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We have studied the effect of two-particle-two-hole ground-state Correlations on the spin-dipole transitions in 12N. We 
found that the transition strengths in the energy range E x = 2-12 MeV are quenched 25% by the ground state correlations. The 

tensor correlation is important for 1 and 2 -  states, while the spin-orbi t  force has an appreciable effect on 1 -  states only. 

The (p, n) reaction at intermediate energy is an 
extremely useful probe for the study of o • r corre- 
lations in nuclei [1]. The cross section at zero 
degrees has been studied in detail and the 
Gamow-Te l l e r  (GT) strength for 1 = 0 transition 
has been extracted systematically in many  nuclei 
throughout  the periodic table [1,2]. Moreover,  the 
neutron spectra at larger angles (0 = 5-15  o) show 
strong transitions characterized by l = 1 angular 
distributions with a large width of  a round 10 MeV 
for nuclei A > 40 [1]. These broad resonances are 
interpreted by an envelope of collective states with 
spin parities 2 - ,  1 -  and 0 excited through the 
transition operators [3], 

Ta.=Y'.r,[Y,=,(~,)×o,]a.. 1 ,  X = 2 - , 1 - , 0  . 
i 

(1) 
We refer to them as spin-dipole transition opera- 
tors. The par t ic le-hole  matrix elements for these 
operators are given by 

((  j~-ljp )Xllr# [ Y/X o1 ~ii0> 

= [ (2 jh  + 1)/4rr]t/2(Jh½X Ol•l)(lp!r'llh) 
× 1 ,  X = 0  , 

× { - ((2X + 1 ) / [ h ( h  + 1)] },/2} 
× + , )  

-(-)'"+'/2-s"(j h+½)}, X = I  , 
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× [x] t /2{1 + ( _  ) t ,+l/2-j~ ( jp  + ½) 

+ ( - - ) ' " + l / 2 - ; " ( J h + ½ )  }, X = 2 - .  (2) 

It has not been possible to resolve the broad  
peaks at angles (0 = 5-15  ° ) in heavy nuclei into 
their components  and confirm each transition 
strength partly due to the poor  energy resolution 
of  neutron spectra. Recently, in the light nucleus 
IZN, the spin-dipole states with M = 1 - ,  2 -  have 
been observed separately in the energy region E X 
= 2-12  MeV [4]. F rom the experimental neutron 
spectrum for the 12C(p, n)lZN reaction at Ep = 160 
MeV and 0 = 8 °, the extracted cross section ob- 
tained by adding the total yield (corrected for 
cosmic ray background)  is given by 

do  
Y'. -~--~ (E× = 2 -12  MeV)exp = (12.0 _+ 1 .8 )mb/ s r ,  
E~ 

while a shell-model calculation [4] gives 
summed cross section, 

d o  
Y'~ ~ - ~ ( E  x = 2 -12  MeV)theo~y = 20 m b / s r .  
Ex 

(3) 

the 

(4) 

The model prediction in ref. [4] took into account  
one-par t ic le-one-hole  ( l p - l h )  states built on the 
lowest six odd-par i ty  states of  the A = 11 system 
and the excitations from the 0st/2-0rbit were not 
allowed. 
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T a b l e  1 

S u m  rule  values  B(I = 1, )( ' )  for  the sp in -d ipo le  t r ans i t ions  in 

12N. The  values  in r o w  1 are  o b t a i n e d  b y  the l p - l h  exc i t a t ions  

f r o m  0p3/2- a n d  0sW2-sta tes  a s s u m i n g  a 0p3/2-c losed  shell. The  

she l l -model  c a l cu l a t i on  of  ref.  [4] in row 2 took  in to  a c c o u n t  

o n l y  l p - l h  exc i t a t ions  f r o m  the lowest  six o d d - p a r i t y  s ta tes  of  

the  A = 1 1  system,  whi le  the p resen t  ca l cu la t ion  in r o w  [3] 

inc ludes  all c o n f i g u r a t i o n s  f r o m  0p-  a n d  0s-orbi ts .  F o r  detai ls ,  

see the text. 

0 1 -  2 

l p - l h  5.56 14.11 14.97 

ref. [4] 3.79 10.76 16.03 

p r e sen t  4.56 12.61 17.48 

ref.  [4] ( E  x ~ 12 MeV)  3.34 9.70 15.00 

p r e sen t  ( E  x ~< 12 MeV)  2.69 8.60 14.67 

ref. [4] ( E  X ~< 18 MeV)  3.79 10.76 16.03 

p re sen t  (Ex ~< 18 MeV)  3.63 9.97 15.80 

We show in table 1 the results of a full 1 h0a 
l p - l h  configuration space calculation based on 
the Cohen-Kura th  wave function for the A = 11 
system in comparison with the result of ref. [4]. A 
Yukawa-type potential with central, spin-orbi t  and 
tensor components is used for the present calcula- 
tion; 

V ( r )  = Vc(r ) + VLs(r ) + V-r(r ), 

V~(r) = Vc( ac rllnll + .c  n31 --tacrl3nl3 + a33p33) 

× (if J r )  exp( - r /#c  ), 
13 13 V L s ( F )  = VLs(aLsP _~_ _33 r .33~ it ¢JLS/- ]L," S(~.LLS/I" ) 

x e x p (  - r / ~ ' L s ) ,  

VT(r) = V T ( a ~ 3 1  ' ' 3  + a~-3t'3~)S12(~'./r) 
× exp( -- r/txT ), (5) 

w h e r e  p2T+ 1,2s+1 is the projection operator of the 
(T, S) channel and $12 is the tensor operator. We 

p' h' 

p h - - x  

Fig.  1. D i a g r a m m a t i c a l  r ep re sen t a t i on  o f  the 2 p - 2 h  g r o u n d -  

s ta te  cor re la t ion .  

adopted the parameter set of Millener and Kurath 
[5] which is listed in table 2. The summed cross 
section do/df~  (E  x = 2-12 MeV) for the present 
calculation is 19 m b / s r  compared to 20 m b / s r  
obtained in the restricted space calculation [4]. 
Both calculations show about 10% of the total 
transition strengths in the energy region E x = 
12-18 MeV. However, the full space calculation 
shows 15% of the total strength above E× = 18 
MeV, while there is no transition strength in this 
region in the calculation of ref. [4]. 

We study in this letter the effect of 2p-2h  
ground-state correlations on the spin-dipole transi- 
tions in ~2N using perturbation theory. The 2p-2h  
correlation is claimed as an important effect for 
the quenching of magnetic dipole and Gamow 
-Tel ler  transition strengths in recent microscopic 
calculations [6,7]. The ground-state correlation is 
shown diagrammatically in fig. 1. The first-order 
perturbation theory gives the following wave func- 
tion; 

( ( p h - 1 ) J , ( p ' h '  ] ) J ; 0 + l V f 0  +) 
IO) = IO) + 

ph,p'h' E 0 - Es(Ph , p 'h ' )  
J 

× l ( p h - l ) J ,  ( p ' h ' - a ) J ;  0+) .  (6) 

Using this perturbed wave function (6), we ob- 
tain the modified transition strength, 

((ph-l)h[}Txll0) = ((ph-~)hllTx[[0)(1 - a ) ,  (7) 

T a b l e  2 

I n t e r a c t i o n  p a r a m e t e r s .  

a ]] a 31 a 13 a 33 b/~ V(MeV)  

cen t r a l  - 0 .714  0.6 1 - 0 .286 1.18 - 44.8 

t ensor  0 0 1 - 0.38 1.18 - 16.25 

s p i n - o r b i t  0 0 1 3.5 2.36 - 26 
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where  

( ( p h  1 ) X l V l ( p ' h ' - l ) X  } ((p ,h ,_l)XllTxl l0}.  
a = Y~, Ex(ph ,  p ' h ' ) -  E 0 

p' h' 

(8) 
We calculate  the p a r t i c l e - h o l e  ( p - h )  mat r ix  ele- 
ments  with the Yukawa- type  potent ia l  with central ,  
s p i n - o r b i t  and  tensor  componen t s  as given in eq. 
(5). The p - h  energy difference is taken to be 15.4 
MeV. The osci l la tor  length is de te rmined  as b = 
1.64 fm in order  to r eproduce  the mean  charge 
radius  of  12C. 

The  ca lcula ted  values of a are given in table  3. 
The  central  in terac t ion  gives a = 0.13 which de- 
creases the sp in-d ipole  t rans i t ion  s t rength by abou t  
25%. This posi t ive value of c~ is due  to the fact that  
the s p i n - i s o s p i n  p - h  in terac t ion  is repulsive. We 
also ca lcula ted  a by  using the pa rame te r  set for the 
centra l  in terac t ion  given by  Ferrel l  and  Visscher 
[8]. This gave a sl ightly larger  value of a = 0.15. 

The  tensor  cor re la t ion  increases the values of a 
for the s ta te  with X = =  1 by  10-20%, while de- 
creasing the value of  a for X '~ = 0 by  about  the 
same amount .  The t rans i t ion  s t rength of the 2 
s ta te  is not  changed much by the tensor  correla-  
t ion. This result  can be unde r s tood  intui t ively  by  
the fol lowing a rgument  given by  Mot te l son  [9]. 

The tensor  in terac t ion  can be given in the form 

VT(r)=F(r)([OlXO2](2'X[r2Y2(~)](2)} (0). (9) 

Since the solid spherical  harmonics  r2yzm(~) can 
be expanded  by  the formula  

rZY2m(~)=Y~. 4 ¢ 4 ~ ( - 1  x' 
x'~' 

× [5 ! / (2X '  + 1)!(5 - 2X ' ) ! ] ' /2  

x (2 - X' X' m - /* ' /* ' ]2  m}r2-X'r2 x' 

X Y2-~,',m ~ ' ( r l ) r x ' ~ ' ( r 2 ) ,  ( 1 0 )  

the tensor  in terac t ion  (9) can be expressed in terms 
of the sp in-d ipole  opera tors ,  

~14~/4~[10~1/2] V T ( r ) = F ( r ) E ( - I g v ' * "  K T )  ~ - v ' 1 5  

x [1 

× { r , [ . ,  × rl( ,)l 'x' 

l^  \ l  (X)'l (0) 
X r 2 [ o 2 X  Yltrz)l ~ , 

{i: = , (11) 

where  we choose  X' = 1 only  in the expans ion  (10). 
Since the coupl ing  s t rength F(r) is repuls ive for 
the tensor  interact ion,  the tensor  cor re la t ion  for 
the 1 -  s tate is addi t ive  to that  of the centra l  
interact ion.  On the o ther  hand,  the two cont r ibu-  
t ions tend to cancel  each other  in the case of the 
0 -  state. A smal ler  tensor  cor re la t ion  for the 2 

Table 3 
Normalization factors a for spin dipole transitions. 

k" (p-h)  ((h ' p)X[[T]]O) ~(Vc)  c~(Vc+VT)  a(Vc+VT+VLs) 
0 ( 2 s l / 2 , 1 p l / 2  -1 ) - 0.654 0.093 0.077 0.077 

(1d3 /2 ,1p3 /2  -1 ) 1.463 0.135 0.095 0.095 

1-  ( l d 3 / 2 , 1 p l / 2  -1 ) 1.035 0.135 0.158 0.133 
( 2 s l / 2 , 1 p 1 / 2  -1 ) 0.925 0.093 0.101 0.116 
( ld3/2 ,  l p 3 / 2  -1)  1.851 0.135 0.154 0.147 
( ld5/2 ,  l p 3 / 2  -1 ) - 1.388 0.135 0.156 0.180 
( 2 s l / 2 , 1 p 3 / 2  -1 ) 0.654 0.093 0.101 0.072 

2 -  ( l d 3 / 2 , 1 p l / 2  -1 ) -0.463 0.135 0.085 0.089 
( ld5/2 ,  l p l / 2  1) 2.266 0.135 0.133 0.133 
( ld3/2,  l p 3 / 2  -1 ) -0.925 0.135 0.145 0.147 
( l d 5 / 2 , 1 p 3 / 2  -1 ) 2.120 0.135 0.129 0.127 
( 2 s l / 2 , 1 p 3 / 2  1) 1.463 0.093 0.091 0.091 
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state  is also qui te  reasonable  since the coefficient  
for  2 -  in eq. (11) is several t imes smal ler  than 
those for 0 and 1 - .  The results given in table  3 
are sl ightly different  f rom that  expected f rom eq. 
(11) because  of the exchange term cont r ibut ion .  

As  can be seen in the last co lumn of  table  3, the 
s p i n - o r b i t  two-body  force has an apprec iab le  ef- 
fect only  on 1 -  states. The s p i n - o r b i t  two-body  
ope ra to r  is given by  

L ' a = l ( r l - r 2 ) X ( P l - P 2 ) . ( G l  q-O2). (12) 

When  eq. (12) is expanded  in terms of  the spin-di-  
pole  operators ,  the impor t an t  terms for the direct  
two-body  mat r ix  e lements  in eq. (8) are 

L .  S ( ~  r l { [ .  1 X YI(~I)]<I)  X p 2  } (0) 

+ r 2 ( [ .  2 X Y1('2)] X P l )  (0)' (13) 

where the sp in-d ipo le  opera to r  can couple  to ~ = 
1 -  only. This  is the reason why the s p i n - o r b i t  
force cont r ibutes  apprec iab ly  to the value of a for 
the states with ~" = 1 - ,  but  not  for the states with 
? , ~ = 0  a n d 2 - .  

In  summary ,  we have s tudied the effect of  the 
2 p - 2 h  ground  state corre la t ion  on the sp in-d ipole  
t rans i t ion  in 12N. We found  that  the net  effect of 
the central ,  tensor  and s p i n - o r b i t  forces, averaging 
over  the t rans i t ion  mat r ix  elements,  gives the val- 
ues a = 0.089, 0.139 and  0.122 for  X= = 0 , 1 -  and 
2 - ,  respectively.  Because the exper imenta l  da t a  in 
the region E x = 2 - 1 2  MeV is domina ted  by  1 -  
and  2 resonances,  the value a subs tant ia l ly  de- 
creases the sp in-d ipole  t rans i t ion  s t rength by abou t  
25%. The  tensor  cor re la t ion  cont r ibutes  10-20% to 
the renormal iza t ion  factors  a for 0 -  and  1 -  states, 
while the 2 state is insensit ive to the tensor  force, 

the effect of  the two-body  s p i n - o r b i t  corre la t ion  is 
apprec iab le  only in the t rans i t ion  s t rength of  the 
1 state. The  exper imenta l  cross sect ion in the 
energy region E x = 2 -12  MeV is 40% less than the 
l p - l h  shel l -model  p red ic t ion  in the full configura-  
t ion space and the present  s tudy suggests that  the 
2 p - 2 h  g round-s ta te  corre la t ions  expla in  the major  
par t  (60%) of  this missing strength. The t rans i t ion  
s t rengths  might  be decreased further  by  meson-ex-  
change  currents  [7] and  A-hole coupl ings  [10] to- 
gether  with higher  2 p - 2 h  exci ta t ions above lhw 
conf igura t ion  space [5]. 

We  are grateful  to G.F .  Bertsch for fruitful  
suggestions. This work is suppor ted  by  the Na-  
t ional  Science F o u n d a t i o n  under  grant  no. PHY-  
83-12245. 
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