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1. - Introduction. 

The abnormal ly  high pho topro ton  
yields observed for e lements  of high 
a tomic  number  (WsINSTOCK and HAL- 
P~RN ('), TO)~S and STEPIIENS (2,3)) 

indicate  t h a t  the  simple evapora t ion  
model  is inadequate .  A be t te r  fit wi th  
exper imenta l  results  is given by the  
direct  in teract ion model  (CouRANT (~)). 
However  the  compound  nucleus theory 
can in some cases account  for the exper- 
imenta l  (¥, p) cross-sections if a lower 
p ro ton  barr ier  is assumed (SPIcER (5)) or 
some <~ ad hoc}> assumpt ions  are made  
on the  level  dens i ty  of the  residual nuc- 
leus (SPICER (5). BUTLER and A L l Y  (6)). 

No consistent  and unique theory  of 
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the  nuclear  photoeffect  seems at present  
to be general ly  sa t i s fac tory  (for instance 
pho topro tons  are emi t t ed  according to 
the  s ta t is t ical  theory  f rom 92M0 and 
according to t he  direct  process for l°°Mo) 
(BUTLER and AL~[r (6)) and more de- 
ta i led  informat ions  are then  necessary 
a b o u t  the  photoeffect  in a single nucleus. 

We  decided therefore to measure  
energy spectra  and angular  dis t r ibut ions  
of pho topro tons  in 12C and 27A1, firstly 
because these na tu ra l  e lements  are prac- 
t ical ly pure  isotopes and secondly be- 
cause the i r  (y, p) cross-sections are well 
known (HALt'ERN and  MANN (7)). Also 
the  ('l, n) cross-sections for carbon (MO~=- 
TALBETTI et al. (s)) have  been measured.  

Comparison be tween  (y, p) and (7, n) 
cross-sections for these nuclei  shows t h a t  
t hey  are ve ry  similar  in the  region around 
the  g iant  resonance.  This behav iour  
which might  be due main ly  to a reso- 
nance in the  absorpt ion cross-section for 
photons,  justifies fu r the r  inves t iga t ion  of 
the  photoeffect  in these nuclei.  
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2 .  - E x p e r i m e n t a l  P r o e e d u r e .  

A l u m i n i u m  a n d  ca rbon  t a rge t s  in 
fo rm of 4 m m  d i a m e t e r  disks were ex- 
posed  to the  co l l ima ted  31 MeV brems-  
s t r a h l u n g  b e a m  f rom t he  Br ow n- Bove r i  
b e t a t r o n  of t he  Unive r s i ty  of Tu r in  
(Fig. I).  The  a l u m i n i u m  disk was 66 ~xm 
th i ck  a n d  t h e  c a r b o n  disk 200 Fro. Pho-  
t o p r o t o n s  were  d e t e c t e d  in 200 :xm (~ I1- 
ford  3"X 3" p la tes ,  p laced  t o ~ e t h e r  wi th  
the  l a r g e t  T in an e v a c u a t e d  eamera .  

observe( l  when the  t a rge t  was r emoved  
f rom t h e  chamber .  

In  order  to  measure  t he  energy dis- 
t r i bu t ions ,  t a rge t s  and  pho top l a t e s  were 
exposed  no rma l ly  to t he  b e a m :  ta rge ts .  
0.5 m m  thick ,  were p laced 6 m m  a p a r t  
f rom the  plates .  

An~ula r  distributi(m,~ were ob t a ined  
by g roup ing  p ro tons  in to  angu la r  inter-  
vals  mi the  p la tes  co r respond ing  to equa l  
solid ankles  seen f rom the  ta, rget,  

Ene rgy  d i s t r i b u t i o n s  of p h o t o p r o i o n s  

~ . .=~g___ /d /_ / / _ /~_  e m i t t e d  f rom th i ck  tar,Aets were ob ta ined  
b y  de r iv ing  w i th  respect  to  tlle range  
t he  obse rved  i>roton spec t ra  a n d  conver t -  

~C * . . . . . .  ~ ]ng t h e m  a f t e rwards  in energy  spectra .  
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Fig. I. - Experimental arrangement for photo- 
protons angular distribution measaremeats. 
A = lead collimator: (' = exposure chamber; 
2' =target ; P =photoplate :B =betatron doughnut. 

F i g .  2. G e o m e t r y  of t im  e x p e r i m e n t a l  a r r a n -  

g e m e n t  f o r  p h o t o p r o t o n s  a n g u l a r  d i s t r i b u t i o n  

m e a s u r e m e n t , m  P : p h o t o p l a t e ;  T - t a r g e t .  

To measure  the  angu la r  d i s t r i bu t ion  
of the  pho top ro tons .  1)hotoplates were 
exposed parallel  to the  b e a m  a n d  1 cm 

a p a r t  (Fi X . 2). Ta rge t s  were fixed in t he  
een le r  of the  b e a m  a n d  paral le l  to  it. 
()nly p h o t o p r o t o n s  e jec ted  f rom the  
t a rge t  w i t h  an angle  16 '~ < ~ < 164 ~ 
from the  bea,m axis en t e red  t he  scanned  
area of the  emuls ion a n d  f rom t he  geo- 
n m i r y  of the  e x p e r i m e n t  if was easy 
to cont.rol if the  p ro tons  were o r ig ina ted  
in the  ta rge t .  Very few pro tons  were 

3 .  - R e s u l t s  a n d  D i s c u s s i o n .  

3"1. ( ' a r b o n .  - l ' h o t o p r o t o n s  e jec ted  
f rom c a r b o n  w i t h  ene rgy  g rea te r  t h a n  
5.5 5IeV ~how a p r o n o u n c e d  fo rward  
a s y m m e t r y  p e a k e d  a t  60 ° (Fig. 3). The  
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F i g .  3. -- A n g u l a r  d i s t r i b u t i o n  of p h o t o p r o t o n s  
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lower ene rgy  p r o t o n  c o m p o n e n t  ha s  a 
p rac t i ca l ly  i so t rop ic  d i s t r ibu t ion .  

The  d i f fe rent ia l  c ross-sect ion for  the  
f o r m e r  g roup  of p r o t o n s  can  be  f i t ted  b y  
a func t i on  0 .6-k(s in  ~ + 0 . 6  sin v q cos #)2. 
This  is to  be  c o m p a r e d  w i t h  t he  distr i-  
b u t i o n  g iven  b y  HALPER~, MANN a n d  
ROTHMAN (~) who  f o u n d  a less pro- 
nounced  fo rwa rd  a s y m m e t r y  us ing a brems-  
s t r a h l u n g  b e a m  w i t h  m a x i m u m  energy  
23 MeV. 
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Fig. 4. - Photoproton eRergy distribution from 
Carbon irradiated at  31 MeV photon max 
energy. N = number of protons observed into 

1 MoV inC, ervaL 

JOHANSSON (lo) us ing  a 65 MeV brems-  

s t r a h l u n g  b e a m  obse rved  a s t rong  max-  
i m u m  a t  60 ° for  p r o t o n  ene rgy  g rea te r  
t h e n  14 MeV. HEND]~L (~) found  a 
m a x i m u m  a t  # = 45 ° w i t h  a ] 5 0 M e V  
b r e m s s t r a h l u n g  beam.  

I t  is e v i d e n t  t h a t  t he  h igh  energy  
p ro tons  are  e m i t t e d  w i t h  h igh  o rb i t a l  

(') Jo HALPERN~t-. K .  MANN a n d  M. I:tOTH- 
MAN: Phys.  Rev.,  87,  164 (1952). 

(~*) S. A. E. 5OHANSSON: Phys.  Rev., 97, 
434 (1955). 

(11) H. HENDEL: Ze~tsch. ]. Phys. ,  i35, 168 
(1953). 

m o m e n t u m ,  p r e s u m a b l y  cor responding  t<) 
h i g h  mul t ipo le  orders  of p h o t o n  in ter -  
ac t ion.  

The  p r o t o n  energy  s p e c t r u m  shows 
a m a x i m u m  be tween  5 a n d  6 MeV. Th i s  
p r o t o n  energy,  t a k i n g  in to  accoun t  t he  
t h r e s h o l d  va lue  of 15.9 MeV, co r re sponds  
to  t h e  m a x i m u m  of t he  (T, p) cross- 
sec t ion  as g iven  b y  HALPERN a n d  
MANN (7) a t  21.5 MeV p h o t o n  energy.  
This  fac t  s t rong ly  suggests  t h a t  d i rec t  
photoef fec t  t akes  p lace ;  such  in t e rp re t -  
a t i o n  is s u p p o r t e d  also b y  t he  observ-  
a t i on  of t he  p r o n o u n c e d  a n i s o t r o p y  in t h ~  
angu la r  distributio1~. 

3"2. A l u m i ~ d u m .  - The  an i so t ropy  of 
t he  angu l a r  d i s t r i b u t i o n  of p h o t o p r o t o n s  
e m i t t e d  f rom a l u m i n i u m  depends  on the  
p r o t o n  energy  as shown  in  Fig. 5. 
E x p e r i m e n t a l  p o i n t s  can  be  f i t t ed  b y  a 
curve  N = a + b s i n 2 ~ ,  t h e  r a t i o  b/a  in- 
creas ing w i t h  t h e  energy  of pho to -  
pro tons .  
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Fig. 5. - A ~ a r  d i s t r i bu t ion  of  pho topro ton~ 
f r o m  A ] m ~ m n .  N = n u m b e r  of  pho topro tons  
observed with energy /~p for unit solid angle in 

arbitrary scale. 
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DIVJLN and ALx]~- (~2), H()I'FMANN ;Ill([ 
(:AMERON (13), with  respect ively  22 and 
25 MeV bremss t r ah lung  beams  found al- 
most  isotropic d i s t r ibu t ions .  This t)ro- 
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Fig. 6. - Photoproton energy 4istribntton from 
Altmtinium irradiated at 31 MeV photon max 
energy. N =  number of Protons observed into 

1 3IeV interval. 
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babi l i ty  is due to the  lower pho ton  energy 
used and to the  absence of p ro ton  energy 

selectiml. 
At  hi~her F,rm~ enertzies, 40 and 

65 ~[eV, HOFFMANN and  CA~I~3ROX (1~) 
observed  a p ronounced  m a x i m u m  at  60 ° 
for p r o t o n  energy  be tween  16 and 28 .~[eV 
and  be tween  27 and  43 MeV respect ively.  
Also Jo] la~ssox-  wi th  E~m~= = 6 5 M e V  
and select ing pro tons  wi th  energy grea te r  

t h a n  14 MeV found a m a x i m u m  at  60 °. 
The p ro ton  energy spec t rum from A1 

was measured  by  DIVAN and  ALMY (12) 

w i th  E~,ma ~ =: 20.8 3[eV and found to be 
peaked at  4 MeV. HOFFMANN and CA- 
3[ERON (14) ~' i th an /~ 'y~.  = 25 MeV 

found a m a x i m u m  at 5 MeV. 
Our resul ts  give a m a x i m u m  at 5 MeV 

wi th  a d i s t r ibu t ion  similar to t h a t  mea- 
sured by o the r  authors .  The (,~,,pn) 
th reshold  f rom mass  difference~ (3IAT- 
TAUCfl, FLA)IMlgRSFIgLD (15)) is 19.5 3[eV 

and therefore  in p resen t  exper iments  the  
(% pn)  reac t ion  could have  con t r ibu ted  
to shif t  the  m a x i m u m  to lower p ro ton  
energies. 
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