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The effect of the ground state correlations on the imaginary part of the nucleon- 
nucleus optical-model potential is qualitatively discussed within the random phase 
approximation (RPA). We also investigate the effect of terms of order higher than 
two in the microscopic nucleon-nucleus interaction. A rough estimate of both effects is 
given for the case K39+p. 

I. Introduction 

A large effort has been devoted to the microscopic calculation of the 
imaginary part of the nucleon-nucleus optical-model potential [1-5]. 
All those calculations are, however, limited to second order in the 
microscopic nucleon-nucleus interaction. Moreover, the description of 
the nucleus excitations is often restricted to particle-hole excitations 
(the so-called Tamm-Dancoff approximation (TDA)). Sometimes, more 
complicated descriptions are used for the target excited states, but the 
ground state is generally taken as a shell-model state. In a previous 
paper [6], we have already indicated how the formula giving the optical- 
model potential (OMP) should be changed if correlations are introduced 
in the ground state of the compound system. These correlations were 
described within a RPA model previously investigated by several 
authors [7-12]. In the present paper, we use this model in the frame of a 
simple assumption for the nuclear interactions in order to discuss 
qualitatively, and to estimate roughly, the effect of correlations on the 
imaginary part of the OMP. We separate this correction from the high 
(larger than the second one) order (in nucleon-nucleus interaction), 
corrections which are present even when correlations are neglected. 
The imaginary part is a sum of two contributions, one from the direct 
inelastic excitations of the target, and the other from the average resonant 
scattering. We show that the corrections can be very different for these 
two contributions. 

In Section 2, we briefly recall the RPA model. In Section 3, we 
introduce a simple assumption for the nuclear interactions. In Section 4, 
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we discuss qualitatively the effect of the correlations and of the high 
orders on the imaginary part and we give a rough estimate of those 
effects in the case of K 39 +p. Section 5 contains our conclusions. 

2. The O M P  and the RPA in the Continuum 

We briefly recall the main formulae obtained in Ref. [6], from which 
we borrow the definitions and notation. Let $o be the true ground state 
wave function of the nucleon-nucleus system and let $~(+) be the 
scattering wave function. In addition, let A~ + (E) be the creation operator 
of a particle-hole pair, (see the exact definition in Ref. [6]), which when 
applied to $o is assumed to describe the elastic channel state. The OMP 
in a channel c can be written as [6]: 

"WE ~ E") = v o (E', E") + "U~+ u, (2.1) 

'UEc=(1, 0)Z(E) (10), (2.2) 

where the 2 • 2 matrix Z(E) is given by [6] 

Z(E) = W +  W D  ~- ~ V"+ Z'. (2.3) 

The matrix Z'  arises from the fact that the wave function $~(+)contains 
a component, both in the channel state A + (E) 1~0) and in the conjugate 
boson state A,(E) 1~0). It has a very complicated form. We will neglect 
it in the following, since it is presumably smaller than the other correc- 
tions. The matrices W and D ~ are given by (Ref. [6]): 

V e= V+ VEc 1 W, (2.4) 

DC= Es - V e. (2.5) 

Finally, let us recall the perturbative series for V~: 

(v2 ) ( z , z , )  v 2 ) ( z , z ' )~  
w =  _ v f ( e ' ,  e " ) -  v2 ) (e  ', e " ) /  

+ X ' ' ' /  
de ~_  V~)(E', e'") V~)(E', e'")] c,,c ~o, - (2.6) (1 

e �9 - e ' "  o v~,~)(e ''', e")  v~,~)(e ''', e")'\  
1 - v~,22(e ''', E") - v~?2(e'", e " ) )  + ' ' '  

0 e + e " "  
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The effect of the correlations brought in by the RPA is contained in 
the interaction V (2). 

3. The Interaction V e in a Simple Case 

We study a simple approximation which allows us to calculate V e 
exactly. We assume that the matrix elements V ~ and V (2) can be 
factorized: 

V~(1)(E ', e " ) =  - z f ~ ,  f~;,, (3.1) 

vZ?(E', e " ) =  c ~, -xf~,f~,, .  (3.2) 

This is achieved with a two-body interaction like: 

with 

r -- 2 L + l  r ,  v(i, j)=v(ri,  j ) - ~ - ~  fL( i rj)PL(cosO), 

fL (r, r') = -- 2 n Zc DL (r) DL (r'), 

(3.3a) 

(3.3b) 

provided the antisymmetrization of the matrix element is neglected. 
Then, only one multipole is effective, for which L is equal to the total 
spin of the system. Interactions of this type are often used [13, 14]. 
For L = 2  it reduces to the quadrupole-quadrupole interaction. With 
the help of (3.1) and (3.2), we can solve the integral equation (2.4) by 
rewriting it as: 

(1[ ve [ 1)r---(ll V[ 1)+(1 [ V[ 1)(11Ec 1 It)(1[ Veil) 

+(11 VI2)(21 ec 112)(21 Vet 1), 
(3.4a) 

with 

(21veI1) : (21VI1)+(21VI1) (11Ec  * IDOl  Veil) 

+(21V 12)(2 t Ec I [2)(21 Veil), 
(3.4b) 

( l l V l l ) = - ( 2 1 v I 2 ) = v  (x), - ( 2 1 v I 1 ) = ( 1 1 V 1 2 ) = V  (z), (3.4c) 

(1 ] Ec 1 [ 1)=(E + - E ' )  - t ,  (21Ec 112)=(E+E')  -1 . (3.4d) 

In the Eqs. (3.4a) and (3.4b), and in the following, the integration 
over the variable E', and the summation over c'+c have not been 
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written explicitly. It is easy to see that these operations must be done 
whenever Ec appears. The quantity (1] V e I1) is equal to: 

(11Vel 1)=(11 v" 11)(11Ec 111)(11 Vel l) (3.5a) 
with 

(11 V~ I 1)=(11VI 1)+(11V 12)(21Ec a 12)[1+(21V 12)(2lEc 112) 
(3.5b) 

+(21 v 12)(21Ec 112)(21 V 12)(21Ec 112)+ "'](21 VI 1). 

With the help of Eqs. (3.4a) and (3.4b), we have: 

(11 Vai l )= -fff~,f~:,,, (3.6a) 
with 

l - x  dE" .] za=z 
c~o, E + E " J  (3.6b) 

Then, Eq. (3.5a) becomes 

(11 Vei l )=  -fff~,[~,,, (3.7a) 
with 

[ 1 Z'=Za I.l+za Z fi dE" E-~_---~,,- j (3.7b) 
C'~-C c' 

Eqs. (3.7b) and (3.4b) yield successively 

(21Vell)=zef;,f~,,, (3.8) 

(kl velk')=(--)kzef{,f~,,. (3.9) 

We note that X a is identical to X if the correlations introduced by the 
RPA are removed, and this happens when the off-diagonal terms of 
V are put equal to zero, or when the "propagator" (E+E'") -1 is 
multiplied by zero. Thus, Z a contains all the effects of the correlations. 

4. Effect of Correlations on the Imaginary Part of the OMP 

a) General Discussion 

From Eqs. (2.1) to (2.3), we find: 

2 
%~ Z (-)xefbL 

ss" kk '= l  

�9 ( D c -  1)ss' kk ' (  __)k' f f f ~ , f ~ , , ,  

(4.1) 



Effect of Ground State Correlations 363 

where 

(DC)~,kk,=(E+iI+(--)kE~)6~,+(--)kx~Lf~,. (4.2) 

We assume in the following that the quantities f~ have random signs. 
Then, we can neglect the second term in Eq. (4.2) and obtain: 

f~ fbfb, ~E~ ',  E H" 1) . . . . . .  ~ /  e-~2 
)=  0 - Z  Jf'J~"~-2_AZ ) E+iI-E~ 

s 

/ e-,2 f s  2 
(4.3) 

In the last term and in X e, the quanti ty//should be added to the argu- 
ment E. We neglect it since I is much smaller than E+E~, and since X e 
is slowly varying with the energy. The imaginary part of the OMP 
is given by: 

Im~~ ',E'')=f~,f~,, - I m x ~ + ~ f ~ I m  E+iff--E~] 
s 

(4.4) 
f~ _Imze2)}. 

In the absence of correlations due to the RPA, we would have 

~ e 2  

where the quantity 
~o (f/:,)2 .] -1 

2e=Z l + z  Z j dE" E+_E,,I (4.6) 
C' ~ e  e" 

has the same value Z e when Z"=Z. Finally, we write the formula (4.5) 
when the calculation is limited to second order in V (or in Z): 

with 

e C  ~ C  2 ~ (4.7) 

~o (f~;)2 (4.8) x = Z  S dE' E+_E,. 
r :=J= C Ec" 

24 Z, Physik, Bd. 261 
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0.2 \I ~ 0.2 

~V'/"0.3- 0.4 

1 0.3 ~ \  

-1 0 
%X 1 

Fig. 1. Typical variation of fl (dashed curves) and e (full curves) versus x X  2 and z X  1 
(see Section 4). The value of zX 2 is given for each of the curves 

The difference between formulae (4.4) and (4.5) is due to the RPA 
correlations. The difference between (4.5) and (4.7) reflects the role 
of multiple collisions, since each collision corresponds to a matrix element 
of V. 

The effect of this "multiple scattering" can be summarized in two 
parameters ~ and ft. The first one is the ratio between the compound 
nucleus contribution to the imaginary part with "multiple scattering" 
(the term which contains a summation over s in (4.5)) and the compound 
nucleus contribution without multiple scattering (summation over s 
in (4.7)). The parameter fl is the same ratio for the direct contribution 

Im ~e 
fi= - ~ I m X "  (4.9) 

With the help of Eqs. (4.6) and (4.8), and writing X = X  1 - iX2 ,  we have: 

(1 +zSl) 2-z  2 s~ 
= [ ( 1  Z 1) Z 2J + X , 2 +  2X2.~ 2 , (4.10) 

1 
fl= (1 +)~X1)2 +zZx2 2" (4.11) 

The characteristic curves of c~ and fl versus z X  1 and z X  2 are given in 
Fig. 1. The variation of the parameter fl is rather simple. Roughly. it 
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is larger than unity for zXI negative, and is smaller than unity, when 
)~X~ is positive. The situation for e is more complicated: c~ is smaller 
than unity for zX~ positive. It can be larger than unity if zX2 is small 
and if zX~ > -0 .3 .  However, not all values of zX2 and xX1 are physical. 
Firstly, they must be such that IzXl 2 is smaller than one, in order to 
ensure the convergence of the series of ft.  This limits the values of 
])~J(212 and [zXll 2. Secondly, we have: 

( s  
\ d E ' ]  r xl= Z P I w ~ - d E  = Z Jc,. 

C'~C Eo , J.Q--I~ C,=[:C 

For a closed channel, the quantity Jr is negative. For an open channel 
(G,<E) the integral is sizable only if (f~;)z varies rapidly for E',~E, 
i.e. if E is just above threshold; then, it is probably negative. In this 
case, the sign of ZX1 is given by the sign of Z. If Z is positive (attractive 
interaction), xX 1 is negative and fl> 1, c~< 1 for I zX~l >~0.2. Then, the 
multiple scattering increases the direct contribution to the absorption, 
while it decreases the compound states contribution. If Z is negative 
(repulsive interaction), the multiple scattering decreases both the com- 
pound states and the direct contributions to the absorption. 

The corrections due to the correlations are manifold. Firstly, a new 
kind of term appears, namely the last one in Eq. (4.4). This term is 
expected to be small because of the large denominator. The other 
corrections can be expressed in terms of two parameters ~ and ~. The 
first one is the ratio between the direct contribution to the imaginary 
part with correlations and the same quantity without them. The param- 
eter ff is the same ratio for the compound nuclear contribution: 

{=y2 (I+zX1)E+zZX~ (4.12) 
(1 @ y zX1) 2 + y2 Za X 2 ,  

with 

=72 [ ( i  +?zX I )  a - (?ZXa) 2] [ ( I  +zX~) 2 +Z 2 X~] 2 

[ ( i  + ~ zX,) 2 + (~ zX~)~] ~ [ ( I  + zXO 2 - Z = X d ] '  
(4.13) 

1-z 2 I dZ' 1-1 
c,,c ,o, E+E"J  (4.14) 

The coefficients ~ and ~ reduce to unity if y ~ 1. The effect of the correla- 
tions is entirely contained in y. In order to display the variation of 
and ff with y, we set zXI=O, which is an average acceptable value of 

24* 
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XX~. We have: 

7 2 
~= 1+~,2x2X 2 (1+X2X2), (4.15) 

1 - y 2 z 2 X  2 (1+z2X2)  2 
~=7 2 [1 +~2 Z2 X2212 i"-z2X22 (4.16) 

The quantity ~ is always increasing with 7(>0).  Consequently, ~ is 
always larger than 1 for ~> 1 and smaller than unity for 7<  1. The 
function ~ is maximum at ~2=(3X2X~)-~ and is then equal to 

~1+ 2X2X2 1 t Z 2) 
8 ~-rX22 (1 - Z2 X22) " 

This quantity is always larger than or equal to unity, since 0 < ~2X2 <~ 1. 
If 3x2X~> 1, the function ( has no maxima and is always less than 1 
in the domain 7 > 1. It is larger than 1 for 

(1 - Z 2 X~)/(Z 2 X~ (3 Z 2 X]  + 1)) < ~ < 1. 

For the case 3Z2X22 ,( 1, the function ( is larger than unity for 

l < y < ( 1  2 X 2 " ' "  2 X 2 " 3  2X2-- [ -  - ~ 2)11,~ 2 ~, ~ 2 1))  

and is smaller than unity everywhere below ~ = 1. Let us show that we 
can roughly relate the values of ~ to the sign of Z. We neglect the closed 
channels in (4.14). Since the denominator E+E" is always increasing 
with E" ,  let us restrict the interval of integration to the domain 
% , < E " < - ~ c + 2 E .  We get: 

1 - z  c~ 2~-,o, , ( f ~ c . ) 2  - ~ I dE ~ ]  (4.17) 
c ~c, 

,~r >-E 

Let us give to the function (f~;)2 its values at the center of the interval. 
We have: 
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Since ec, has values between 0 and E, we have roughly 

y ~  [ 1 -  zX2 ] -1 
2~r ] ' (4.19) 

by using the definition given below (4.9). Then, ~ is larger or smaller 
than unity when • is positive or negative, respectively. In conclusion, 
the direct contribution is enhanced for X>0, while the compound 
states contribution is decreased except if 3)~2X~> 1. Opposite con- 
clusions must be drawn if X is negative. 

b) The Sign of z 
The schematic model defined by the Eqs. (3.1) and (3.2) has been 

used to describe the collective vibrational states in nuclei [13]. The 
collective states are pushed upwards or downwards, for )~ negative 
or positive, respectively. It appears that Z should in general be positive, 
except for the dipole states. However, the non collective 1- states have 
been described with a positive Z by Dover and Dietrich [14], who 
studied the case of Pb z~ We did a TDA calculation [5] for the low- 
lying 1 - and 3- states of Ca 4~ and found Z = 1.50 MeV. In this present 
calculation, we make a commonly adopted choice [14]: 

DL(r)= (-~o ) L, (4.20) 

where R o is the nuclear radius. We also calculate the quantities X 1 and 
X 2 (see Eq. (4.8) and the definitions below (4.9)), in order to obtain a 
rough estimate of the effects of the correlations and of the "multiple 
scattering" on the imaginary part of the OMP. The quantity X1 may be 
written: 

x(~S~= • (fc,)ZP drw,o,(r) upo,(r,k'~) , (4.21/ 
Ct :~ r r, e t  

where we have explicitly indicated the dependence upon J. The functions 
who, and uvo, (r, k'c) are respectively the hole and particle wave functions 

h 2 k'c 2 
associated with the boson operator A + (E) (in addition, E '  =ec+ -TM---]" 
The coefficient ~c is a geometrical factor that is defined in Ref. [14]. 
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Table 1. Values of X1, X2, ~ and fl for  the special case of Section 4b  

J x = x ~ - i x 2  ~ 

0 0 1 1 
1 - -0 .114- - i0 .317  1.09 0.36 
2 - -0 .423- -  i 0.476 1.55 - -0 .17  
3 - -  0.693-- i 0.410 2.63 - -  0.058 

Because of the properties of the Green functions, we have: 

X(J)=Re E 2 fo, l d r I d r  Who,(r) who,(r') 
c ' * c  0 0 

r d 2 

[ So 
with 

G.+,,tj(r, r') = - ~--h-z~ ] ~ "t.it- >, k) Gli(r<, k), (4.23) 

h 2 k 2 
e= 2---M--" (4.24) 

The quantum numbers l and j are the same as those of upo,(r, k;). The 
wave functions %~ (r,k,)  are those of single-particle bound states 
with the same I and j and the quantities e, are the (negative) energies 
of these bound states. It is easy to see that X(2 s) is given by minus the 
imaginary part of the first term in (4.22). We have computed X~ and 21 
along these lines for the case agK+p,  since an evaluation exists for the 
imaginary part in the second order in V [5]. We have considered all the 
inelastic channels c' open at 24 MeV above the Ca 4~ ground state, 
which is the energy considered in Ref. [5]. The results are given in 
Table 1. We also quote the values of a and fl (see Eqs. (4.10) and (4.11)) 
for a value of Z= 1.50 MeV for all J. For J = 0 ,  Xis  equal to zero because 
of the orthogonality between the orbitals who, and ups, (see Eq. (4.21)). 
The quantities X~ are negative as we noticed in Section 4a. We can also 
see that the condition of convergence for the series of Voff (IZXI < 1) 
becomes less well fulfilled when J increases. This may be due to the 
choice of DL(r ). It seems that ~ is negative for J = 2  and 3, because of 
the same choice. 

We conclude that, in general, multiple scattering increases the direct 
contribution to the absorption. The values of e are, however, not 
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accurate enough to draw definite conclusions concerning the compound 
nucleus contribution. Another remark is of interest. We also multiplied 
the direct contribution evaluated in Ref. [5] by an average value of fl 
(1.55), keeping the compound nucleus contribution unchanged. We 
then calculated the absorption cross section and found aA=662 mb, 
while the previous value was 600 mb. 

From Table 1 and Eq. (4.19), we find that 7 ranges between 1 and 
1.t3, while 3 z 2 X 2 < l .  For  ~=1.13 and z2X~=l/3 (average value for 
J = l ,  2, 3), we have 4=1.14 and ~=0.98. One can thus expect that 
ground state correlations slightly enhance the direct contribution while 
they leave the compound nuclear contribution practically unchanged. 

5. Conclusions 

We have estimated the corrections which must be made to the 
calculations of the imaginary part  of the optical-model potential, when 
these calculations are limited to the second order in the microscopic 
nucleon-nucleus interaction and to a simple shell-model structure 
of the nucleus. These corrections are essentially due to the multiple 
scattering and to the ground state correlations. The first effect increases 
the direct contribution and decreases the average resonant (or compound 
nuclear) contribution. The ground state correlations are expected to 
increase slightly the direct contribution and to leave the compound 
states contribution practically unchanged. 

We are grateful to Prof. C. Mahaux for helpful discussions and to Dr. J. P. Lavine 
for a careful reading of the manuscript. 

References 

1. Gross, D.: Z. Physik 207, 251 (1967). 
2. Giai, N. van, Sawicki, J., Vinh Mau, N.: Phys. Rev. 141, 913 (1966). 
3. Bruneau, M., Vinh Mau, N.: Methods and problems of theoretical physics, 

ed. by Bowcock, J. E., p. 333. Amsterdam: North-Holland Publishing Co. 1970. 
4. Slanina, D. A.: Thesis, Michigan University (1970), unpublished. 
5. Cugnon, J.: Thesis, Lirge University (1972), and to be published. 
6. Cugnon, J. : Z. Physik 245, 55 (1971). 
7. Dietrich, K., Hara, K.: Nucl. Phys. Al l l ,  392 (1968). 
8. Lemmer, R. H., Veneroni, M.: Phys. Rev. 170, 883 (1968). 
9. Hahne, F. J. W., Dover, C. B.: Nucl. Phys. A135, 65 (1969). 

10. Dietrich, K., Dover, C. : Z. Physik 221, 340 (1969). 
11. Ginocchio, J.N., Schucan, T.H., Weidenmtiller, H.A.: Phys. Rev. C1, 55 

(1970). 



370 J. Cugnon: Effect of Ground State Correlations 

12. Dover, C. B., Hahne, F. J. W.: Nucl. Phys. A150, 257 (1970). 
13. Brown, G.E. :  Unified theory of nuclear models, ch. IV. Amsterdam: North- 

Holland Publishing Co. 1971. 
14. Dover, C. B., Dietrich, K.: Nucl. Phys. A135, 481 (1969), and other ref. therein. 

J. Cugnon 
Universit6 de Lirge 
Physique Nuclraire Throrique 
Institut de Physique, Sart Tilman 
B-4000 Lirge I/Belgique 


