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An analysis o f  the ava i l ab le  experimental data on (y,n) reac t ion  cross 

sections, a t  intermediate energies, was made i n  order t o  obta in  t h e i r  

dependence on the mass number A The resu l t s  were compared w i t h  those 
t '  

obtained by means o f  a Monte Carlo ca l cu la t i on  based on pho ton- in i t i a ted  

in t ranuc lear  cascades. A r e l a t i o n  has been establ ished between the cross 

sect ions o f  elementary processes (p ion photoproduct ion  on s ing le  nucleon 

and Levinger's quasi  -deuteron photodis integrat ion )  and the (y,n) proba- 

b i l i t y .  Cross sec t ion  formulas have been obtained which g ive  an A t -  de- 

pendente of the type aA,b, w i t h  b = 0.86 and a approximately equal t o  

the cross sect ions o f  the elementary processes y + n + n + ao and y + p 
+ 

-t n + IT . These formulas reproduce almost a l known experimental cross 

sect ions w i t h i n  a f a c t o r  o f  2, which seems t o  be a ra ther  good accuracy 
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i n  view o f  the la rge range covered by both cross sections values and t a r -  

get mass numbers. 

Uma aná l ise  e s t a t í s t i c a  das seções de choque experimentais de reações 

(y,n), em energias intermediár ias,  f o i  efetuada com a f i n a l  idade de es- 

tabelecer uma dependência com o nümero de massa, do núcleo alvo,  At. Os 

resultados foram comparados com os obt idos por meio de um cá l cu lo  de Mon- 

t e  Carlo baseado em cascatas intranucleares in ic iadas por fó tons .Fo ies-  

tabelecida uma relação en t re  as seções de choque dos processos elementa- 

res (fotoprodução de &sons a p a r t i r  de nucleons isolados e a f o t o - d e -  

sintegração do quase-deuteron) e a probabi l idade de reações (y,n). Foram 

determinadas fórmulas que fornecem uma dependência das seções de choque 
b 

com At, do t i p o  aAt , sendo b = 0,86 e a aproximadamente igua l  às seções 
+ 

de choque dos processos elementares y + n +  n + r o e  y + p -t n + R . 
Essas fõrmulas reproduzem bem as seções de choque experimentais dentrode 

um f a t o r  2, o que pode ser considerado um bom resultado, em v i s t a  dos 

grandes i n te rva los  var r idos  pelas seções de choque e pe lo  nÜmero de mas- 

sa do núcleo alvo.  

1. INTRODUCTION 

Above about 0.1 GeV, photons i n t e r a c t  w i t h  nuc le i  g i v i ng  r i s e  t o  d i f f e -  

ren t  k inds o f  react ions such as d i r e c t  reactions, fragmentation, spa l la -  

t i o n  and f i s s i o n . '  

D i rec t  react ions o r i g i n a t e  from the e j e c t i o n  from the s t ruck  nucleus o f  

a very small number o f  nucleons and/or pions leading t o  a r e s  i d u a l  nu- 

cleus wi t h  an exci t a t i o n  energy not  s u f f  i c i e n t  t o  "evaporate" other par- 

t i c l e s .  Such reactionr, may be ascribed t o  a f a s t  process tha t  does not  

a f f e c t  the res t  o f  the nucleus. The (y,n) and ( y , ~ )  react ions are among 

the most remarkable examples o f  these processes. 

I n  the region o f  intermediate energies (0.1-1 .O G ~ V )  , two models have suc- 

cess fu l l y  been proposed i n  order t o  exp la in  the photon-nucleus in terac-  

t ion pat tern:  Levi nger's quasi deuteronl and the photomesoni c 2  i n te rac t  ion 

mechanisms. I n  the quasi-deuteron model, the photon i s  absorbed by a neu- 
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tron-proton p a i r  w i t h i n  the nucleus and the cross sec t ion  o f  mostproces- 

ses i s  s t r i c t l y  re la ted  t o  t ha t  o f  the deuteron photodis integrat ion,  ud, 

and t o  the number o f  "quasideuterons" i n  the ta rget  nucleus. The quasi- 

deuteron con t r i bu t i on  i s  important f o r  energies up t o  0.5 GeV, and beco- 

mes n e g l i g i b l e  above t h i s  energy value,due t o  the smallness o f  the cross 

sec t ion  o f  the deuteron photodis integrat ion.  

At inc ident  energies higher than o r  equal t o  the threshold o f  r-meson 

photoproduction on s ing le  nucleons (about 0.15 G ~ v )  , the experiment shows 

tha t  the slopes o f  the y i e l d  curves become steeper the higher the energy 

o f  the incoming photon i s ,  and broad resonances have been observed cor-  

responding t o  the resonances found f o r  s i ng le  and double.pion photopro- 

duction. Another mechanism o f  absorpt ion has t o  be inwoked, therefore , 
which i s  re la ted t o  the p ion  photoproduction. Photonuclear cross sec- 

t i ons  must hence be connected w i t h  the t o t a l  i n e l a s t i c  cross s e c t i o n ,  

uM, o f  the y-nucleon in terac t ion .  

The photomesonic model suggests, as the primary in terac t ion ,  the photo- 

product ion o f  a rea l  o r  v i r t u a l  vmeson from a s ing le  nucleon, fo l lowed 

by two-step cascade-evaporation processes2-5. This rnechanism becomes do- 

minant as the energy increases. 

D i  r e c t  reactions, such as (y,n) , represent a ra ther  conspicuous c o n t r i -  

bu t ion  t o  the t o t a l  y-nucleus i n e l a s t i c  cross sect ion.  As a consequence, 

knowledge o f  the dependence o f  the (y,n) cross sec t ion  on such parameters 

as photon energy and ta rget  mass number can g i ve  valuable 

about some scarcely known aspects o f  photon absorption, and 

some extent, the mechanism a f  the i n te rac t i on  o f  photons wi 

c l e i  . 

i n f o r m a t i o n  

I c l a r i f y ,  t o  

t h  complex nu- 

Since the experiment made by Baldwin and ~ l a i b e r '  i n  1948 using Bremss- 

trahZwlg from the General E l e c t r i c  100-MeV Betatron t o  measure the y ie lds  

o f  ' 2 ~ ( y  ,n) " C and 3 ~ u ( y  ,n) 6 2 ~ u  reactions. many attempts have been made 

t o  measure photoneutron cross sect ions covering wide ranges o f  e i t h e r  

ene 
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sec 

gies o r  mass number o f  ta rget  nucle i  . 

present status o f  measurements o f  single-neutron photoproductioncross 

ion i s  character ized by a s t r i k i n g  d i f fe rence i n  the number o f  expe- 



riments, those made a t  lower energies being considerably more numerous 

than a t  intermediate and higher energies. Moreover, the use o f  almost 

monochromatic r a d i a t i o n  produced by a n n i h i l a t i o n  i n  f l i g h t  o f  posi t rons,  

and o f  monochromatic gamma-rays from par t ic le- induced react ions,  has pro- 

v i  ded an important c o n t r i  bu t ion  t o  the understanding o f  the low-energy 

processes, since i t  al lows f o r  cleaner experiments than does the use o f  

BremsstrahZmg. Excel lent  review a r t i c l e s  have co l l ec ted  a l l  known data 

on photoneutron cross sections i n  the g ian t  resonance region7-'. 

Unfor tunately,  the same i s  not t rue  o f  the high-energy reactions, f o r  

which almost-monochromatic beams have not  ye t  been ex tens ive ly  used f o r  

a number o f  reasons. 

From a l l  these fac ts ,  i t i s  readi t y  understood how r e l a t i v e l y  poor i s  the 

in format ion  present ly  avai l ab le  on (y,n) react ions,  a t  energies above 0.1 

GeV, f o r  both the sca rc i t y  o f  experimental data and the considerable dis- 

crepancy which e x i s t s  between the resu l t s  from d i f f e r e n t  labora tor ies  . 
As f a r  as t h i s  c o n f l i c t  i s  concerned, one should keep i n  mind tha t  the 

cross sect ions given by the d i f f e r e n t  authors are i n  general mean cross 

sect ions ca lcu la ted from BremsstrahZung y i e l d  curves over w íde  energy 

ranges; and the d i f f i c u l t i e s  inherent  i n  using a BremsstrahZung spectrum 

t o  e x c i t e  a nuclear reaot ion  very o f t e n  prevent one from observing a f i -  

ner s t ruc tu re  o f  these curves. On the other hand, whatever the method 

o f  computation, smal 1 ctianges i n  the y i e l d  curve can introduce large fluc- 

tua t ions  i n  the ca lcu la ted cross sec t i ons lO .  

A number o f  papers have been published11'33 on (y,n) react ions on l i g h t  

andmore complex nuc le i  i n  the energy range 0.1-1.0 GeV. l n  spite o f  the 

above-mentioned discrepancies, a general trend o f  increasing cross sec- 

t i ons  w i t h  increasing mess number o f  the ta rget  nucleus can be deduced 

from the ana lys is  o f  the data published i n  the l i t e r a t u r e  frcm 1964onward. 

Some e f f o r t  has been macle t o  r e l a t e  the (y,n) cross sec t ion  t o  t ha t  o f  

p ion  photoproduction. De Carvalho and coworkers16 attempted t o  f ind  a 

connection between the numbe.r o f  neutrons o f  the ta rget  nucleus,thecross 

sec t ion  o f  p ion photoproduction, and the transparencies o f  the nucleus 

t o  pions and r e c o i l  nucleons. Calculated values o f  nuclear transparen- 



c i e s 3 4 ' 3 5  , however, d i d  not  e n t i r e l y  corroborate t h i s  po in t  o f  view, es- 

p e c i a l l y  i n  the case o f  medium-weight and heavy nuc le i ,  and the conclu- 

sions was drawn tha t  the cross sections ca lcu la ted i n  t h i s  way represent 

on ly  lower l i m i t s  f o r  the (y,n) react ions.  

Researchers a t  ~ u n d ~ ~ ' ~ '  were able t o  re la te  the (y,n) cross sect ion t o  

the number o f  loosely bound neutrons i n  a few upper she l l  ("valente neu- 

trons") i n  the nucleus. However, t h e i r  ca lcu la t ions  were r e s t r i c t e d  t o  a 

small number o f  l i g h t  nucle i  only.  

I n  recent years, Monte Carlo ca lcu la t ions  have been used i n  the study o f  

(y ,n) reactions. One o f  these cal  cu la t ions  covers the BrernsstrahZung ener- 

gy range 40-350 MeV, Ref.38, making i t thus impossible a comparison wi th da- 

t a  from experiments a t  higher energies; the ~ t h e r ~ ~  i s  r e s t r i c t e d  t o  one 

ta rget  nucleus on ly  ("'Au) as f a r  as the (y,n) reac t ion  i s  concerned , 
and the ca lcu la ted y i e l d  does not  seem t o  reproduce s a t i s f a c t o c i l y  enough 

the experimental resul  t s .  

The decis ion as t o  which method o f  adjustment and/or comparison o f  the 

experimental data i s  p re ferab le  depends on whether the method chosen i s  

su i t ab le  i n  prov id ing  the most general understanding o f  the phenomenon 

under i nves t i ga t i on  o r  not. Also, i t  should be able t o  g ive  ra ther  de- 

t a i l e d  informat ion about the mechanism e f f e c t i v e  i n  producing the reac- 

t i ons  considered. Furthermore, a t e s t  o f  i t s  s u i t a b i l i t y  m i g h t  be the 

accuracy wi t h  which a cross sec t ion  o f  a (y,n) reac t ion  f o r  any element 

can be calculated.  

We be l ieve tha t  a very useful method would cons is t  i n  handling the avai-  

l a b l e  data on (y,n) reac t ion  i n  a s t a t i s t i c a l  way and then, f r o m  the 

gross t rend thus deduced, i n f e r r i n g  some re la t ionsh ips  between nuclear 

parameters and y-nucleus i n te rac t i on  cross sec t ion  on the basis o f  theo- 

r e t i c a l  models. 

Also, the aim o f  t h i s  work was t o  car ry  out  a Monte Carlo ca l cu la t i on  on 

the cross sect ions o f  (y,n) processes f o r  ta rget  mass numbers between 12 

and 238, a t  photon energies f rom 0.2 GeV up t o  1 GeV, and t o  compare the 

experimental cross sect ions w i t h  the ca lcu la ted ones. 



I t  i s  t o  be hoped t h a t  a study along these l i n e s  w i l l  c o n t r i b u t e t o o u r  

understanding o f  direc:t react ions.  

2. STATISTICAL TREATMENT OF THE AVAILABLE DATA 

A t o t a l  o f  29 noteworthy cross sect ion measurements are avai l a b l e  t o  date 

f o r  the (y,n) react ion a t  energies between 0.1 GeV and 1 .O GeV. They ta-  

ke 14 d i f f e r e n t  target  nuc le i ,  ra ther  we l l  d i s t r i b u t e d  throughout the pe- 

r i o d i c  table.  

I n  some cases, on ly  BremsstrahZung a c t i v a t i o n  y i e l d  curves have been pu- 

b l  i shed; therefore, the absol u te  cross sect ions ( ~ e r  photon) have been cal - 
culated by drawing l eas t  squares f i t s  through the experimental y í e l d  va- 

lues and by assuming a pure l /k  dependence o f  the BremsstrahZung spectra 

upon the photon energy k. 

Before enter ing  i n t o  a more de ta i l ed  discussion on the experimental data 

and thei  r arrangement, we be l  ieve i t worthwhi l e  t o  make some speci f ica-  

t i ons  about the no ta t i on  we have used. Yie lds are expressed as c r o s s  

sect ions per equivalent  quantum and denoted by the symbol o The u va- Q' Q 
lues are funct ions o f  the BremsstrahZung end-point energ.; Eo.  i i ie  cross 

sect ion per photon, ok, a l so  denoted as "absolute cross section", depends 

on the photon energy k .  

The r e l a t i o n  between o (E,,) and ok(k) i s  given by the i n teg ra l  equation Q 

where Q i s  the number o f  "equivalent quantaii (which represents the num- 

ber o f  f i c t i t i o u s  photnns we should have i f  a11 the inc ident  energy were 

equal l y  d i s t r i b u t e d  between photons o f  the maximum energy EO) , and n (k ,  

Eo )  i s  the spectra l  densi ty d i s t r i b u t i o n  o f  the Bremsstrahlung used. Sin- 

ce we are in teres ted i n  the measurement o f  the mean values o f  ok i n  the 

energy range f rom about 0.1 GeV up t o  about 1 .O GeV ( i n  m s t  cases 0.3- 



1.0 GeV), n(k,Eo) can be approximated by Q/k and, consequently, the mean - 
cross sec t ion  ak i n  the energy range E'-E" can be expressed by 

o o 

E;-E: being an energy i n t e r v a l  w i t h i n  which the t rend o f  o versus logEo 
Q 

may be approximated by a s t r a i g h t  l i n e .  

- 
I n  evaluat ing the mean cross sect ions per photon, uk, i n  such a manner, 

one disregards, i n  some way, the background con t r i bu t i on  t o  the measured 

y i e l d s  due t o  the g ian t  resonance region, which i n  the case o f  (y,n) re- 

act ions i s  re levant .  This con t r i bu t i on  s t rong ly  depends on t h e  actual  

shape o f  the Bremsstrahlung used, and thus d i f f e r e n t  experimental arran- 

gements may lead t o  remarkable d i f f e r e n t  values o f  the measured o cross 
Q 

sections. Besides, the exact knowledge o f  the shape o f  the (y , n) cross 

sect ion resonance curves i n  the low energy region i s  no t  so s t r a i g h t f o r -  

ward, since i n  most cases the reported curves (see, f o r  instance, Ref,9) 

are the sum o f  (y,n) and (y,pn) processes. Also, the quasideuteron con- 

t r i b u t i o n  from the end o f  the g ian t  resonance up t o  about 70 MeV, i s h a r -  

d l y  evaluable. As a consequence, the low-energy t a i l  contr ibutes t o  an 

extent  which i s  very d i f f i c u l t  t o  be evaluated. We decided, therefore,  

t o  d isregard such cor rec t ions  and use Eq. (2) i n  ca l cu la t i ng  the mean cross 

sections i n  the energy range 0.3-1.0 GeV. O f  course, the cross sect ions 

thus obtained are s l i g h t l y  overestimated, as w i l l  be proved by the re- 

s u l t s  o f  the Monte Carlo ca lcu la t ion .  

Table 1 reports the exper imental ly  determined mean cross sect ions foreach 

ta rget  nucleus, w i t h  the energy range covered by the measurements. 

As a f i r s t  approach, a11 these data were p l o t t e d  against  the ta rget  mass 

number, A on a log- log graph a n d a  s t r a i g h t  l i n e  f i t t e d  t o  them bymeans 
t7  

o f  the l eas t  squares methodbO. Only two po in t s  were disregarded i n  t h i s  

f i t ,  i n  view o f  t h e i r  very la rge dev ia t ion  from t h e  mean, namely, the 

cross sections r e l a t i v e  t o  'h and l o 3 ~ h .  The extremely small v a l u e  o f  

the cross sect ion o f  the 14N(y,n) 13N react ion f inds an explanat ion in  the 

low proton separation energy o f  13N (about 1.9 M ~ V )  which makes 1 3 N  very 



Table 1 - Mean Experimental Cross Sect ions f o r  (y,n) Reactions a t  I n t e r -  

mediate Energies 

Target  
Nucleus 

Energy Range 
( GeV) 

Laboratory 
Cross Sec t ion  

(mb) 
Ref .  

INS, Tokyo 

PTI, UAS 

Frasca t i  

Lund 

Frascat  i 

Lund 

Lund 

Frasca t i  

Lund 

Frasca t i  

F rasca t i  

F rasca t i  

Lund 

Frasca t i  

F rasca t i  

Lund 

Frasca t i  

Ft-ascati 

Lund . 

F rasca t i  

Lund 

Frasca t i  

Orsay 

Lund 

Lund 

Frasca t i  

Lund 

Frasca t i  

F rasca t i  

(a) There i s  i n  the l i t e r a t u r e  another measurement o f  the  r e a c t i o n  2 3 8 ~  

( y . n ) 2 3 7 ~  ( ~ e f . 2 8 1 ,  b u t  the  repor ted  values a re  13 + 5 mb i n  the  energy 

range 0.2-0.5 GeV, and 4 + 15 mb i n  the  range 0.5-0.7 GeV. 



unstable t o  proton emission. A small energy t rans fe r  t o  the r e s t  nucleus 

dur ing the photon i n te rac t i on  may easi l y  e x c i t e  1 3 ~  which wi 1 1  then decay 

t o  the s tab le  '*C nucleus. No explanat ion has been found f o r  the very 

h igh  value o f  the cross sec t ion  o f  the lo3Rh(y,n) lo2Rh react ion.  

From the s t r a i g h t  l i n e  C i t ,  the fo l lowing mass number dependence o f  the 

mean cross sec t ion  õ was found k 

w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  r = 0.80. 

The good c o r r e l a t i o n  we obtained i ?  ~ e f  .4O, between the l oga r i  thm of a k 
and the logar i thm o f  At, s t rong ly  suggested tha t  a l i n e a r  dependence 

between these two var iab les  should have been v a l i d .  As a consequence,a 

more re f i ned  leas t  squares analysis was ca r r i ed  out  by using the method 

o f  successive i tera t ions  w i t k  data re jec t ion ,  i .e., a f t e r  each i t e ra t i on  

a11 those experimental po in ts  whose deviat ions from the ca lcu la ted va- 

lues were la rger  than twice the standard dev ia t ion  were re jected.  A to-  

t a l  of f ou r  i t e r a t i o n s  were needed ( f o r  the 5 th  i t e r a t i o n ,  a11 the re- 

maining po in ts  f e l  1 w i t h i n  twice the standard dev ia t ion) ,  and on ly  20% 

o f  the experimental po in t s  having been rejected.  A c o r r e l a t i o n  coe f f i -  

c i  ent  r = 0.94 has been obta i  ned i n such a way. The deduced Atdependen- 

ce o f  the ca lcu la ted w a n  cross sect ion per photon was found t o  be 

where u~ denotes, henceforth, the value ca lcu la ted from t h i s  f i t .  

Both E ~ S .  (3) and (4) g ive  an At-dependence o f  ò(y,n) o f  the type 

w i t h  a b exponent greater  than 2/3 (which would a r i s e  from a surface 

p ion  product ion m ~ d e l ~ l ' ~ ~ ) .  A recent paper43 cor re la tes  the t rend o f  

d i r e c t  react ions w i t h  a volume product ion mde14"" and w i t h  more re- 

cent experimental data on pion photoproduct ion4= 9 4  7 .  The same concl u- 



sions have been reached by Heiml i ch  e t  UZ." f o r  the electroproduct ion 

o f  negative pions. 

Figure 1 shows the t rend o f  Ü (y,n) versus the ta rget  mass number, At, F 
as ca lcu la ted f rom Eq. (4) .  The s t r a i g h t  1 ine has been back-extrapolated 

up t o  At = 1 f o r  reasons which wi11 be c lea r  i n  a next Section o f  t h i s  

paper. The shaded area represents twice the e r r o r  i n  the ca lcu la ted óF 
values, as deduced from the f i t  e r r o r  i n  the coe f f i c i en ts  a and b .  The 

Figure a l so  reports the exper imental ly  determined cross sections f o r t h e  

sake o f  comparison. 

The re la t i onsh ip  between ÜF and At, found by a simple s t a t i s t i c a l  t r e -  

atment o f  the ava i l ab le  experimental data, w i l l  be soon compared w i t h  

t ha t  obtained by a s tochast ic  treatment o f  the in terac t ions  tha t  lead t o  

The 

l a t  

the 

,n) react ion.  

next  S e c t i o n ~ w i l l  describe the essent ia ls  o f  the Monte Carlo calcu- 

on which has been performed i n  order t o  obta in  the cross sect ion o f  

(y,n) reactions. 

3. USE OF THE MONTE CARLO METHOD I N  THE STUDY OF THE (r, n) 
REACTION 

There e x i s t  i n  the l i t e r a t u r e  severa1 papers concerning the use o f  the 

Monte Car lo method f o r  in t ranuc lear  cascades, i n i t i a t e d  by high-energy 

inc ident  protons on complex n ~ c l e i ~ ' - ' ~ .  I n  the absence o f  s e l f  - consis- 

t en t  theor ies covering the f i e l d  o f  high-energy nuclear react ions,  the 

Monte Carlo method turned ou t  t o  be a powerful to01 i n  ob ta in ing  a num- 

ber o f  important nuclear parameters which character ize the post-cascade 

nucleus. However, i n  the case o f  photons as inc ident  p a r t i c l e s ,  on ly  a 

few appl i ca t i ons  o f  t h i s  method have been developed, c f  .Refs.38, 39, 53, 

54. As the elementary y-nucleon (y-quasideuteron) and the subsequent 

part ic le- nucleon c o l l i s i o n s  are a t  present we l l  known, the Monte Carlo 

method i s  e n t i r e l y  adequate i n  est imat ing the y ie lds  o f  s p e c i f i c  photo- 

react ions.  I n  f ac t ,  Barashenkov e t  a2. 39 were successful i n  car ry ing  out 

a Monte Carlo ca l cu la t i on  o f  photon-induced in t ranuc lear  cascades. A sa- 

t i  s fac tory  agreement was observed between cal  cu l  ated and experimental da- 

ta.  
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TARGET MASS NUMBER. At 

Fig.1 - The exper imenta l  (y,n) cross s e c t i o n s  versus the mass number o f  

the  t a r g e t  nucleus, At. The s t r a i g h t  l i n e  i s  a  l e a s t  squares f i t  o f  the  

exper imenta l  p o i n t s .  The shaded area represents tw ice  the s t a t i s t i c a l  

e r r o r .  The dashed l i n e  represents an e x t r a p o l a t i o n  up t o  A t  = 1 .  Exper i-  

mental data are taken from: , Ref. 12; A , Ref.13; v , R e f .  14  ; 

O , Refs. 15,19,24,26; v , Refs. 17,18,20-23,25,27; 0 , Refs. 29 , 
30,32; O , Ref. 31; @ Ref. 33. 



I n  t h i s  Section, we describe b r i e f l y  the successive steps o f  the Monte 

Car lo ca l cu la t i on  used i n  order t o  obta in  the p r o b a b i l i t i e s  o f  (y,n) re-  

ac t ions  f o r  complex nuc le i  ranging between ' * C  and 2 3 8 ~ ,  and f o r  incident 

photons o f  intermediate energies (0.2-1 .O G ~ V ) .  

3.1. The Nuclear Model 

We assumed the ta rget  nucleus as described by a degenerate F e n i  gas o f  

nucleons confined w i t h i n  a sphe r i ca l l y  symmetric nuclear po ten t i a l  o f  ra- 

dius ro~:/'. D i f f e r e n t  values o f  r
o 

were assumed according t o  the mass 

range o f  the ta rge t  n u c l e u ~ ~ ~ :  r = 1.4 f m  f o r  At < 30; r = 1 .3  fmfor  

30 < At < 100; and r, = 1.2 f m  f o r  At > 100. 

According t o  ~ e r b e r ' s  motie13, a high-energy p a r t i c l e  reac t ion  can be des- 

c r ibed by two independent steps mechanism. I n  the f i r s t  one, a rap id  i n -  

t ranuclear cascade i s  i n i t i a t e d  by the incoming p a r t i c l e ,  and successive 

i n te rac t i ons  take place between i nd i v i dua l i zed  nucleons.ln the course o f  

the ca lcu la t ion ,  we assumed c lass i ca l  t r a j e c t o r i e s  i n  descr ib ing the 

sca t te r i ng  between part i<: les56.  During the f a s t  cascade stage, there i s  

a possib i  1 i t y  f o r  some p a r t i c l e s  (nucleon and/or mesons), as we l l  as so- 

me nucleon aggregates (nuclear c1 usters)  5 7 ,  t o  escape f rom the nucl eus . 
Absorption o f  nucleons arid reabsorpt ion o f  mesons can a lso  occur, 'thus 

resu l t i ng  i n  a t rans fe r  o f  a f r a c t i o n  o f  the inc ident  energy t o  the t a r -  

ge t  nucleus. I n  the second step, the exc i ted  residual  nucleus loses i t s  

energy by the evaporation o f  a number o f  p a r t i c l e s  u n t i l  a cold spa l la -  

t i o n  residual  nucleus i s  reachedS8. For heavy nuc le i ,  f i s s i o n  can a l so  

take place as a mechanism o f  de- exc i ta t ion  compet i t ive w i t h  par t ic leeva-  

porat ion.  

I n  the present ca lcu la t ion ,  we have taken i n t o  considerat ion only thede- 

velopment o f  the f a s t  cascade step, s ince i t  i s  expected tha t  a (y,n) 

reac t ion  w i l l  take place dur ing those in t ranuc lear  cascades which lead 

t o  residual  nuc le i  w i t h  en e x c i t a t i o n  energy not  so high as t o  pe rm i t t he  

evaporation o f  other par t  i c l es .  

We considered the fo l l ow ing  primary in terac t ions :  



quasi deuteron 

i n te rac t i on  

photomesonic 

i n te rac t i ons  

I n  w r i t i n g  the react ions (7-16), we have disregarded the intermediate 

steps v ia  the format ion o f  nucleon isobars, on ly  tak ing  i n t o  considera- 

t i o n  the products o f  the decay o f  those isobars. 

Being the mean-free-path of intermediate-energy photons i n  nuclear m t t e r  

(Q 140 fm) la rge w i t h  respect t o  the nuclear sizes, we were led  t o  con- 

s ider  the nucleus as transparent t o  photons and, therefore,  look a t  each 

po in t  o f  the whole nucleus as an equa l ly  probable primary i n t e r a c t i o n  

po in t  source. For the sake o f  s i m p l i c i t y ,  a reduct ion o f  the spher ical  

nucleus t o  a two-dimensional geometry was made4'. 

As has 

t o  eva 

l a t t e r  

densi t 

been pointed out  by Gabriel and ~ l s m i l l e r ~ ' ,  i t  i s  very d i f f i c u l t  

l ua te  the number o f  quasideuterons w i t h i n  the nucleus when t h i  s 

i s  subdivided i n t o  three d i s t i n c t  regions having d i f fe rent  nucleon 

ies. On the o ther  hand, such a subd iv is ion  would leng-then t o a  very 

great  ex tent  the computing t ime f o r  the ca l cu la t i on  o f  

l ed  by the meson and r e c o i l  nucleon o r  by the photodis 

p a i r  wi t h i n  the nucleus i n  t h e i r  escaping. 

From the above considerations, we decided t o  t r e a t  the 

framework o f  a constant nucleon density. 

the paths t rave l -  

ntegrated nucleon 

nucleus within the 

The photoproduced p a r t i  c l es  whi ch resul  t f rom the primary interact ion t a n  
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y i e l d  d i f f e r e n t  k inds o f  secondary react ions.  We have taken i n t o  account 

the fo l lowing ones 

as the more representat ive i n  descr i  b ing the cascade step. 

3.2. Input Information 

The t o t a l  cross sectioris f o r  the primary in terac t ions  were taken from 

Refs.1,59-62. I n  cont ras t  w i t h  the assumption o f  Gabriel and ~ l s m i l l e r ~ ~  

who considered the Levirigerls fac tor ,  L, as being constant f o r  a11 the nu- 

c l e i  under inves t iga t ion ,  we assumed an At-dependence o f  L as ind ica ted 

i n  Table 2. The angular d i s t r i b u t i o n  f o r  the react ions (6) and (19) was 

considered i s o t r o p i c  i n  the CM-system. The d i f f e r e n t i a l  cross sections 

f o r  react ions (7-10) are those reported i n  Refs.59,63, whi l e  f o r  reac t i -  

ons (17-20) they are  those o f  Metropol i s  e t  a ~ . ~ ' .  For in terac t ions  1 i k e  

(18), we have made the assumption tha t  the t o t a l  momentum was eq ua 1 1 y 

d i s t r i b u t e d  between the produced p a r t i c l e s  i n  the CM-system. The mean- 

-free-path o f  the various p a r t i c l e s  i n  the course o f  a cascade was ca l -  

culated fo l lowing Refs. 34,35. The t o t a l  cross sections used i n  calcu- 

l a t i n g  the var ious nucleon-nucleon c o l l i s i o n  p r o b a b i l i t i e s  were those o f  

~ e r t i n i " .  

Table 2 - Dependence o f  Levinger 's  Factor, L, on the Mass Number, as Used 

i n  the Present Monte Carlo Ca lcu la t ion  



3.3. The Course of the Calculation 

The c a l c u l a t i o n  i t s e l f  was performed f o l l o w i n g  t h e  genera l  way descr ibed  

by M e t r o p o l i s  et aZ.". Only events o f  the  t ype  

lead ing  t o  r e s i d u a l  n u c l e i  w i t h  an e x c i t a t i o n  energy below t h e  appropr i -  

a t e  c u t o f f  energy (see Table 3) were recorded. As a r e s u l  t, we ob ta ined  

t h e  d i f f e r e n t  p r o b a b i l i t i e s  f o r  t h e  above r e a c t i o n s  as d e f i n e d  by the  r a -  

t i o  between the  number o f  i t e r a t i o n s  y i e l d i n g  one-neutron d e f i c i e n t  re -  

, s idua l  n u c l e i  and t h e  t o t a l  number o f  i t e r a t i o n s .  The standard t reatment  

o f  each case, v i z . ,  a  f i x e d  i n c i d e n t  photon energy on a f i x e d  t a r g e t  nu- 

c leus ,  i n v o l v e d  about t e n  thousand i n c i d e n t  photons. About a  hundred 

cases were analysed i n  the  p resen t  c a l c u l a t i o n .  The f o l l o w i n g  ta rge t  nu- 

c l e i  were se lected:  12c, "F, 2 3 ~ a ,  5 5 ~ n ,  l o 3 ~ h ,  l g 7 ~ u  and 2 3 8 ~ .  T h e y  

Table 3 - Values o f  the  C u t o f f  Energy and Related Nuclear  C h a r a c t e r i s t i c s  

Used i n  the  Present  Monte C a r l o  C a l c u l a t i o n .  (A11 Energ ies i n  M ~ V )  

Fermi Energy Average B i  nd ing Coulomb Energy C u t o f f  
Nucleus Energy o f  a t  

Protons Neutrons Loosest Nucleon Sur face Energy ("1 

12c 24.6 24.6 7.7 2.3 34.5 

z?.eu 28.2 38.4 7.5 17.6 58.4 

(*) The c u t o f f  energy was c a l c u l a t e d  as t h e  average Fermi energy o f  neutrons 

and p ro tons  p l u s  the  average b i n d i n g  energy o f  the looses t  nucleon plus the 

Coulomb energy a t  su r face .  



were chosen i n  order t o  g i ve  a moderately good coverage over complex nu- 

c l e i  o f  the pe r i od i c  table.  

The choice o f  the f i r s t  i n t e r a c t i o n  po in t ,  the type o f  i n t e r a c t i o n  and, 

i n  the case o f  photomesonic in terac t ion ,  the ta rge t  nucleon, was pe r fo r -  

med fo l lowing the general procedure described by ~ u d s t a m ~ ' .  The dynamics 

o f  successive c o l l i s i o n s  was t rea ted r e l a t i v i s t i c a l l y  i n  the usual man- 
ner64 1 6 5  . The distance o f  t r ave l ,  d, o f  the various p a r t i c l e s  was deter-  

mined by the r e l a t i o n  

where 5 i s  a random number i n  the i n t e r v a l  0-1 and X (.Ei) i s  the mean- 

free-path o f  p a r t i c l e  i w i t h  k i n e t i c  energy Ei i n  nuclear matter. 

The c a l c u l a t i o n  was c a r r i e d  ou t  by using the IBM/370 computer oftheCBPF. 

The general course o f  the ca lcu la t ion ,  described i n  d e t a i l s  i n  the f luxo- 

gram o f  Fig.2, has been programmed f o r  the cascade step o f  any type o f  

photonuclear react ions.  For simple (y,n) reactions, two remarkable sim- 

p l i f i c a t i o n s  have been made. At  inc ident  energies higher than o r  equal 

t o  0.2 GeV, the kinematics o f  the quasideuteron photod is in tegra t ion  leads 

t o  a neutron and a proton both w i t h  k i n e t i c  energies l a rge r  than the cu- 

t o f f  energy o f  the s t ruck  nucleus. I n  view o f  t h i s ,  they e i t h e r  escape 

the nucleus simultaneously or, i f  one o r  both are absorbed, g i ve  t o  the 

nucleus an energy s u f f i c i e n t  t o  a l low f o r  the evaporation o f  o ther  pa 

t i c l e s .  I n  any case, an event d i f f e r e n t  frm (21) would be registered.  

I n  the case o f  double-pion photoproduction, a la rge amount o f  energy 

general ly  t rans fer red t o  the nucleus and t h i s  w i l l  r e s u l t  i n  the emission 

o f  a number o f  p a r t i c l e s  during the evaporation stage. As a consequen- 

ce, the con t r i bu t i on  o f  t h i s  process t o  the (y,n) probabi l  i t y  can be as- 

sumed as almost neg l i g i b le .  
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C o o r d i n a t e s  o f  t h e  p h o t o n  
i n t e r a c t i o n  p o i n t .  

I Type  o f  i n t e r a c t i o n :  I 

I f  n o t ,  a  new c a s c a  
1 d e  i s  s t a r t e d  w i t h  

a  new i n c i d e n t  
p h o t o n  

I I Q u a s i d e u t e r o n  o r  
1 P h o t o m e s o n i c .  I n  t h i s  c a s e ,  I one chooses t h e  type of  t a r g e t  
1 nucleus (n o r  p ) .  

! 

Choice of t h e  appropr ia te  
a n g l e  f o r  t h e  c o l l i s i o n  
a n d  o f  e n e r g y  a n d  momentum 
o f  t h e  r e s u l t i n g  p a r t i c l e s  
i n  t h e  LS. 

V e r i f i c a t i o n  i f  t h e r e  

I s t o r e d .  
Choice of  t h e  d i s t a n c e  
o f  t r a v e 1  o f  t h e  p a r t i c l e  
w i t h i n  t h e  n u c l e u s .  

_ _ _ I  

? 
A new p o s i t i o n  of  c o l l i s i o n  i s  i 

-- 

I f  o u t s i d e ,  t h e  

examined t o  s e e  whether i  t i s  
k i n d  o f  t h e  

L 

ins ide  t h e  nucleus o r  no t .  r e s c a p e d  p a r t i c l e  
i s  r e c o r d e d .  

I f  i n s i d e ,  p o s s i b i l i t v  
a  new c o l l i s i o n  i s  exami-ned .  

A n e v  c o l l i s i o n  
i s  f o r b i d d e n  

I f  a  new c o l l i s i o n  i s  a l l o w e d  r , o n e  . p a r t i c l e  i s  s t o r e d  f o r  

I 
f u r t h e r  a n a l y s i s  a n d  t h e  
o t h e r  i s  f o l l o w e d .  

Fig.2 - Block diagrarn of the course of the Monte Carlo calculation of pho- 

tonuclear cascades. 



4.1. (r, n) Reaction Probability 

We d e f i n e  t h e  (y,n) rea ic t ion p r o f h b i l i t y ,  @ n ( k , ~ t ) ,  as t h e  r a t i o  o f  t h e  

(y,n) r e a c t i o n  cross s e c t i o n  t o  t h e  t o t a l  i n e l a s t i c  cross s e c t i o n .  O f  

course, t h i s  p r o b a b i l i t y  i s  a f u n c t i o n  o f  the  photon energy k and the  

t a r g e t  mass nurnber A 
t -  

The va lues o f  Qn have been ob ta ined  by rneans o f  the procedure a l  r e a d y  

d i s c k s e d  i n  t h e  S e c t i o n  3.3 and a r e  l i s t e d  i n  Table 4, which a l s o  re -  

p o r t s  t h e  mean values 5n, averaged over  t h e  energy range 0.3-1 .O GeV. 

I n  Fig.3, the  t rends  o f  Q versus the  photon energy f o r  the n u c l e i  " C  
n 

and 2 3 8 ~  a r e  shown. The curves e x h i b i t  v e r y  broad bumps centered around 

0.5 GeV. The sarne behaviour  i s  a l s o  observed f o r  the o t h e r  n u c l e i  we ha- 

ve considered. 

P l o t t e d  i n  Fig.4 a r e  the mean values 5n, i n  t h e  energy range 0.3-1.0 GeV, 

as a f u n c t i o n  o f  t h e  t a r g e t  mass number At.  The s t r a i g h t  l i n e  through the 

c a l c u l a t e d  p o i n t s  i s  a l e a s t  squares f i t  which g ives  an A -dependente o f  
t 

t h e  form 

w i t h  an est i rnated e r r o r  i n  5 rang ing  between 3% (12c)  and 6% ( 2 3 8 ~ ) .  By 
n 

back- ex t rapo la t ing  t h e  s t r a i g h t  l i n e ,  one o b t a i n s  the  va lue  At = 1 .  

4.2. The (-y, n) Cross Section 

Above the  t h r e s h o l d  o f  p ion  photoproduct ion,  the  (y,n) cross s e c t i o n  i s  

r e l a t e d  t o  t h e  t o t a l  i n e l a s t i c  cross s e c t i o n  i n  t h e  f o l l o w i n g  way 

where the  express ion i n  b racke ts  represents t h e  t o t a l  i n e l a s t i c  cross sec- 

t i o n ,  which accounts f o r  t h e  photomeson ( t h e  f i r s t  term i n  the  surn) and 
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PHOTON ENERGY. K ( GoV) 

Fig.3 - The (y,n) p r o b a b i l i t y ,  @ , ( k , ~ ~ ) ,  versus incident  .p,hoton energy. 

The points represent the resul t s  o f  the present Monte Carlos ca lcu la t ion  . 
For the sake o f  s i m p l i c i t y ,  only the (y,n) p r o b a b i l i t i e s  f o r  "C ahd 2 3 e ~  

a r e  shown. The curves a r e  eye f i t s  through the ca lcu la ted  po ints .  



TARGET MASS NUMBER. A t  

- 
~ i g . 4  - P l o t  o f  the mean value o f  the (y,n) p robab i l i t y ,  @,,(k,~,), i n  the 

energy range 0.3-1.0 GeV, versus the mass number o f  the ta rge t  nucleus , 
At. The po in t s  have been ca lcu la ted from the values l i s t e d  i n  Table 4 . The 

f u l l  l i n e  i s  a l eas t  squares f i t  o f  the ca lcu la ted po in ts .  The dashedl ine 

represents an ex t rapo la t ion  up t o  A = 1 .  The symbol X denotes the r a t i o  
+ 

o f  the cross sec t ion  o f  the y + p + n + n. reac t ion  t o  the t o t a l  i n e l a s t i c  

cross section, and M stands f o r  the r a t i o  o f  the cross sec t ion  o f  the 

y + n + n + ao reac t ion  t o  the t o t a l  i n e l a s t i c  cross sect ion.  



the quasideuteron i n t e r a c t i o n  mechanisms. The quan t i t i es  6 and G1,which 

a lso  depend on At and k ,  are factors re la ted  t o  the nuclear exc i t a t i on ,  

according t o  the type oF i n te rac t i on ,  and are very c lose t o  u n i t y  a t  

energies below 1 GeV. The values o f  a (k) have been taken f rom Ref. 66, N 
and those o f  od(k) f rom Ref . 1 . 

By using the Qn p r o b a b i l i t i e s  o f  Table 4, we obtained the values o f  ~ ( k ,  

A ~ )  f o r  (y,n) reac t ions ,  hereaf te r  denoted by oMC, 1 i s t e d  i n  Table 5. I n  

Fig.5, the trends o f  oMC are reported f o r  12c and 2 3 8 ~ .  

By leas t  squares f i t t i n g  the mean values ÜMC (0.3-1 .O GeV) taken f r o m  Ta- 

b l e  5, the s t r a i g h t  l ine shown i n  ~ i g . 6  has been obtained. The At - de- 

pendente o f  Ü has the f o l  lowi ng expression: 
MC 

Also i n  t h i s  case an exponent h igher . than 2/3 and very c lose t o  the ex- 

ponent o f  Eq. (4) has been found. 

5. DISCUSStON 

5.1. Comments on the Treatment of Experimental Data 

The r e l a t i v e l y  la rge number o f  experimenta 

covering the regions o f  l i g h t  (12 L A > 3 
t - 

and heavy (103 < At 2 238) nuc le i ,  al lowed 

ment whi ch l ed  t o  Eq. (4). 

1 data on the (y,n) react ion,  

I ) ,  medium-weight (31 - > A t ?  103) 

f o r  a good s t a t i s t i c a l  t r e a t -  

Only mean cross sect ions per photon were used, due t o  the lack o f  a l a r -  

ge number o f  experimental values o f  cross sections per equivalent  quan- 

tum a t  the d i f f e r e n t  BremsstrahZung energies fo r  each ta rget  nucleus. 

Owing t o  t h i s  f ac t ,  a square shape o f  the BremsstrahZmg spectra has been 

assurned i n  ca l cu la t i ng  the mean cross sect ions per photons (see Eq.(2) ) 

and consequently these cross sect ions are s l  i g h t l  y  overestimated (see a l -  

so Section 2). 



Table  5 - Calcu la ted (y,n) React ion Cross Sect ions (mb) 
( *) 

- (**I 0.54 t 0.13 0.80 0.16 0.96 + 0.20 2.00 2 0.43 3.57 I 0 . 7 5  6.28 I 1.20 6.94 I 1.20 'MC 
- --v 

(*I The cross sect ions l i s t e d  i n  t h i s  Tab le  were c a l c u l a t e d  from Eq.24. The quoted e r r o r s  r e s u l t  from a 

combinat ion o f  e r r o r s  i n  t he  elementary cross sec t i ons  and i n  the (y,n) r e a c t i o n  p r o b a b i l i t i e s  (see Ta- 

b l e  4) .  

(**) The symbol ÜMC represents the mean value o f  the cross sec t i ons  i n  t h e  energy range 0.3-1 .O GeV. 



PHOTON ENERGY. K (GeV) 

Fig.5 - Trends of the (y,n) reac t ion  cross sections as a f unc t i on  o f  i n c i -  

dent photon energy. The po in ts  are taken from Table 5 ( f o r  the sake o f  

clearness on ly  the cross sections o f  2 3 8 ~  and 12c are shown). The f u l l  l i - 

nes are eye f i t s  through the ca lcu la ted po in t s .  For comparison,it  i s  a l so  

shown the experimental t rend f o r  12c as reported by Anderson e t  a2. '' (da- 

shed l i ne) . 
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- 
Fig.6 - At-de~endence o f  the (y,n) mean cross section, uMC. The po in ts  

are the ca lcu la ted cross sect ions l i s t e d  i n  Table 5. The s t r a i g h t  l i n e  

marked ~ f ' ~ ~  ir  a l eas t  rquares f i t  o f  the ca lcu la ted po in ts .  For the 

sake o f  comparison, the trends are a l so  reported f o r  a surface produc- 
1 

t i o "  nade1 (4:13) and a volume product ion model (At) . 



I n  t h e  case o f  t h e  ' 2 ~ ( y  ,n) "C r e a c t i o n ,  f o r  which a l c r g e r  number o f  ex- 

per imenta l  data were a v a i l a b l e ,  i t  was p o s s i b l e  t o  determine the  t r e n d o f  

ok,  as a f u n c t i o n  o f  the photon energy, by s o l v i n g  Eq. (1) (see Ref. 27 ) . 
However, the  r e s o l u t i o n  o f  t h i s  i n t e g r a l  equa t ion  g i v e s  s t r o n g l y  o s c i l -  

l a t i n g  s o l u t i o n s  due t o  i t s  mathematical s t r ~ c t u r e ~ ~ .  

We a l s o  w ish  t o  p o i n t  o u t  t h a t ,  by e x t r a p o l a t i n g  Eq. (4) t o  At = 1,a cross 

s e c t i o n  v a l u e  o f  0.083 mb i s  obta ined,  which i s  v e r y  c l o s e  t o  t h e  mean 
+ - 

cross s e c t i o n  va lues o f  t h e  e lementary processes y  + p -t n  + ?r (a=0 .070  

mb) and y + n -t n + TO(; = 0.096 mb). Such an agreement can be conside- 

red  reasonable i f  we r e c a l l  t h e  l a r g e  e r r o r s  i n v o  

s e c t i o n  measurements and i n  t h e  c o e f f i c i e n t  o f  Eq 

l v e d  i n  t h e  primary cross 

. (4 ) .  

5.2. A Deeper Insight into the (7, n) Reaction Probability 

Equat ion (23) o f  Sec t ion  4.1 g i v e s  the  At-dependence o f  the  mean value o f  

t h e  (y,n) r e a c t i o n  p r o b a b i l i t y  Zn. The c o e f f i c i e n t  0.234 o f  ~ ~ . ( 2 3 )  must 

represen t  t h e  mean (y,n) p r o b a b i l i t y  f o r  a  t a r g e t  hav ing At = 1.For At = 

1, two types o f  t a r g e t  have t o  be taken i n t o  cons idera t ion ,  i .e . ,  e i t h e r  

a  p r o t o n  t a r g e t  o r  an ( i d e a l i z e d )  neutron t a r g e t ,  the  corresponding i n -  

t e r a c t i o n s  be ing  t h e r e f o r e  

and 

+ y + p + n + ~  ( p r o t o n t a r g e t )  

+ ,-, + n + no (neutron t a r g e t )  . 

I n  b o t h  cases, i n  f a c t ,  the pho toproduc t ion  o f  a  s i n g l e  neutron i s o b t a i -  

ned . 

The mean p r o b a b i l i t i e s  o f  these processes a r e  ob ta ined  from the  mean ra -  

t i o s  between the  cross sec t ions  o f  each process and the  t o t a l  i n e l a s t i c  

cross s e c t i o n  p e r  nucleon, v i a  t h e  photomesonic mechanism o f  i n t e r a c t i o n .  

These r a t i o s  a r e  found t o  be 0.36 and 0.24, r e s p e c t i v e l y ,  and are i n  good 

agreement w i t h i n  the l i m i t s  o f  e r r o r s ,  which a r e  q u i t e  l a r g e ,  w i t h  the  

va lue  0.234 a r i s i n g  f rom Eq.(23) (see ~ i g . 4 ) .  One should consider,though, 

t h a t  the  f i r s t  elementary process shown above ( ~ q . ( 2 6 ) )  i s  e f f e c t i v e  i n  

g i v i n g  a d i r e c t  (y,n) r e a c t i o n  f o r  At = 1 s o l e l y ,  s ince  f o r  At> 1 i t  may 



c o n t r i b u t e  t o  t h e  ( ~ , n )  r e a c t i o n  o n l y  through an i n d i r e c t  way. On t h e  

c o n t r a r y ,  the  o t h e r  process (Eq.(27)) w i l l  c o n t r i b u t e  i n  any case t o  the  

(y,n) reac t ion .  As a m a t t e r  o f  f a c t ,  we found an e x t r a p o l a t e d  va lue  which 

i s  very c l o s e  t o  the  mean c a l c u l a t e d  p r o b a b i l i t y  f o r  the  second process. 

T h i s  resu l  t i s  eas i  l y  exp la ined  i f  one remembers the  h igher  escaping p ro -  

b a b i l i t i e s  o f  uncharged p a r t i c l e s .  

As has a l ready  been sa id,  the  (y,n) probabi  1  i t y  i s  a  f u n c t i o n  o f  the  

t a r g e t  mass number and photon energy. L e t  us w r i t e  t h i s  f u n c t i o n  as 

i .e., as t h e  p roduc t  o f  two func t ionç ,  each depending on one v a r i a b l e  

on ly .  Fur ther ,  l e t  us assume $(A ) be o f  the  form, 
t 

I n  t h i s  way, Eq.  (28) becomes 

an(k,At) = A: n ( k )  . 

By us ing  f o r  o(y,n) the express ion o f  ~ ~ . ( 2 4 ) ,  we o b t a i n  

Since N Z /A i s  roughly  approximated by 0.25 At, and Lev inger ' s  f a c t o r  

by I = : . i 8  (see ~ e f  .40),  E q .  (30) becomes 

o ( ~ , n )  = A ~ '  t <FN + 0.67 A : . ~ ~  oJ ~ ( k ) >  . (32) 

A t  t h i s  p o i n t ,  we can d i s r e g a r d  the  second term i n  t h e  express ion w i t h i n  
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brackets, s ince i t  represents on ly  5% of  aN f o r  12c, and 12% f o r  2 3 8 ~ ,  

thus obta in ing  

<o (k)n(k)> being now a func t ion  o f  the photon energy only.  By comparing 
N 

Eq.(33) w i t h  ~ q . ( 2 5 ) ,  i t  can be w r i t t e n  w i t h  a sa t i s fac to ry  degree o f  ap- 

proximation as 

whence, a = - 0.14 . 

F i n a l l y ,  Eq.(29) may be rewr i t t en  as 

-0.14 
Qn(k,~,) = At ri (k) 

f rom whi ch 

Values o f  q(k) have been ca lcu la ted f o r  d i f f e r e n t  nuc le i ,  as a f unc t i on  

o f  the photon energy, by rneans o f  Eq.(36), and by using f o r  On the values 

l i s t e d  i n  Table 4. A t  each energy, ~ ( k )  was found t o  be approximately 

constant f o r  a1 1 t a rge t  nuc le i  under inves t iga t ion ,  thus support ing the 

idea o f  tak ing  q as a func t ion  o f  the photon-energy on ly .  

I n  Fig.7, the t rend o f  q/k i s  shown as a f unc t i on  o f  the photon-energy.0~ 

l eas t  squares f i t t i n g  the po in ts  i n  the f igure ,  a s t r a i g h t  l i n e  has been 

drawn from which the fo l l ow ing  equation i s  obtained: 

q (k )  = 1.25 x k exp [- k/0.55] , (37) 

k being expressed i n  GeV. The func t i on  q reachs i t s  maximurn a t  0.55 GeV. 

This means tha t  the (y,n) p r o b a b i l i t y  should a l so  reach a rnaximum a t  the 



P H O T O N  ENERGY.  K ( G e V )  

F ig.7 - The energy dependence o f  the (y,n) r eac t i on  p robab i l  i t y ,  ~ ( k ) .  

( ~ o r  de ta i  1s see t e x t )  . The p o i n t s  a re  ca l cu l a ted  values o f  q/k. The 

s t r a i g h t  l i n e  was ob ta ined  by a l e a s t  squares f i t .  The e r r o r  bars a re  

s t a t i s t i c a l  unce r t a i n t i es .  



same energy. - T h i s  behavior  has a l ready  been found f o r  Qn, as shown i n  

Fig.3. An e x p l a n a t i o n  o f  such a t r e n d  may l i e  i n  the  f a c t  t h a t  the mean- 

- f ree-pa th  o f  t h e  photoproduced p a r t i c l e s  increases from 0.3 GeV up t o  

about 0.5 GeV, and the increased rnean-free-path enhances t h e  p r o b a b i l i t y  

o f  a  (y,n) r e a c t i o n  v i a  a d i r e c t  process. Above about 0.5 GeV the  dou- 

b l e- p i o n  photoproduct ion,  instead,  lowers cons iderab ly  t h i s  p r o b a b i l i t y ,  

. s i n c e  t h i s  process c e r t a i n l y  c o n t r i b u t e s  t o  the  t o t a l  i n e l a s t i c  cross sec- 

t i o n  b u t  i t  does n o t  c o n t r i b u t e  markedly t o  the  (y,n) process i n  view o f  

the  h i g h  e x c i t a t i o n  energy g i v e n  t o  t h e  nucleus. 

The mean v a l u e  o f  0 between 0.3 GeV and 1.0 GeV t u r n s  o u t  t o  be 0.237 

which i s  i n  good agreement w i t h  t h e  va lue  0.234 o f  Eq . ( 2 3 )  f o r  At  = 1 

(see a l s o  Eq.(36)).  

5.3. Comparison Between Experimental and Calculated (?, n) Cross Sections 

The most genera l  r e l a t i o n s h i p  between t h e  (y,n) r e a c t i o n  cross s e c t i o n  

and the  t o t a l  i n e l a s t i c  cross s e c t i o n  i s  g iven  by Eq. (241, which i s  va- 

1 i d  f o r  any t a r g e t  nucleus and f o r  energ ies above the g i a n t  resonance re- 

g ion.  

By means o f  t h e  Monte C a r l o  method, we succeeded i n  c a l c u l a t i n g  t h e  (y,n) 

probabi 1 i t y  @ n ( k , ~ t )  and thus i n  dbducing the  cross sec t ions  o f  (y,n) re -  

a c t i o n s .  These va lues,  l i s t e d  i n  Table 5, a r e  shown i n  g raph ica l  f o r m i n  

F ig .  5,  where the  t rends  f o r  "C  and 8U on l  y  a r e  repor ted  f o r  the sake 

o f  c l a r i t y .  F igure  5 a l s o  r e p o r t s  the  t r e n d  o f  u(y,n) f o r  " C  taken 

f rom Ref. 27. A s a t i s f a c t o r y  agreement between the  c a l c u l a t e d  and expe- 

r i m e n t a l  curves has been obta ined.  

A more s i m p l i f i e d  express ion  f o r  o(y,n) can be e s t a b l i s h e d  by d i s r e g a r -  

d ing  the  quasideuteron c o n t r i b u t i o n  t o  the  t o t a l  i n e l a s t i c  cross s e c t i o n  

and by u s i  ng E ~ S .  (35) and (37) , whi ch g i ve 

where o C  denotes t h e  c ross  s e c t i o n  c a l c u l a t e d  i n  t h i s  way 



Mean values o f  the cross sect ions per photon o f  the (y ,n) reac t ion  have 

been ca lcu la ted by means o f  Eq. (4) ( l eas t  squares f i t  o f  the experimental 

data), Eq. (24) (Table h) ,  and Eq. (25) ( l eas t  squares f i t o f  the Monte Car- 

l o  ca lcu la ted po in t s ) .  We a l so  ca lcu la ted the means cross sect ions per 

photon by means of Eq.(38). The resu l t s  are summarized i n  Table 6. From 

the ana lys is  o f  Table 6, i t  can be concluded tha t  on ly  a few experimental 

values are not we l l  reproduced by the ca lcu la ted cross sect ions,  namely, 

''N (Ref.23), 5 5 ~ n  (Ref.171, "AS (Ref.22), l o 3 R h  (Ref.19) and l Z 7 1  (Ref. 

14). I n  the o ther  cases, experimental l y  determined cross sect ions are re- 

produced w i t h i n  a f a c t o r  l e s ~  than o r  equal t o  two. 

The f a c t  t ha t  the accuracy,in p red i c t i ng  (y,n) cross sect ions var ies  w i -  

t h i n  a f a c t o r  two might seem t o  be ra ther  a bad one, bu t  i t  should be re-  

membered tha t  the range o f  values covered i s  q u i t e  l a r g e ' ( a  f ac to r  o f  mo- 

re  than 25) and the same i s  t r ue  o f  the range o f  nuclear rnasses (10-240). 

Moreover, the exper'imental 1 determined cross sect ions are q u i t e  of ten ve- 

r y  uncer ta in  and the p rec i s i on  w i t h  which the four d i  f f e r e n t  equations 

(Eqs. (41, (24), (25) and (38)) p red i c t  (y,n) cross sect ions i s  probably 

b e t t e r  than the uncer ta in ty  f ac to rs  would ind ica te .  

5.4. Mas Number-Dependente of the Cross Sections 

A number o f  papers attempted t o  co r re la te  the y i e l d  o f  p ion  photoproduc- 

t i o n  w i t h  the mass number o r  the ta rge t  nucleus. Ear ly  measurements  o f  

charged p ion  photoproduction from nuc le i  showed an ~ ~ / ~ - d e ~ e n d e n c e  o f  the 
t 

cross sect ions upon the ta rget  mass number At and t h i s  dependence was re-  

~ a t e d ~ ' , ~ ~  t o  a surface product ion mechani sm (surface product ion model) . 
Further experiments have shown, on the contrary,  t ha t  the phenomenon ac- 

tua1 l y  e x h i b i t s  an ~:/ '-de~endence and t h i s  has l e d  t o  a volume product i -  

on mo de^^^'" which a l so  accounts f o r  a more o r  less strong reabsorpt ion 

o f  pions w i t h i n  the nucleus. 

More recent e ~ p e r i m e n t s ~ ~ - ~ '  seem t o  conf i rm the p red i c t i ons  o f  the volu- 

me product ion model. Shramenko e t  a ~ . ~ ~ ,  by using known,values o f  nuclear 

t r a n ~ ~ a r e n c i e s ~ ~ * ~ ~ ,  found an 0.88-dependence f o r  the photoproduction o f  

a+- and r--mesons. 



Table 6 - Comparison Between Experimental and Calculated Mean (y ,n)  Reaction Cross 

Sections (mb) a t  Intermedi a t e  Energ ies  

Experimental Calculated Cross Sections 
Target Cross Sect ion 
Nucl eus 

Ref . 
Ok Ü F ( ~ q . 4 )  õMC(Table 5 ,  Eq.24) ÜMC(Eq.25) Ü = ( ~ ~ . 3 8 )  



Above about 0.2 GeV, a (y,n) reac t ion  may occur v i a  the photomesonic i n -  

t e rac t i on  mechani sm onl  y, the quasi deuteron mechani sm being energet ical  1 y 

i n e f f e c t i v e  i n  producing a (y,n) react ion.  

Taking i n t o  account the primary i n te rac t i ons  (7-16) '1 i s t e d  i n  Sect ion 3.1, 

i t i s  c l ea r  t ha t  both neutrons and protons do con t r i bu te  t o  a (y,n) reac- 

t i o n  and thus the cross sec t ion  o f  t h i s  process must depend on the mass 

number A and not  on the neutron number Nt only.  
t 

By means o f  qu 

dependences o f  

r imental data, 

i t e  d i f f e r e n t  method, we obtained the fo l lowing mass number 

o(y,n): A : . ~ ~  from the s t a t i s t i c a l  freatment o f  the expe- 

and ~ f . ~ ~  frorn the Monte Carlo ca l cu la t i on .  The conclusion 

can be there fore  drawn tha t  a l so  i n  t h i s  case, the volume product ion mo- 

de1 i s  adequate i n  descr ib ing the mechanism o f  i n te rac t i on  leading t o  a 

(y,n) react ion.  Such a conclusion i s  c l e a r l y  shown by the trends shown , 

i n  Fig. 6. 

6. CONCLUSIONS 

We wish t o  sumrnarize b r i e f l y  the most i n te res t i ng  resul  t s  t ha t  have been 

obtained i n  the course o f  t h i s  work. 

i )  I n  s p i t e  o f  the f a c t  t ha t  the Monte Carlo c a l c u l a t i o n  has been c a r r i e d  

ou t  by using monoenergetic photons as inc ident  p a r t i c l e s ,  a good agreement 

has been found w i t h  the experimental mean cross sect ions deduced frorn 

BremsstmhZung y ie lds .  

i i )  The cross sect ions o f  (y,n) react ions increase wi t h  increasing ta rge t  

mass number values, A i n  the energy range 0.3-1.0 GeV. 
t '  

i i i) The (y,n) reac t ion  probabi 1 i t y  decreases wi t h  increasing ta rge t  mass 

number values, At, i n  the sane energy range. 

i v )  The (y,n) reac t ion  p r o b a b i l i t y  reachs a maximum a t  about 0.55 GeV. 

v) The quasideuteron mechanism o f  i n te rac t i on  does not  c o n t r i  bute t o  the 

(y,n) reac t ion  a t  energies above 0.2 GeV. 

v i )  Double- and mul t ip le- p ion photoproduction p lay  an almost n e g l i g i b l e  

r o l e  i n  producing a (y,n) react ion.  

v i i )  Both neutrons and protons are sources o f  primary i n te rac t i ons  which 

may lead t o  a (y,n) process. 



The present paper i s  ori ly a p a r t  o f  a systematic work aiming t o  study i n  

detai  1 the (y,xn) ( x  2 1) react ions,  as we l l  as the (y,yp xn) (spal l a t i o n )  

reactions, w i t h  the aicl o f  the Monte Car lo ca lcu la t ion .  Future work w i l l  

be devoted t o  the study o f  the (y,xn) (x > 1) react ions and the resu l  t s  

w i l l  be the subject  of f u t u r e  communications. 
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