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3 Two-lfeutron Configurations i n  the Eken Calciun Isotopes a s  Obse 
L * 

i n  the ( t ,p)  Reaction. David C. W i l l i a m s ,  Sandia Iaboratory. Recent 

I date on the  reactionsM' 4 4 ~  46' 48~a( t ,p )  a re  swnmnrired. The strong 

t rans i t ions  may be interpreted without aesuming heavy mixing of the 
I 

various two-neutron configurations tha t  a re  the principal  contributors 

t o  t h e  ( t tP)  reaction amplitude, though these configurations evidently 

do mix with confimrations i~ivolving core excitation. Thus, the  strong 

t rans i t ions  of a given - Lvalue are  grouped itl  such a way t h a t  each group 

may be assigned t o  one of the  expected tu~-z%eu&$&~ - .  , . configu+ations . having 
, 1 )  

the appropriate ~ ( a )  ; The interpretat ion offe;& indicates tha t  the 

conf igurati uns n-2 n 2 
[(fT,2 )Ji0 I7/2 13/21 End [k7,2 - )ZI0 4 / 2 1  

conit i tute  at most minor ccmponenta of states below 4.4 MeV i n  42,46,. 

2 recent 4 3 ~ ( d , p )  data indicate the  same i n  t rue  of 4 4 ~ .  s t a t e s  of the 

(20/20) core a re  important. This desckiption d i f fers  from treatments 

of these isctopes which emphasize mixtures of the various if - 2p3/2 , - 7/2 
neutron configurations and consider s t a t e s  of the (20/20) core only 

secondarily, i f  a t  a l l .  
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I n  most discussions of double s t r ipp ing  (or  pickup) re-  

ac t ions  such as  the  ( t , p )  react ion,  the emphasis has been on 

the  f a c t  t h a t  the  reac t ion  amplitude may represent  the  coherent 

sum of many two-part icle  terms. I n  such eases the  c ross  sect ion 

gives information as  t o  t h i s  coherent sum, b u t  t e l l s  nothing 

.about the  amplitude of any one term i n  the  f i n a l - s t a t e  wave 

function.  However, i f  the  two-part icle  s t a t e s  t h a t  contr ibute  

- a c t i v e l y  t o  the  reac t ion  amplitude do not mix s t rongly  wi th  

each other ,  a  descr ip t ion  s imi l a r  t o  the  simpler single-nucleon 

s t r i p p i n g  r eac t ion  should be approximately va l id .  Even i n  t h i s  
case, each of the  two-particle s t a t e s  may s ' t i l l  mix wi th  s t a t e s  

t h a t  involve t a rge t  exci tat ion ' ,  and therefore  do not contr ibute  

s t rongly  t o  the reac t ion  amplitude. The s t reng th  ava i lab le  f o r  
each two-part icle  s t a t e  w i l l  then be shared among the  severa l  

l eve l s  involved, j u s t  3s usual ly  i s  the case f o r  s ing l e -pa r t i c l e  

s t reng ths  a s  observed ic single-nucleon s t r ipp ing  reac t ions .  

It i s  the  pxrpose of t h i s  paper t o  ~ u g g e s t  . t h a t ,  as  a  f i r s t  
approximation, t h i s  simpler s i t u a t i o n  ac tua l ly  p reva i l s  f o r  the 

even -A calcium nuc le i .  I cocs ider  here data  obtained by Williams, 
42,46,50Ca Knight and ~ e l a n d l ' ~  on ( t , p )  t r a n s i t i o n s  t o  s t a t e s  of 

and a l s o  the  ( t , p )  t r ans i t i ons  t o  0-t- s t a t e s  of 4 8 ~ a  and 5 0 ~ a .  
3 reported by Hinds, Bjerregaarde, Hansen and Nathan . 
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. .  
I define the  zero-order energy of a  two-neutron 'configurat ion 

t o  be the  sum of the corresponding unperturbed s i n g l e - p a r t i c l e  

energies i n  the adjacent odd -A nucleus, a s  deduced from (dip)  
4 measurements , plus the ground-state pai r ing 'energy, as  deduced 

from the odd-even mass d i f ference  ( ~ i g .  1). For the  p  ''' O+ 
3/2 ' -.  

configurat ion,  I subtract  o f f  an est imate of the  p  3,2 pa i r ing  

energy derived from the masses 2,5 of 4 8 ~ a ,  4 9 ~ a ,  and 5 0 ~ a .  

Other than t h i s  pair ing est imate,  the zero-order energies conta in  

no allowance a t  a l l  f o r  the  r e s idua l  i n t e r a c t i o n  between the two 

neutrons, and thus they may d i f f e r  considerably from the  a c t u a l  

configurat ion energies.  I f  the  r e s idua l  i n t e r ac t ions  a r e  not  

too large ,  however, i t  should be possible t o  assoc ia te  each zero- 

order  configurat ion energy wi th  a  group of one o r  more s t rong 

t r a n s i t i o n s  of the appropriate - L value, and vice  versa ,  provided 

the  two-neutron configurations do not mix s t rongly  wi th  each o ther .  

I f  the  l a t t e r  assumption f a i l s ,  some t r a n s i t i o n s  w i l l  be enhanced 

a t  the  expense of others ,  destroying any correspondence between 

the  strong t r ans i t i ons  and the  loca t ion  of the ind iv idua l  two- 

neutron configurations. Some s t a t e s  may a l s o  be lawered 1rel.1 . 

below any of the zero-order energies,  e spec i a l l y  i f  they possess 

considerable co l lec t ive  character ,  as  i.s the  csse  wi th  t he  lowest 

2t and 3- s t a t e s  of most nucle i ,  including 4 2 ~ a  and 4 6 ~ a .  

The comparison i s  made i n  Fig. 2. .The hor izon ta l  l i n e s  t o  

the  l e f t  ind ica te  the zero-order 'energies sf a l l  ava i lab le  two- 

neutron configurat ions;  the  length of t 5e se .  l i n e s  i s  of -no s i g n i f i -  

cance. Ver t ica l  bars a t  the'  ends give the  unce r t a in t i e s  i n  these  

energies t h a t  correspond t o  the  quoted u n c e r t a i n t i e s ' i n  the  un- 

perturbed s ing le -par t i c le  energies  derived from the  (d,p) data.  

The hor izon ta l  l ines  t o  the  r i gh t  show the  observed ' t rans i t ions  

t o  s t a t e s  of the indicated sp in  and pa r i t y ;  the length  of these  

l i n e s  gives the  t r ans i t i on  i n t e n s i t y .  Dashed l ines '  and qt:estion 

marks ind ica te  the l e s s  c e r t a i n  i n t e n s i t i e s  and sp in  assignments, 

respec t ive ly .  



. . 
~ x c e ~ t  f o r  the f i r s t  2+ s t a t e s ,  the correspondence i s  good 

i n  4 2 ~ a ,  with a l l  the strong t rans i t ions  being grouped near an 

appropriate zero-order configuration energy. , Likewise, a l l  

expected configurations a re  accounted for  except the (fTI2 plI2) 4+ 
configuration; however, the limited experimental resolut ion 

1 (- 50 k e ~ )  would have made i t  very d i f f i c u l t  t o  iden t i fy  - L = 4 
t rans i t ions  a t  t h i s  high exci ta t ion energy. The O+ s t a t e s  of 4 8 ~ a  

and 2+ s t a t e s  of 5 0 ~ a  also show good agreement. I n  general, there 

i s  a tendency for  the strongly excited s t a t e s  to  l i e  somewhat . 

laver than. the zero-order energies, especial ly  f o r  the (ig/2 ~ ~ / ~ ) 2 +  

configuration. This downward displacement i s  larger  i n  Ca, though 

the general pat tern i s  s t i l l . c o r r e c t l y  reproduced; tha t  i s ,  the 

strong t rans i t ions  above 4 MeV come i n ' t h e  predicted o,rder: 2+, 4+, 
W, 2+. Part  of the quant i ta t ive discrepancy may be due t o  the 

r e l a t i v e l y  large uncertainties i n  the zero-order energies. I n  a l l  

cases, , i t  i s  t o  be remembered tha t  the treatment 'involves no 

adjustable parameters. 

According. t o  t h i s  interpretat ion,  population of the strongly 

excited 2+ and 4+ s t a t e s  between 4.4 and 5.4 MeV i n  4 2 ~ a  and 
represents capture of an f  

7/2 P3/2 
neutron pa i r .  This k z s  

the important implication tha t  s t a t e s  i n  these isotopes having 

configurations of Type I i n  Fig. 3, with J -0, as ;heir major com- 1- 
ponents l i e  above 4 MeV, with t h e  (p 

3/2 
2, s t a t e s  lying s t i l l  higher. 

The same a ears  t o  be true of 4 4 ~ a , ,  as  s t a t e s  up t o  6.2 MeV exci- t t t a t ion  i n  Cn have been observed i n  thi 4 3 ~ a ( d , p )  reaction6 and 

less  than 4% of a l l  the observed - a = 1 strength was found t o  l i e  

below 4.6 MeV excitat ion.  There are,  of course, many mcre s t a t e s  

a t  lower exc i ta t ion  energies i n  these isotopes than can be accounted 

f o r  by means of the f  neutrons alone. I n  4 2 ~ a  these s t a t e s  
7/2 40 44 46 

hust involve rearrangement of the . Ca core. I n  Ca and Ca, 

a large number of s t a t e s  of Type 11, with J1 9 0, are available,  

but i t  i s  not c l ea r  why these should l i e  much lower than the 

J = 0 s t a t e s .  Since s t a t e s  of the 4 0 ~ a  core must be  involved iii -1 



. .  

4 2 ~ a ,  they a r e  probably important i n  4 4 ~ a  and 4 6 ~ a  as wel l .  This 
p i c tu re  d i f f e r s  s ign i f i can t ly  from the more usual  i n t e rp re t a t i ons  7 
of the  s t a t e s  below 4 MeV i n  these  isotopes,  which emphasize the  

i n t e r ac t ion  of the various Type I and Type 11 s t a t e s  involving 

and 2p 
3/2 

neutrons and t r e a t  s t a t e s  of the  4 0 ~ a  core only 

secondari ly,  i f  a t  a l l .  

Although some mixing of the various two-neutron conf igurat ions  
must occur, i n  the  cases described so  f a r ,  i t  i s  ev iden t ly  not 

large  enough so t h a t  the r e su l t i ng  coherence e f f e c t s  destroy the  

bas ic  pa t t e rn  s e t  by the zero-order configurat ion energies .  To 

f ind a case where the reverse i s  t rue  one need look no f u r t h e r  

than the  O+ spectrum of 5 0 ~ a .  Here the simple approach pred ic t s  
the  exis tence  of a  s t rongly  excited O+ s t a t e  i n  the  spectrum 

immediately above 4 MeV (Fig . 2) . Hinds and others3 have reported 

the  ( t , p )  spectrum up t o  5.6 MeV e x c i t a t i o n  and only exceedingly 
weak O+ s t a t e s  were found. A s  they suggest, i t  appears t h a t  the  

conf igurat ion mixing i s  so strong i n  5 0 ~ a  t h a t  almost the  e n t i r e  

L=O t r a n s i t i o n  s t reng th  is  concentrated i n  the  ground s t a t e .  

The £act t h a t  the  ground s t a t e  of 5 0 ~ a  appears t o  show strong 

configurat ion mixing suggests t h a t  the  same may be t r u e  of the 

s t rongly  exci ted  O+ s t a t e s  i n  the  l i g h t e r  calcium i so topes ,  Thus, 

these s t a t e s  probably contain large  p 
1/2 

components a s  w e l l  a s  
2 p3/p ; other  configurat ions may a l s o  be involved. I n  any case, 

the re  appears t o  be a re la t ionsh ip  between the s t rongly  exci ted  

O+ s t a t e s  lying a t  between 5 and 6 MeV exc i t a t i on  i n  the l i g h t e r  

calcium isotopes and the ground s t a t e  of 5 0 ~ a  (Fig. 4 ) .  The open 
c i r c l e s  p lot ted  here along the  l i n e  marked p O-t shcw the 

3/2 ' 
binding energy of the neutron p a i r  when captured i n t o  the  s t rongly  

excited O+ s t a t e s  i n  calcium-42,'-46, and-48. The so l id  c i r c l e  a t  

A=50 i s  the two-neutron separa t ion energy f o r  5 0 ~ a .  Obviously, 
the  l a t t e r  f a l l s  n ice ly  i n  l i n e  wi th  the  trend s e t  by the  former, 

even though the  designation p O+ i s  probably an oversirnylifi-  
3/2 ' 

ca t ion .  I f  the 0+ s t a t e s  of calcium-48 do correspond t o  calcium-50 



m i n u s a n f  n e u t r o n p a i r , w e m a y d e r i v e a v a l u e  f o r t h e  l a t t e r  
7/2 

separa t ion energy (open c i r c l e  a t  A=50 i n  Fig. 4)  ; t h i s  f a l l s  i n  

l i n e  wi th  the  ground-state masses of the l i g h t e r  i sotopes .  

The existence of O+ s t a t e s  t h a t  are  s t rongly  exci ted  i n  the  

( t , p )  reac t ion  seems t o  be general  t o  nuc le i  immediately preceding 
8 closed neutron s h e l l s  (Fig. 5) . I n  a l l  cases of which I am 

aware, whenever closure of a  neutron s h e l l  o r  subshe l l  leads t o  a  

d i s t i n c t  d iscont inui ty  i n  the two-neutron separa t ion  energies 

(sgn) f o r  the ground s t a t e s  ( so l id  symbols i n  Fig. 5 ) ,  the  nucleus 

in&ediately below the discont inui ty  exh ib i t s  r e l a t i v e l y  s t rongly  

exci ted  0+ s t a t e s  (open symbols) wi th  Szn f a l l i n g  in '  l i n e  wi th  

the  ground-state values above the  d i scont inu i ty .  The case of 
%zr i s  i n t e r e s t i ng ,  as  N=56 only corresponds t o  c losure  of the  

2d5/2 
subshel l ,  r a the r  than t o  c losure  of a  major s h e l l ;  nonethe- 

l e s s ,  the re  i s  a  d iscont inui ty  i n  the  S values here and a  2n 
corresponding O+ s t a t e  t ha t  i s  f a i r l y s t r o n g l y e x c i t e d  i n  the 

9 4 ~ r  ( t , p )  reaction8. I n  con t ras t  t o  % ~ r ,  the  law-lying O+ 
8 s t a t e s  i n  92994~r  a re  only weakly exci ted  i n  the  ( t , p )  renc t ion  . 

I f  i t  i s  t r u e  t ha t  the  strong 0+ s t a t e s  i n  the  closed s h e l l  

nuc le i  do correspond t o  capture of the neutron p a i r  i n t o  a s t a t e  

wi th  a  wave function corresponding t o  the  ground c t a t e  of the  

nucleus having two neutrons more than the  magic nun;jer, the  same 

s t a t e s  should a l s o  be s t rongly  excited i n  the ( p , t )  r eac t ion  wi th  
the  l a t t e r  nucleus as  t a rge t .  5 2 ~ r  ( n o  shown i n  Fig. 5 )  i s  the 
only c losed-shel l  nucleus f o r  which both react ions  9310 have been 

car r ied  out .  As expected, . a  0+ s t a t e ,  located a t  2.65 KeV, was 
s t rongly  exci ted  i n  both the  54~r(p , t )  and the 50~r ( t ,p )  reac t ions .  
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