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Summary. - -  The interference term between direct and collective dipole 
radiat ive capture of nucleons by nuclei is obtained. The cross-section 
is writ ten in a Breit-~Vigner form as a sum of three terms: direct capture, 
collective or (, resonant ~> capture and interference term. The expression 
of the la t ter  term is investigated and the conditions for constructive, 
destructive and zero interference are given. The nucleon capture cross- 
sections for ~3°Te, ~4~Ce and 2°sPb are calculated. Taking into account the 
interference between direct and collective processes, a bet ter  agreement 
between theory and experiment is achieved. 

1 .  - I n t r o d u c t i o n .  

I n  r e c e n t  p a p e r s  (1-3) t h e  r a d i a t i v e  c a p t u r e  of nuc leons  b y  h e a v y  nuc le i  

in  t h e  ( 1 0 - - 5 0 ) ~ e ¥  e n e r g y  r a n g e  has  been  d i scussed  in t e rms  of d i r ec t  a n d  

co l l ec t ive  mechan i sms .  A c c o r d i n g  to  t he  ~ d i r ec t  )) p rocess  (1), a n  i n c i d e n t  

nuc l eon  in  t he  m e a n  n u c l e a r  p o t e n t i a l  f ield m a y  e m i t  a p h o t o n  u n d e r g o i n g  a 

t r a n s i t i o n  to  a s i ng l e -pa r t i c l e  b o u n d  s t a t e .  I n  t h e  (~ col lec t ive  ~> p i c t u r e  (3) 

t h e  t a r g e t  nuc leus  m a y  h a v e  shape  osc i l l a t ions  a n d  an  i n c i d e n t  nuc l e on  ex-  

pe r i ences  a s l igh t ly  d e f o r m e d  po t en t i a l ,  wh ich  can  exc i t e  co l lec t ive  m o d e s  of 

t h e  t a r g e t .  I n  t he  co l l ec t ive  c a p t u r e  process  t h e  nuc l eon  is s c a t t e r e d  i n to  a 

b o u n d  s t a t e  a n d  t h e  nuc leus  is e x c i t e d  to  i ts  g i a n t  d ipo le  s t a t e .  The  l a t t e r  t h e n  

d e c a y s  e m i t t i n g  ~ ~,-r~y. 

(1) A. M. LANE: .~ucl. Phys., 11, 625 (1959); A. M. LANE and J. E. LYNN: Nucl. 
Phys.,  11, 646 (1959). 

(2) G. E. BROWN: 3*ucl. Phys., 57, 339 (1964). 
(8) C. P. CLEMENT, A. M. LANE and J. R. ROOK: Nucl. Phys., 66, 273, (1965); 66, 

293 (1£65). 
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The direct model  does not explain the cross-section peak  in the (10 +20)  MeV 
nucleon-energy range (4), while calculations, which take  into account  the col- 
lective process too, give peak  values lower than  the exper imenta l  ones (3). 
As pointed out  in ref. (3), the interference contr ibution between the two pro- 
cesses could improve  the agreement  between theory and  experiment .  

I n  this pape r  an expression of the (~ interference t e rm ~) between direct and 
collective radia t ive  capture  of nucleons is obtained. The cross-section is wr i t ten  
in a Brei t -Wigner  form as a sum of three terms:  direct capture,  collective or 
(~ resonant  ~) capture  and interference term. 

The expression of the interference t e rm  is invest igated ~nd the conditions 
for constructive,  destruct ive and zero interference are given. These conditions 
are i l lustrated by  a pro ton-capture  t ransi t ion for '~Ce. 

The dipole-capture cross-sections for the  ~3°Te(p, ~,), 142Ce(p, ~,), :°sPb(p, 7) and 
2°sPb( n, 7) reactions are calculated. As will be shown, the interference between 
direct and collective capture is destruct ive below the collective resonance energy 
and construct ive above it. So, the interference raises the to ta l  cross-section 
peak,  slightly displacing its position in the direction of higher energies, as 
required for a be t te r  agreement  between theory and experiment .  

2.  - B a s i c  f o r m u l a t i o n .  

Let  us consider the interact ion of an incident nucleon with a ta rget  nucleus 

of A particles. The tota l  Hami l ton ian  of the sys tem is 

(2.1) H = H~ + T(r) ~- V(r, ~) 

with H~ the Hami l ton ian  of the nucleus, T(r) the kinetic energy of the incoming 
particle, and V(r, ~) the potent ia l  of the interact ion between the A nuclear 

particles and the  incident nucleon, i.e. 

A 

(2.2) V(r, ~) = ~ V(r, ~)  . 
i = l  

The var iable  r labels the incoming nucleon co-ordinates and ~ the to ta l i ty  
of the co-ordinates of the A particles inside the nucleus. The incident and 
ta rge t  nucleons are t rea ted  as distinguishable. 

By  q)(r, ~) we indicate the solution of the SehrSdinger equat ion 

(2.3) Hq)(*-) -= Eq) ~-+) 

(4) I ). J. DALY, J. tl. ROOK and P. E. HODGSON: Xucl. Phys., 56, 331 (1964). 
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and  b y  T the initial wave  funct ion satisfying 

(2.4) Ho ~ = E T ,  

where Ho = H¢-~T(r) .  I n  fu ture  we shall drop the upper  -}- or - -  suffix for 
the outgoing or incoming waves. 

Then,  in order to obtain the connection with  the optical  model, we in- 
t roduce the optical complex potent ia l  ~ ,  so t ha t  V =  ~ + H ' ,  where the 
~( residual potent ia l  ~ H '  can be t rea ted  as a per turba t ion .  The distorted wave  
funct ion ~ obeys the equat ion 

with /~o = Ho + ~.  
The solution of eq. (2.3) satisfies the integral  equat ion 

(2.6) ¢ = [~ + ~ , ]  ~ ,  

where G is the Green's  operator .  Replacing G by  ( E - - H ± i e )  -~, where the 
magni tude  of s is a rb i t ra ry  and, in the final expressions, the ]knit  e--~ 0 is 
taken,  we have  

(2.7) q ) =  l + E _ H ± i e  

Consequently the ma t r ix  element of an electric transit ion for the rad ia t ive  
capture  process m a y  be wri t ten  as 

(2.S) Mi~s + 
E - - / / +  i~ ' 

where qS~ is a member  of a complete  set of eigenfunctions of the nuclear ttarnil- 
tonian H.  

Le t  us now consider the case of the dipole emission. We split the to ta l  
dipole opera tor  into the nucleon and the t a rge t  p a r t  

(2.9) ~)~,  ~(~°>+ .yf(t) , 

.4 

with 3~ (x'  --= 5/ ; ( r )and 5 ¢ ( ' ) :  ~ ( ~ i ) .  Taking  into account  the fact  t h a t  the 

in te rmedia te  giant-dipole s ta te  ¢,n~, of a fairly well defined energy E, ,  has a 
finite decay width  F, the ma t r ix  element can eventual ly  be wri t ten as 

<~t[ z " ' l c J ~  ' ~ ' 

(2.10) 3I,_~, = (T,l.Yd(°~)l~(> ~- E -- E~ + ½iF ' 
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where the first and second terms m a y  be in terpre ted  by  means of the 
(, direct ~) (~) and  the (~ collective ,) (~) mechanisms respectively.  

The cross-section for the total  dipole capture  process has the usual form 

167~ M k ~  ., 
(2.11) ~ " ~ ' -  9 ~=a,' IM,~I , 

where M is the reduced mass, /~' and /~v are the incident and photon  wave 
numbers  respectively.  

3.  - Cros s - s ec t i on :  direct ,  co l l ec t ive  a n d  i n t e r f e r e n c e  term.  

By using the nota t ion  of ref. (5), the dipole-capture cross-section for an 

individual final single particle bound s ta te  (l, j) can be wri t ten  as 

16~ 3 #,~fT, . ,}  \ T ~ , I H  Ig',=~ * 
Mk.~_ <g,,olJ#~"l~q:> + <v',,d ", ~ ' " (3.1) alga '--  9 l f i M Z i  ' i ' 

t,m , e ~ , j , -  ]ho~ - -  e .  + i F I 2  j 

where e~,j, and  e~j are the initial and final nucleon energies and ?ico~ the excita- 
tion energy of the dipole s tate  in the t a rge t  nucleus (A, N, Z). 

The initial, in termedia te  and final s tates are given respect ively  by  

(3.2) 

%o = ,~..,:"[4=(.oz, + 1)]~(z' o 1½1#' .'_,( ~,,,,,(o., < w,,/,')¢oo, 

7*i~t = ~,,,(-O, a)u~j(r)  

--  ¢ ~ ( D ,  a)u,Ar)~oo, 

where l', j ' ,  m '  and l, j ,  m are the q u a n t u m  numbers  of the initial and final 

states of the incident  nucleon, 9 the t a rge t  functions and ¢ the spin-angular  
wave functions 

(3.3) ~ , ~  = Z (z, . 1 i -  ~, ~ ~[ j  M) 
a 

The direct dipole transi t ion opera tor  ~ ( x ~  is given b y  v" 1/~ 

z 

(3A) # , x )  e ~ ° 1 ,  = r~YjJO~cD) , 
i = 1  

the variables 0i, ~ ,  ri being the spherical  co-ordinates of the i - th proton with 
respect  to the centre-of-mass of the  t a rge t  nucleus. The collective dipole radia- 

(5) G. LONGO and F. SAPORETTI: ~UOYO Cimento,  52B, 539 (1967). 
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tion operator  and the component  of the part icle-vibrat ion coupling for the 
dipole mode which leaves the charge of the particle unchanged are respectively 

3 ) ½ N Z  
(3.5) ~ o -  ~ ~ , 

(3.6) H '  ---- 2 -)1%- 6~(r-- Ro) [ r ]  Ta, 

where B = R , , - -R~  is the separation of the eentro~ds of the neutron and pro- 
ton systems, r the position of the ineident particle, v, the strength of the iso- 
topic spin term of the optical potential  and (~(r--Ro) the (~finite-width 
b-function ,~ with a equal to the surface thickness and Ro the nuclear mean 
radius. 

For  the matr ix  element of the direct transit ion one then obtains 

C 
(3.7) ~ r ~  (x, q~ ' - ~ , ~ ' ( ° l ' - i - 1 ) .  

. ~)(-lY'~] R~-)j ,n ,  ~ l l z ( ~ j , m ,  " , 

where ~ is equal to N and - - Z  for an incident proton and neutron respec- 
tively, and D~,,, is the direct radial integral expressed as 

(3.8) D . .  = f u~,(r) ~,~,(r) r ~ dr o 

Using the expressions (3.5) and I3.6), the collective transition matr ix  ele- 

ments  ~re 

(3.9) (}/J~[H'[T~Z:: : ~: (--)" : f  ~ T  

• ~, i"(21'4-1)½(I'0 ½ ½[j' ½)(4~)½{~,~, :t'i~,qS,,,,,,} <llr/=]O} Cz'~ ' 
~,$', 

and 

3 ) ½ N Z  
(3.10) (~, ,o[Zi~lT,  oC> = ( - ) r e  ~ ~ ;O]~z[l>, 

where the upper and lower signs in (3.9) refer to the proton and neut ron case, 
respectively; the (~ collective ~ radial integral C~,j, is given by  

(3.11) Cm, = --fu,j(r) I dV(r) ~fl,,j,(r)r2d r 
V dr 

with V(r) the real par t  of the central nuclear potential ,  while the matr ix  ele- 
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meri t  <l]zl,}0) , accord ing  to the  s u m  rule,  is 

A h 2 ] + 0.8x 
(3.12) <~>~ = <1 ]~]0> 2 - -  N Z  2 M  ti~ol ' 

wi th  x the  e x c h a n g e  force  fac tor .  
I n s e r t i n g  in eq. (3.1) the  m a t r i x  e lements  (3.7), (3.9), (3.10) and  (3.12) 

and  s u m m i n g  over  all the  b o u n d  s ta tes ,  the  to ta l  c ross-sect ion  becomes  

8 ~  e 2 M ~  ,3 
(3.13) a `t°t) - -  9~- ~ t ~ , ( 2 i '  + l ) I p ~  jj,. 

YZ ~D,, , ,  ± Cz,s' Vl ~ h ~" 1 + 0.Sx .2 
t " e j , - - l h , h - - e , j 4 - i ( F / 2 )  '2 A 2 M  ]~,',~ i '  

where  Sj~, is t he  s ta t i s t ica l  f ac to r  

s . ,  = ~ ~ I<,~.., ~,, .  q~,,,,,:~ 12 , 
,um 

for  which  t~bles  (6) are avai lable .  

Squar ing  the  first  and  the  second t e r m s  separa te ly ,  we  ob ta in  r e spec t ive ly  
the  express ions  for  the  di rect  and  the  collect ive cap tu r e  cross-sect ions g iven  

in ref. (5). 
T h e  m i x e d  t e r m  gives the  in t e r fe rence  b e t w e e n  di rec t  and  col lect ive cap tu r e  

(3.14) o,(ia~)= 8 z  e 2 M  ~ ]~,Sjj," 
re ~ ~1J' 

{,,_,Nz / 
" 2 1 7 1 ~ F  A 231 h~i)a / R e (  X T i ) '  

where  the  (~ ene rgy  )) X (in uni ts  of iT,) is g iven  b y  

(3.15) X - -  e j , -  ]/,oh - -  e~i 
~ r  

T h e  t o t a l  cross-sect ion can now be  w r i t t e n  in a more  c o m p a c t  B r e i t - W i g n e r  

f o r m  as 

7~ 
(3.16) a(to~, = ~.~. ~ (2j' + 1 ) .  

n,  l f~t '  

'a (rvF'°)~ X cos (~ - /~)  - sin ( ~ -  ~) + r v  F,. [ 
• a ° - + ~  F (1 + x  -o) ]~-0~ ~ x - o ) j '  

(6) See fo r  e x a m p l e :  S. A .  MOSZKOWSKI: Alpha-, Beta-, and Gamma-Ray Spectroscopy, 
e d i t e d  b y  K .  SIS~BAH~ ( A m s t e r d a m ,  1966),  p .  879. 
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by  introducing the (( resonance widths )> 

(3.17) 

16 4 N Z  o 3 h2 l + 0 . 8 x  

/ ; o =  4 1-~.~ I /,,(I) im Y, zjCfl-/ ,]H'[(I) ~'m"tl)v ,'~oo:> ] 2--- 
,am 

2 ~1k' N z  v', h~ 
3 h 2 A a 2 M  

1 + 0.8x 
1/,(o~ 

S;, , [C, ; ; , ]~,  

and b y  introducing the modulus  a of the direct capture  amplitude,  defined b y  

8 Mk'  ( ~ )  2 
(3.18) a 2 . . . . . . . .  ~=a~,%.;,ID,.;,I 2 , 

9 h" A 

and the phases ~ and fl 

(3.19) 

• I m  (D~j~,) 
= arc~g ~ ,  

I m  (C~j,) 
fl = arctg Re (Czar,) " 

The first, second and third terms of the eq. (3.16) represent  the direct  cap- 
ture,  the interference t e rm  and the collective or <( resonant  )> capture  respec- 

t ively.  

4.  - T h e  i n t e r f e r e n c e  t e r m .  

4"1. Condi t ions  for constructive,  destructive and  zero inter/erence - I n  order 
to s tudy  the influence of the interference t e rm on the cross-section, let us con- 
sider a single transi t ion f rom a given initial s ta te  (l ' j ')  to an individual-part icle  
bound  s ta te  (lj). For  such a transit ion the cross-section (3.16) m a y  be ex- 

pressed as 

(4.~) ~ , , , ~ , ;  = - ~  (ej' + ~ ) l d ~  + dol-", 

where d d  and ,~/c are the direct  and collective capture  ampli tudes  given by  

(4.2) ~¢c • c o s ~ e x p  i f l + O -  , 

with 

(4.3) 0 = a r c t g X .  
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The sign of the interference t e rm is determined by  the phase-shif t  6 

7g 
(4.4) 6 ---- a - -  f l - -  0 + o "  

The interference vanishes for 5 = (n±½)n (n = 0, =t=1, j : 2  ...) or 

(4.5) X o = t g ( ~ - - f l )  

and is entirely construct ive or des t ruc t ive  for 6----n~ or 

(4.6) X--~ c t g ( f l - - ~ ) .  

The values of Xo and X can be found by  calcula.ting the expression 

(4.7) 
I m  (Dz.,) • Re (C.~,) --  Re (D~jj,) I m  (Czar.) 

tg (~ --  fl) : Re (Dzjj,) • Re(Czz,) + I m  (D.~,) I m  (Czj~,) " 

The eq. (4.5) gives the exact  posit ion of the zero-values of the interference 
term, while (4.6) obviously gives only the approx imate  posit ion of the inter- 
ference peaks  because the energy-dependence of the ampl i tude  modu]i in- 
fluences such a position. 

The interference is construct ive for --7~/2 < 6 < ~/2 and  is dest ruct ive  for 
g/2 < b < 3~/2. Fo r  incident nucleon energies higher t han  the resonance en- 
ergy ( X >  0), i t  is 0 <  0 <  ,n/2. Therefore  in this energy region the interfer- 

ence is always destruct ive for a - - f l  in the second quadran t  and  construct ive 
for ~ - - f i  in the  four th  quadrant .  

Below the resonance energy ( X <  0), tile 0-value can va ry  in the range  
- - ~ / 2 + A 0  < 0 < 0, where A0 = (~/2) - -  arctg[2(hcol + e~,~,)/F]. Therefore the in- 

terference is always destruct ive or construct ive for 0 < ~.-- fl < (~ /2)+A0 and 
g <  ~ - - f l <  (3~/2)+A0 respectively. Fo r  typical  dipole s ta te  and bound state  
parameters ,  i t  is A0 ~ (5 +10)% The above conclusions are sumarized in Table I.  

I n  the cases not  considered in Table  I (for example,  X > 0 and 0 < ~ - -  
- - f l <  ~/2) the  interference m a y  be either construct ive or destructive.  

TABL:~ I. 

Interference 

For X <  0 i 
I 

For X > 0 i 

Always destructive 

0 < a - -  fl < (n/2) + A0 

n /2<  ~ - - f l < : t  

Always constructive i 

I 

i 

! 
3n]2 < ~- -  fl < 2~ 
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Thus  the sign of the single-transit ion interference te rm m a y  be de te rmined  
f rom the conditions listed in Table I and those given by  eqs. (4.5) and (4.6), 
by  calculating the expression (4.7). 

4"2. Typical  beht~viour oJ the inter]erence term. - We have  studied the in- 
terference te rm for the transi t ions of the ~:°~e(p, y), ~2Ce(p, y), :°sPb(p, y) and 
2°sPb(n, y) reactions. The set of ~arameters used in the calculations is listed 

I V  I 
[ 

[ 

20 ,, 

, c tg  ( f l - ~ )  ' ctg (fl-~) ' 

X ~ 

I . 

t ~ 

/ - i / "  

/ 

, , / 

Ii IH . "  iIV / 

.¢I" t g ( ~ - f l )  

'1 

I i  , 

' i i  
' I 

10 20 30 40 50 
E(MeV) 

F i g .  1. - T h e  c a l c u l a t e d  c u r v e s  t g  ( ~ - - f l )  a n d  

ctg(f l - -a)  for the J~->d~ transition of the 
~4zCe(p, y) reaction vs. the proton energy. The 
intersections of these curves with the straight 
line X = tg 0 give three points of zero-inter- 
ference and three of entirely constructive or 
destructive interference. The quadrants for 

- - f l  arc indicated by Roman numbers. 

10 20 30 40 50 
E ,MeV: 

Fig. 2. - a) The calculated interference term for 
the ]]-> d] transition of the 14-~Ce (p, ~,) reaction 
vs. the proton energy, b) The im&ginary and 
real part of the direct and collective integrals 

D~t~, and C~.~-, for the same transition. 

in Sect. 5. 
The typical  behaviour  of a 

single transit ion interference te rm 
is i l lustrated by  the example  of 
the ]i--->di t ransit ion for the p ro ton  
capture  by  142Ce. The values of 

t g ( ~ - - f l )  and e tg ( f l - -~ ) ,  calcu- 
la ted by  using the expression (4.7) 
together  with those of X vs. pro- 
ton energy are shown in Fig. 1. 
The intersection of the curve 
t g ( ~ - - f l )  and X gives the zero 
values of the interference term. 
The la t te r  have  been found a t  8.8, 
29.1 and  51.5 MeV pro ton  energy. 
The condition (4.6) for enth'ely 
construct ive or dest ruct ive  inter- 
ference occurs a t  13.7, 18.7 and 
33.5 MeV energy, where X and 

ctg ( f l - -  ~) cross. 
The  conditions listed in Table I 

imply  t ha t  the interference is con- 
s t ruct ive  in the energy interval  
(9.6--21.4) ~V[eV. The first zero- 
interference points external  to this 
in terval  occur a t  8.8 and 29.1 :~/eV, 
so t ha t  the interference remains 
construct ive between these ener- 
gies. I n  this region the  condition 
(4.6) gives entirely construct ive 
interference at  13.7 and 18.7 MeV. 
Before the zero-point a t  8.8 MeV 
and af ter  the one a t  29.1 ?¢IeV, 
the interference becomes destruc- 
tive, as it  mus t  for energies be- 
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tween 29.3 and 33.9 MeV (see Table  I) .  In  this region a point  of entirely 
destruct ive interference occurs a t  33.5 MeV. Finally, for energies higher than  
51.5 Me¥  there is a new positive peak.  

The contr ibut ion to the capture  cross-section due to the interference te rm 
for the ]~-~ d~ transi t ion of the 142Ce(p, y) reaction has been calculated from 
eq. (3.16) and is shown in Fig. 2a). I t  confirms the predictions derived from Fig. 1 
regarding the posit ion of the zero points  and the regions of construct ive or 
destruct ive interference.  I t  can be seen that ,  though the interference is en- 
tirely construct ive or destruct ive a t  13.7, 18.7 and 33.5 MeV, the m a x i m u m  
and minimunl  values are displaced with respect  to these energies. This is due 
to the var ia t ion with  energy of the absolute value of the direct and collective 
capture ampli tudes,  as shown in Fig. 2b), where the real and  imaginary  par ts  
of the direct and  collective integrals Dtjj, and C~jj, for the transi t ion studied 

are drawn. 
The point  X - - 0  corresponds to the collective capture-resonance energy. 

The examinat ion  of Fig. 1, confirmed by  Fig. 2a), indicates the presence of a 
negat ive interference below X ~  0 and a posit ive one above this X-value.  
Therefore the posit ion of the peak  for the to ta l  cross-section of the ]t-->dg 
proton transi t ion is slightly displaced with respect  to the collective peak  in 

the direction of higher energies. 
The behaviour  of the other single transi t ion interference terms for proton 

capture  by  l:°Te, ~ C e  and 2°sPb is similar to the one described above. For  
a given final s ta te  (e.g., the p ro ton  2]~ bound state  of ~°sPb), the func- 

t ion (~--f l )  increases with energy more  rapidly for ~ t ransi t ion f rom an  
initial s ta te  wi th  higher m om en t a  (l'j'). This gives intersect ion points on 

the curve t g ( a - - f l )  which are nearer  one another.  So, e.g., for the gt-->/i ,  
g~-~]i-, and di-->]~ proton  capture transit ions in Pb  the construct ive inter- 

ference region extends  f rom about  X ~ 0 up to the energy of 31.4, 33.5 and  
41 MeV respectively.  Similar considerations are feasible for the transit ions 
f rom an initial s ta te  (l'j') fixed with respect  to the corresponding final s tate  (lj) 
(e.g. the transit ions to each bound s ta te  f rom the initial s ta te  l ' =  1 + 1 and 
j ' =  ~ + 1). In  this case, the funct ion (~- - f i )  increases wi th  energy more  rap- 
idly for the t ransi t ions to bound s tates  lower in the succession given by  shell- 
model calculations (7) (e.g., for the tel lur ium proton transit ions of the sequence 

i~-+h~,,  p~--~s~, ]~--~d~, ]~->d~, h~--~g~). 
The above-described behaviour  of the pro ton  transi t ion interference t e rm 

is such tha t  i t  will cause an enhancement  and a slight d isplacement  of the 

total  cross-section peak  in the direction of higher energies. 

(7) M. GOEPPERT MAYER, J .  HANS and  D. JENSEN: Elementary Theory o] Nuclear 
Shell Structure (New York,  London ,  1957), p. 58. 

18 - II Nuovo Cimento B. 
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5.  - C a l c u l a t i o n s .  

The dipole c~pture cross-sections of ~°Te(p, 7), ~4"~Ce(p, Y), 2°sPb(P, ~') and 
:°sPb( n, 7) reactions are calculated by using the formula (3.16), which includes 
the interference term. For  capture by 2°sPb, more recent experimental  bound 
states and an adjusted programme are used with respect to the ones of ref. (5). 
In  the present work the calculations for pro ton  capture by ~*2Ce differ from 
those of ref. (3.~) in tha t  the spin-orbit interact ion is also included. 

5"1.  _Radial part  o] the bound state wave ]unctions. - According to the model, 
uzj(r) is the radial par t  of the final particle wave function, normalized by  

co 

f [uz~(r)]2r 2 dr = 1,  

0 

and satisfying the Schr6dinger equation. The potential  for the bound-s ta te  
functions is assumed to be of the Woods-Saxon form containing a spin-orbit  
t e rm of the Thomas type  as well as the Coulomb potential  of a uniformly 
charged sphere. The potent ia l  e'hosen is 

l Ug(r) (for protons) 

U(r) = --  V(=')J(r) - -  V~h(r)~. 1 + 0 (for neutrons) , 

where the spin-orbit s t rength V~ and the Coulomb potential  Uc(r) are given by  

Ze"- 

r 
U c ( r )  = 

Z e 2 (  r2)  ~ 3 - - ~  

r > R  

r ~ R  

and the form factors are ](r) ---- [1-~exp J r - -  roAi]/a] -~ and h(r) = - -  ;~ d](r)/r dr. 
The Coulomb radius R is taken as being equal to the nuclear one. 

This potential  contains four parameters:  the nuclear potential  depth V ([) 
for  protons and neutrons, the radius parameter  to, the diffuseness a and the 
positive dimensionless parameter  4. 

For  the nucleon capture  by  2°sPb, the set of bound-state  parameters  is 

= 33, a = 0.67 fm and ro = 1.30 fro. The potent ia l  depth V (~) for each bound 
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state is adjusted to ~,dve the experimental ly  known binding energy (s.9). The 
final bound states taken into account  in the calculations are 3d~(1.40), 
2g~(1.47), 4s}(1.91), 3d~(2.38), lj½a(2.53), 1i~_(3.15), 2g~(3.94)for  neutron 

capture and 3p}(0.66), 2/~(0.96), 1i~(2.19),  2]}(2.9), lh~(3.8)for  proton capture;  

the binding energy in MeV is given in brackets.  
For  the proton  capture by ~4-'Ce the 2d], 3s}, 2d}, l h ~  final bound 

states are considered as in ref. (~.~). In  this case the experimental  binding 
energies are not  well known. Therefore the eigenfunctions are calculated by  
using the bound states parameters  V ( ~ =  56 MeV, ~ =  33, a = 0.67 fro, r0 = 

1.27 fro. The  same set of parameters  is used in the case of the ~3°Te(p, ~,) 
reaction for the lg~, 2d~, 3s~, 2d} and l h ~  final states. 

5"2. Radial part o] the continuum-state wave ]unctions. - The radial par t  
~p~,¢,(r) of the incident wave function obeys the Schr6dinger equation, however 
the potential  experienced by the incident particle has now an absorption term 

too, expressed as --iW(~)g(r). We assume this imaginary par t  of the poten- 
tial to be peaked at  the surface in the form 

g(r) = --  4b d [1 -~ exp [ r - -  roAiJ/b]-~/dr, 

with b the width  parameter .  The optical potential  is now defined by  the six 

optical parameters  V (~), W ('~), V~, a, b, to. 
The Rosen et al. optical parameters  (~o), which describe many  experimental  

data, are chosen to calculate the free functions of the incident  particle, i.e. 

53.8 / 7.5 
V(~)(3IeV) = - -  0 .33E,  W(~)(Mc¥) = , 

49.3 5.75 

ro(fm) = 1.25, 

V~(MeV) = 5.5, 

a(fm) = 0.65, b(fm) = 0.70. 

The strength v I of the symmetry  te rm of the nuclear optical potential  is 
pu t  equal to 160 MeV as in ref. (3). The  excitation energy ~co~ and the width F 
of the dipole s tate  are taken as ~eol ~ 15 MeV, F =  3 MeV for tellurium and 
cerium (see ref. (3)), and ~w~= 14.5 MeV, F =  2.5 l~[eV for lead. The papers 
of ref. (11) have been taken as a guide in choosing these values. Since the cal- 

(s) Nuclear Data Sheets, Part. 11 (New York, 1966). 
(9) j .  S. LILLEY and N. STEIN: Phys. Rev. Lett., 19, 709 (1967). 

(lo) L. ROSEN, J. G. BEERY, A. S. GOEDr~ABER and E. M. AUERBACH: Ann. o] Phys. 
3t~, 96 (1965); F. P. AGEE and L. ROSEN: LA-3538-MS (1966). 

(11) B. I. GORYACHEV: Atomic Energy Rev., 2, No. 3, 71 (1964); P. 0LIRA and 
D. PROSP]~RI: Nuovo Cimento, 49B, 161 (1967). 
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culated collective cross-section is a sum of several single transition terms~ 

the resulting width is larger than t h e / ' - v a l u e  used in the calculations. Taking 

into account this effect, the ]~o)~- and /"-values can be considered as being in 

agreement with the giant-resonance data of the reference mentioned. As usual 

the exchange form factor x has been put  equal to 0.5. 

6 .  - R e s u l t s .  

I n  ]~igs. 3 and 4 a comparison between calculated and experimental cross- 

sections (~2,~3) for proton radiative capture by ~ C e  and 'z°Te is given. To 

show the weight of the different terms~ the total, direct, collective and inter- 

5OO ~ ~ o  

25O 

I 

- ~ - -  2'0 . . . . .  J 10 30 40 50 
E ( M ~ W  

Fig. 3. - The 14~Ce(p,y) experimental 
and calculated cross-sections vs. the proton 
energy. The experimental points are: clos- 
ed circles from ref. (13), open circles and 
triangles from ref. (12). - -  total cap- 
ture, - - - - - -  collective capture, • . . . .  di- 
rect capture, --  . . . .  interference term. 

750 

~ 500 

b 250 

0 

o 

o 

I 

• 1 ~ 2L0 ' ~  10 5 25 
Ep (MeV) 

Fig. 4. - The 13°Te(p, y) experimen- 
tal and calculated cross-sections vs. 
the proton energy. The experimental 
data (12) are indicated by open circles. 
- -  total capture, - - - -  collec- 
tive capture, • . . . .  direct capture, 

. . . . .  interference term. 

ference curves are drawn separately. The interference term affects the cab 

culated cross-section increasing the peak value and slightly displacing the 

position of the peak towards the experimental one. 

The calculated cross-sections for proton capture by 2°sPb are plot ted in 

Fig. 5, together with the experimental points of the proton capture by 2°~Bi. 

(13) p. j.  DAL~ and P. F. D. SHAW: Nucl. Phys., 56, 322 (1964). 
(13) E .  ~¢'. ~'ERDIECK and J. M. MILLER: Phys. Rev., 153, 1253 (1967). 
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As can  be  seen,  t h e  e x p e r i m e n t a l  c ross - sec t ion  va lues  a n d  the i r  t r e n d  can  be  

ob t a ined .  

The  c a l c u l a t e d  curves  a n d  e x p e r i m e n t a l  c ross - sec t ions  of t he  -~°sPb(n, y) 

r e a c t i o n  are  shown  in F ig .  6. I n  t he  ene rgy  r a n g e  cons idered ,  on ly  t he  meas -  

iooo 
\ 

; '  J 

10 20 30 40 50 
E(MeV) 

Fig. 5. - The ~°Spb(p, y) calculated cross- 
sections vs. the proton energy. Closed and 
open circles are the experimental  da ta  for 
proton capture by  2°gBi quoted in ref. (19 
and (1~) respectively. - -  total  cap- 
ture, ---- -- collective c~pture, • . . . .  di- 
rect capture, - -  . . . .  interference term. 

1500 

1000 

b 

50O 

i 1 

._ s i 

I~0 I'5 2'0 
En(MeV) 

Fig. 6. - The ~0~pb(n, y) experimental  
and calculated cross-sections vs. the pro- 
ton energy. The points  are the exper- 
imental  da ta  quoted in ref. (15). 
to ta l  capture, collective cap- 
ture, • . . . .  direct capture,  - -  . . . .  in- 

terference term. 

u r e d  va lues  in  t h e  ( 1 3 . 4 - ] 5 . 0 ) M e V  i n t e r v a l  a re  a v a i l a b l e  (i5). Here ,  t h e  

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

So, t he  ca l cu la t ions  show t h a t  t he  c o n t r i b u t i o n  of t he  i n t e r f e r e n c e  b e t w e e n  

d i r ec t  a n d  co l lec t ive  c a p t u r e  i m p r o v e s  t h e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  

e x p e r i m e n t .  

W e  are  g r a t e f u l  to  Profs .  E .  CLEMENTEL a n d  V. BE•zI a n d  to  Dr .  Iq. P .  

KALAStt~'IKOV for  f ru i t fu l  d iscuss ions .  T h a n k s  a re  due  to  Dr .  F .  FABBRI for  

p r o g r a m m i n g  t h e  r e q u i r e d  c o m p u t a t i o n s .  

(19 E. L. KELLY: Report  UCRL-1044 (1950), Table IV. 
(15) J. CSIKAI, G. PINTS, M. BUCZK0, Z. MILIGY and N. A. EISSA: Nucl .  Phys . ,  A 95, 

229 (1967). 
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R I A S S U N T O  

Si r i cava  l ' espress ione  del  t e r m i n e  di i n t e r f e r enza  f r a  la  e a t t u r a  r a d i a t i v a  d ipo la re  
d i r e t t a  e eo l le t t iva  da  p a r t e  dei nuclei .  L a  sezione d ' u r t o  ~ sc r i t t a  nel la  f o r m a  di Bre i t -  
W i g n e r  come s o m m a  di t r e  t e r m i n i :  e a t t u r a  d i re t t a ,  e a t t u r a  co l le t t iva  o di (( r i s o n a n z a  ,) 
e t e r m i n e  di in te r fe renza .  Si s t u d i a  l ' espress ione di  ques to  u l t imo  t e r m i n e  e si d a n n o  
le eondiz ion i  di i n t e r f e r enza  c o s t r u t t i v a ,  d i s t r u t t i v a  e nul la .  Si ealeolano le sezioni  
d ' u r t o  di e a t t u r a  di nuc leon i  pe r  i l  13°Te, fl r aCe  ed  il 2°8pb. Tenendo  eon to  del l ' in-  
t e r f e r e n z a  fi'a i proeessi  d i r e t t o  e eol le t t ivo si o t t i ene  u n  migliore aecordo f ra  t eor ia  ed 
e s p e r i m e n t o .  

I/IuTep~pepeuL~9 M e ~ y  KOJIYleRTHBHbiM H IlpHMhIM pa~HaHHOHHblM 3aXBaTOM HyKYlOHOB. 

Pe3mMe (*). - -  BblBO~I4TCR HKTepqbepemtHomtbfft qneH M e ~ l y  rIp~MhiM H KOJUJeK- 
THBHblM 21HIIO,rlbI-IbIM pa~HaHHortHblM 3aXBaTOM HyKJ]OHOB ~uIpaMH. I Io i iepeqHoe ceHeHHe 

3aIIHCbIBaeTc~t B ~opMe ]~pa~T&-lHrttepa, raK CyMMa Tpex qJ]ertOB: HpJ~MOFO 3axBaTa, 

KO~IYlCKTHBIIOFO HS1H << pe3oHatfCKOFO ~> 3axBaTa H HHTepqbepeI~tIHOHKOFO qJIeHa. HccJqe- 
)IyeTc~I BbipaTKenHe ~si~i ilocJle~YIeFo ti~leHa, i4 IIpHBO~IIqTC~I yCYIOBH~I ~J/~ HOJIO)KHTeJIbItO~I, 

OTpHI~aTeJ]bHO~l H HyYleBO~ HHTepqbepeKttnm BblqHCJ]RIOTCR iloHepeqI-Ible ceqeHHfl 3axBaTa 

HyKJTOHOB IUJ~t ~3°Te, ~42Ce a '~°sPb. ~qi~lTblBafl mrrepqbepeHunro Me>K)2y np~lMblM H 
ronne~TrmnbIMH npoueccaMH, nonyqaeTc~ nyqmee cornacHe Me~)Iy TeopHefi n 3KCne- 
plIMeHTOM. 

(') Hepesec)eno pe3aKqueft. 


