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Abstract 

The optic.il potential j o r nucléon-"' M> scattering belcv 
30 MeV is caJcu:.'ted microscopically as the sum of a real Bartrce-
Fock tern and a complex correction tern arising frera the coupling 
to excited states of tha target. The Skyrne effective interaction 
is used to generate the Hartree-Pock fife] a, the HP.\ excited states 
ana the coupling, A ccrcplax local equivalent potential is rlcfined 
and used to calculate scattering and absorption cross-sections. 
The real part of the optical potential is reasonably '..ell tlescri'o' ô 
in this approach while the iJ.Myinary part is too weak. Inclusion 
of rearrangement processes cculj icpreve tha agreeTocn'; with experi
ment. 

http://optic.il
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1. Introduction 

The understanding of the average field felt by a nucléon 
in the presence of a nucleus in terns of a two-body nuclear inter
action is a central problem of nuclear structure as well as nuclear 
reactions. In the domain of nuclear structure, many properties 
of nuclear ground states are now well described by Hartree-Fock 
(KF) calculations using effective interactions. These interactions 
determined either from purely phenomenological considerations 
(1,21 or from more theoretical grounds [3,4] have in common the 
feature that they are density dependent. They lead to a nice 
overall agreement between calculated and measured total binding 
energies and charge distributions throughout the periodic table. 
Other single particle properties such as single particle spectra 
are also reasonably well reproduced. 

It is then tempting to extend the HP description to the 
domain of low energy scattering of nucléons from nuclei, and it 
was indeed shown vhat HP potentials calculated usiner the Skyrme 
effective interaction could account for the general properties 
or the real part of the optical model potential (OMP) at incident 
energies below 50 Mev ( SI and could also reproduce elastic scatte
ring data at very low energies [ 6] . Of course, this type of HF 
potential contains no information about the absorptive part of 
the OMP since it is derived from an effective interaction which 
is real. 

The problem of determining microscopically the real and 
imaginary parts of the OHP simultaneously was taken up by Jeukenne, 
Lejeune and Hahaux ( 7] who calculated the Brueckner-Hartree-Fock 
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potential in nuclear natter by using a complex reaction matrix 
analogous to the (real) Brueckner G-matrix. The OHP in finite 
nuclei was then obtained through a local density approximation. 
More recently, a similar point of view was also adopted in ref. 
I0]. This nuclear matter approach to the OMP is quite successful 
in explaining the average properties of the complex empirical 
optical potential over a wide energy range (7,8], and a good level 
of agreement with elastic scattering data is reached in general 
[9,10). However, one must bear in mind that the nuclear matter 
approach has its own limitations when dealing with finite nucle* 
where specific nuclear structure effects May become important [ J;j. 
It is also worth to note that the HP potentials derived from 
effective interactions [1-4] and the real part of the OMP calculated 
in the nuclear matter approach I 7-8] are not: unrelated. Indeed, 
the theoretical effective interactions of refs.f 3,4] are derived 
from G-matrices which obey a Bethe-Goldstone equation similar 
to that of the reaction matrix of refs. [7,8] except for boundary 
conditions. As for the phenomenological SHyrme interactions [ 1-ii , 
they can be viewed as parametrizations of G-matrices in the frame
work of HF calculations when the density matrix expansion I 121 is 
used. 

An alternative theoretical approach to the description 
of the OHP consists of treating explicitly the absorption due to 
real excitations -jf nuclear states in the target. In the energy 
range we are interested in, i.e. for incoming energies below 30 MeV 
or about, one may expect that direct inelastic processes will 
account for a large part of the observed absorption in the elastic 
channel if strongly collective states and giant resonances can be 
excited. Of course, these open inelastic channels as well as the 
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closed ones will also give some contributions to the real part oE 
the OMP. This so-called nuclear structure approach to the OMP 
has been used by several authors [ 13-17] to calculate the imaginary 
part of the optical potential in finite nuclei. A fully microscopic 
treatment was done in ref. [ 17] where RPft wave functions were used 
for the nuclear excited states and special care was taken of anti-
symmetrisation and double counting problems. 

In the present work we calculate microscopically the 
real and imaginary parts of the OMP for the scattering of nucléons 

208 
from Pb at energies below 30 MeV. The effective Skyrme interac
tion 11,21 is utilized throughout the calculations. It first gene
rates the HF potential which is the major contribution to the real 
part of the optical potential. The imaginary part as well as 
corrections to the real part are then calculated by coupling in 
the low lying excited states and giant resonances of the target. 
In Pb the natural parity states are certainly important for 
explaining the absorption because of their strong collective nature. 
Several studies [ 18-20] have shown that the excitation spectra of 
closed shell nuclei are reasonably well described, at least for 
natural parity modes, by SPA calculations using the Skyrme interac
tion. He therefore include in our calculations these RFA states 
up to an excitation energy such that a large fraction of the energy-
weighted sum rules (EWSR) is exhausted. 

Since the effective interaction is the sole input, some 
degree of consistency is obtained in the present determination of 
the real and imaginary parts of the OMP. Of course, processes like 
rearrangement collisions and compound nucleus formation may be of 
importance for explaining the absorption besides the direct inelastic 
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processes which are treated here, while the present framework Is 
not well suited to treat rearrangement effects like pick-up 
channels, compound nucleus effects are contained to some extent 
in our calculations. 

This paper is based mainly on the work of ref. [21]. 
A brief account of the method and results can also be found in 
ref. I 221 . In section 2 we give the method of calculation. In 
section 3 we discuss seme of the properties of the RPA states which 
are relevant to this work, as well as some simplifying assumptions 
we have made. The calculated non-local optical potentials and 
the corresponding local equivalent potentials are discussed in 
section •'. The theoretical angular distributions and absorption 
cross-sections for 15 McV neutrons and 30 MeV protons incident 
on Pb are compared with experiment. Conclusions are drawn in 
section S. 
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2. Method of calculation 

The Green's function formalism provides a systematic 

framework for the study of the optical potential V f c . It enables 

one to expand V fe in terms of many-body correlations and it 

includes automatically the exchange effects due to the identity 

of the incident and target nucléons. Starting from an exact 

expression of V t in terms of the one-, two- and three-body 

Green's functions, N. Vinh Hau [23,24] has shown that if one makes 

the following assumptions : i) three-body Green's functions can 

be replaced by suitable combinations of one- and two-body Grean's 

functions ; ii) particle-particle propagators are treated in the 

ladder approximation, and particle-hole propagators in the bubble 

(RPA) approximation ; iii) one-body Green's functions can be 

described by HP propagators, then the potential V fc consists of 

a (real) HP term V H p and a 

from two-body correlations 

Vopt " VHP + Û V »> 

A V = Vpp + VRPA ' Z V U ) <2> 

In eg. (2), V anâ V-.-,. are respectively the contributions from 

particle-particle and particle-hole correlations whereas V* ' is 

the second order contribution. The last term of eg. (2) cancels 

out the double counting contained in V and V R_,. 



a density-dependent Skyrme interaction and hanca some effects 
of the particle-particle correlations are already included pheno-
menologically in v H p as far as the real part of v t is concerned. 
Thufi, in calculating AV we shall omit the real part of V while the 
imaginary part of V will be approximated by Im V 1 [ 17i . The 

the past ( 5-61 and our main task here is to calculate '/_-,, and V 
The potential V_„, corresponds to the two diagrams 

shown in figure 1. The incoming (or outgoing) particle is coupled 
to the RPA states via the antisymmetrized particle-hole intsrec-
tion v ., which is taken as the second functional derivative of ch 
the HF total energy with respect to the density 1131 • In the casa 
of the Skyrme interaction v . has the simple form : 

*oh11''J *~ v lJ*1 ' u x** — i 2' '-" 

Here and in the following we shall not write explicitly the spin 
and isospin variables in order to keep simple notations. The 
expression for v R p A is then : 

f 
Vj^Cr.r'îE)»- i- v(r)v{r') / G, (r^S-E-E'JGj^fî.r^E'ldE' (4) 

In this relation, E is the energy of the incoming particle, G\ is 
the HP single-particle propagator : 

!2) 
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where e_ and <P (ev and ̂ u) are the HF energies and wave functions p p h n 

of unoccupied (occupied) states. The quantity Gpp» is the RPA 

particle-hole Green's function : 

GIO>A t*» 1 ?'''' E ) EÇ < ,' tl* + ( î ,* (' ) |V < ,'K l* + l ? , )* ( ?' > l' î' o :' ( 6 > 

f _ l _ + _J^_] 
[EN-E-in E„+E-in J 

where S„ is the excitation energy of the target state |*N> calcula

ted in the RPA, 1 y0> is the correlated ground state and ij
+(r) 0<r)) 

creates (annihilates) a nucléon at point r. For each state \V„> 

of multipolar!ty L we define a transition density P„(r) by 

<ï0|*
+(r)*(r)|*s> î c N p^DY^tr) (7) 

With the aid of egs. (5) and (6) the convolution integral 

of eg. (4) can be readily performed. If we make a partial wave 

*jm U a 

then the (H,i) component of VgpA is just given by 

V^A(r,r"iE) = - ^ 2 *tr)*(r')|<Hj||ytll^j^>|» 

N L,X 

<9) 



s. 

where R^Ir) is the radial part of the HP wave function v^. The 

first tern of oq. (9) corresponds to the first diagram of figure 1 

(polarization graph) whereas the second term corresponds to thu 

other diagram (correlation graph). 

'21 

The calculation of the second order contribution V* ' 

is similar to that of V R p A . In terns of the unperturbed particle-

hole Green's function G h : 

(10) 

(21 
the potential V 1 is expressed by : 

V ( 2 ](r.r'iE) * - i- v(r)v(r'J / d(r.r'iE-E'je . (r.r'iE'JdE-

(11) 

Then, the (£,j) component of its partial wave expansion is : 

T ( 2 ) l j(r,r';B) - - - £ J!) v(r)v(r'> | <ljllïLIUx j^>| = 
2 p h L,X 

\ 2L+1 / 

r ^ y * ) *><*•> 2 V r ) R x ( r ' ' 1 
L X e^-E+(e -e h)-in A e x-E-(€ 0-e h)+ir, J o h 

p occupied 

and V ' we do not sum over the third component of isospin of the 

intermediate particle. This means that truly inelastic scattering 

of the(p,p'} or tn,n') type is included but charge exchange channels 
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like (p/n) or (n,p) are not. Indeed, the inclusion of charge 
exchange would require the knowledge not only of the target 
excited states bet also of tho states in the neighbouring Til 
nuclei. 
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3. The single-particle and collective states 

We turn now to the discussion of the various quantities 
needed for the calculation of V^p^ and V ' as given by eqs. (&) 
and (12). 

3.1 The RPA states 

In this work we want to study the effects of the most 
collective states in the target Pb on the potential V fc. We 
have therefore chosen to include only natural parity states in 
the calculation. For these states the self-consistent RPA equa
tions were solved in coordinate space following the mathoc of 
Bertsch and Tsai I 18]- The single particle continuum was exactly 
treated as explained, e.g./ in ref. ! 20]. Kence, eauh RPA st2ts 
located above the particle emission threshold has a width r„ 
which is the escape width of this resonance. These giant resonances 
correspond to terms in eqs. (6) and (9) where the quantities 2 arc 
complex and become E„-ir-./2, E„ being now the peak, energy of the 

resonance. The RPA states below the particle emission threshold 
of course have no width and are just discrete states. 

The self-consistent RPA calculations were performed 
using the Skyrme interaction SIXI I 21 . We have considered the 
isoscalar modes L=0, 2, 3, 4 and 5 and the isovector modes L=0, 1 
and 2. The isoscalar mode L=l was left out because in the self-
consistent RPA the (1~, T=0) strength comes at zero energy i-e-
the spurious state of center of mass motion is degenerated with 
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the ground state, reflecting the fact that in a consistent RPA 

calculation the translational invariance is restored. In practice! 

one solves the integral equation for the Green's function Gnpa 

the coefficients l» Nl 2 of eq. (7). For the states used in the 
present calculation of V Q D t we show these quantities in Tables 1 
(isoscalar modes) and 2 (isovector modes). 

An important question is to decide how many RPA states 
should be included for each multipolarity. Since we are interested 
in the effects of the collective states, our criterion is that all 
the states exhausting a sizable fraction of the linear energy-
weighted sum rule Mi must be kept. In Tables 1 and 2 are shown 
the percentage cf Mi exhausted by each state. Mi being evaluated 
as the HP expectation value [IB,19] : 

Mi - -i <«.|lQ,[H,Q]]|*o> (13) 
2 

where Q is the relevant multipole operator. It can be seen that, 

excepted for the L-5 case, the states we have included up to about 

30 MeV excitation exhaust a total fraction of Mi which is large. 

For L>*5 we have not calculated the RPA spectrum but we have instead 

taker, the collective low lying state at E„=3.4 MeV calculated in 

ref. [ 191 using a force very similar to the force SIII. 

In the case of isoscalar modes, the calculated spectrum 

shows strongly collective states at low energies. Their transition 

probabilities (in single-particle units) are compared in Table 1 

with the corresponding experimental values. One can see that there 
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is in general a good agreement between the calculated and measured 

energies and transition probabilities. At higher energies there 

are many giant resonances. The calculated quadrupole resonance 

is concentrated Into one narrow peak at il.S KeV. The experimental 

data [ 25, 261 show that a large fraction of the guadrupole strength 

lies in the vicinity of 11 KeV excitation energy. In contrast 

with the L»2 case, the calculated L=3 and L=4 giant resonances 

are much more fragmented. One can also notice that the theoretical 

breathing node is sorao 3.5 MeV higher than the observed one [27] 

due to the large compression modulus corresponding to the Skyrme 

effective interactions [ 2]. 

The isovector modes have no low-lying collective states 

because the T=l particle-hole interaction is repulsive. The 

calculated isove-ztor resonances are located at higher energies 

than the corresponding isoscalar resonances and they are in gene

ral more fragmented. 

The transition densities P«(rï are obtained by looking 

at the quantities lira G^^lr,? ;£„)) * calculated at the resonance 

energies E„. For the discrete states one can simply lcok at 

[Ggp,(r,r ÏE)] 3 in the vicinity of the discrete energies E„. For 

each state or resonance we have obtained a parametrization of the 

RPA transition density in terras of simple functions of the BF 

density p and its derivative <̂ r - As an example we show in figures 

2 and 3 a comparison between the transition density calculated in 

MeV. In the case of the discrete 4 + and 5~ states we have assumed 

that their transition densities are of the gê form although this 

may not be very accurate in the interior region. However, this has 
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no serious effect on the calculated optical potential because 
of the small values of the coupling strength v(r) inside the 
nucleus (see subsection 3.3). The parametrizetions of P«(r> 
are shown in Tables 1 and 2. From Table 1 one can see that most 
of the isoscalar modes have transition densities of the form 
P«£r) • 3^ which is just the on? predicted by the collective 
model of Bohr [33 I. The breathing mode has a transition density 
which can be approximated by that of the Tassie model [34 I , 
whereas the ft , T=0) resonance at 12 MeV is better reproduced 
by p„(r)=r2p. For the isovector modes {Table 2} we found that 
the (0 , T*l} transition density can be described by the Tassie 
model although the agreement with the RPA values is not as good 
as for the (0 r T=0) case. The (l~, T=l) resonances consist of 
two groups, the higher group corresponding to a Goldhaber-Teller 
type [35 ] of p„ while the lower group has 0«=rp which is a modi
fication [36 ] of the Steinwedel-Jensen transition density. 

duced by r*p. We notice that in most cases the P«(r) are surface 
peaked and have no volume part. The only exceptions correspond 
to rather high lying resonances which should not contribute very 

nuclear surface. This trend is even enhanced when the particle-
collective states coupling v(r) is derived from a density depen
dent force like Sill, as we shall see in subsection 3.3. 
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3.2 The single-particle states 

The intermediate single-particle states {X} of eqs. (9) 
and (12) are HF states and include discrete as well as continuum 
states. In order to easily perform the summations over these states, 
the set M is taken to be the discrete set obtained by imposing 

a box boundary condition on the eigenstates of the HF Eamiltonian. 
208 For the nucleus ' Pb considered here we choose the value R=15 fm 

for the radius of the box. If one compares with the true HF 
spectrum one can see that the energies and wave functions of all 
the bound single particle states and the low lying single particle 

resonances are well reproduced with this choice of R. In the 

present calculation the summations over the unoccupied X have 

f 21 
For the computation of v v ' (eg. (12)) this discrete 

set of states in a box was also used for constructing the particle-
hole configurations, with an upper limit e < SO MeV. This limit 
is consistent with the fact that the RPA energies E N in eg. (9) 
were restricted to E„ < 30 MeV. in fact. If one calculates eg. (12) 
with no restriction on e and e^, the corresponding V 1 ' would 
diverge because of the zero-range nature of the particle-vibration 
coupling interaction derived from the skyrme force 121]. Similarly, 

Since the energies e. are discrete, the potentials V-p, 
and V would have many poles whose positions depend on the size 
S of the box. For example, v R p A would have poles at those energies 
E such that e.-E±E« * 0. In order to obtain a potential V t which 
could be compared with the empirical optical potential for elastic 
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scattering, we have performed energy averaging on Av, i.e. V s p A 

and V ' are calculated at complex energies E+il. The results 

discussed in section 4 correspond to an averaging interval 

1=3 MeV. If one adopts larger values of the box radius R than 

the one used here/ the level density of the states A would be 

higher in the e. > 0 region and one could then use smaller values 

for I. 

3.3 The coupling strength 

If one starts from an interaction of the Skyrme type, 

the interaction v . which couples the.particle to the particle-

hole states depends not only on the positions of the interacting 

nucléons but also on their velocities, spins and isospins [ 18,19]. 

It is also density dependent. First, we have neglected the spin 

dependence of v . . Since we consider only particle-hole states 

with natural parity this neglect has probably no serious effect 

on the results. The same assumption on v . was made in the RPA 

calculations of natural parity states in this work as well as in 

previous ones [ 18-201 . In addition, we have dropped t!*e velocity 

dependent terms in the particle-vibration coupling (but not in 

the RPA calculation). The role of these terms is to simulate soiœ-

how a finite range for the interaction which is otherwise zero-

range. Our results for ÂV therefore miss these finite range effects. 

However, it is expected that these effects cannot change basically 

the calculated optical potential. For example, the works of refs. 

[17) and [24,37] show that in Ca the structure in the shape of 

the absorptive potential becomes less pronounced but the magnitude 
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is not strongly changea when one goes from a zero-range to a 
finite-range interaction. 

With the above assumptions v . takes the form (3) where 
the coupling strength v(r) is 118,191 : 

viz) 4 

i t i j < l + 2 X i > - -i t , p ( r ) T - l 
(14) 

The two cases T=0 and T*l correspond to the coupling to an iso-
scalar or isovector mode. The parameters appearing in eg. (14) 
are those o£ the Skyrme interaction [ 2] whereas p (r) is the nuclear 
density in the target ground state. 

Zn figures 4 and 5 are shown the coupling strengths 
v(r) for two different sets of Skyrme parameters* namely SIII and 
SIV. The density dependence leads to values of v(r) much smaller 
in the interior than at the nuclear surface. We can therefore 
anticipate that the potential AV will be very small inside even 
though some of the vibrational states involved have transition 
densities of the volume type. This effect is stronger for SIII 
than for SIV because the former force has a stronger density depen
dence. 



17. 

Results for the optical potential 

The complex» energy-dependent potential AV defined in 
section 2 has been calculated for nucléon incident energies up 
to 30 MeV. This potential AV which is non-local has to be added 
to the HP term V„_ to give the optical potential V t . The imagi
nary part of V t is therefore given by Bu AV whereas the main 
contribution to the real part of v t comes from V™. In the 
present calculation performed with the skyrme force SIII we found 

(21 that the contribution of v 1 ' is much smaller than that of V_p&. 
We have also looked at the sensitivity of the results to the para
meters of the particle-collective states coupling by calculating 
AV with the parameters of the force SIV for the coupling (see 
subsections 4.2 and 4.3). We first discuss some of the properties 
of the calculated absorptive potential in its non-local form. 
Then we define a local potential ty _ t equivalent' to V . and use 

opt Opt 
it to calculate elastic and absorption cross-sections. 

4.1 The non-local absorptive potential 

He first study the quantity W(R,s)=ImAV(r,r') as a 
function of R=(r+r')/2 and ŝ r̂ -r" since its R-dependence will give 
the radius and. shape of ImAV whereas the s-dependence gives its 
non-locality. It was shown in ref. [ 17] that w is practically 
independent of the angle between S and s, and we can therefore 
relate W to the partial wave'expansion of AV in a simple way s 

W{R,s> = 2 ^ ^ ImAV^Cr.r1) (15) 
ij 4 l r 
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where r = R+s/2, r' = R-s/2 and AV -1 is calculated by means of 
eqs. (S) and (12). In this subsection we discuss results concerning 
incident neutrons. 

a) Shape and strength of w 

The shape of W(R,s=0) at different incident energies is 
shown in figure 6. The main contributions to W come from the low 
lying isoscalar states, and to a smaller extent from the isoscalar 
resonances located at energies below the incident energy E. The 
isovector modes contribute very little to W. Since the transi
tion densities of the main states are strongly surface-peaked, 
and because of the very small values of the coupling strength 
vtr) in the interior (see figure 4), one obtains vanishing values 
of W in the interior region. If we calculate W with the parameters 
of SIV for the coupling strength v(r) we get some contribution 
in the interior region but the volume part of W is still very small 
(see subsection 4.2). 

The position and width of the peak in W follow closely 
those of the transition densities since we use a zero-range 
coupling. If we parametrize the calculated peak by a derivative 
of a Hoods-Saxon shape like the phenomenological potential of 
Perey and Buck [38] we find that the radius is R=7.3 f<n and the 
diffuseness a=0.25 fm whereas the phenomenological values are 
R=7.2 fm and a=0.47 fm. 

If we compare the strength.of W(R,s»0) with that of 
the Perey and Buck potential we find that the calculated strength 
is substantially smaller. We must note however that in ref. [ 3fi] 
there is also a different set of parameters with a strength compa
rable to ours but the corresponding diffuseness is 0.65 fm. In 
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spite of this large variation of the phenomenological parameters 
of non-local parametrizations it is clear that our calculated 
absorptive potential is too weak. This confirms the results of 
ref. [16] where the imaginary part of the optical potential was 
calculated by taking into account the excited states of the target, 
these states being treated in a collective model. 

b) Energy dependence and relative contributions of RPA 
states to W 

From figure 6 one can see that W(R,s=0) increases with 
incident energy E. This expected behaviour is due to the fact 
that as E increases there are more open inelasi-ic channels contri
buting to W. If we look at the individual contributions of each 
excited state thay do not show this regular increasing behaviour. 
This is a consequence of our using distorted (HF) intermediate 
states, whereas the use of plane-wave intermediate states would 
lead to the result that each excited state of energy E.. would 
give a contribution to W(R,s=0) varying like (E-EKÎ! [ 171. 

Ne also note that in the 5 MeV to 30 MeV range of E 
the main contributions come from the low lying 3~ and 4 states 
while the 2 and 5 states contribute less to the absorption. 
This is shown in figure 7. Experimental results for 54 MeV proton 
scattering on Pb I 39] also indicate that the 3~ and 4 states 
are more strongly excited than the 2 and 5~ states, the measured 
cross-sections at the first maximum being 4.0, 13.5, 8.0 and 
1.6 mb/sr for the 2 +, 3~, 4 + and 5" states respectively. The 
ratios of these cross-sections are quite comparable with those 
deduced from figure 7. 
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c) Non locality of W 

In figure 8 we show the shape of W(R,s) as a function 

of s at the peak radius R=7.2 fm. At all the energies considered 

H can be well approximated by a gaussian shape with a non-locality 

range parameter 8 varying slightly from 0.98 fm at E=5 MeV to 

0.92 fm at E*30 MeV. In comparison, the Perey-Buck absorptive 

potential [ 38! has a gaussian non-locality factor with a range 

B=0.85 fm. If we go away from the peak radius towards the interior 

then w(R,s) starts to deviate from a pure gaussian shape. There, 

it is Letter reproduced by a gaussian times a quadratic function 

of s with a non-locality range slightly larger than at R=7.2 fia. 

4.2 The local equivalent potential 

For practical purposes it is convenient to define a 

local potential Vont*3-'2' equivalent to the non local potential 

V (r,r';E) of eq. (1). In the case where V is the Skyrme-

Hartree-Fock potential plus a non local correction AV, the 

SchrSdinger equation for the scattering solution ï(r) at energy E 

is : 

HF l 

mass which expresses the particular non locality of this HF field 

[ ll whereas I (r) is 

I(r) = /avirjr'.-EJiMr^d'r' (17) (r, =-/< 
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The calculated AV is parametrized in the form : 

AVtr.r'fE) = uv(R)Hv(s) + i uw(R)Hw(s) (18) 

He have found that the form (18) can reproduce accurately the 
calculated values of AV is we choose the non-locality form factor 
H as a gaussian times a quadratic function of s whereas for H 
we must take a Yukawa form factor times a quadratic function of s. 
The parameters of H and H„ depend on R and on the incident energy 
E. The values of U (R) and UW(R) of course depend on E. We now 
use the form (16) to calculate the integral I(r) and express it 
in terms of the Fourier transforms G (p2) and G w(p 2) of H (s) and 
H w(s). Following the method of Perey and Saxon [40] one can expand 
these Fourier transforms around a point p2=K2(r) to be suitably 
chosen. Keeping terms up to first derivatives of G and G one 
obtains : 

ICE) - t CGV-K*G^)UV + iCG w- K
2G^)U w - i(G^V2Uv + iG£v*Ow>I* 

- t<^VUv + iGwVUwl .V* - rG^Jv + iG wU wIV 2* (19) 

Substitution of this expression (19) in eq. (16) gives the equiva
lent (differential) wave equation which defines the local equiva
lent potential. Perey and Saxon have shown [40] that there exists 
a choice of K 2 which gives the best approximation to the non local 
problem. In our case we took 

iisiteL = £ M [E - u H p(r) - Gv(K*)tJv(r)l (20) 
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where m is the nucléon mass. Then the equivalent wave equation is : 

I- ~ V2 - P.V + V-BU = 0 (21) 

I 2m* J 

where 

v = W V + H ' * 1 ' 1 ! ; 7 Gv7 2 uv + i(Gw0w - ; V f v ] < 2 2 ) 

? = (i+g)"1 [»gy) + " A + i 6 „ ™ w ] < " ' 

In the above definitions appears the quantity 

g 5 2 j £ K O v + i G ; 0 w l (24) 

We found that g is actually small Hess than a few percent) and could 

be neglected. Furthermore, wa approximated the term F.Vty in eq. (21) 

.7(i. Then eq. (21) is formally identical to the Skyrme-
* ' ( # ) 

potential term V. Following ref. [5] one can transform eq. (21) 

into a fully local equation (without effective mass) thus defining 

the local equivalent potential : 

•-«-•-?[** î-6?) - £" OS)''H*?) E 
(25) 

In figure 9 we show Im v

Q t î t(
r/E) calculated with two 

different sets of force parameters for the coupling strength v(r), 

namely the SIII (solid curves) and SIV (dashed curves) parameters. 

One can see that the absorptive potential is rather sensitive to 
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the particle-excited states coupling strength. The calculation 

leading to the solid curves is more consistent because the same 

effective interaction SIII is used at the various stages of the 

calculation (Hartree-Fock, RPA states, coupling strength). It 

gives however a rather small absorptive potential, the volume 

integral for the case of 15 MeV neutrons being about 4 times 

smaller than the empirical value [4ll . Another feature of the 

results we have already noted in the previous subsection is 

that the absorption is localized in the surface region, especially 

when tho SIII parameters are used for the coupling. In this case 

the peak radius of lia V t is R=7.60 fm <7.45 fm} for 15 MeV 

neutrons {30 MeV protons).With the SIV coupling one obtains a 

larger absorption at the surface, and also some volume absorption 

because of the weaker density dependence of the force (see figure 

5) • 

Even when we use the SIV coupling the calculated 

absorptive potential is still smaller than the empirical one. it 

seems therefore that direct excitation of low lying excited states 

and giant resonances in the target cannot explain for all of 

the observed absorption in elastic scattering of nucléons below 

30 MeV. Some of the missing absorption could be due to rearrange

ment channels as it was suggested in ref. Ï 16] . A reliable estimate 

of the effects of rearrangement channels on the absorptive poten

tial would be quite useful to clarify the matter. It is also 

possible that multiple excitation mechanisms are important. For 

instance it was found in ref. E18] that a DWBA calculation of 

the excitation function for Pb (p,p') scattering gave values 

significantly smaller than the experimental data and it was 

suggested that multiple excitations could be a cause of the dis

crepance 
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In figure 10 we show the real central part of V t(r,E) 
calculated with the SIXI coupling (solid curves). The dashed 
curves arc tile local potentials equivalent to the Hartrce-Fock 
field. For protons, only the nuclear potential is shown. One 
can see that the effect of coupling the particle to RPA states 
is to modify the real potential at the surface and makes it 
steeper. The vanishing effect in the interior region is due to 
the density dependence of the coupling strength, just as for the 
imaginary potential. The correction effect-calculated with the 
SIV coupling is similar to that shown in figure 10 'cut it is 
stronger at the surface and extends more into the interior. 

4.3 Scattering cross-sections 

Angular distributions for elastic scattering have been 
computed by using our V t<rrE) in a standard optical model coda. 
In the case of protons, the term U„ F in eq. (22) includes the 
direct term of the Hartree-Fcck Coulomb field. In figures 11 and 

*\» 12 we show the results corresponding to potentials V ̂ ..(r,E) 
opt 

calculated with the SIII coupling (solid curves) and SIV coupling 
(dashed curves). The positions of the oscillations are in general 
satisfactory, reflecting the fact that the radius and shape of 
the real part cf v are roughly correct. The lack of absorption 
is quite obvious from figures 11 and 12, the magnitude of the 
calculated cross sections beyond 60° being too large as compared 
to the experimental data. The ratios of calculated absorption 
cross-sections to the experimental ones vary between 40% for the 
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SIII coupling to 70% for the SIV coupling. These results are 
obtained without any readjustment of the potential ^pt' T h e v 

confirm the findings of ref. I IE], namely that the direct exci
tation of known low lying collective states and giant resonances 

208 
in Pb is not enough to explain lor the observed absorption in 
nucléon scattering even below 30 HeV. On the other hand, the 
real part of the optical potential seems to be reasonably well 
described by the present model of Hartree-Fock plus particle-
RPA states coupling. 

The inclusion of rearrangement channels, for instance 
pick-up processes like tp,d) would result in an additional absorp
tive potential located mostly at the outer surface. In the case 
of 30 MeV proton scattering one can see the effect of such a 
potential in figure 12 where the dot-and-dashed curve represents 
the differential cross-section given by the sum of V t (SIII cou
pling) and an imaginary potential iW(r) peaked outside the nuclear 
surface : 

Wtr) = Wa exp ( — ) / [l+exp ( — ) ] (26) 

The dot-and-dashed curve of figure 12 was obtained with the follo
wing values of the parameters : Wa=-15 HeV, R=9.18 fm and as0,70 fin. 
These results do not represent a best fit and they just show that 
one may expect a significant improvement of the cross-sections 
at all angles if one takes into account processes not included 
in our V . 
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5. Summary and conclusion 

Vie have used the nuclear structure approach to micros

copically calculate the optical potential for nucléon- M> 

scattering. In this approach the optical potential is given by 

the real Hartree-Fock field and a complex term arising from the 

coupling of single particle states to excited states of the 

target. The calculation was done consistently starting from an 

effective Skyrme force which gives the Hartree-Fock field, the 

target states described in SPA and the coupling interaction. A 

complex, non-local and energy-dependent potential was thus obtained. 

Its scattering properties were studied through its local equiva

lent potential. From the results discussed in this work we can 

draw the following conclusions : 

i) The real part of the optical potential seems to be reasonably 

well described in the present approach. While the Skyrme-Hartree-

Fock term by itself slightly underestimates the depth of the 

potential as already noticed in ref. [ 5], the correction term 

ReûV makes the potential deeper at the surface and helps to better 

reproduce the positions of the oscillations in the differential 

cross-sections. However, there is probably still some deficiency 

in the volume part because of the linear density dependence of 

the Skyrme force which makes our ReAV vanishingly small in the 

nuclear interior. It is known that this linear density dependence 

also gives a too high compression modulus in disagreement with 

the energy of the observed breathing mode [27 1 . A weaker density 

dependence would increase the contribution of ReAV in the interior 

and improve the description of the real part of the optical poten

tial in the volume region. 



27. 

ii) The calculated imaginary part of the potential is too weak 
at the surface as well as in the interior. The lack of volume 
contribution is also due to the strong density dependence of the 
force used here. In addition, we have not included all of the 
collective L^S states and collective states of higher multipolar 
rities have not been considered. These states would increase the 
absorptive potential. However, their contribution would probably 
not be enough to explain for the missing absorption. It seems 
therefore that other processes not included in the present approach 
such as rearrangement channels like pick-up and knock-out reac
tions, or multiple excitations of the target could give important 
contributions to the optical potential. 

The present calculation can be improved in several 
respects. It would be more appropriate to use a force with a 
weaker density dependence, for instance a p a dependence with a < 1 
which would be.closer to the behaviour of a G-matrix. One should 
also include collective states of higher multipolarities than 
those considered here. Finally, a completely consistent treatment 
would require that all the intermediate single particle states should be calcu
lated in V t rather than in the Hartree-Fock potential. 

Acknowledgements 
It is a pleasure to thank N. Vinh Hau for many discussions 

and suggestions. Belpful discussions with G.£. Brown,-K.F. Liu 
and C. Hahaux are gratefully acknowledged. He thank J. Van de Hiele 
for his help in computing the cross-sections. 



28. 

References 

1. D. Vautherin and D.M. Brink, Phys. Rev. Ç5 (1972) €26. 

2. H. Beiner, H. Flocard, Nguyen van Giai and P. Quentin, 
Nucl. Phys. A238 (1975) 29. 

3. J.H. Negele, Phys. Rev. £1 (1970) 1260. 

4. X. Caiupi and D.H.L. sprung, Nucl. Phys. A194 (1972) 401. 

5. C.B. Dover and Nguyen van Giai, Nucl. Phys. A190 (1972) 373. 

6. C.B. Dover and Nguyen van Giai, Nucl. Phys. A177 (1971) 559. 

7. J.P. Jeukenne, A. Lejeune and C. Mahaux, Phys. Reports 25C 
(1976) 63. 

8. F. Brieva and J.R. Rook, Nucl. phys. A291 (1977) 299 ; ibid., 
A291 (1977) 317. 

9. A. Lejeune and P.E. Hodgson, Nucl. Phys. A295 (1978) 301. 

10. F. Brieva and J.R. Rook, Nucl. Phys. A307 (1978) 493. 

11. c. Mahaux, Microscopic Optical Potentials, Lectures Notes in 
Physics, Springer-Verlag (1979), p.l. 

12. J.W. Negele and D. Vautherin, phys. Rev. çji (1972) 472. 

13. Nguyen van Giai, J. Sawicki and N- Vinh Mau, Phys. Rev. 141 
(1966) 913. 

14. D.A. Slanina, Ph. D. Thesis, Michigan state University (1969). 

15. T.P. O'Dwyer, M. Kawai and G.B. Brown, Phys. Lett. 4IB (1972) 259. 

16. C.L. Rao, H. Reeves and G.R. Satchler, Nucl. Phys. A207 (1973) 
182. 

17. N. Vinh Mau and A. Bouyssy, Nuel. Phys. A2S7 (1976) 189. 

18. G.F. Bertsch and S.F. Tsai, Phys. Reports 18C (1975) 126. 

19. K.F. Liu and G.E. Brown, Nucl. Phys. A265 (1976) 385. 

20. K.F. Liu and Nguyen van Giai, Phys. Lett. 65B (1976) 23. 

21. V. Bernard, These de 3ëraa Cycle, Université Paris-Sud (1978). 

22. V. Bernard and Nguyen van Giai, Microscopic Optical Potentials, 
Lectures Notes in Physics, Springer-Verlag (1979),p.118. 



29. 

23. N. Vinh Mau, Theory of Nuclear Structure, IAEA, Vienna (1970) 
p. 931. 

24. N. Vinh Mau, Microscopic optical Potentials, Lecture Notes in 
physics, Springer-Verlag (1979), p. 40. 

25. N. Marty et al.. Int. Conference an Nuclear Physics, Munich 
(1973). 

26. D.H. youngblood et al., Phys. Rev. Letters, 39 (1977) 1186. 

27. N. Karty et al.. Int. Symposium on Highly Excited States in Table 1 
Nuclei, Jiilich (1975). 

28. J.p. ziegler and G.A. Peterson, Phys. Rev. 165. (1968) 1337. 

29. M. Nagao and Y. Torizuka, Phys. Rev. Lett. 30 (1973) 1068. 

30. M. Nagao and Y. Torizuka, Phys. Lett. 3_7B (1971) 3B3. 

31. A. Veyssiere, H. Beil, R. Bergère, P. Carlos and A. LeprStre, 
Duel. Phys. A159 (1970) 561. 

32. L.M. Young. Ph. D. Thesis, University of Illinois. 

33. A. Bohr and B.R. Mottelson, Nuclear Structure, Volume II, ed. 

W.A. Benjamin (1975). Table 2 

34. L.J. Tassie, Australian Journal of Physics 9_ (1956) 407. 

35. M. Goldhaber ana E. Teller, Phys. Rev. 21 (1948) 1046. 

36. G.R. Satchler, Nucl. Phys. A195 (1972) 1. 

37. A. Bouyssy, H. Ngô and N. Vinh Mau, to be published. 
38. F.G. Perey and B. Buck, Nucl. Phys. 3_£ (1962) 353. 

39. M.B. Lewis, F.E. Bertrand and C.B. Fulmer, Phys. Rev. C7 
(1973) 1966. 

40. F.G. Perey and D.S. Saxon, Phys. Lett. 1£ (1964) 107. 

41. S, Kailas and S.K. Gupta, Phys. Lett. 7IB (1977) 271. 



30. 

Table caption 

The first columns show the energy, width, form of 
the transition density and percentage of the energy 
weighted sum rule for each state. For the discrete 
states, the transition strength in single particle units 
are indicated in brackets. The coefficients |a*il2 are 
defined in eg. (7). Experimental values are given in 
the last columns. 

Table 2 Same as Table 1 for isovector states. 
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L 
:MeV) (HeV) Kl* P N ( r ) EWSR 

(%) • (MeV) 
EWSR 
(%) 

r e f . 

0 + 1 6 . 8 2 . 2 0 .24 1 0 " 2 3P + rf£ 90 1 3 . 7 
1 3 . 2 

100 (26) 
(27) 

2 + 

6 .06 

1 1 . 6 

. 0 . 

0 . 2 

0 .37 10-1 

0 . 4 9 1 0 _ I dp 
dr 

2 2 ( 8 . 2 5 spu! 
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87 

4 . 0 7 
1 0 . 9 
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1. 
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1 8 . 5 
J 
72 

2 . 6 

19 
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(28) 
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4 + 

4 .45 
6.6 

11 .2 
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1 2 . 6 
! 3 . 1 
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3 0 . 4 

0 
0 
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0 . 1 
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1.4 

0.14 10"} 
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0 .39 1 0 J 
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o.2o io : 
0 . 2 3 10 x 

| dp 

r 2 P 

) dp 

1 * 

3 ( 8 . 2 6 s p u ) 
9 . 5 (16.3spi) 
2 
9 
6 
2 . 5 

1 2 . 5 
3 2 . 5 
77 

4 . 3 (15spu) (30) 

s" 3 .4 0 . 0.16 1 0 " 1 âa 
d r 

(14spa) 3 . 2 (14spu) (28) 

Table 1 
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Figure 12 
Figura caption 

Figure 1 Processes contributing to the potential V,»,. 

Figure 2 The function rPH(r) (solid curve) and its parametrization 

(dashed curve) for the (2+, T=0! resonance at 11.6 HeV. 

Figure 3 The function rp„(r) (solid curve) and its parametrization 

(clashed curve) for the U", T=l) resonance at 13.2 KeV. 

Figure 4 The coupling strength v(r) calculated with the force SIII. 

Figure S The coupling strength v(r) calculated with the force SIV. 

Figure 6 The calculated W(R,s=0) at various neutron incident 
energies. 

Figure 7 Contributions of the isoscalar multipole modes to 

W(R,s=0) for incident neutrons at E=25 HeV. 

Figure 8 Shape of W(R,s) at R=7.2 Era for various neutron incident 

energies. 

Figure 9 The imaginary part of v

O B t '
r ' E ) calculated with SIII 

(solid curves) and SIV (dashed curves). 

**. 
Figure 10 The real part of v

O B t <
r < E ) calculated with SIII (solid 

curves). The dashed curves show the contributions of 

the Hartree-Fock term only. 

Figure 11 Angular distributions of elastically scattered neutrons 

calculated with the SIII coupling (solid curve) and SIV 

coupling (dashed curve). The experimental points are 

taken from W.P. Bûcher and C.E. Hnllandsworth, Phys. Rev. 

Lett. 2S (1975) 1419 (open circles) and from ref. (38) 

(black circles). 
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Figure 12 Angular distributions of elastically scattered protons 
calculated with the SHI coupling (solid curve) and 
SIV coupling (dashed curve) . The dot-and-dashed curve 
corresponds to a phenomenological absorption as explai
ned in the text. The experimental points are taken 
from B.W. Ridley and J.F. Turner, Hucl. Fhys. 58 (1964) 
497. 
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