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EVAP-2 and EVAP-3: Modifications of a Code t o  Calculate  
P a r t i c l e  Evaporation from Excited Compound Nuclei 

M. P .  Guthrie 

The EVAP computer programs c a l c u l a t e  t h e  t y p e s ,  m u l t i p l i c i t i e s ,  and 

energy d i s t r i b u t i o n s  of p a r t i c l e s  evaporated from e x c i t e d  compound nuc le i .  

Tne modif icat ions incorporated i n  EVAP-2 include updating t h e  nuclear  masses 

and shel l -plus-pair ing energy co r rec t ions  used as input  &ita, providing f o r  

the breakup of  8Be,  and e l imina t ing  the p o s s i b i l i t y  o f  t h e  e-raporation re- 

s i d u a l  nucleus having a negat jve e x c i t a t i o n  energy. EVILD-3 r e t a i n s  a l l  o f  

t h e  modif icat ions of EVAP-2 and, i n  a a d i t i o n ,  c a l c u l a t e s  t h e  k i n e t i c  energies  

of t h e  recoiling riuclei .  

on t h e  I B M - ~ ~ O  computer. 

ease a r e  shown. 

The codes are w r i t t e n  i n  FORTRAN-IV and opera t e  

Data cards and t h e  p r i n t e d  output f o r  a sample 
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I. INTRODUCTION 

Dresner 's  Monte Carlo computer program EVAP' determines t h e  types ,  

rmil . t ipl ic i t ies ,  and energy d i s t r i b u t i o n s  of p a r t i c l e s  evaporated from ex- 

c i t e d  compound n u c l e i .  Th i s  useful c a l c u l a t i o n  has been modified many 

times and i s  o f t e n  used i n  a s s o c i a t i o n  with o t h e r  c a l c u l a t i o n s  includ.ing 

B e r t i n i  ' s  int ranuclear-cascade codes LECC and MECC2 arid t h e  nucleon t r a n s -  

p o r t  code NTC. FVAP-2 and EVAP-3 operate  without o the r  codes. The evap- 

o r a t i o n  process i s  s t a r t e d  by the  col l is i .on of an inc iden t  p a r t i c l e  with a 

t a r g e t  nucleus.  An exci.ted compound nucleus i s  formed, from whi-ch p a r t i c l e s  

a r e  emit ted u n t i l  evaporation i s  no longer  e n e r g e t i c a l l y  poss ib l e .  The 

physics i n  EVMJ-2 and i n  EVALS-3 i s  i d e n t i c a l  to t h a t  i n  t h e  evaporation 

codes used by t h e  cascade c a l c u l a t i o n s  and N E .  Tne only d i f f e r e n c e  i n  t h e  

two sets of codes i s  i n  t h e  formation of t h e  compound nucleus.  In EVW-2 

and -3 t h e  compound nucleus i s  formed d i r e c t l y ,  while i n  t h e  o-ther codes 

it i s  formed a t  t h e  end of  t h e  i n t r a n u c l e a r  cascade. 

EVAP-2 w a s  w r i t t e n  t o  update t h e  input  da t a  used by t h e  evaporation 

c a l c u l a t i o n  and t o  incorporate  t h e  most d e s i r a b l e  modif icat ions of e a r l i e r  

vers ions i n t o  one "standard" code. EVAP-3 was o r i g i n a l l y  w r i t t e n  t o  be 

used with t h e  I-ow-energy cascade c a l c u l a t i o n  t o  study t h e  e f f e c t s  of  t h e  

capture  of nega-tive pions i.n l i g h t  elements.4 it i s  i d e n t i c a l  t o  EVAP-2 

i n  a l l  r e s p e c t s  except Lhat t h e  e f f e c t s  of t h e  k i n e t i c  energies  of t h e  r e -  

c o i l i n g  n u c l e i  are included i n  t h e  c a l c u l a t i o n .  The two codes ope ra t e  on 

t h e  IBM-360 computer and a x e  w r i t t e n  i n  FORTRAN-IV. 'The subrout ines  t h a t  

generate  rand-om numbers are i n  machine hnguage .  



11. EVAT-2 

DESCRIPTION OF CALCULATION 

Dresner 's  o r i g i n a l  c a l c u l a t i o n  began w i - t h  a compound nucleus of pre- 

determined type and e x c i t a t i o n  energy. EVAP-2 begins one s t e p  e a r l i e r  with 

t h e  c o l l i s i o n  of a p a r t i c l e  of predetermined type and k i n e t i c  energy with 

a s t a t i o n a r y  nucleus.  The compound nucleus formed by t h i s  c o l l i s i o n  i s  de- 

termined simply by adding the mass and charge of t h e  incident, p .ar t ic le  to 

t he  mass and charge of t he  t a r g e t  nucleus.  

compound nucleus i s  t h e  sum o f  t h e  k i n e t i c  energy of t h e  inc iden t  par1;ic.l.e 

and the  binding energy of t h e  inc iden t  p a r t i c l e  i n  t h e  compound nucleus.  

The exci . ta t ion energy of t he  

A f t e r  the  determinat ion of t h e  type and e x c i t a t i o n  energy of t h e  com- 

pound nucleus EVAP-2 follows Dresrier ' s  evaporat ion c a l c u l a t i o n  very c lose ly  

except t h a t  only 6 types of evaporated p a r t i . c l e s  are considered instead. of 

Dresner 's  o r i g i n a l  19. The calcu. la t ion i s  based on a theory o r i g i n a l l y  

proposed by WeisskopC5 and on a Monte Carlo code w r i t t e n  by Dostrovsky. 

The c a l c u l a t i o n  is  c l e a r l y  explained i n  Dresner 's  d e s c r i p t i o n  of h i s  code. I 

Seven types ol" i nc iden t  p a r t i c l e s  can be used i n  EVAP-2: neutrons,  

protons deuterons,  t r i t o n s ,  heliurn-3 n u c l e i ,  alpha p a r t i c l e s ,  arid photons. 

The f i r s t  s i x  types of these p a r t i c l e s  can be evaporated from the e x c i t e d  

compound nucleus.  The output d a t a  include a table  of t h e  d i s t r i b u t i - o n  of 

r e s i d u a l  nuc le i  following evapora-Lion and, flsr each type of evaporated 

p a r t i c l e ,  t h e  average evaporation y i e l d  p e r  c o l l i s i o n ,  t h e  moments of t h e  

energy d i s t r i b u t i o n s ,  and t a b l e s  of normalized energy s p e c t r a .  
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MODIFICATIONS INCORPORATED I N  EVA€’-2 

Updated EVAP Table Tape 

The nuclear  masses used by EVAP were obtained from t a b l e s  compiled by 

Wapstra7 amd Huizenga.8 

t a b u l a t i o n  of m a s s  excesses and binding ene rg ie s .  The mass excesses i n  t h e  

new tabula-Lion are  based on an atomic mass u n i t  of 1 / 1 2  of I2C. 

d a t a  used i n  EVAP a r e  based on l60, the binding energi-es tabula‘ted by 

Mattauch et aZ. were used r a t h e r  t han  t h e  mass excesses.  The binding energies  

were converted t o  mass excesses on t h e  H V A P  Table Tape using t h e  formula: 

Mattauch et; az .  have recent1.y publ ished a new 

Since t h e  

EMEX = Z (EMH-EPIN) ). A * (FBTN-UM) - RE 

where 

EMEX = m a s s  excess i n  MeV 

2 = charge of  nucleus 

A = mass number of nucleus 

EMH = 938.7298, mass of proton i n  MeV 

Em = 939.5124, m a s s  of  neutron i n  MeV 

UM = 931.145, u n i t  mass i n  MeV 

BE = binding energy i n  MeV t a b u l a t e d  by Mattauch e t  a%. 

For nuc le i  not t a b u l a t e d  by Mattauch e t  aZ. bu t  having a mass number 

wi th in  - f 1 0  o-f t h e  v a l l e y  of s t a b i l i t y  of t h e  pe r iod ic  t a b l e ,  mass excesses 

were c a l c u l a t e d  us ing  tlie semiempirical  mass r e l a t i o n s h i p  of Cameron. l o  

‘L’hese were s to red  along with t h e  Mattauch e t  a%.  d a t a  i n  t h e  WWS a r r a y  on 

the new EVAF Table Tape i n  t h e  same manner as they  w e r e  s t o r e d  on the  pre- 

v ious ly  used t a p e .  
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Cameron's mass r e l a t i o n s h i p  uses  a set  of "shell-plus-pairing" energy 

c o r r e c t i o n s ,  which are s t o r e d  as Cameron Functions on t h e  EVAP Table Tape. 

Cameron l i s t e d  no values  f o r  t h e s e  co r rec t ions  f o r  nuc l ides  w i t h  2 o r  N 

less than  11. Cameron Functions f o r  s m a l l  2 o r  N w e r e  t h e r e f o r e  se t  equal  

t o  zero on t h e  o r i g i n a l  EVAP Table Tape. P e e l l e  and Aebersold'l observed 

t h a t  l a r g e  mass e r r o r s  could be made using t h e  zero Cameron Functions f o r  

l i g h t  nuc l ides .  They obtained new valLes f o r  t h e  she l l -p lus -pa i r ing  enerQy 

c o r r e c t i o n s  f o r  nuc l ides  with Z o r  N l E s s  t h a n  11 using a weighted l e a s t -  

squares  f i t  t o  Mattauch e t  aZ. 's  massee. 

t h e  zeros i n  t h e  Cameron Functions on t h e  new EVAF Table Tape. 

8 ~ e  Breakup 

These new values  have replaced 

When a 8Be nucleus i s  formed i n  t h e  evaporat ion process ,  it w i l l  s p l i t  

i n t o  two alpha p a r t i c l e s  i n s t e a d  of evaporat ing a l i g h t e r  p a r t i c l e .  This 

f a c t  was ignored i n  t h e  o r i g i n a l  EVA? c a l c u l a t i o n  bu t  has been t s k e n  i n t o  

account i n  EVAP-2. If an evaporation r e s i d u a l  nucleus has an A value of 

e i g h t  and a Z value of f o u r ,  it i s  assumed t h a t  two alpha p a r t i c l e s  are 

c r r a t e d .  Each alpha p a r t i c l e  has an energy equal  t o  one-half the sum of 

t h e  e x c i t a t i o n  energy of t h e  8Be nucleus and t h e  binding energy f o r  t he  re- 

ac t ion .  These a lpha  p a r t i c l e s  are then t r e a t e d  as evaporation p a r t i c l e s  

with no f'urther evaporat ion t a k i n g  p l ace .  A counter records the number of 

t i m e s  breakup occurs.  

Negative E x c i t a t i o n  Energies 

Because of t h e  Monte Carlo sampl<?g techniques used i n  t h e  evaporatiGn 

c a l c u l a t i o n ,  it i s  p o s s i b l e  f o r  t h e  k i i e t i c  energy s e l e c t e d  f o r  the e n p -  

o r a t e d  p a r t i c l e  t o  be g r e a t e r  t han  +,he energy available f o r  t h e  reaction. 

This r e s u l t s  i n  a nega t ive  e x c i t a t i o n  s n e r a  f o r  t h e  evaporat ion r e s id l i a l  
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nucleus.  If t h i s  happens i n  EVAP-2, t h e  c a l c u l a t i o n  recycles  and a new 

k i n e t i c  energy i s  s e l e c t e d  f o r  t h e  evaporated p a r t i c l e .  I f  a physical.ly 

reasonable energy has not been obtained in t e n  a t t empt s ,  t h e  evaporation 

process i s  terminated a-t; Lhe previousl-y evaporated p a r t i c l e  

Addit ional  Minor Modifications __...._. 

I n  t h e  t a b l e s  of evaporation r e s i d u a l  nuc le i  p r i n t e d  out  by EVAP, r e -  

si-dual nuc le i  were sometimes i d e n t i c a l  t o  evaporabed parti.cI.es when l i g h t  

t a r g e t  nucl.ei were s t u d i e d .  'These nu.clei were not included i n  -the multi-  

p l i c i t i e s  of t h e  evapora-Led p a r t i c l e s  and t h e i r  energies  were not  included 

in t he  energy s p e c t r a .  EVAP-2 t e s t s  t h e  f i n a l  evaporation r e s i d u a l  ilucleus. 

When it i s  ident ical-  t o  one of t h e  s i x  types of evaporated p a r t i c l e s ,  it i s  

treated as a n  evaporated p a r t i c l e  and not as a r e s i d u a l  nucleus.  A count 

is kept of t h e  r e s i d u a l  n u c l e i  with changed s t a t u s ,  s o  tha-t  a l l  residual-  

nuc le i  a r e  accounted f o r .  

INPUT KEQULKEMENTS 
-_ll__lll_ 

Only one input  d a t a  cayd i s  r equ i r ed  t o  operate  HVAP-2. The card 

format i s  3115, F15.0 ,  I15 . The f i v e  input  va-riables are as fol lows:  

NATA - t h e  m a s s  of the t a r g e t  niicleus; 

NZTA - t h e  c h a r p  of t h e  t a r g e t  nucleus;  

ITYPE - t h e  type of i nc iden t  p a r t i c l e  s p e c i f i e d  by t h e  fol lowing code: 

1, neutron; ?, proton;  3 ,  deuteron; 4, triton; 5 ,  3He n u c l e i ;  

6 ,  a lpha p a r t i c l e ;  7 ,  photon; 

EKIN - t h e  k i n e t i c  energy of t h e  inc iden t  p a r t i c l e  i n  MeV; 

I H I S N O  - t h e  nuniber of i n c i d e n t - p a r t i c l e  co l l  j si  ons t o  be ca l cu la t ed .  

The remaining input  d a t a  a r e  s t o r e d  oil a magnetic t ape  r e f e r r e d  t o  as 

t h e  EVAF Table Tape. T'ne t a p e  has t h e  l o g i c a l  niirnb(3r 3 i n  t h e  c a l c u l a t i o n .  



Any number. of  eases  may be r u n  i n  succession by simply p lac ing  addi- 

t:i.onal da-La. cards behind t h e  f irst  one. 

The evaporat ion ca l cu la t ion  al.days begins wi th  t;he same raridom number, 

BO t h a t  t h e  sime cases  run a t  d i f f e r e n t  t h e s  should be iden t i . ca l .  BoweX.j-er, 

if more than one ease i s  run i n  succession,  all c m e s  aPter t h e  first begin 

w i t 2 1  the last random number generated i n  i;he preceding case.  

SUBIIOUTINE STRUCTURE 
1__1 

EVAF-2 cons i s t s  of a m a b  program and six subrout,i.nes - Two of t he  sub- 

r o u t i n e s ,  FLTRN and EXISTW, are  n-achixie language programs t o  generate  random 

numbers. The main progrmi r eads  the i.npu-t; -tape, does only a few m.iuor eal-  

cu la t ions  , calls DEIES and w-rites the  cutput  t a p e .  

DHES i s  tine subrout ine 2.n which tl-e major  p a r t  of t h e  c a l c u l a t i o n  is 

c u r r i e d  o u t .  Tlnere are t h r e e  c a l l ?  $0 IIRES from the main program. On t h e  

first c a l l ,  d a t a  are read into t h e  m e m o r y  from the EVAP Table Tape. On the 

second call. ,  information From t h e  input; tape is transferred t o  DR.ES, and 

appropr i a t e  vsll-iables are zeroed. O n  the t h i r d .  c a l l ,  the Monte Carlo wap-  

oration csl..culn.tion i s  performed f o r  t h e  first i n c i d e n t  p a r t i c l e  (. The 

t h i r d  call is repeated for the  number of i n c i d e n t - p a r t i c l e  coll.i.sioris specj.; 

.~ . ied  on the data card.  If more -than o x  case i s  run in succession,  t h e  

f i r s t  cal.3- t o  DRES i s  not; repeated sirize the d a t a  on the FVAP Tab1.e Tape 

w e  t h e  same f o r  all eases  ., 

.cc * 

TIIRES i s  a func t ion  su’opragram t h a t  calcu7.ates the binding energy for 

the ?ormation of s cornpornid nucleus from the c o l l i s i o n  o f  tile incident;  

pctrtiei-e 1 ~ i . i ~  the  target, ~ I U ~ I X U S .  TSRES TS not c~~tl.i.ed f o r  inti dent p’n~ions  .. 
The e x c i t a t i o n  energy ~f t h e  compound nuclei~.s i s  sinqly the k i n e t i c  en erg^ 

of the photon i.n t h i s  case. 
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ENERGY i s  a func t ion  subprogram t h a t  determines t h e  mass excess of 

any nucleus.  The infor imtion i s  e i t h e r  read from t h e  t a b u l a t i o n  of mass 

excesses s t o r e d  on the  EVW ‘Table Tape o r  ca l cu la t ed  using t h e  serniempi.rica7 

inass r e l a t i o n s h i p  formulated by Cameron. ’ 
ca1riilat;ion are a l s o  s t o r e d  on t h e  EVAP Table Tape. 

Data needed for t h e  Cameron 

DOST i s  a Puriction subprogram that determines some of tine factors used 

i r i  c a l c u l a t i n g  the p r o b a b i l i t y  of t h e  emission of each of t h e  six types of 

evaporated p a r t i c l e s  from a given conipoimd nucleus . 
SA.PFLE CASE - 

The d a t a  card and p r i n t e d  output for  a sarnp7.e case, 18-~ev protons on 

56Fe, a r e  shown. 
2 6  

Data Card: 18-~ev Protons on 56Fe, 4000 H i s t o r i e s  26 
--IL^.” - 

e o o o o o o e o o o o o o o o o o o o o o ~ o o o n n o n o o o n n o o o o o o n n n o o o o o ~ ~ o o o o o o o n o o o o o o o o o o o o o  o o e o o  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

~ ~ ~ l ~ 2 2 l l l 2 l ~ l 2 2 2 2 2 l ~ ~ ~ ~ l l ~ l  2 1 2 2 2 2 2 1 2 2 1 2 2 2 2  2 2 2 2 2 2 2 2 1 2 2 2 2 1 1 2 1 2 1 1 1 1 1 2 1 1 1 1 2 1 1 1 1 1 1  

I z 1 4 I 6 i i J IO I I  12 I I  14 i i  ir I I  10 IP 20 1 1  11 21 it zi n 21 :I 10 I I  12 3 1  II I5 is 11 111 19 40 41 41 11 4 1  I I  46 ‘1 u 49  50 II 12 51 n 35 16 11 31 IO GO I I  GI GI M 6s u 61  GI 69 IO n n 11 M 15 ir II 18 19 so 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3  

4 4 1 1 1 1 1 4 4 1 ~ 1 4 4 4 4 4 1 4 4 4 4 1 4 1 4 4 4 4 1 4 4 4 1 4 1 ~ 4 ~ 4 4 4 4 ~ 4 4 4 4 4 4 ~ 4 4 4 4 4 4 4 4 ~ 4 4 4 4 4 1 ~ 4 4 4 4  4 4 1 4 4 1 4 1  

5 5 5 5 5 5 5 5 5 5 5 5 5  5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ~ 5 5 5 5 5 5 5 5 5 5 5 5  

E 6 6 6 6 6 6 6 6 6 6 6 6 6  6 6 6 6 6 6 6 6 6 6 6 6 6 6  6 6 6 6 6 6 6 E 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ~ ~ 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ~ 6 6 ~  

J 7 ~ 7 ~ J 7 1 1 7 1 7 ? 1 ? ~ 1 1 ? 7 J ~ J l 7 7 ~ 1 J l l 1 ? 7 J 1 J 1 ? J ~ 1 7 1 1 ? 7 7 J J 7 7 7 7 7 7 1 7 1 J 7 1 7 7 1 7 l 7 7 7 7 7 1 7 ~ 7 7 J 7 7  

~ a a t 8 a a ~ a i a a i i i a a ~ ~ ~ a a a i a a a a a a i i a a a a a a a a ~ ~ a a a a a a i ~ i a a i i a ~ a  i a t ~ i a a 8 a i ~ ~ a ~ ~ i a a a a  

9 9 9 9 9 9 9 3 9 9 9 9 9 9 9 9 9 9 9 9 3 9 9 3 9 3 9 3 9 3 3 9 3 3 9 3 9 3 3 9 8 3 3 3 8 3 9 3 3 ~ 9 9 9 3 9 3 3 8 3 3 9 9 9 9 3 9 9 9 9 9 9 9 9 9 9 9 9 9 8 3  
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111. E V A P - 3  

DIFFERENCES BETWEEN FVAP-2 AND EVAP-3 
I_ 

The evaporation ca l cu la t ion  i n  EVAP-3  i s  ident ical .  t o  t h a t  rin EVAP-2 

except tk1a.L the e f f e c t s  of nuclear r e c o i l  are included i n  ELrKP-3% EVAP-2 

assumes t h a t  the in i -Lia l  exci ted nucleus i s  f ixed  and ignores r e c o i l  veloc- 

i t y .  The same assumption i s  made f o r  a nucleus a f t e r  t h e  evaporation of a 

p a y t i c l e ,  allowing a l l  of the energy of t h e  nucleus t o  be ava i l ab le  as ex- 

c i ta t , ion  encr,q f o ~  t h e  nex'i evaporation. 'This Inearis, i n  effec-L, t ha t  

F V A P - 2  negl-ects tlie difference hetweezi Lhe 1aboraLory- and center-of-mass 

sy-stellls e 

I n  EVAP-3 t he  e x c i t a t i o n  energy used t o  cal.cul.ate t h e  evaporation of 

t h e  f irst ,  p a r t i c l e  from the  origi.na1. compound nucleus i s  t h e  energy avai.1.- 

able i n  t h e  center-of-mass system. Before evaporatrion, t h e  ve.7.oci.ty of t h e  

center-of-mass system i s  equated t o  the r e c o i l  ve loc i ty  of L h t .  compound 

nucleus. After each evaporation, tlie ve loc i ty  of t h e  new resj.dual nucSeus 

is calcul.atei1, and thi.s becomes the v e l o c i t y  of' the cen-ter of mass foi- t he  

next evaporation. 

I n  EVAP-2 t he  p a r t i c l e s  a r e  assurned t o  be evaporated i s o t r o p i c a l l y  

from t h e  exci ted nuc le i .  I n  EVAP--3 the pal- t ic les  aye evaporated isotrop-  

i c a l l y  i n  t'ne center-of-mass system. The d is t r i -bu t ion  i i i  t h e  S.abor'a-tory 

system i s  the re fo re  no longer i s o t r o p i c .  

I n  general ,  t he  differences i n  .the r e s u l t s  calculated by t h e  two codes 

aye s m a l l .  The part,j.cle m u l t i p l i c i t i e s  are ,  on t h e  average, s l igh . t ly  lower 

in EVAP-3 and the re fo re  t h e  -residual. nuc le i  are s l i g h t l y  heavier. 



CALCULATION OF KINETIC ENERGIES OF RECOILING OTTJCLET LM EV4-P-3 --- 

The  f i r s t  s t ep  i n  determi-ning t h e  recoil k i n e t i c  energy of t h e  o r i g i n a l  

eompound nucleus i s  t h e  ca7.cii.lati.on of the momentum of the i nc iden t  p a r t i c l e  ~ 

Sj.nce t he  %argSet nucleus i s  assumed t o  be strztioiiary, the inomenturn of the 

compound nucleus w a s  equated t o  t h a t  of t h e  inc iden t  par t i .cIe .  The kinetic 

enerL;y of the compound nucleus was t h e ?  determined Prom the  mornentixn, a.nd 

t h i s  value w a s  s l ibtracted from t h e  exci ta t i -on ener,q 0.F the compoun(j rme- 

leus c a l c u l a t e d  by the  method or^ EVAP-2. 

To c a l c u l a t e  the r e c o i l  k i n e t i c  e:3erbgy and t h e  e x c i t a t i o n  energy OP 

each evaporation residual nucleus Lhe following symbols  are used (primed 

q u a n t i t i e s  r e f e r  t o  t h e  center-of-mome?tum system ani1 impriiiied q u a n t i t i e s  

refer t o  t h e  l abora to ry  system):  

c 
E = t h e  e x c i t a t i o n  energy of  t h2  evaporation residual. nucl.eus; 

v - - L 7  m e  -~-el.octty of recoil nucl?us before  evaporation, which i s  

d s c  equal t o  the velocity of .the cF.ntE:r-oO-imomentim syi;t;ern 

- 
c 

M = t h e  mass of nucleus a f t e r  enissi-on o-f" partic1.e i; 

M. = t h e  mass of evaporated p a r t i c l e  i; 

r 

1 
__ II 

3 = t he  angle i n  t h e  center-of-jxomentum system between v .  ' and v * 
1. c y  

o cos0 i s  s e l e c t e d  from an isotropic di . s t r ibu t ion  between 0 eaa  1-80 . 



The v e l o c i t i e s  of t h e  evaporated p a r t i c l e  arid t h e  r e c o i l  nucleus i n  t h e  

l abora to ry  system may be e w r e s s e d  as fol.lows: 

v. = v’ + v 
I i C 

- - -  
vr == v ‘  -I- vc 

r 

v2 = v i 2  + v3_ + ai v C O S ( ~ ~ O  + e )  , 
r r c r c  

and, i n  tlit. center-of-momentum system, 

___. - 
M v ’ = M v ’  . r r  i i ’  

t h e r e f o r e ,  

The square of t h e  recoil. v e l o c i t y  of t h e  nucleus i n  t h e  l abora to ry  system 

i s  then 

‘l’he type of evaporated pa.rtic1.e and the energy OP t h e  evaporated p a r t i c l e  

are determined using Monte Carlo sampling techniques,  and t h e r e f o r e  M .  and 

v! can be cnlxulated.  v can be c a l c u l a t e d  from t h e  r e c o i l  k i n e t i c  energy 

of t h e  or i -ginal  conipound nucleus f o r  t h e  f i r s t  evapora,ted p a r t i d e .  For 

subsequent evaporat ions,  v i s  simply the  v c a l c u l a t e d  f o r  t h e  previous 

evaporation. 

1 

1 C 

C r 

3c. 
The e x c i t a t i o n  enei-gy, E of t h e  r e s i d u a l  nixl.eus a f t e r  a p a r t i c l e  

new ’ 
i s  evsporated i s  equal  t o  t h e  excita-Lion energy of t h e  nucleus before  evap- 

o r a t i o n  miniis t h e  sum ol” t h e  k i n e t i c  energies  of t h e  evaporated p a r t i c l e  



and the resid-ual  nucleus and a l s o  minus t h e  binding 

o r a t e d  p a r t i c l e  i n  t h e  nucleus be fo re  evaporat ion.  

energy Q of t he  evap- 

The v e l o c i t y  of t h e  evaporated p a r t i c l e s  i n  the l abo ra to ry  system i s  

used t o  c a l c u l a t e  t h e  ene rg ie s  f o r  t h e  energy d i s t r i b u t i o n s  and s p e c t r a  

t a b u l a t e d  by EVAP-3. 

INPUT REQUIREMENTS AND SUPtROUTINE STRUCTURE 

The input  d a t a  ca rd  arid the subroi,.tine s t r u c t u r e  i n  EVAP-3 a r e  i d e n t i -  

c a l  t o  t h a t  i n  EVAP-2. The p r i n t e d  output  i s  also t h e  same i n  t h e  two 

codes except t ha t  i n  the  t a b l e ,  "Di s t r ibu t ion  of Residual Nuclei Following 

Evaporation," t h e r e  i s  one a d d i t i o n a l  column f o r  t h e  t a b u l a t i o n  o€ the re- 

c o i l  k i n e t i c  ene rg ie s  o€ t h e  nuc le i .  

S W L E  CASE ..,,... 

The p r i n t e d  output f o r  t h e  same s m p l e  case t h a t  was used f o r  EXAP-2 

i s  shown f o r  mTAP-3. The d a t a  ca rd  i s  i d e n t i c a l  t o  the one shown for 

EVAP-2 * 

A comparison of t h e  normalized neutron energy s p e c t r a  c a l c u l a t e d  by 

EVAP-2 and EVAP-3 i s  shown i n  Fig.  1. Standard deviat ions are not  calcu- 

l a t e d  by t h e  EVW codes, b u t  the  d i f f e r e n c e  betwren t h e s e  t w o  s p e c t r a  i s  

almost surely due t o  t h e  s t a t i s t i c a l  na tu re  of t h e  c a l c u l a t i o n .  
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CASE NUMBER 56 26 1 6  2 

0 
i 
2 
3 
4 
5 
6 
7 
8 
9 

b0 
11  
12 
13 
14 
1 5  
16 
17 
l8 
19 
20  
il 
22 
23  
2 4  

MliHJift i iS 3 F  THE 

NEUTRONS 
1 S T  MOM. 1 . 9 4 3 1 7 f  05 
2MD MOM. 0.24790E 0 0  
3RP MOY. 2.66856E 01  

E 

0.423328 
0 .222025  
0.242747 

0 .  0 6 5  127 
0 .038484  
0.020722 
0.00b681 
0.0C2960 
0 .002960  
0.0 
0.0 
0.0 

0.0 
0.0 
2 .3  
0.0 
0.0 
a.0 
0.0 
0.0 
0.0 
0 . ( 1  

0.0 

0.145056 

0.0 

0.40 8 526 
0 .356200  
0.2 13  144  
O.I2'r3 34 
0.059 207 
0 .029603  
0 .623633  
0.0 

0.0 
0.0 
0.b 
0.0 
C.0 
0.0 
0.0 

0.0 
6.C 
9.6 
G.G 
u.0 
G . ia 
0.0 
0.0 

0.002 960  

CJ b 

E k k R G Y  CISTRbBUTIGhS FOR T H E  f D L C G i ' I % ; G  E V A P O R A T I O N  P A R T I C L E S  

A L P H A S  P i i C 7 0 N S  DEUTE RG%S T R I T O N S  H t 3  
4 . 5 7 7 6 i f  80 0.0 G.0 0.0 1.02445E 01 
2 - 3 0 3 5 6 k  0 1  0.0 0.0 0.C 1.06772€ 0 2  
1 . 3 1 1 C 6 E  0 2  0.0 G.0 0 .o 1.13145E 0 3  

MOR MAC I 2 t D t V ADO E AT I ON N ELI T 5 P EC T YU N 
I €  S P L C I F I E S  Tt-E COWER 

0.39372k 
0.254565 
0.2245 8 5  
0. 1302 5 5 
0 . 0 5 5 2 0  7 
0 .026b43 
0.CC5921 
G.01460i  
0.002SoC 
0 00 552  1 
3.0 
8.0 
0 .c 
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