z ,  (FASI(L), L = 1,55), A l ,  A2, A3, D1, D2, D3 

191 FORMAT (15, 61F6.2) 

I Z :  Z o f  nucleus 

FASI(1-55) conta ins the  parameters re levant  t o  computing the  t ransmiss ion 

c o e f f i c i e n t s  us ing Eq. 4. The b a r r i e r s  BR are  def ined  as:^ 

B, = Bo + (tF2/2pRa2) R(g + 1) 

where 

and 

By f i t t i n g  Eq. 8 t o  t he  o p t i c a l  model. T R ' s ,  t he  rad ius  parameter ra i s  

Bo = 1.44 Z,Z2/ro(A11/3 + 

RR = rR(A,1/3 + A21 /3 ) .  

(35) 

extracted. 

I M 1  and neutrons from a=O t o  a=14 w i t h  Bo ext rac ted  from the  o p t i c a l  

model f i t s .  

FASI(1-15) contains t h e  b a r r i e r s  B, ( i n  MeV) fo r  the  nucleus 

FASI(15-30) conta ins the  r a d i i  rg ,  r e s u l t i n g  from the  f i t s  us ing Eqs. 28 

and 29 f o r  nucleus IM1,  I Z 1  and protons R=O t o  a=14. 

FASI(31-55) conta ins the  r a d i i  rR fo r  nucleus IM1,  I Z 1  and a -pa r t i c l es ,  f o r  

R=O t o  R-25. 
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The q u a n t i t i e s  A l ,  A2 and A3 correspond t o  t h e  c o e f f i c i e n t  Ca i n  Eq. 4 

f o r  neutrons, protons and a -pa r t i c l es ,  respect ive ly .  The q u a n t i t i e s  D1, 

D2 and D3 correspond t o  the  values o f  A i n  Eq. 4 f o r  neutrons, protons 

and a -pa r t i c l es ,  respect ive ly .  

V. EVENT-BY-EVENT CALCULATION 

For  IMOD = 2 t h e  code ca l cu la tes  t h e  res idua l  y i e l d s  and kinematics from t h e  

fragments i n  an event-by-event mode. 

The program generates t h e  a r ray  c a l l e d  IARRA(1) f o r  each event and conta ins 

t h e  f o l l o w i n g  in format ion:  

This i s  done i n  t h e  f o l l o w i n g  way: 

IARRA(1) : 

IARRA(2) : 

IARRA(3): 

IARRA(4) : 

IARRA( 5 )  : 

IARRA(6) : 

IARRA(7) : 

IARRA(8) : 

IARRA(9) : 

z o f  pr imary .fragment. 

M o f  pr imary fragment. 

10* Q ( l 0  t imes t h e  pr imary r e a c t i o n  Q value f o r  two-body o r  
10 t imes t h e  e x c i t a t i o n  energy o f  compound nucleus f o r  f u s i o n )  
i n  MeV. 

2*Ji (where Ji i s  t h e  t o t a l  i n i t i a l  J o f  t h e  fragment). 

Z o f  secondary fragment ( o r  residue). 

Mass o f  secondary fragment ( o r  residue). 

2*+; Jf i s  t h e  res idua l  J ( o f  fragment o r  residue).  

10*Exf; 10 t imes f i n a l  e x c i t a t i o n  (MeV). 

K I ;  number o f  emi t ted l i g h t  p a r t i c l e s .  

IARRA(10+9+KI): A se t  o f  K I  numbers con ta in ing  t h e  sequence o f  emi t ted 
1 i g h t  p a r t i c l e s ,  where l (neu t ron ) ,  2(proton) and 
3( a1 pha) . 

IARRA(lO+KI+9+KI+3*KI): K I  set  o f  those coordinates (u;, u', v i )  t h a t  
correspond t o  t h e  v e l o c i t i e s  o f  t h g  emi t ted 
p a r t i c l e s  i n  a coordinate frame given i n  Fig. 5. 

Given INDEX = 9+KI+3*KIY then 

IARRA(  INDEX+l+ INDEX+KI ) :  (VA, V;, V ' )  v e l o c i t y  coordinates o f  t h e  
fragments f res idue o r  secondary fragment) i n  
t h e  coord inate frame o f  Fig. 5. 

. 

. 
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IARRA(INDEX+KI+l): 103*x, where x i s  a random number used t o  compute the  
angle between Io (a l igned)  and Itotal (t rans fe r red )  
angular momenta i n  DIC.  

IARRA( INDEX+KI+P): -9999, i n d i c a t i n g  t h e  end o f  t h e  event. 

The v e l o c i t y  coord inates are given i n  u n i t s  o f  104c, where c i s  t h e  speed 

of l i g h t .  

residue, however f o r  two-body reac t ions  t h e  above event corresponds t o  

t h e  pr imary fragment (3) and w i l l  be fo l lowed by the  same in fo rmat ion  

b u t  f o r  pr imary fragment (4). The index 3 and 4 r e f e r s  t o  the  several 

outgoing fragments i n  the  two-body kinematics. 

For f u s i o n  ca l cu la t i ons  the re  i s  one event per evaporat ion 

1 1 1  
The v e l o c i t y  coordinates v i ,  v i ,  v i  and Vx, Vyy Vz, defined i n  the  

event-by-event ca l  cu l  a t  i ons , r e f e r  t o  a coordi  nate system f i xed i n  t h e  

r e s t  frame o f  t he  e m i t t e r  (compound nucleus f o r  f us ion  and bodies 3 and 4 

i n  t h e  case o f  a two-body reac t i on ) ;  therefore,  they must be transformed 

t o  a v e l o c i t y  vector  def ined i n  t h e  l abo ra to ry  system. This can be done 

du r ing  t h e  processing o f  t he  event-by-event f i l e ,  no t i ng  t h a t  t he  t rans-  

fo rmat ion  w i l l  depend on the  o r i e n t a t i o n  o f  t h e  t o t a l  angular momentum J 

(Fig. 5a) o r  J1,JZ (Fig. 5b) and t h e  center-of-mass v e l o c i t y  vcm. 
t h e  case o f  two-body react ions,  t h e  c.m. v e l o c i t i e s  o f  t h e  pr imary 

fragments are V3 and V4. 

i s  given by the  angles I$ and 6, where 4 i s  t h e  po la r  and 6 i s  t h e  az i -  

muthal angle and t h e  p o l a r  ax is  i s  t he  x ax i s  i n  Fig. 5. Therefore, a 

r o t a t i o n a l  ma t r i x  R ( I $ , ~ )  w i l l  g i ve  t h e  des i red t rans format ion  t o  the  l a b  

system i n  the  f o l l o w i n g  way: 

For 

The o r i e n t a t i o n  o f  t h e  t o t a l  angular momentum 
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where V I  and V I  are t h e  v e l o c i t y  vectors f o r  t h e  l i g h t  p a r t i c l e s  and f rag-  

ments, and they are given by t h e i r  coordinates (V;,V;,V;) and (Vk,V;,Vg)o 

The vectors TL and VL are  then t h e  l a b o r a t o r y  v e l o c i t y  vectors o f  t h e  

l i g h t  p a r t i c l e s  and fragments, respec t ive ly .  

fragment i s  represented by Vp and i s  zero f o r  f u s i o n  and equal t o  V3 o r  

V4 f o r  two-body react ions.  

on t h e  center-of-mass angle o f  t h e  pr imary r e a c t i o n  ecm and there fore  t h e  

events generated by t h e  Monte Car lo  c a l c u l a t i o n s  must be weighted by t h e  

pr imary angular d i s t r i b u t i o n  (da/dQ)cm. 

a r e  done, one u s u a l l y  has a c o n s t r a i n t  w i t h  respect t o  t h e  l a b o r a t o r y  angle 

o f  VL and, i n  consequence, it i s  des i rab le  t o  so lve Eq. 37 f o r  em. 

w i l l  g i v e  t h e  s p e c i f i e d  d i r e c t i o n  o f  VL. 

The v e l o c i t y  o f  t h e  pr imary 

For a two-body react ion,  t h e  vector  VL depends 

A1 so, i f  coincidence c a l c u l a t i o n s  

This  

The angles 9 and 6 needed t o  compute R a re  0 = 2ny (y random number) 

and 6 = n/2 f o r  fusion. For t h e  case o f  a D I C  react ion,  6 = 2nx and 

cos + = R s i n  B/JR2+1 - R cos B ,  where B = nx, where x i s  g iven on t h e  

array element IARRA(1NDEX t K I  t 1). 

V I .  INPUT PARAMETERS 

The s t a t i s t i c a l  model parameters used i n  t h e  computation o f  t h e  eva- 

p o r a t i o n  steps are contained on f i l e  19 (see sec t ion  I V )  f o r  n u c l e i  o f  

Z up t o  34 and A up t o  74. The mass t a b l e  provided i s  t h a t  o f  Ref. 11 

and i s  given i n  AMU. The l e v e l  dens i ty  parameters a, used i n  t h e  calcu- 

l a t i o n  o f  Eq. 3 are those o f  Ref. 9, f o r  n u c l e i  o f  A 2 24. 

cases where no e n t r y  i s  given i n  Ref. 9, t h e  value o f  A/7.5 i s  used. 

n u c l e i  ,of A < 24, Eq. 3 was f i t t e d  t o  t h e  known l e v e l s  as given i n  t h e  

compi la t ions of Endt and Van der Leun12 and Ajzenberg-Se10ve.l~ 

values o f  A~ ( p a i r i n g  energy) are those o f  Ref. 4 f o r  Z > 10. 

For those 

For 

The 

For Z < 10 

c 
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and even-even nucl e i  , 
ponds t o  t h e  e x t r a p o l a t i o n  based on t h e  values f o r  24Mg given i n  Ref. 4. 

was ca l  c u l  a ted from 32/ (Ao os7), which corres- 
1 

. For  odd-odd nuc le i  A = 0 and f o r  odd-even A p  = 16/(A0*S7), t h e  ca l cu la -  

t i o n s  of Jrig i n  Eq. 3 were done w i t h  a rad ius parameter o f  1.3 f m  and 

us ing  t h e  d i f fuseness c o r r e c t i o n  given by Davis and Nix. 14 

The o p t i c a l  model t ransmission c o e f f i c i e n t s  are parametrized us ing 

Eq. 4. 

cases o f  P + 24Mg and a + 2 8 S i .  

An example o f  such parametr izat ion i s  given i n  Fig. 2 f o r  t h e  

The o p t i c a l  model parameters were taken 

f rom Ref. 12. For t h e  case o f  P + 24Mg, i l l u s t r a t e d  i n  Fig. 2 ,  these 

parameters are V = 49.14, ro = 1.174, a = 0.736, Ws = 8.06, ro' = 1.19, 

a '  = 0.562 and rc = 1.17. The o p t i c a l  model parameters f o r  a + 2 8 S i  are 

V = 202.4, ro = 1.314, a = 0.673, wv = 20.55, ro' = 0.314, a' = 0.673 and 

rc = 1.34. 

from Eq. 4 f o r  TR > 0.1 if the  value o f  A var ies w i t h  R. 

t h e  present  -' code - no - R dependence --- on A i s  included. 

l i m i t a t i o n s  - i n  p a r a m e t r i z i n g  - t h e  o p t i c a l  model t ransmission c o e f f i c i e n t s ,  

As can be seen from Fig. 2, an adequate f i t  can be obtained 

However, f o r  

Because -- o f  these - 

a value o f  ICUTO (Card 2) of 2, i.e. TR > 0.01 should be used. 

c u t o f f  values g i ve  unreasonably h igh  p r o b a b i l i t i e s  f o r  low E values. 

Smaller ---- -- ---- -- 
The 

values of t h e  b a r r i e r s  Ba used i n  Eq. 5 are i nd i ca ted  by arrows i n  Fig. 2 

f o r  R = 0 and 2 = 4 f o r  t h e  case o f  P + 24Mg and R = 0 and R = 5 f o r  

a + 2 8 s i .  

The parameters used i n  the  computation o f  t he  emission p r o b a b i l i t i e s  

f o r  t h e  case o f  d i s c r e t e  regions (Eq. 8) were taken from Refs. 12 and 13 

f o r  A < 48 and from Ref. 16 f o r  A > 48. For a l l  nuc le i  where FUSI(7) < 0 

on f i l e  19, t h e  values J d  were ex t rac ted  by f i t t i n g  t h e  d i s c r e t e  sp in  

d i s t r i b u t i o n s ,  Eqs. 9 and 10, t o  known d i s c r e t e  leve ls .  For a l l  o the r  

nuc le i ,  FUSI(7) > 0 and 4 4  = Jrig/2.0. 
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APPEND I X 

STRUCTURE OF CODE LILITA 

F igure  7 shows a f l o w  diagram o f  Code LILITA. The main program con- 

t a i n s  t h e  read statement f o r  Cards 1 t o  11 and a l so  reads f i l e s  29, 27 

and 28, which conta in  i n p u t  data and t h e  quantum mechanical angular 

d i s t r i b u t i o n s .  Also, t h e  main program conta ins the  p r i n t o u t  statements. 

The f i r s t  subrout ine c a l l e d  f rom t h e  main program i s  PRIMAR, which f o r  

ICALL = 0 reads Card Set 12 and determines the  type o f  c a l c u l a t i o n  t o  be 

done, i.e. f u s i o n  o r  two-body s imulat ion.  Also, t h e  main program calcu- 

l a t e s  t h e  Coulomb p lus  c e n t r i f u g a l  b a r r i e r s  used i n  the  computation. 

next  subrout ine c a l l e d  from main i s  NXTEVN, which does t h e  ac tua l  Monte 

Car l  o ca l  cu l  a t  i ons. 

OUTP. 

step i n  the  Monte Car lo  ca lcu la t ions ,  i.e. t o  g ive  t h e  i n i t i a l  Z, A, J 

and Ex o f  t h e  fused system o r  o f  t he  two pr imary fragments. 

D I S C R E  i s  ca l led,  when t h e  emission p r o b a b i l i t y  i s  computed f o r  t h e  

d i s c r e t e  reg ions (Eq. 8), t o  determine t h e  energy c a r r i e d  away by the  

emi t ted  l i g h t  p a r t i c l e  as we l l  as t h e  f i n a l  sp in  o f  t he  res idua l  nucleus. 

Subrout ine KINT i s  c a l l e d  t o  compute t h e  sequence o f  angles o f  t h e  

emi t ted  l i g h t  p a r t i c l e s ,  as discussed i n  Sect ion I-D. 

c a l l e d  f o r  IMOD=2 (Card 2) t o  s to re  on d i sk  o r  tape the  event-by-event 

resu l t s .  

The 

Subrout i ne NXTEVN c a l l  s PR IMAR, DISCRE, KINT and 

The subrout ine PRIMAR i s  c a l l e d  w i t h  ICALL=l t o  p rov ide  t h e  f i r s t  
+. 

Subrout ine 

Subrout ine OUTP i s  

The subrout ine K I N T  c a l l s  QUAN, CLAS and GLEB t o  compute t h e  k ine-  - 

mat ics  o f  t he  l i g h t  p a r t i c l e s  and fragments. The subrout ine PRIMAR makes 

use o f  subrout ine ANGLE t o  compute the  c.m. angle o f  t he  two-body pr imary 
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r e a c t i o n  as we l l  as f u n c t i o n  Gauss t o  prov ide a random number i n  a 

Gaussian d i s t r i b u t i o n ,  t o  be used i n  the  computation o f  t he  Q d i s t r i b u -  

t i o n  and the  spins o f  t h e  pr imary fragments. 

The a p p l i c a t i o n  o f  t he  code t o  model t he  e q u i l i b r i u m  decay fea tures  

of a two-body r e a c t i o n  may r e q u i r e  a d i f f e r e n t  k i n d  o f  i n p u t  than t h a t  

prov ided i n  t h e  code through t h e  subrout ine PRIMAR. 

t h i s  subrout ine t o  s u i t  h i s  p a r t i c u l a r  requirements. 

d e t a i l e d  explanat ion o f  t he  q u a n t i t i e s  used i n  the  PRIMAR subrout ine are 

g iven on comment cards i n  t h i s  subroutine. 

The user could adapt 

For t h i s  purpose, a 

The code has been tes ted  i n  the  IBM 3033 computers o f  the  ORNL 

computer f a c i l i t y ,  and t y p i c a l l y  t h e  evaporat ion ca l cu la t i ons  are done a t  

a r a t e  o f  - 300 l i g h t  p a r t i c l e s  per  second, which means t h a t  adequate 

s t a t i s t i c s  f o r  most cases can be achieved w i t h  computing times o f  3 t o  5 

minutes. The code uses 256 K o f  core space. 

The LILITA code i s  a v a i l a b l e  i n  9-track tape, 800 o r  1600 BPI ,  and can 

be obtained upon request from J. Gomez del Campo, Physics D iv is ion ,  ORNL. 

4 
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Figure  1. Energy diagram used i n  the evaporat ion c a l c u l a t i o n s .  
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I 8"=" 
p+ 24Mg 

0 0  OPTICAL 
MODEL 

Eq. (4) - 

5 IO 45 20 

EP 

0 

28 a + Si 
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Ea 

Figure 2. Fits of E q .  4 ( s o l i d  l i n e s )  t o  op t i ca l  model c a l c u l a t i o n s  
( d o t s )  f o r  P + 24Mg and a + 28Si 
the  width of the b a r r i e r  A is 0.1 f o r  a=O and 0.2 f o r  a=4 .  
For a + 28Si A=O.l f o r  a=O and a=5. 

For the case  of protons,  
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Figure 3. Schematic diagram used i n  the evaluation of the integral of 
Eq. 2. 
text. 

The four cases a ) ,  b), c ) ,  and d )  are discussed i n  

3' 
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ORNL- DWG 80- 20348 
E (MeV) 
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ECT 

E, IN 2 2 N a  (MeV)  

F i g u r e  4. Fermi gas model l e v e l  'dens i ty ,  Eq. 3 (dashed l i n e )  f o r  22Na. 
The s o l i d  l i n e  i s  t h e  two temperature approximat ions discussed 
i n  t h e  t e x t .  The h is togram corresponds t o  t h e  l e v e l  d e n s i t y  
ob ta ined f rom t h e  known l o w - l y i n g  s tates.  The l e v e l  d e n s i t y  
parameters a re  a=3.68 and r0=1.4. 
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F igu re  5. Coordinate system used i n  the  k inemat ica l  ca l cu la t i ons .  
a)  Diagram f o r  t h e  case o f  f u s i o n  reac t i ons  i n  which J i s  
randomly o r ien ted  i n  t h e  xy plane and perpend icu la r  t o  t h e  
beam (Z ax i s ) .  
reac t ion .  
t r a n s f e r r e d  angular  momentum f o r  t h e  p r o j e c t i  1 e-1 i ke (V3) and 
ta rge t -1  i k e  (V,) fragments and are no t  necessa r i l y  perpen- 
d i c u l a r  t o  the  r e a c t i o n  plane. The r e a c t i o n  plane i s  de f i ned  
by vcm~v3 and V4. 

b) Diagram used f o r  t h e  case o f  t h e  two-body 
J1 and J2 are defined a long t h e  d i r e c t i o n  o f  t h e  
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F igu re  6. Scheme used i o  t h  ag u l a r  mom ntum ou l i n  o f  J, R, and ' a *  
The angle 9, i s  o h a i l e d  from fqs. 15 aRd 18. 
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Figu re  7. Flow Diagram o f  Code LILITA. 
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