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Abstraet The d  i f fe rences between the Saclay and L i  vermore photoneutron 
cross sect ions a re  discussed. I t  i s  shown tha t  the  d i f f e rences  between 
t h e i r  (y,n) and (y,2n) cross sect ions a r i s e  from the n e u t r o n  mul  t i -  

l i c i t y  so r t i ng .  Measurements sf the (e,n) and (e,2n) cross sec t ions  i n  
"'Ta show t h a t  Livermore has the co r rec t  m u l t i p l i c i t y  so r t i ng .  The im-  
p l i ca t i ons  o f  these r e s u l t s  a re  discussed. 

The g i a n t  d i p o l e  resonance has always been o f  cen t ra l  i n t e r e s t  

i n  photsnuelear reac t i on  s tud ies ,  both theore t ica l  and exper imental .  I t  

eorresponds t o  the fundamental Frequency f o r  absorpt ion o f  e l e c t r í c  d i -  

pole r a d i a t i o n  by the  nucleus as a  whsle. 

Over the past  t h ree  deeades many studies oF photonuclear re-  

act lons have been made, f o r  many nuc le i  through the p e r i o d i c  t ab le ,  i n  

the attempt t o  de l i nea te  t h e  systematics of photon absorp t ion  

i n  general and o f  the  g i a n t  e l e c t r i c  d ipo le  resonance, which dominates 

the absorpt ion process a t  energies between 10 and 30  MeV, i n  p a r t i c u l a r .  

The la rge e f f o r t  t h a t  has been put  i n t o  these s tud ies  I s  j u s t i f i e d  by 

the f a c t  t h a t  the theory s f  the  i n te rac t i on  o f  e letromagnet ic r a d i a t i o n  

w i t h  nuc le i  i s  perhaps the  best  understood í n  nuclear physics:  i f  the  

i n te rac t i on  i n  the entrance channel i s  understood, then the  e f f e c t s  o'f 

the purely nuclear fo rces  can be studied d i r e c t l y  by rneasuring e  i t h e r  

the photon absorp t ion  cross sect ions o r  the products o f  nuclear photo- 

d i s i n teg ra t i on .  

Most o f  the  work i n  t h i s  area was c a r r i e d  o u t  a t  two labora-  

t o r i e s ,  Saclay and Livermore, measuring photoneutron c r o s s  s e c  t i ons 

using monoenergetic photon beams. The combined s tud ies  o f  these two lab-  

o ra to r i es  span the whole p e r i o d i c  table,  i n  a  q u i t e  complete systematics 

o f  th.e El g ian t  resonance. The use o f  monoenergetic photon beams has 

given r i s e  t o  cross sec t i on  measurements w i t h  h igh  reso lu t i on ,  and es- 
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pec ia l l y  t o  an improved knowledge o f  the cross sections above the peak 

of the g ian t  resonance. Higher-mul t ip l ic i ty  cross sections have beer 

measured d i r e c t l y  and t he i r  systematics studied, and more accurate in- 

format ion on s t ructure throughout the g iant  resonance obtained. The qual. 

i t y  of the data produced has j u s t i f i e d  wel l  the e f f o r t  necessary t o  de- 

velop and u t i l i z e  monoenergetic photon beams. 

From those deta i led studies many important propert ies o f  the 

E1 g ian t  resonance have been obtained. There is ,  however,aserious con- 

fl i c t  between the data from those Laboratories. There are systematic 
i 

differenc& i n  the shapes and magnitudes o f  the i  r (y,n) and (y,2n) cross 

sections. Because o f  these differences, from the Saclay data i t  turns 

out tha t  f o r  heavy nuclei  there i s  l5-20% o f  d i r e c t  cont r ibut ion i n  the 

react ion rnechanism, whi le  the Livermore data support a dominant s ta t -  

i t i s c a l  decay o f  the E1 giant resonance. 

The major i ty  o f  the resu l ts  ava i lab le  are compi 1 ed i n  t h e  

Atlas of Photoneutron Cross Sections obtained with Monoenergetic Pho- 

tons1. There are also a few review a r t i c l e s  on the ~ u b j e c t " ~  but none 

o f  these publ icat ions has addressed the problem o f  the di f ferences be- 

tween the measurements performed a t  Saclay and Livermore. I n  t h i s  paper 

we compare the Saclay and Livermore measurements for  the nuclei  l i s t e d  

i n  tab le  1. We show, as already mentioned i n  a comment15, t h a t  b o t h  

laborator ies measure the same number o f  neutrons versus the photon in- 

c ident energy but a r r i v e  a t  d i f f e ren t  par t ia1 cross sections as a con- 

sequence o f  the anal y s i  s that  separates the observed neutrons i nto (y ,n) 

and (~ ,2n )  events. Experimental resul t s  o f  the (e,n) and (e, 2n) cross 

sections o f  " ' ~ a  obtained a t  our laboratory ind icate tha t  Livermore i s  

the laboratory that performs correct l  y the neutron mul t i p l  i c i  t y  sorting. 

The typ ica l  differences between Saclay and Livermore data are 

i l l u s t r a t e d  i n  f i g .  1 ,  where the (y,n) measurements f r o m  Sac lay  and 

Livermore are shown. The results from Livermore are mu l t i p l i ed  by 1.06 

i n  order t o  show both cross sections i n  the same absolute scale. The 

cross sections are i n  good agreement up t o  the (~ ,2n )  threshold, Above 

t h i s  energy there i s  an important di f ference: the Livermore cross sec- 

t i on  vanishes a few MeV above the (~ ,2n)  threshold, i n  good agreement 

w i th  the predict ions o f  the s t a t i s t i c a l  model, wh i le  the Saclay cross 
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Tab le  1 - Nuc le i  measured a t  Saclay (s) and L ivermore ( L ) .  
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Fig.1 - (y,n) cross s e c t i o n s  from 
Saclay (sol  i d  1 i n e )  and  Livermore 
(experimental po in ts )  f o r  15'Tb. The 
Livermore data are mu 1 t i p 1 i ed by 
1.06 i n  order t o  show both measure- 
ments a t  the  same absolute scale.  

PMTON ENERGY <MiV)  

sect ion  e x h i b i t s  a t a i l .  I n ' r e f .  8, the  o b s e r v e d  t a i l  o f  t h e  S a c l a y  

cross sec t ion  i s  i n te rp re ted  as a r i s i n g  from f a s t  neutrons t h a t  would 

have escaped de tec t i on  i n  t h e  Livermore measurement, leading t o  the  con- 

c l us ion  t h a t  f o r  15'Tb the  c o n t r i b u t i o n  o f  the direct ef fect  i n ' t he  pho- 

toneutron cross sect  i o n  i s  nd = 23 ?c 4 percent. I n tab l  e 2 the percentages 

o f  d i r e c t  neutrons i n f e r r e d  a t  Saclay a re  given f o r  severa1 n u c l e i .  

F igure 2 shows the  (y,2n) cross s e c t  i o n s  f rom S a c l a y  and 

Livermore. The (y,2n) cross sec t ions  d i f f e r  i n  shape and magnitude, the  

Livermore one being much b igger .  Even though up t o  the (y,2n) th resho ld  

the (y,n) cross sec t ions  from Livermore, aL and Saclay, a d i f f e r  
Y,!' y,n' 

by o n l y  6 percent i n  t he  abso lu te  scale,  the i  r in tegra ted cross sections 

up t o  28 MeV are  1413 and 1936 MeV.mb, respect ive ly .  While the  i n te -  

grated (y,n) cross sec t i on  f rom Saclay i s  37% bigger than the  Livermore 

r e s u l t ,  t h e i r  in tegra ted (y,2n) cross sec t ion  i s  47% smal ler .  

2. ANALYSIS OF THE PHOTONEUTRON DATA 

I n  order t o  understand these d i f fe rences we reconstructed the 

t o t a l  neutron rneasurements from Saclay and Livermore 

using t h e i r  published a and o cross sect ions,  which a r e  
~ , n  ' ~ ,2n  Y ,.n 

a v a i l a b l e  i n  d i g i t a l  form . I t  i s  i n t e r e s t i n g  t o  compare 0 f romboth  
y,Tn 
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Table 2 - Percentage of d i  rect neutrons obtained a t  ~aelay. 

Nucl eus n (%I 
d Ref erences 

9 4 ~ o  25 + 7 1 
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Fig.2 - (y,2n) cross sections f rom 
Saclay (so l  i d  1 i ne )  and Livermore 
(experimental po in ts )  f o r  " ' ~ b .  The 
Livermore data are  m u l t i p l  ied by 
1 .O6 i n order  t o  show both measu- 
rements a t  the  same absolute scale. 

PKITON ENERGY <M-V> 

labora tor ies ,  because these are  d i r e c t l y  measured and the pa r t i a1  cross 

sect ions are  der ived from the neutron m u l t i p l i c i t y  sor t ing .  

F i g u r e 3 s h o w s u  f r o m S a c l a y d i v i d e d b y o  f r o m L i v e m r e  
y,Tn y,Tn 

f o r  1 5 ' ~ b .  The r a t i o  i s  reasonably constant  and the  least squares f i t o f  

a constant y i e l d s  the value R = 1.062 I 0.011. I n  order to  compute R we 

in terpo la ted os and o L s i n c e t h e i r d a t a w e r e n o t o b t a i n e d a t t h e  . y,Tn Y ,Tn' 
same photon energies. One important conclusion can be derived from f i g -  

u re  3: both labora tor ies  are detec t ing  the  same number o f  neutrons f o r  
k w  

a11 photon energies. I f  there were f a s t  neutrons escaping detec t ion  i n  

the Livermore measurements above 20 MeV, R should increase above t h i s  

energy. The value o f  the constant R i s ,  a c t u a l l y ,  the d i f f e rence  i n  t h e  

absolute sca le  o f  both measurements. F igu re  4 shows o
L 

m u l t i p l  ied  by 
S y,Tn 1.06 and o , j u s t  t o  i 1 l u s t r a t e  t h e  good agreement between them,when 
y,Tn 

they a re  p l o t t e d  on the same absolute scale.  

Since both laborator ies agree as t o .  t h e  t o t a l  number of neutrons 

detected, t he  di f ferences i n  t h e i r  (y,n) and (y,2n) cross sect ions a r i se  

f rom the separat ion o f  the t o t a l  counts i n t o  (y,n) and (y,2n) events 

(neutron mul t i p l  i c i  t y  s o r t i n g  procedure) . 
If we assume tha t  the excess (y,n) cross sect ion i n  the Saclay 

measurement i s  due t o  ( ~ , 2 n )  events i n te rp re ted  as two (y,n) events,that 

i s ,  i f  we compute 

o S = o + -  I - 1 . o 6 o L  ) yy2n  y,2n 2 ( ~ ~ , n  Ysn (2) 

we ob ta in  f o r  os the sol i d  1 ine  shown i n  f i g u r e  5 .  The modif ied o 
Y ,2n y,2n 
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F i g . 3  - CJ Tn from Saclay divided 
Y ~ o m  iivermore. a - - 

Y ,Tn 
= a + 20. + 310 

'i,n y,2n y ,3nm 
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cross section from Saclay agrees wel l  wi t h  the (y,2n) cross section f rom 

Livermore mul t i p l  ied by 1 .O6 (data points).  

The same analysis ca r r ied  out f o r  ' " ~ b  was repeated f o r  the 

nuclei  l i s t e d  i n  tab le  1. The resu l t s  obtained f o r  o are shown i n  
y,Tn 

par t  a) o f  f igures6 t o  17, where the s o l i d  l i n e  represents the Saclay 

data and the experimental bo in ts  are from Livermore. 

The r a t i o  os /oL i s  shown i n  par t  b) o f  f igures 6 t o  17. 
y,Tn y,Tn 

The so l i d  l i n e  i n  each f i gu re  resu l t s  from the least  squares f i t  o f  a 

constant to  the r a t i o .  For "%n, lZ0Sn, 16'Ho and " l ~ a ,  f igures 9,10, 

14 and 15, the f i t t i n g  o f  a constant i s  not s t a t i s t i c a l l y  a c c e p t a b l e ,  

but a comparison between u from Livermore and Saclay indicates a 
y,Tn 

displacement i n  the energy scale, because the peaks do not coincide i n  

energy (see as an exampl e f i gu re  14-a) f o r  1 6 5 ~ o ) .  The r a t  i o  os /a
L 

Y , T ~  Y , T ~  
was also calculated w i t h  a va r iab le  energy displacement i. The d i s -  

placerrient that y ie lds a minimum o f  the X2 f o r  f i t t i n g  a constant t o  the 

r a t i o  was chosen. Figuresl8 t o  23 show t h e  da ta  f rom Sac lay  and 

Livermore, wi th  the Livermore data displaced by i. The value o f  i s  

given i n  par t  a) o f  the f igures f o r  each nucleus. The displacement was 

negative i n  a11 cases, t ha t  i s ,  the Livermore data were sh i f t ed to l owe r  

energies. The displacement o f  the energy scale o f  the Livermore data i s  

a rb i t r a r y  and, o f  course, the same resu l t s  can be obtained i f t h e s a c l a y  

energy scale i s  moved up i n  energy by the same amount. For t h i  nuc le i  

shown i n  f igures 18 t o  23, the displacement o f  the energy scale improves 

the agreement between the shapes o f  a 
Y ,Tn' 

that i s ,  the peaks coincide 

i n  energy (compare, as an example, f igures 14-a) and 21-a) f o r  1 6 5 ~ o ) .  

I f  we accept the displacernent o f  the energy scale, we can con- 

clude that  f o r  a11 nuclei  analyzed here, the measurements from Saclay 

and Livermore are i n  good agreement as t o  the t o t a l  number o f  em i t t e d  

neutrons versus the incident photon energy, apart from an overa l l  nor- 

mal izat ion constant. The di f ferences between t he i r  (y,n) and (y ,2n)  

cross sections a r i se  from di f ferences i n  t he i r  n e u t r o n  mul t i p l  i c i t y  

s o r t i  ng procedures. 

In  order to  compare the (y,n) and (y,2n) cross sections from 

150th laboratories on the sarne energy scale, the Livermore data shown i n  

a l l  f iguresc), d), e) and f )  are mul t i p l  ied by R. 
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-e) t o  2 3 x 1  we show aga in  t he  o C Y O S S  sec- 
Y ,Tn 

t i ons ,  j u s t  t o  i l l u s t r a t e  the good agreement between them, when t h q  are  

p l o t t e d  on the  same absolute scale. 

I n  f i gu res  6-d) t o  23-d) and 6-e) t o  23-e) the  (y,n) and (y,2n) 

cross sec t ions  from Livermore and Saclay a re  shown. L i  ke f o r  159~b,above 

the (y,ên) threçhold the (y,n) cr&s sec t ions  from S a c l a y  a r e  always 

bigger than the correspsnding Livermore cross sect ions and the (y,2n) 

cross sect ions f rom Saclay are  always smal l e r  than those f rorn Livermore. 

I f  the SacPay (y,%n) cross sect ions a r e  rnodif ied usingequat ion 

(2 ) ,  the resu l  t i n g  oS agree we l l  w i t h  the  Livermore (y,ên) cross sec- 
y,ên 

t ions ,  as shown i n  f iguresb- f )  t o  23- f ) .  

I n  conclusion, the d i f fe rences between the  shapes. and magni- 

tudes o f  the Saclay and Livermore (y,n) and (y,2n) cross sect ions a re  

cauçed by the  dí f ferenee I n  the ana lys is  t h a t  s e p a r a t e s  t h e  t o t a l  

counts i n t o  (y,n) and (y,2n) events. 

Un ordsr  t o  d i s t i ngu i sh  a (y ,2n) event from two (y,n) events, 

h igh l y  e f f  i c i e n t  h neutron deteetors a re  needed (s ince the e f f  i c iency  

f o r  de tec t i ng  two nnetrons i s  the sqraare o f  t h a t  f o r  one). Both SacBay 

and Livermore use a slowing down type s f  de tec tor ,  fn whieh tlie neutrons 

produced du r l ng  the short  beam burs t  o f  a pulsed acce lera tor  a re  moder- 

ated before  being deteeted between beam bu rs t s .  Livermore uses a l a rge  

ar ray  o f  'OBF, tubes, d i  sposed i n  concentr i c  r i  ngs, embedded i n  a paraf-  

f i n  a r  palyethylene matr ix ,  and Saclay uses a l a r g e  l i q u i d  s c l n t i l l a d o r .  

i n  o rder  t o  be ab le  t o  measure absolute c ress  sect ions and t o  d i f f e r e n -  

t i a t e  between a (y,ên) event and two (y,n) events, the d e t e c t o r  e f -  

f i e i e n c y  must be known ra ther  prec ise ly .  

The Livermore group has developed t h e  r i  n g - r a t i o  teehnique f o r  
1 9  

measuring the  average neutron energy , baçed on the  f a c t  t ha t  the r a t i o  

o f  the  countfng r a t c  i n  the  outer  r i n g  o f  1°5F3 detec tors  t o  t ha t  i n  the  

inner r i n g  i s  a strong,  monatonical ly  increas ing func t i on  o f  the energy 

o f  the  photoneutrons. W i  t h  the a i d  o f  ca l  i b ra ted  neutron sources the ef- 

f i c i ency  i s  determined as a f unc t i on  o f  neutron energy. Thus f o r  every 

data run  the  average neutron energ i es  f o r  t h e  ( y  ,xn) events are  deter-  

mined çepara te ly  using the r i n g  r a t i o  meas~remen ts '~ .  This enables the 

pa r t i a1  cross sect ions t o  be obtained u s i n g  d e t e c t o r  e f f i e i e n c i e s  
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a p p r o p r i a t e  t o  each p h o t o n e u t r o n  mul  t i p l  i c i  t y ,  i m p r o v i n g  t h e  

accuracy o f  the  branching r a t  i os  . 
The l a rge  Gd-1oaded l i q u i d  s c i n t i l l a t o r  used  b.y S a c l a y  was 

c a l i b r a t e d  on ly  by means o f  a 2 5 2 ~ f  source. A ca lcu la ted e f f i c i e n c y  i s  

used t o  j u s t i f y  a constant value fo:r t he  e f f  i c iency  used i n  the photo- 

neutron m u l t i p l  i c i t y  sor t ing ,  on the  bas is  t h a t  s e r  i o u s  discrepancies 

a r i s e  o n l y  above neutron energies En 5 5 MeV, whereas the energy o f  most 

photoneutrons.does not  exceed - 3 M ~ v ~ ' .  Furthermore, even though t h e  

e f f  i c iency  E rneasured w i  t h  the  2 5 2 ~ f  source i s  very c lose t o  one, t h e  

system i s  usual l y  operated under t im ing  condi t i o n s  th'at reduce E t o  0.6 3. 

The o v e r a l l  detector  e f f i c i e n c i e s  over the range o f  neutron 

energies re levant  f o r  g ian t  resonance measurernents a re  ra ther  well known 

( t o  < 3%)20, so t h a t  the d i f f e rences  i n  t h e  absolute scales o f b o t h  Lab- 

o r a t o r l e s  a re  p r i m a r i l y  caused by unce r ta in t y  i n  the  photon f l u x  measu- 

rernents. However, the  branching between the  var ious  p a r t i a l  cross sec- 

t i o n s  depends c r i t i c a l l y  upon the  e f f i c i e n c i e s  used ,  s i n c e  f o r  t h e  

(y,xn) cross sec t ion  the e f f  i c i ency  enters  as E'. Thus, the f a c t  t h a t  

both l abo ra to r i es  agree, f o r  a l l  measured n u c l e i ,  as t o  the t o t a l  number 

o f  emit ted neutrons, apart  from a constant  f a c t o r  due t o  d i f fe rences i n  

t h e i r  abso lu te  scales, bu t  o b t a i n  d i f f e r e n t  p a r t i a l  cross sections,couid 

be expla ined by an e r r o r  i n  t h e  e f f i c i e n c y  used by one o f  them. 

I t  i s  important t o  know which s e t  o f  data has the cor rec t  neu- 

t r o n  m u l t i p l i c i t y  so r t i ng .  I f Saclay has the  co r rec t  p a r t i a l  cross sec- 

t i o n s  t h i s  impl ies t h a t  there  a r e  l a rge  percentages o f  neutrons f r o m d i -  

r e c t  reac t ions .  Table 2 shows the  percentage o f  d i r e c t  n e u t r o n s  o b -  

ta ined a t  Saclay from t h e i r  data. However; i f  t h e  Livermore d a t a  a r e  

c o r r e c t  t he  decay o f  the Giant D ipo le  Resonance i n  medium and heavy nu- 

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

3. MEASUREMENT OF (e,n) AND (e,Tn) CROSS SECTIONS 

The ana l ys i s  o f  the a v a i l a b l e  photoneutron data i s  i n s u f f i c i e n t  

t o  assess which labora tory  i s  performing the  mul t i p l  i c i  t y  so r t i ng  cor-  

r e c t l y .  I n  order t o  address t h i s  quest ion  we have measured the e lec t ro-  

d i s i n t e g r a t i o n  o f  ' " ~ a  by neutron emission. 

The (e,Tn) cross sec t i on  (o = o + 20e,2n) o f  ' " ~ a  was 
e,Tn e,n 
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PHOTOH ENERCY IMev) 

F i g .  6 - The sol id 1 ine represents the Saclay data and the experimental 

points a re  from Livermore. a )  6;,Tn = Y , ~  + 20 ,2n + 3ay,3n from Saclay 

and L i vermore. b) Y , ~ ~  from Saclay divided by o from Livermore. 
Y ,Tn 

The solid l ine shows R ,  the value obtained by f i t t i ng  a constant to the 

ra t io .  c) from Livermore multiplied by R and o from Saclay. 
YtTn 

d) Dy,nfromLivermoremultiplied by R a n d a  fromsaclay. 
Y , "  e) ay,2n 

f r o m L i v e r m o r e m u l t i p l i e d b y R a n d a  fromSac1ay.f)  o 
y,2n y,2n 

f rom 

Livermore m u l  t ipl ied by R and the modif ied o from Saclay. 
y,2n 
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' PHOTON ENERGY (HeV) . 
Fig. 7 - The s o l i d  t i n e  represents the Saclay data and the  experimental 

po in ts  are  from Livermore. = o  + 2 u  
a) % , ~ n  y,n y,2n + 3uyt3, f rom Saclay 

and Livermore. b)  uy,Tn from Saclay d iv ided by o from Livermore. 
Y ,Tn 

The sol i d  1 ine shows R, the  va lue obtained by f i t t i n g  a constant t o  the 

r a t i o .  c) from Livermore m u l t i p l i e d  by R and o from s&lay. 
-Y ,Tn 

d' 'y,n f r o m L i v e r m o r e m u l t i p l i e d  by R a n d õ  from Saclay. 
y,n e) Y , 2 n  

f r o m L i v e r m o r e m u l t i p l i e d b y R a n d o  f romsac lay .  f )  Y , En 
f rom 

~ ! 2 ?  
Livermore m u l t i p l i e d  by R and the  modi f ied  0 

y,2n 
from Saclay. 
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PHOTON ENERGY (HeV) 

F i g .  8 - The s o l i d  l i n e  represents the  Saclay data and the experimental 

p o i n t s  a r e  f rom Livermore. a) Y , T n  = y , n  + 20 y,2n + 3a;g,3n from Saclay 

and Livermore. b) Y , ~ ~  from Saclay d i v i d e d  by (T f rom Livermore. 
y ,Tn 

I h e  s o j i d  l i n e  shows R, the value obtained by f i t t i n g  a constant t o  the 

r a t i o .  c) Y , ~ ~  from Livermore m u l t i p l  ied  by R and 0 from Saclay. 
y ,Tn 

d) (Ty,n from Livermore mul tip.1 ied  by R and a from Saciay. 
Y B ~  e) Y , 2 n  

f r o m L i v e r m o r e r n u l t i p l i e d b y R a n d ~ f  f r o m S a c 1 a y . f )  o f ram 
y,2n y12n 

Livermore m u l t i p l i e d  by R and the  modi f ied cí from Saclay. 
y,2n 
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PHOTON ENERGY (MeV) 

F i g .  9 - The solid l ine  represents , the Saclay data and the experimental 

points a re  from Livermore. = a  + 2 0  + 3 a  fromsaclay 
a )  ' y ,~n  y,n y,2n y,3n 

and L ivermore. b) Y,Tn from Saclay divided by o from Livermore. 
Y ,Tn 

The solid l ine shows R ,  the value obtained by f i t t i n g  a  constant t o  the 

ra t io .  c) uy,Tn from Livermore multipl ied by R and o from Saclay. 
Y ,Tn 

d' OY,n 
fromLivermoremultiplied by R a n d a  from Saclay. e ) ' U  

Y," y,2n 
f r o m L i v e r m o r e m u l t i p l i e d b y R a n d a  frornsaclay. f ) - Y , 2 n  f rom 

Y,2n 
Livermofie multiplied by R and the modified a from Saclay. 

y,2n 
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PHOTON ENERCY (HeV) 

Fig. 10 2;The s o l i d  l i n e  represents the Saclay data  and the experimental 

po in t s  are from Livermore. a)  uY,Tn = uysn + 20 y ,2n + 3uy,3n 
from Sac 1 a y 

and L i  vermore. 
b, 5 , ~ n  

from Saclay d i v ided  by a f rom Livermore. 
y ,Tn 

The s o l i d  l i n e  shows R, the value obtained by f i t t i n g  a constant . to  the 

r a t i o .  c )  o ~ , ~ ~  from Livermore m u l t i p l i e d  by R and 6 from Çaclay. 
Y ,Tn 

d )  Uy,n from Livermore mul t i p l  ied  by R and u from Saclay. 
Y," e) Oy ,2n 

f r o m L i v e r m o ; e m u l t i p l i e d b y R a n d 6  f r o m S a c 1 a y . f )  Uy,2n f rom 
Y ,2n 

L i v e r m o r e m u l t i p l i e d b y R a n d t h e m o d i f i e d o  f romSaclay .  
y12n 
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PHOTON ENERGY (HeV) 

2 . 5  

2.a- 

I .  5' 

] . C - ;  

a. 5 

Fig. 1 1  - The solid line represents the Saclay data and the experimental 
points are from Livermore. a) 'J-y,.Tn = a  y,n + 2 0  y,2n + frOm Saclay 

and Livermore. b) ay,Tn from Saclay divided by o f rom Livermore. 
Y ,Tn 

The sol id line shows R, the value obtained by fitting a'constant to the 

ratio. c) Y , ~ ~  from Livermore multipi ied by R and õ from Saclay. 
'í ,Tn 

d ) O y , n f r o m L i v e i m o r e m u l t i p l i e d b y R a n d o  Y,n from Saclay. eloy ,h 

from Livermore multipl ied by R and u from Saclay. f) Y,2n f rom 
Y12n 

Livermore multipl ied by R and the modified õ from Saclay. 
y12n 
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PHBTON ENERGY (HeV) 

F i g .  12 - The so l id  l ine  represents the  Saclay data and the  experimental 

points a r e  from Livermore. a )  Y,Tn = a + 20 
y,n  

y,2n + 3oy,3n from SacIay 

and L i  vermore. 
b, a y , ~ n  

from Saclay divided by o f rom Livermore. 
YtTn 

The s o l i d  l i n e  shows R ,  the value obtained by f i t t i n g  a  esns tant  to the  

r a t i o .  c )  Y , ~ ~  from Livermore multipl ied by R and o Y ,Tn from Saclay. 

d ) ~ , n f r o m L i v e r m o r e m u l t i p i i e d b y R a n d o  Y , n  fromSaclay.  e )  5 , 2 n  

from Livermore multiplied by R and a fsom Saclay. f )  a From 
Y,2n y,2n 

L i v e r m o r e m u l t i p l i e d b y R a n d t h e m o d i f i e d o  y12n f romsac lay .  
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PHOTON 'ENERCY (HeV) 
l 

i 
Fig. 13 - The sol id 1 ine represents the Saclay data and the experimental 

points are from Livermore. a) o ~ , ~ ~  = 0 + 2U 
y,n y,2n + 3Y,3n 

f rom Saclay 

and Livermore. b) uy,Tn from Saclay divided by 5 f rom Livermore. 
Y ,Tn 

The solid line shows R, the value obtained by fitting a constant to the 

ratio. c )  Y,Tn from Livermore multipl ied by R and 0 from Saclay. 
,Tn 

d, 'y,n from Livermore multipl ied by R and a from Saclay. 
y,n e) Y,2n 

from Livermore multipl ied by R and a from Saclay. f )  %,2n f rom 
y,2n 

Livermore multiplied by R and the modified 0 from Saclay. 
y,2n 
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PHOTON ENERGV (MeV) 

Fig. 15 - The sol  i d  1 ine represents th6 Saclay data and the  experimental 

po in ts  a re  from Livermore. a) cfy,Tn = o  +-20 
1,n ~ , 2 n  + 3u~,3n 

f rom Sacl ay 

and L iverrnore. b) Y,Tn from Saclay d i v ided  by o f rom Livermore. 
y,Tn 

The s o l i d  l i n e  shows R, rhe  value obtained by f i t t i n g  a constant t o  the 

r a t i o .  c )  oy,Tn from Liverrnore m u l t i p l i e d  by R and o from Saclay. 
y,Tn 

d) ~ ~ , ~ f r o m L i v e r m o r e r n u l t i p l i e d b y R a n d o  from Saclay. 
Y," e) Oy, 2n 

f r o r n L i v e r m o r e m u l t i p l i e d b y R a n d ~  f r o m s a c l a y .  f )  Y,2n f rom 
Y,2! 

Livermore m u l t i p l i e d  by R and the  modi f ied  u from Saclay. 
y,2n 
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isa- g 

- 
Ti*.., I ir. 2,. f <r. 3'> 

B j( ih 12 14 16 16 2B 22 24 26 

PHOTON ENCRGY h e V )  

Fig.16 - The s o i i d  i i n e  represents the Saclay data and the  exper imental  

po in ts  are  from Livermore. a )  oysTn = a + 20 
y,n y,2n i '4yS3n 

f romsaclay 

and Livermore. b)  a from Saelay d i v i ded  by a árom Livermore. 
y,Tn YST" 

The s o l i d  l i n e  shows R,  t he  va lue  obtained by f i t t i n g  a constant  t o  the  

r a t i o .  c)  Y , ~ ~  from Livermore m u l t i p l i e d  by R and õ f rom Saclay. 
Y P T ~  

d) YSn from Livermore mul t i p l  ied  by R and a from Saclay. e) õy,2n 
y,n 

f r o m L i v e r m o r e m u l t i p l i e d b y R a n d a  f r o m S a c 1 a y . f )  õ f rom 
y,2n .y,2n 

L i v e r m o r e m u l t i p l i e d b y R a n d t h e m o d i f i e d o  f r o m s a c l a y .  
y,2n 



Revista Brasileira de Física, Vol, 17, no 1, 1987 

Fig. 17 - The sol id 1 ine represents the Saclay data and the experimental 

points are from Livermore. = a  + 2 u  
a) 'y,~n y,n y,2n 

+ 3 ~ , ~ ,  f rom Saclay 

and L ivermore. b) Uy,Tn from Saclay divided by 0 from Livermore. 
Y 7Tn 

The solid line shows R, the value obtained by fitting a constant to the 

ratio. c) O;iSTn from Livermore multipl ied by R and a from Saclay. 
Y7Tn 

d) ~ y , n f r o m L i v e r m o r e m u l t i p l i e d b y  R a n d a  from Saclay. 
Y," e) OY,2n 

f r o m L i v e r m o r e m u l t i p l i e d b y R a n d o  fromsaclay. f) ay,2n f rom 
y72n 

Livermore multiplied by R and the modified a from Saclay. 
y72n 
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Fig .  18 - a) o from Saclay and Livermore. The energy sca le  o f  the  
y,Tn 

Livermore da ta  i s  d isp laced by 2, The va lue of the  displacement i s g i v e n  

i n  each f i g u r e .  b) , c ) ,  d) , e) and f )  - The same as f o r  f i g u r e s  1 to 12. 
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PHOTON ENERGY (Mel'] 

Fig. 19 - a) "yJTn from Saclay and Livermore. The energy scale of the 

Livermore data is displaced by i. The value of the displacement is given 
in each figure. b), c), d), e) and f) - The sarne as for figures 1 to 12. 
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- (c )  
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PHOTON ENERCY (HcV) 

F ig .  20 - a )  a from Saclay and Livermore.  The energy sca le  of the 
y,Tn 

Livermore data i s  d isp laced by i. The va lue  o f  the displacement i s g i v e n  

i n  each f i gu re .  b ) ,  c ) ,  d ) ,  e) and f )  - The same as f o r  f i g u r e s  1 t o  12. 
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PHOTON ENERGY (R&)  

Fig. 21 - a) uy,Tn from Saclay and Livermore. The energy scale of the 

Livermore data is displaced by i. The value of the displacement isgiven 
in each figure. b) ,  c), d), e) and f )  - The same as for figures 1 to 12. 
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PHOTON ENERCY (HeV) 

Fig .  22 - a)  Y , ~ ~  from Saclay and Livermore. The energy sca le  o f  the  

Livermore data i s  d isp laced by i. The value o f  the displacement i s g i v e n  

i n  each f i gu re .  b ) ,  c ) ,  d ) ,  e) and f )  - The same as f o r  f i g u r e s  1 t o  12. 
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PHOTON ENERGY (HeV) 

F ig .  23 - a )  Y , ~ ~  from Saclay and Livermoce. The energy scale o f  the  

Livermore data i s  displaced by i. The va lue  of the displacement i s g i v e n  

i n  each f igure .  b), c ) ,  d ) ,  e) and f )  - The same as fo r  f igures  1 t o  12. 
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measured by count ing the emi t t e d  neutrons. The detec tor  system cons is ts  

o f  four  ' O B F ~  counters embedded i n  para f f  in. The (e,n) cross sec  t i o n  

was measured by residual  a c t i v i t y ,  f o l l o w i n g  the  93.3 keV y - r a y  1 i ne  ' 

t h a t  resu l  t s  from the decay o f  " ' ~ a  t o  1 8 0 ~ f ,  us ing  a Ge(Li) detector .  

The r e s u l t s  obtained f o r  the  (e,n) cross sec t i on  a r e  shown i n  f i g .  24 by 

the  t r i a n g l e s .  The agreement between the  (e,n) cross sec t ion  measured by 

r a d i o a c t i v i t y  and by count ing the neutrons (up t o  tRe (y,2n) threshold)  

i s  very good, the r a t i o  o f  the  two cross sec t ions  being a constant as a 

f u n c t i o n  o f  e lec t ron  energy. The weighted average o f  the neutron detec- 

t i on / res idua l  a c t i v i t y  r a t i o  i s  1.057 + 0.023 and the  r e s u l t s  sbtained 

f o r  (e,Tn) (shown i n  f ig .  24 by the open c i r c l e s )  have been d iv ided by 

t h i s  

da t a  

amd i 

f a c t o r  i n  order t o  make them compatible wi t h  Be,na 

The " '~a(e ,2n)  cross sec t ion  can be e a s i l y  der ived from 

o f  f i g .  24 

the  

s shown i n  t h i s  same f i g u r e  by the  f u l l  c i r c l e s .  Further deta 

t h i s  experiment a re  given i n  r e f .  21. 

E' lectro aiid photod i s i n t e g r a t  lon  cross sec'rlons a re  renated by 

the v i r t u a l  photon spect ra22923,  making i t  poss ib le  t o  p r e d  i c t  t h a  

'"Ta(e,2n) cross sec t ion  from the e x i s t i n g  data  o f  (y,%n) f r o m  b s t h  

and Livermore labora tor ies .  The p red ie ted  cross sec t lon  aseshown 

respec t i ve l y  by the  s o l i d  I i n e s  S and L i n  f i g .  24. Oui- r e s u l t s  a re  i n  

good agreement w i t h  the (e,ên) cross s e c t i o n  c a l  c u l a t e d  us  i ng t h e  

Livermore (y,2n) data and excludes the  resu l  t obtained using the  Saclay 

cross sec t ion .  The inc lus ion  i n  the  (y,2n) cross s e c t  i o n  o f  an  E2 

s t reng th  ammounting t o  one isovector  E2 sum makes l i t t l e  d i f f e rence  i n  

the p red i c ted  cross sect ions,  as can be seen by the  dashed 1ines i n f i g .  

24. Th i s  ind ica tes  tha t  Livermore i s  c o r r e c t l y  performing the neutron 

m u l t i p l i c i t y  so r t i ng .  

4. CONCLUSIONS 

The di f ferences between the  Saclay and Livermore photoneutron 

cross sec t ions  a r i s e  from the ana lys is  t h a t  separates the t o t a l  counts 
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Fig.  24 - Measured õe,Tn ( c i  r c l  es) 

and u ( t r i ang les )  and obta ined 
e,n 

'e,2n . 
( f u l  1 c i  r c les )  versus e1 ec t ron  

i nc iden t  energy. The s o l i d  l i n e s  

show the  predicted Ue,2n C ~ O S S  sec- 

t i o n s  using Saclay and Livermore 

data f o r  u 
y,2n' 

í n  p a r t i a 1  cross sect ions (neutron m u l t i p l i c i t y  sor t ing) .  

Our determination o f  t h e  (e,2n) cross sect ion i n  ' ' l ~ a  shows 

t h a t  the  neutron m u l t i p l i c i t y  s o r t i n g  from Livermore i s  cor rec t .  There 

are  two important consequences from t h a t :  

a) There are  no l a rge  percentages o f  d i  r e c t  neutrons em i t t e d  

from the E1 Giant Resonance. The decay o f  the  El Giant Resonance i s 

dominantly s t a t i s t i c a l .  

b) The e r ro r  i n  t he  Saclay neutron m u l t i p l i c i t y  so r t i ng  cou id  

seriously a f f e c t  t h e i r  more recent r e s u l t s  f o r  t o t a l  photoabsorption. 

Further measurements a r e  needed t o  establ  i sh  the corre'ct shapes 

and magnitudes o f  photoneutron cross sect ions as wel 1 measuremen t s  o f  

t o t a l  photoabsorption i n  heavy nuc le i  where large neutron mul r i p l  i c i  t i e s  

a re  involved. 
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Resumo 

Este trabalho discute as diferenças existentes entre as seções 
de choque de fotonêutrons medidas nos Laboratórios de Saclay e Livermore 
Mostramos que as d iscrepáncias entre as seções de choque (y,n) e (y,2n) 
obtidas por esses Laboratórios se originam no processo de sep~ração de 
mul ti 1 icidades dos nêutrons. Medidas das seções de choque (e,n) e (y,2n) 
n o  '"Ta mostram que o Laboratõrio de Livermore faz a separagão de mul- 
ti pl ic idades correta. As impl icações desses resul tados são discutidas. 


