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t o  t h e  undw;tanding- 'of  , t h e  photonuc lear  e f f e c t  i n  t h e s e  
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' a n d : ~ l o * e r s  f o r  o'~' ( F u l l e r ,  1962; Hayward, 1963) has ABTtWTn @ CM 
a ,. 

s t i g u l a t e d  s imi lg t  sheA.l,,,model c a l c u l a t i o n s  f o r  o t h e r  nucle i . ,  2 ,  
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.. . . . .. , 

. - .  " 

t h e  d i p o l e  s t a t e s  'Cdir uk6. and ca40  wi th  a  s i m p l i f i e d  procedure 

t h a t  u se s  a  ze ro  range p a r t i c l e - h o l e  i n t e r a c t i o n ,  and 

; Balashov e t  a l .  ( -Balashov ' , l961)  have performed : s imi la r  
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p e a k s  f o r  t r a n s i t i ~  t o  t' i r s t  e x  t e d ,  s t a t e s  .of c12 a n d  

s iZ8,  and  t h e y  f o u r  t h a t  c r o s s  s g +  i o X " f o r +  t h + ~ " ( . ~ , y i f ~  12" 
. . 

r e a c t i o n  shows  corl dera.61. r e  s t , r u  ye t h a n  t h a t  f o r  t h e  
1 - . 

. g r o u n d  s t a t e  B" y,)C 1 '  ac t ' don .  

. I T a n n e r  esr * .  . (Tan 1 9 6 1 )  s t u d i c  h e  K3' ( p . l ) c a 4 O  . .. . . 
1 

4:- , 

, . r e a c t i o n  . and  t h a t  , i s  r e a c t i o n  pas t i  t h r o u g h  a  g i a n t  
I . . 

r e s o n a n c e  c o n  ..on i n g  o e x c i t e d  s t a t e s  6 i  t 4 0  i n  t h e  r e g i o n  

o f  1 8  t o  2 1  M: trei ?:a s u g g e s t  t h a t  t h e  i a n t  r e - soqance  
. . 

i n  c a 4 0  i s  s y  c n t o  l e a s t  t h r e e  f i n e  s t x 7 : - t u r e  p e a k s  a t  - 
1 8 . 8 ,  1 9 .  2 2 5 . 0  F* k B e f o r e  t h e  c o m p l e t i o n  o f  t h e  e x p e r i -  

ment d e s c r i l  ,in tl: r e p o r t ,  Feldman e t  a l .  ( F e l d m a n ,  1 9 6 3 :  

, > 

B a l i g a ,  19(. r e p o r  t h e  r e s u l t s  o f  t h e i r  e x p e r i m e n t  w h i c h  
I. 

. showed ri amc f i ?  ; t r u c t u r e  f o u n d  by  T a n n e r  e t  a 1 .  p l u s  

a d d i t i :  . f i n e  s r  ~ t u r e  p e a k s  a t  19.1, .'21'.0 a n d  21 .7  MeV.  
. . 

: ' N e i t h e r  of t h e s e t  c r p e r i m e n t s  i n d i c a t e d  t r a n s i t i o n s  t o  low 
' 

. . 
4 0  

. . 
l y i n g  e x c i t e d  C t n t e s  o f  Ca i . r 

I . . 

. . 
The oxper:mant r e p o r t e d  h .ere  was m o t i v i a t e d  b y  t h e  : d e s i r e  . _  ' 

. t o  o b t a i n  more i n f o r n a t i o n  a b o u t  t h e  c r o s s  s e c t i o n s  f o r .  

. . . % .  r a d i a t i v e  p r o t o n  c a p t u r e  t r a n s i t i o n s .  t o  b o t h  t h e  g round . .nnd  . . . 

e x c i t e d  s t a t e s  o f  cado.  P a s t  e x p e r i e n c e ,  however , .  h a s s h o w n .  : ,  ., 
. * 

t h a t  r a d ' i a t i v e  c a p t u r e  e x p e r i m e n t s  o f  t h i s  t y p e  a r e  s e r i o u s l y .  , 

h a m p e r e d .  b y .  i n t e n s e  . l o w .  e n e r g y .  b a c k g r o u n d .  r a d i a t i o n . :  a n d .  t h a t '  . 
. , .  

' t h e  e n e r g y  . . r e s o l u t i o n  . . n o r m a l l y  :obtained ;is. i n s u f f i c i e n t , '  i n .  . . . 

most  c a s e s , .  . f o r  .sep.a:rafin:gi~t~he~:spec.tral.~~.peaks .of: t h e  excited . , . . 
, .A . . i ' , .. . , .,? *+.r , I, . 

S t a t e  t r a n s i t i o n s  :'from " t h 6 s 6  d u e  'to,;th;'. g r o u n d  s t a t e  t ransit ions ' , 
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3. 

Consequently, a gamma-ray spectrometer with improved energy 

resolution was used. The 90' differential cross sect.dons 

were measured by bombarding a thin, metallic potassium foil 

with 6 t o . 1 5  MeV protons, in steps of 0.2 MeV or less. In 

agreement with the previous experiments, the yield of gamma 
I 

rays from transitions to the ground state of ca40 was found 

to pass through a giant resonance for excitation .energies 

between 18.and 22 MeV, and four more fine structure peaks 

were found at 15.2, 16.2, 18.2 and 20.3 MeV, In addition to 

gamma rays from transitions to the ground state o f  ca40, a 

secondary, lower energy spectral line was also found. The 

position of this secondary peak corresponds to athe energy 

expected for transitions to one or more of the first four 

excited states of ca40. The area under this peak increases 

with excitation energy by about a factor of two over the 

region of excitation energies studied. ' 

11. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experiment was performed with the University o f  

Illinois variable'energy cyclotron'(Allen, 1960; Brussel,r.l96.2). 

The energy . o f .  the proton .beam .was. defined to within. 1% by a 

30' energy analyzi~g~magnet:.with,slits.located.at,the.exit 

of the cyclotron, ,at ..the. entrance. t o .  the analyzing .magnet. and 
,.. 

at 3 feet ;inifro'n$:of t h e  .target. T h e  .beam.was ,collected in ; . 

a long, , grap.hite-lined ;Fa.raday :,cage .7,.5 .fe.et.ifrom' the target. 



4, 

The beam .energy .spread was normally less than 70 ..K.eV, 

The target was a 99.9% chemically pure, self-soppo.rtings. . . 

metallic potassium foil, which was formed by rol1kn.g -under : .  . . . 

paraffin oil. The foil was dipped in benzene to ,remove.:the' 

oil and ,was quickfy transferreAd to the target chamber,.which-:: 

4 
was then -rapidly evacuated. The thickness' of the 'tatr-get ...was , 

found to be 4.3 - + 0.9 mg/cm2, which,' corresponds to 120 ~ e v  , ' 

for 12 MeV protons, . .. . . .  L . . 

Gamma radiation from the target was.detected with a .  . 

/ 

f 

scintillation spectrometet consisting'of a 6"DXgWL N ? I  (Tl') 
\ 

crystal and two.auxiliary.plastic scintillators., arranged;.as 

shown in Figure'.l. This detector.was operated in an 

anticoincidence mode, .obtained by.connecting the.NaI.CT1) 

crystal in anticoincidence -with both. pl'astic' scintillators., . 

and a coincidence mode, obtain,ed by leaving 'the ,annular! ..? 

scintillator in anticoincidsnce and connecting t h e  fro& .. . _ I  , 

., , .  , scintillator in coincidence. Foote and..:'~och. (Foote, .1954) . :. 

. . .. . have. shown that, 'for gamma-ray energie's greater .than .about*.. 
, .  . 

' . % .  . . 10 MeV, .th'e energy resolution normally obtained with r; .. . . 
, . . . . - ' ,  

, . ' scintillation ,spectrometers ..is primari1y.determined . b y .  the. . . 

loss o f  r a d i a t i ~ n . ~ f r o m  ..th'e ;si'des :a.nd ..ends':.of.. t'he;.:'scintillator, . 

The anticoincidence. mode.. improved. th'eb:'energy , resolution. ..by . . .  

suppressing~the.analysis 6 o f ' g a m m a ~ r a y  i n t e r a c t i ~ n s ~ f o r  which . .  I . . 
there w e r e . s i m u 1 t a n e o u s : P o s s e ~ ~ ~ o f ~ ~ a d i a t  

6 I 1 

front end 

, . 

ion ,.fromyeither th 
. 

1) crystal. , The .. 





6 . 
energy resolution for this mode was typically 7% and the. 

efficiency, which is the ratio o f  the yield of,monoenergetic 

gamma rays with an energy near 20 MeV to the.number o f  , 

these gamma rays that enter the solid angle subtended 

by the lead collimator, was estimated to be (20 +.1,0)%, - 
. I  

The .operating prinicple for the coincidence mode -is si.ml l a r  

t o  that for the scintillation pair spectrometer developed.. 

by Ziegler et aP. (Ziegler, 1963). The principle o f  operation . 
is based on.the realization of the following sequence o f  

, 
events. The primary gamma-ray enters the NaI(T1) crystal 

and converts to a positron-electron pair near the front face. 

Then one of the 0.5 MeV.annihi1ation quanta escapes.back out 

the front face and is absorbed i n , t h e  front scint-il.lator, 

and no other radiation escapes .into the annular scintillatorel 

The coincidence mode gave better energy.reso1ution than+.the 

anticoincidence .mode, .but .the .e#ficiency.. was .only .about 5% 

of the efficiency for.the.anticoincidenc'e mode.,. 

Pulses from,the. scintillators .were .amplified .by .double- 

delay-line .amplifiers, :and .then .fed .~to'.a~..commercia~. fast- 

slow multiple.coincidence..system.of the cross-over+pick-off 

type. The coincidence .system gated a 1024 .channei pulse. 

height analyzer ..,'!on'*. when. t h e .  conditions .,of either ..mode. 
, , 

were satisfied, . .B.oth .modes: were. rec 'orded' , ' s~ imultaneou~ly ,  . . ,  

the coincidence. spectrum .go'ing into h e  .part'. o f  the .analyzer : 

, - 

memory, the' anticoincidence.. spectrum into fanother' part. 
. . t r  

,. 
* . ' ,#7) . 7 % :  "+ 

,.. ., ,! . . . . ,& , . p  .t" 
' . . I  . f + <  

,a,;, *,**<.p ;* ;:, :.. . . .. . 
f '  . -. ' . h 
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r a t e s  f r o m  c a c h  o f  t h e  s c i n t i l l a t o r s  were m o n i t m - e d - % d u r i n g  a 

t h e  . e x p e r i m e n t ,  a n d  t h e  beam c u r r e n t  waa k e p t  low ..,enough S O  
. . 

t h a t  . p u l s e  p i l e - u p  a n d  c h a n c e  a n t i c o i n c i d e n c e  c a u s e d  . a n  . e r r o r -  
\ 

o f  l . e s s  t h a n  5% i n  t h e  y i e l d  f o r  , t h e  g r o u n d  s t a t . e . , r a d i a t i o n .  

F i g u r e  2 ( a )  , s h o w s  a  t y p i c a l  p u l s e  h e i g h t  -sp.e.ctrum from . 

4 
t h e  u p p e r  r e g i o n  o f  t h e  r a n g e  o f  p r o t o n  B n e r g i e s  u s e d .  T h e  

I 
y e t l d  o f  gamma r a y s  f rom t h e  K ~ ~ ( ~ , ~ ~ ) c ~ ~ ~  r e a c t i o n  was t t k e , n  

a s  t h e  s u m  o f  t h e  c o u n t s  i n  t h e  channe1.s  f ro ' ?  019C0 t h r o u g h  :Co, . '. 8 .  . 

w h e r e . C o  was d e f i n e d  b y  t h e  h i g h  e n e r g y  e d g e  o f ~ t . h e . m a i n r p e a k .  

A t y p i . c a l l y  1 0 %  b a c k g r o u n d  s u b t r a c t i o n ,  w h i c h  was. d e t e r m i n e d  ... 

b y  e x t r a p o l a t i o n  o f  t h e  h i g h e r  e n e r g y  c o s m i c - r a y . 1 e v e l . u n d . e r  

. . t h e  p e a k , w a s  n e c e s s a r y  w i t h  t h e  a n t i c o i n c i d e n c e ~ m o d e .  The 
' 

gamma-ray e n e r g y  f o r  t h e  g r o u n d  s t a t e  t r a n s i t i o n s  was c a l c u l s . t e d  ' ,  

. b y  a d d i n g  t h e  c a 4 0  p r o t o n  b i n d i n g  e n e r g y  ( 8 . 3 3  MeV) t o .  t h e  

c e n t e r - o f - m a s s  e n e r g y  ' o f '  t h e  i n c i d e n t   proton,^. ,Th i , s  e n e r g y  

a n d  t h e  c o r r e s p o n d i n g  v a l u e  o f  Co  e s t a b l i s h e d  ' t h e  e n e r g y  : scr l .e  , . 

t h a t  was u s e d . t o :  p r e d i c t  t h e  l o c a t i o n s  f o r  o t h e r  spectra.l.;:.p.ea.k.s.iq ' 

i 
. . 

The  . e n e r g y  f o r  t h e  s e c o n d a r y ,  l o w e r  e n e r g y  p'eak . , i n  'Figu.re:..Z.(.a) 
) .  . . , .  

L - ' , a g r e e s  w i t h  t h e  v a l u e  e x p e c t e d  f o r  g a m m a - r a y s  f r o m  t r a n s i t - i o n s .  

. t o  o n e  o r  more  o f  t h e  f i r s t  f o u r  e x c i t e d  s t a t e s  o f  c a 4 0 .  s . 
s p e c t r o m e t e r  . r e s o l u t i o n  ..was'. i n a d e q u a t ' e ' : ; f o r  , . t h e  . s e p a r a t i o n  . . .  o f  .'.: . 

. . . . 
t h e  i n d i v i d u a l p e a k s  : f i b m ' i t r a n s i t i o n s  . t 6 ; . t h e e . f i r s t  : .or , :  t o  : t h e  

.:. . , . . .'.... ' 1 , 
'1 1, : ; ' .  . ! . X  ". . . 

s e c  

s p e  
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p e a k  h a s  , d i s a p p e a r e d  i n  t h e  a n t i c o i n c i d e n c e  s p e c t - r m , : b u t  :::-:.;. .' 

. , 

r e m a i n s  - a p p a r e n t  i n  t h e  c o i n c i d e n c e  s p e c t r u m .  . Alt .hvug3  t h e .  

c o C n c i d e n c e . ~ s p e c t r a  s u f f e r e d  f r o m  l a c k  o f  good s t . a t i s t i c a 1  . . .  
i ' .  

c o u n t s ,  t h e y  ,were r e l a t i v e l y  f r e e  o f  b a c k g r o u n d  f r o m - p i l e d - u p .  , .. 
.' ~. 

p u l s e s  a n d  c o s m i c *  r a y s .  F u r t h e r m o r e ,  t h e  low e n e r - g y  - t a i , l  ox' . ' 
.. 4 

t h e  main p e a k  w a s  s u p p r e s s e d  w h e n . t h e  c o i n c i d e n c e  mode ,wes .  
*. 4 

u s e d .  The a d d i t i o n a l  . r e s o l v i n g  power  o f  t h e  c o i n c i d e n , c e  ..mo.d.el 
. .  . 

was e s s e n t i a l  f o r  ' t h e  e x t r a c t i o n  o f  t h e  a r e a  u n d e r  t h e  s e c 0 n d . a . r ~  

peak.,  p a r t i c u l a r l y  a t  l o w e r  p r o t o n  e n e r g ' i e s . w h e ' r e  . t h e  s e c o n d . a r y  
. . 

p e a k  was g e n e r a l l y . b u r i e d , i n  t h e  r a p i d l y  r i s i n g  b a c k g r o u n d . .  

., . w i t h  t h e  a n t i c o i n c i d e n c e  mode. The sum o f ' , t h ' e  c o u n t s  in . l -~he. . : .  
, . 

. . . .. . c o i n c i d e n c e  s p e c t r a  f rom 0 . 9 ~ ~  t h r o u g h  C1, w h e r e  C1 a n d  ;c4 ..ate.; - ,  , . : ' 

t h e  . c h a n n e l s  c o r r e s p o n d i n g  t o  t h e  e x p e c t e d  h i g h  e n e r g y  e d g e s  

. o f  t h e  gamma-ray p e a k s  f r o m  t r a n s i t i o n s  t o  r e s p e c t i v e l y  t h e  

f i r s t  a n d  f o u r t h  e x c i t e d  s t a t e s  o f ( c a 4 O ,  was t a k e n  a s  t h e  . 

y i e l d  f rom t h e  K ~ ~ ( ~ , ~ ~  + p B Y 2  + P 8 y 3  + ~ 8 ~ 4 ' )  Ca 40*  r e a c t i o n s ,  

ir A l t h o u g h  a b o u t  7% o f  t h e  t a r g e t  was K 4 1 ,  we f o u n d  no  , Y 
. , 

. . 
1 '  

+ ,  unambiguous  e v i d e n c e )  f o r  t r a n s i t i o n s  . t o  t h e  :dr&nd : s t a t e . .  , .  . .. . 

, .  4 . . . . .  o f  ~ a ~ ~ ,  w h i c h  . h a s  . a  : p r o t o n  b i n d i n g  . e n e r g y  a b o u t  2  MeV g r e a t e r . .  , .  , - 

. . 
. . ,  

. .. . t h a n  t h a t  : f o r  ~ a 4 0 , , :  Thr ' two rows  o f  v e r t i c a l .  l i n e s  c a t .  t h e  . . 

t o p  o f  F i g u r e  : 2 (a ) .  . l a b ' e l e d  K J 9  ( p , y ) ~ a 4 0  a n d .  ~ ~ ~ ( p ' i ~ ) ~ a ' ? ~ ,  
I 

sh'ow t h e  e x p e c t e d  . p o s i t i o n s  . f o r  . p e a k s  in.. t h i s  p u l s e  h e i g h t  . ' * ,  

. . s p e c t r u m  r e s ~ . l t i n g ; f r d m ~ ~ , ' i a d i a t i v ' e  ; c a p t u r e  ( t r a n s i t i o n s  . t o .  t h e  : .  : .  
. . 

, .. . 
4 0 .  : g r o u n d  a n d  f i r s t  few , e x ' i i i e d ~ . s ~ a t e s  . . ~ f ? ~ e s ~ e c t i v e l ~  .Ca  . @nd . ':. ', 

. . 
* ,. , , . . ,  , .'-:. , 

~ a ~ ~ .  ' ~ h e s e  : l i n e s .  s h o i ' .  t h a t  r a d i a t i v e , ,  e l i p t u r e  t r a n s i t i o n s  t o ' ,  ' 
2 '. . . . r ,  '.'. . .  . , . .;.. .. 1..  . r . ;  

.;" ':.' " ' , I ,  r,. . , ,  , . . I  , r 5  * . . I  ..,, . . . . ... . I . .. . . 
, . , ". . ' I .  ' . ( .a. 
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t h e  ground  s t a t e  u f  c a 4 *  s h o u l d  have  c a u s e d  a n o t h e r  p e a k : a b o v e  

t h e  main, g round  s t a t e  peak  f o r  c a 4 0 ,  and  t h a t  t r a n s i t i o n s  t o  .. 

t h e  f i r s t  f i v e  e x c i t e d  s t a t e s  o f  da42 c o u l d  c o n t r i . b u t e  t o  t h e .  

y i e l d  o f  t h e ,  g round  s t a t e  t r a n s i t i o n s  o f  ca4'. A l though  o u r  

r e s u l t s  may b e  i n  e r r o r  a s  a  r e s u l t  o f  t r a n s i t i o n s  t o  t h e s e .  
I 

e x c i t e d  s t a t e s  df cad2, a  measurement  o f  t h e  m a g n i t u d e  o f  t h i s  

e r r o r  w o u l d , r e q u i r e  t h e  u s e  o f -  an  i s o t o p i c a l l y  s e p a r a t e d  

t a r g e t  o f  e i t h e r  K~~ o r  K 4 1 .  An e x p e r i m e n t  w i t h  a  s e p a r a t e d  

t a r g e t  o f  K ~ ' ~  would b e  h i g h l y  d e s i r a b l e  b e c a u s e ,  i n  a d d i t i o n  

t o  t h e  e l i m i n a t i o n  of r a d i a t , i v e  c a p t u r e  t r a n s i t i o n s i n  K4',  

t h e  r e l a t i v e l y  h i g h  e n e r g y  n e u t r o n s  f rom t h e  K 4 1  ( p ,n )  r e a c t i o n , ,  
C '  

whieh  h a s  a  t h r e s h o l d  e n e r g y  o f  1.2' MeV, would a l s o  b e  e l i m i n a t e d .  

- PI I .  RESULTS 

The e x p e r i m e n t a l  e x c i t a t i o n  f u n c t i o n  f o r  t h e  K~~ (p ,yo )  c a 4 0  

r e a c t i o n  o b t a i n e d  w i t h  t h e  a n t i c o i n c i d e n c e  mode i s  p r e s e n t e d  
e 

I i n  F i g u r e  3. When a  y i e l d  p o i n t  came o u t  n o t i c 6 b l y  h i g h  o r  

I low d u r i n g  t h e  e x p e r i m e n t ,  a  peak  o r  v a l l e y . . w a s  a n t i c i p a t e d  

~ and an  a t t e m p t  was made t o  r e c o r d  a t  1eas . t  one  more n e a r b y  

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

p e a k . . o r  v a l l e y ;  t h a t . i s ,  "one p o i n t  peaks"  were  a v o i d e d . i f  

p o s s i b l e .  S i n c e . t h e  a c c u m u l a t i o n . o f  t h e  d a t a . r e q u i r e d  a b o u t  

o n e  month,  . t h e r e . ,  was .some ; . concern  . a b o u t  . p o s s i b l e .  t a r g e t  

d e t e r i o r a t i o n .  d u r i n g  , t h e .  e x p e r i m e n t  r . . .The . d a t a .  i n d i c a t e d  by  

open c i r c l e d ,  be tween  6 and 11 MeV, were  t a k e n  

1 . '  
t 

a t  t h e  b e g i n n i n g  





. of the experiment; near the end of the experiment the 

cycl,otron was returned to lower energies to fill in the gaps. 

Since both the open and closed poin-ts lie on the same curve, 

I deterioration of the target during the experiment-must have 

been small. The triangles above 13 MeV show part o f  the 
I 

results of some preliminary work using higher-energies, but. 

these data ,are not belived to be as accurate as the ,rest o f  

the data. The indicated errors are statistical and include 

the errors resulting from the subtraction of the cosmic-ray 

I background. The horizontal bars at the top of Figure.3 

I indicate the approximate amount of energy lost by the beam 

in traversing the target. The 90' differential cross section 

I for this reaction is shown on the right side of Figure 3 ;  

the uncertainty of + 7 0 %  is due mai*ly to ,the .uncertainty 
I 

I in the efficiency of the spectrometer and the uncertainty 
k 

in the thi'ckness of the 'target. 

The excitation. function .for the reaction 

shows a considerable.amount o f  f'ine,structure,.which appears 

to be superi'mposed:on . a..broad .giant .resonance(, . :Over the 

region o f  energies ;'investigated, .ten .discernable -fine..sttucture 

I peaks were.found. .Th'e energies at which.they,occur are.listed 

I in Table. 1 ; 1 n  thesregion of s;ov&rlapl the",'general. ,hapi o f  ;;the 

fine structure .found..here .is ;in ..excellentL:agreement .with, that 

found .by Tanner\.et .ale (Tanner, 1961) .and. by Baliga .. (Baliga, 

1963), whose results are also lised in Table I. For ' 
. - 



TABLE I. Comparison of the proton energies at which similar 
fine structure peaks occur in the K~~ (p,yo)~a40 
react ion. Corresponding ca40 excitation energies 
are enclosed in parenthesis. Energies are given 
in MeV. 

. .. . 
Tanner 



I s; .. 
compar i son  w i t h  F i g u r e  . . 3 ,  t h e  K~~ ( p , y ) ~ a 4 6  d & t a  o f  - F a n n e r  et 

a l .  a r e  shown i n  F i g u r e  5 and t h e  K ~ F ( ~ , ' ? ; ) C ~ ~ ~  e x c i t a t i o n  

c u r v e  o f  B a l i g a  i s  shown i n  F i g u r e  6 .  B a l i g a  i n d i - c a t e s  a  

maxi.mum c r o s s  s e c t i o n  o'f a b o u t  2.'5 p b a r n s / s r ,  which  i.s wit ,h ih: .  . . 

t h e  . lower  l i m i t  o f  t h e  e r r o r '  a s s i g n e d  t o  t h e  c r o s s . . . s e c t i o n  
4 

a t  t h e  maximua) shown i n  F i g u r e  3 ,  t h a t  i s ,  8 - 5 . 6 . ~  2 .1  
. i 

p b a r n s / s r .  

* I .  . . The e x c i t a t i o n  f u n c t i o n  f o r  t h e  K ~ ~ ( ~ ,  c a 4 0  r e a c t i o n  

, o b t a i n e d  w i t h  t h e  . , c o i n c i d e n c e  .mode i s  sh'own i n  F i g u r e  4 ( a ) .  . , . . 

, . . The s t r u c t u r e  found  h e r e . i s  c o m p l e t e l y  c o n s i s t e n t ~ w i h h  t h e  . - . . :  
, . 
, . 

s t r u c t u r e  shown . - i n  . F i g u r e  3, . a l t h o t t g h  t h e  s t a t i s t i c a l  a c c u r a , q y ,  ; ' . '  -.. 
I . ' ,  

a .. < '.? ', 

i s  somewhat i n f e r i o r .  . T h i s  c o n s i s t e n c y  be tween  t h e  d a t a  - .. , ,, .; , , . . . .. . . 
. . 

r e c o r d e d  w i t h  * t h e  a n t i c o n c i d e n c e  and  c o i n c i d e n c e  modes g i v e s  . . 
. . 

a d d i t i o n a l  c o n f i d e n c e  i n  t h e  r e s u l t s  f o r  t h e  ground  s t a t e  
. . 

r a d i a t i o n .  

The e x c i t a t i o n  : f u n c t i o n  f o r  r a d i a t i v e  c a p t u r e  t r a n s t . t l o n s  : 

t o  t h e  f i r s t  . t h r o u g h . t h e " f o u r t h  e x c ' i t e , d : s t a t e s  o f  ~ i ~ 0 , . !  a s  . , . 

d e t e r m i n e d  b y .  t h e ' .  . .method.. de'sc:r.ib'e'd . i n  : t h e  . p r e v ; i o u s '  s e c t . i o n , . .  . 

, , i s  shown i n  F i g u r e  4(b')', . T h e  o r d i n a t e s  . . f o r .  t h e  & . c u r v e s  . i n  
. . . I .  

F i g u r e  . 4 ( a ) . l  a n ' d . . P i g u ~ a  . 4 ( b )  . a r e  c o r r e c t  : r e l a t i v e  . t o  ... e a c h  . 
, . 

. . 

. o t h e r , .    ow ever^ . t h e  , y i e l d  p o i n t s . :  s h o r n ' - , i n  ~ i ~ u r e  4 ( b )  may, ,-: . -. 1.:. . ' . 
. . . . 

. . 

. . , . i n c l u d e  a  . .background . $ c o n t r i b u t i o n  .!.. ' a s ' ,  , , .  l a r g .  , a s  ,40i.. . .  T h e r e f o r e .  
, , . c . ,  

' .  . ., . . . 
.' .- we c a n  ':concl"de . . .  :'on,ly::fhat . t h e  . : c r s s s . . ~ . ~ s k c t i b n :  f o r  : . t h e . .  . .' . . . '. ' ' ",, 8 . .  ' . ;  ' ' .. ' - . . 7 -  . <  L . ../.. :. , . , .,. .. :A: , , .  . . . \  . . \ . , . ,  ,: 6.. . - i.,' * ' ', , - I 2 

' K 3 9 .  (p,y . * ~ ~ ' p r ' ~ i ; ~ +  . .  \:pi? j,:!'pr'f4).~a ,?o? . :...' , reac$ ' i .on : ' increases  ,. w i t h  
. . 1 -1 , . 1.6 $J .* .. , . . ,; , . ;.-, *, ,, ,, . . 
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excitation energy by about a factor o f  two over the region o f  

excitation energies k ~ i e d .  Although there may b e  -:unresolved. 

structure in the cross section for this'keaction,.we.are 

not able to conclude anything definite about the presence of- 

such structure. Nevertheless, the results are :btjffic.i-ently 

int9.resti.n.g -to warrant-further. .invest-igation. . i 

1.V . D I SCU.SSLQN -.QE.. RESIlLZIS-M.D--C.ON.CLUSlOMS-. . 

, The 90'.differential cross section fot the ~ a ~ ~ ( y , . ~ ~ ) ~ ~ ~  , 

reaction, which kas derived from the ~ ~ ~ . ( ~ , y ~ ) ~ a ~ ~  cross section. 
' 

of Figure 3 by applying the principle o f  detailed bal.,ance, i s .  

shown as the upper curve in Figure 7. The ordinate t.0 the 

left of ~ i ~ u r e  7 applies only to this cross section. The 

c ~ ~ ~ ( ~ , ~ ~ ) K ~ ~  excitation function displays, of course, the 

same fine structure peaks as those for the inverse reaction. 

. It is now becoming apparent that.considerable fine .structur.e; 

also exists .in the photo-heutron excitation function f0.r ca40 

(Hayward, 1963). An example of such st'ructure is seen in 

the cross section measured b y  Spicei and ~ a ~ l i n . '  

(Spicer, 1963) 6 The'ir cross section ,.is shown as .the lower 

curve in Figure 7, where,the ,scale. to,.the right is the 

appropriate.ordinate.. The dashqd.lines connecting similar 

fino structure p e a k s  o f  -the ~ a ~ ~ ( y , ~ ~ ) ~ ~ ~  differential c r o s s .  . . 

section and the . ~ a ~ O ( ~ , n ) ~ a ~ ~  cross 'section show the ..striking 

similarity. in .th'e.. fi'ne .structure .for., these two. cross sections. 
. . 1 

Although the excitation.,energies ,for the .maxim:a :of.,th'e. fine 
' 

structure .peaks : a m  displaced .by about 0.2 MeV, .this. . 
. I  , , 

diffeiencb is within -the combined uncertainties in the absolute 
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8 energy calibration for both our measurement and t.hs.measur.emnnt. 

* 
o f  Spioor and Baglin. Noteworthy i) this c ~ m p a r i s o n ~ t m r e v e r . ~  

is the fact that photo-neutron emission is limited by -t.on~et<~a-, 
P , *! 

4.0 tion of' energy to emission to the ground state of Ca3' for.Ga..,, 
. . . excitation energies less than 18.2 MeV (~a~'(~,n) threshold 

energy plus first excited-state en,ergy o f  ~ a ~ ~ ' ) .  Therefgre, 
I 

i 
since the giant resonance occurs at sexcitation energies only 

slightly . . higher .than this excited state threshold energy, 

photo-neutron emission to the ground state of ~a~~ prob.ably 

predominates throiaghout,the giant resonance. Thus it :is very: 

likely that the comparison between the (y,po) and the (y,n) 

excitation functions is. in reality a comparison between .the ' 

(y,po) and the (y,nd) excitation functf.ons. 

Calculations of the .dipole ,stites that are .effective . 
in producing ,the giant dipole r.esonance ..are .least complicated ... 

for the doubli-magic nuclei, with fille,d shehls of protons 

and neutrons. photodisintegration in' the .region of the giant 

dipole .resonance is .be.liev,ed, ,to involve' single particle 

transitions between maj.or,.shells (Wilkinson', 1956;' Lev'nger, . 

1960'), and the excitation.energies fo'r these single particle. . 

transitions .are ,normaliy t'aken. from the' experimental v.alues ... . . 

for the.single particle levels ~ ' f  neighb'oring is6topes and 

isotones j. (B.p: Coh'e'n, '1963')'. Only. transitions that ..produce 

J" = 1' states .are. considered. in.. the calculationsi.. 

The particle-hbla ..interaction: is t a k e n i l t o  -account .by . ' .  

using , t . l~ese  ~..sfitgle. ,particle. states .as .ba'sic . states.,for.. : . . .  . . 
perturbation theory computations (Brown, ' 1959). ' This 



I i n t e r a c t i o n  c a u s e s  a  s h i f t  i n  t h e  e x c i t a t i o n  e n e r g i e - s  :-$or t h e  

B i p o l e  s t a t e s  and  one  o r  two o f  t h e  h i g h e s t  e n e r g y  p e r t u r b e d  

I s t a t e s  t a k e  n e a r l y  a l l  t h e . d i p o l e  s t r e n g t h ,  The . e x c i t a t i o n  

I e n e r g i e s  and t h e  ' r e l a t i v e  d i p o l e ' s t . r e n g t h s  f o r  t h e  d i p o l e  st%tes 

if ca4' a s  found  by Brown e t  . a l .  (Brown, 1961) ,  by  . :Balashov 
1 ~ e t  a l .  ( B a l a s h o v ,  1961), and by Lee (Lee ,  1963)  a r e  i n d i c a t e d  

by t .he . s h a d e d  b a r s  . a t  t h e  t o p  o f  F i g u r e  :7.'. The X's i n d i c a t e ,  , 

* 

t h e  e x c i t a t i o n e n e r g i e s  f o r  s t a t e s  t h a t  c a r r y  l e s s  t han . . l% .o . f . .  . 

t h e  d i p o l e  s t r e n g t h  and ' t h a t  l i e  w i t h i n  t h e  e n e r g y . r e g i , o n  o f  

' t he  a b s c i s s a .  ~ i l l e t  ( G i l l e t , . 1 9 6 2 )  h a s  a l s o  c a l c u l a t e d  t h e .  

d i p o l e  s t a t e s  o f  c a 4 @  and h i s  r e s u l t s  a r e  s i m i l a r  t o  t h e  

r e s u l t s  o f  t h e  above  m e n t i o n e d  a u t h o r s .  
't 

F i g u r e  7 shows t h a t  t h e  b u l k  o f  t h e , g i a n t  r e s o n a n c e  f o r -  
. . . . (  

b o t h  t h e  (y ,po )  and t h e  ' ( i , n )  c r o s s  s e c t i o n s  i s  c o n c e n t r a t r d . .  . . a  . , 
. . 

, . . . 
i 

between  1 8  and '21 Me'V, i n  good a g r e e m e n t  w i t h  t h e  c a l c u l a t . e d .  , '  
. . .  

40 e x c i t a t i o n  e n e r g i e s . f o r  . , t h e ' . s t r o n g '  . . d i p o l e  . s t a t e s  : o f  .Ca . . 
? ;; . . 

Balashov  e t  a l r  . a l s o  . c a l c u l a t e d t h e  . w i d t h s  . . . f o r  ..the g i a n t .  . . 
. . 

40 40 . ! 

' . r e s o n a n c e  i n  ' t h e  C a  . . ( y , p )  and C a  (y,n); c r o ' s s  s e c t i o n s  . a n d .  . ' ' . d .  ' 

. . 
t h e y  o b t a i n e d  . a  v a l u e  . o f  a b o u t  3 M e V  i n  . . .  , e a c h  c a s e ,  T h i s  v a l u e  .;. 

. . .  .' 8 . .  ' .,. . 

a . .  
I .  

i s  i n  r a t h e r .  good a g r e e m e n t  . w i t h .  t h e .  e x p e r i m e n t a l  . w i d t h .  f o r . .  
. . .  . . 

. . . -  

. t h e  g r o s s  ~ s t ~ u c t u r e ' . s h o w n .  i n  F i g u r e  ..7. .. : F e r r e l l  : ( F e r r e l l ,  
. . . . . .  . . . . .  

1962b) h a s .  . . r e p o r t e d  ; . c a l c u l a t i o n s  . o f  ' t h e  . w i d t h  ; o f  . the  . 2 2  .MeV.. . 
.. .  ... :. . . . I  4 . . 

peak  i n  t h e  ~ p h o t o ~ n e u t r o n ' ~ . , c r o s s .  s e e t i o n ;  foil. .  0 l 6 , ' : ~ h i c h .  is . ,:. . ' . 
,. . ,, . . 

s o m e w h a t .  a n a 1 o ' i o . u ~  : . t o l ~ a 4 0 .  i n .  t h a t  .bo th : .o ' f . :$here  . n u c l e i  a r e  
. C ..d ' . 

;P 

d o u b l y  . ,. . rnap, iC;~.~ Again, , the :  w i d t h  f e p o r t e d b y , a p e r r e l l '  . . .  ... i s  i n  
. .  1 :tv... . ,, . . . .  . . . . . . .  ..; . . ., , .. 

I t ' . .  . . .  ' .:'* ? , , : , .* *-,. :' .. 
. + . '  . . . . -. . . 

. . .  . ( 4  

' ( 1 , .  . . . . .  ' . . ' : I . ,  ,:. < . ;  .: . : .'. .:' , . . , , . . ' d  . . 
. , .  . . .  . . . - .  1 ,  . .1. . - .  . . .  , >. .. 1 ' '  , , .  i .  

. - .  ' .  , > - , .  , . 
. . r .  ' . *  . . .  *,?. : .. - ' , , * a * - 1 , ,  ,,, . C .  . ' . ' : . . . , ,  . . . . . .  ' ,'. . . . . .  

.). 

. . . . ... .. ' * . ,*, : , . ,, , ;.' " . , 
, 't ,. . . . . .........A 

', . . , - . ' . - . . . . . .  . . .  . . ( ' I '  . . : . . .  



23,  

good ag reemen t  w i t h  t h e  w i d t h  o f  t h e  2 2  MeV peak...mea.s.ured . b y .  . .. 

Bolen  and ,Whi tehead  ( B o l e n ,  1 9 6 2 ) .  However; none  ,of t h e s e  

c a l c u l a t i o n s  o f f e r s  a n  e x p l a n a t i o n  f o r  t h e  f i n e  - s Q r u c t u r e  . . 

shown i n  F i g u r e  7. More work, b o t h  e x p e r i m e n t a 1 , a n d  . . 

t h e o r e t i c a l ,  i s  c l e a r l y  needed  t o  s h e d  some l i g h t  . o n t o . ~ t . h , i s '  . 
1 

a s p e c t  o f  t h e  g i a n t  d i p o l e  r e s o n a n c e  i n  ca4'.- - M i a s u r e m e n t s  - . 

i 8 

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

p e a k s  found  i n  t h e  90°  d i f f e r e n t i a l  c r o s s  s e c t i o n  a r e  

i m p e r a t i v e  . f o r  , a n  . unde r . s . t and ing  of t h e  n a t u r e  o f  . t he . s e  
. . 

r e s o n a n c e s ,  and a  c a l c u l a t i o n  of  t h e  " s h a p r ' a n d  t h e  magn i tude  

o f  t h e  c r o s s  s e c t i o n  sp.ecifically~for'photo-proton emis s ' i on  

t o  t h e  ground  s t a t e . w o u l d  a l l o w  a  p r e c i s e  compar i son  I 

, , 

be tween  t h e  r e s u l t s  o f  e x p e r i m e n t  and  t , h d : ' r e s u l t s  o f  t h e o r y .  
! , '  . . . . . " 

< i . - . . i. . . . .  . . , . . .  . 1 . .  
I . .  

" . ' ' .  
.. : 

. .  . . . . - .  . .  : ' . ' .  ,' 
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TABLE Dl. Data tabulation for the yield of the yo peak 
obtained with the full anticoincidence mode. 

(P,VO) 
Q - fpp Y Probable T E~~~~ da/dR 

Run ( ~ C o u l )  (Mc/sec ) (Counts) . '  Error . ( M ~ v )  : (MeV) (vb/sr) 
. .. 



T A B L E  Dl Cont .  

( P , Y O )  
Q f Y P r o b a b l e  Tp E~~~~ du/dn 

Run (pCoul )  ( ~ c g g e e )  ( C o u n t s )  E r r o r  (MeV) (MeV) ( V b / s r )  
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