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Abstract

Elastic scattering of 16O on 208Pt is studied at 96, 104, 129.5, 192, 216.6 and 312.6

MeV. The 16O +208 Pb potential is calculated first in the closure approximation model

and compared to semi-phenomenological potentials. Then detailed contributions to the

polatization real potential and to the imaginary potential due to the coupling of the elastic

channels to the inelastic channels are calculated. The results are compared to our model

potential and used to test the main assumptions of the model. From that comparison

we propose a qualitative interpretation of the success of the model. At last the elastic

scattering cross sections are calculated and compared to the data.
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1 Introduction

Low energy elastic scattering between heavy ions has shown the importance of couplings of

the elastic channel to non elastic channels. They reveal themselves not only by providing

the imaginary potential but also by greatly modifying the real potential for incident energies

close to the Coulomb barrier. Those couplings can be taken into account by solving coupled

channels equations (1-4) but also in a much simpler way, although more approximative, by

including them in the calculation of the heavy ion average potential. This last method

has been extensively investigated in semi-phenomenological analyses of experimental cross

sections hi terms of a renormalized double folding model real potential, the renonnalization

factor simulating the effects of couplings, complemented by a phenomenological imaginary

potential (5~9). It has been shown that the variations with incident energy of the real and

the imaginary potentials are related through a dispersion relation UU-"^ indicating that the

polarization real potential and the imaginary potential have the same origin. This is confirmed

by explicit calculations of the contributions of coupling of the elastic channel to some of the

inelastic and one nucléon transfer channels (12~16) which reproduce well the general trends of

both potentials as functions of energy with however too weak strengths. It is also confirmed

by a closure approximation model ( ') in which the summation over non elastic channels is

performed by using closure relations over complete sets of states of the target and projectile

(lo)_ 1JhJ3 model has been applied to describe elastic scattering at low energies for several

systems : 35CZ and 37C/ +24 Mg, 32S +40 Ca, 16O +208 Pb 19-22>, therefore for spherical or

deformed nuclei, and provides an overall good agreement with experimental data. It is a

somewhat surprising success according to the drastic assumptions and approximations of the

model and one aim of this paper is to analyze the contains of the model, at least qualitatively,

and to test the crucial assumption that all energies of inelastic channels may be replaced by

an average energy for each excited nucleus.

In the first part of the paper, section 2, we present the 16O +208 Pb real and imaginary



potentials calculated in the closure approximation model for incident energies ranging from

96 to 312.6 MeV. Their variation with energy will be discussed and they will be compared

to the semi-empirical potentials of ref.7 referred to as the Daresbury potentials and to the

theoretical imaginary potentials of ref.13 referred to as the Copenhagen potentials. In all

the paper, the Copenhagen potential will be our reference potential. Indeed it is the only

available theoretical potential which takes account of coupling of the elastic channel to both

inelastic and one nucléon transfer channels. Moreover the authors give a parametrisation of

their potentials at large distances due to each of those contributions so that we can make

precise comparison with our results. Such a comparison shows that, even though we start

with the Fesbach's potential due to coupling to inelastic channels only, our model gives much

more absorption at long distances that the corresponding part of the Copenhagen potential

and is quite close to the Daresbury potential ^ ' >i8). This agreement which has been observed

in all studied systems has encouraged us to make a qualitative analysis of the contains of

the model. This attempt will be developed in section 3. Our model relies on the Feshbach's

description of the average potential in terms of couplings of the elastic channel to all inelastic

channels. Assumptions and approximations are then used to eliminate detailed description

of the transition matrix elements and to derive a simple and very general expression. In this

section 3 we go back to the original Feshbach's formula and calculate the contributions due

to inelastic channels corresponding to the excitation of low lying collective states and also of

giant resonances which are strongly excited in heavy ion reactions. Both contributions are

implicitly included in our model because of the use of closure relations but with the same

average excitation energy. After comparing the contributions of both types of channels we

discuss the effect of our assumption of an average excitation energy with respect to inelastic

channels contribution but also hi more general framework where all non elastic channels are

included.

In section 4 the elastic scattering cross sections are calculated within our closure approxi-

mation model at incident energies ranging from 96 to 312.6 MeV. Section 5 is devoted to our



conclusions.

2 The 16O +208 Pb potentials in the closure approximation

model

Let's recall briefly the main points of the model o)_ In the Feshbach's theory of average

potentials we write the potential corresponding to the coupling of the elastic channel to the

inelastic channels as :

V(f, f1) = U0(f)8(f - f') + AV(r, f') (1)

Uo is the double folding term and AF, the contribution of coupling to inelastic channels,

is given by :

where Vmn is the transition matrix element between the initial state where the target and

projectile are in their ground states and the intermediate state where at least one nucleus is

excited. If (j>m and i/in are respectively the wave functions of nucleus 1 in state m of energy

Em and of nucleus 2 hi state n of energy En we can write :

Vmn =< <t>mil>n\v\<j>oipo > (3)

where v is the interaction between the nucléons of nucleus 1 and those of nucleus 2. Gmn, the

propagator of channel (TTI, n) is calculated in the WKB approximation. The main assumption

of the model is that all important inelastic channels are either all opened (therefore the

incident energy should be well above the Coulomb barrier) or all closed (therefore the incident

energy should be below the lowest threshold energy) and that they are concentrated in a

narrow domain of energy so that the excitation energies Em and En may be replaced by



average values EI and EZ respectively. The potential of eq.(2) can then be calculated by

using closure relations over the complete sets of m and n states what means that only ground

state densities of the target and projectile enter the expression of AV\ Moreover the two body

interaction hi eq.(3) is assumed to be separable and expressed as a product of two gaussians.

It is characterised by two parameters : V0, its strength and /i related to the range i of the

interaction (p ~ p-). The average energies E\ and EZ, the ground state densities of the two

interacting nuclei and the parameters VQ and fj, defining the two-body effective interaction

are the only inputs of the calculation.

The energies E\ = 6.5 MeV and EZ = 3.5 MeV are respectively determined as the average

energies of the lowest 2+ and 3~ collective states of 16O and of the lowest 2+,3~,4+ and

5~ collective states of 208Pi. The ground state densities of 16O and 208Pi are taken as four

parameters Fermi distributions :

7* _ T* £

p(r) = po(l + w(-) )(1 + exp(—— ))-"

For 16O the parameters w = -0.051, c = 2.608/m, a = 0.513/m and n = 1 were fitted on

electron scattering data by Sick et al. ' ' and corrections due to neutron charge distribution

and finite proton radius have been carried out. For 208Pi we use the neutron and proton

densities calculated by Brack et al. (24) by a variational semi-classical method. They corre-

spond to w - 0(0), c = 7.194(6.975)/m, a = 0.658(0.535)/m and n = 1.56(1.42) for neutrons

(protons). The parameters V0 and /z are determined so that at 192 MeV, where the term

AJ/ is relatively small and weakly energy dependent, our real potential reproduces well the

Daresbury potential (7) in the vicinity of the strong absorption radius. One finds V0 = 58.7

MeV and fj. = 0.45/m~2 which corresponds to a range of 2 fin about.

The local real and imaginary potentials are calculated as usual as the Wigner transform of

the non local potential of eqs.(l-2). They are

Ui(R) = U0(R) + j ez£-53ReAV(r, f')ds (4)



WL(R) = e s S m A V ( f , f')ds (5)

with
* = ^±* -s = f-?>

(6)
k2(R) = -S(EcM - £TL(JZ) - Vc(JI))

IL

U is the reduced mass, ECM the center of mass incident energy and Vc(JZ) the Coulomb

potential. The double folding model potential Uo is calculated with the same separable two

body force as AV and is independent of energy.

The real potential of eq.(4) is plotted at large distances in fig.l for three energies : 104,

320 and 640 MeV. With increasing energy the strength and the shape have strong variations

for low energies but very slight variations at higher energies. In particular the slope of the

potential is more or less the same at 320 or 640 MeV but is at those energies smoother than

it is at 104 MeV. The same effect has already been obtained hi coupled channels calculations

' '. This behaviour seems to be in agreement with empirical analyses of data ('"5^").

The imaginary potential of eq.(5) is shown on fig.2 at two energies, 104 and 192 MeV

and for R > Ufm. It is clear from the comparison with the Daresbury potentials ' ' that

at energies close to the threshold energy our model is not very satisfactory. At very large

distances it gives too much absorption as shown at 104 MeV on the figure and at 96 MeV

in ref.22. Furthermore the slope of our potential is very different from that of i he empirical

potential. However, when the energy increases the two potentials, empirical and theoretical,

are very similar. The agreement is nearly perfect at 129.5 MeV and very good at ail considered

energies as shown at 192 MeV in fig.2. The comparison with the Copenhagen potential (^)

shows that it is always weaker than ours. At 104 MeV it is closer to the Daresbury potential

than ours, but at higher energies it shows a lack of absorption which increases with increasing

energy. As already discussed, this result is due to the fact that it takes account of the lowest

inelastic and one nucléon transfer channels only and could be an indication that our model,

because of the use of closure relations, involves couplings to many more non elastic channels.



The behaviour of our real and imaginary potentials in terms of incident energy is sum-

marized in fig.3 for R = 12.4/ rn. As already seen there is above 100 MeV an overall good

agreement between our imaginary potentials and the Daresbury ones which are represented

by points in the figure but our potential falls off to zero at 85 MeV which corresponds to

the inelastic thresl old energy in our model whereas the empirical analysis of data implies a

still strong absorption below this energy. Simultaneously our real potential is too deep when

one approaches the Coulomb barrier but has a strong energy dependence in agreement with

phenomenology. Below the barrier, where our model can also be applied, our potential follows

the behaviour predicted in the analysis of empirical potentials in terms of a dispersion relation

between the real and the imaginary potentials (!«•"). Indeed the strong enhancement of the

real potential when one approaches the Coulomb barrier, called the threshold anomaly, has

been shown to be related to the decreasing of the imaginary potential through a dispersion

relation. In the framework of our model such a dispersion relation between the real and the

imaginary potentials has already been studied in details in refs/ **' and ( ) for 32S +40 Ca

and 16O +20S Pb respectively. We have shown that the dispersion relation is exactly satisfied

by the non local potentials if the propagator of eq.(2) is calculated from an hermitian hamil-

tonian. We have also found numerically that the corresponding local potentials satisfy the

same dispersion relation within I or 2% what hi fact corresponds to numerical uncertainties.

Indeed one can prove mathematically that the dispersion relation is also exactly satisfied for

our local potentials. The proof will be published in a further paper. However our potentials

of Figs.(l-S) have been calculated with a non hermitian channel hamiltonian and it is then

interesting to verify to which extent the model preserves the dispersion relation. In the Fig.3

the crosses represent the values of the real potential calculated from our imaginary potential

by the following substracted dispersion relation :

where UL(ET) is the value of our real potential at the reference energy taken as ET — 140

MeV and Et the threshold energy. The dispersion relation real potential is very close to our



potential up to the Coulomb barrier and deviates from ours by at most 8% below the barrier.

It can be considered as a small deviation which is comparable to the uncertainties on the

determination of both, our model potentials and the empirical potentials. Similar conclusions

have been drawn by Carlson et al. ( * > and Thompson et al. ' ' for local potentials extracted

from coupled channels calculations.

3 An attempt to analyse the closure approximation model

from the calculation of the inelastic channels contribution

Most of this section will be devoted to the imaginary poteiittal. At the end however we shall

stress briefly some of the features of the real potential.

In previous section the comparison between the closure approximation model, the Copen-

hagen and the Daresbury imaginary potentials has shown that couplings of the elastic channel

to the lowest inelastic and one nucléon transfer channels are important but not sufficient to

explain the phenomenological potentials, the disagreement increasing with incident energy,

while our model gives quite satisfactory results at all energies sufficiently above the Coulomb

barrier. The aim of this section is to test the crucial assumption of our model on excitation

energies which are replaced by average values and to understand, at least qualitatively, why

such a success for such a simple model. For that purpose we study in details the contribution

of inelastic channels hi the Feshbach formalism which was the starting point of our model.

Then we calculate the potential of eq.(l) with excitation of one nucleus only, mutual excita-

tion of the two nuclei being always much smaller. The potential can be written from eq.(l)

in a more simple form as :

AVJn(F, f) = E V;(f)Ga(r,r')Va(f') (7)
a#0

where a denotes the excited states of 16O and 208Pe and Va and Ga respectively the nuclear



matrix element and the propagator of the corresponding channel a. For a state a of angular

momentum A, /i, V0. may be written as :

Va(r) = -=f^(r)Y,,(f) (B)

If Ga is calculated in the WKB approximation as it was in our model we get :

V ~r ia)>(f )/la)(f )^(cos(r-70 (9)_

' I

where ka is the WKB local momentum for the channel a and is given by :

VC(R)) (10)
h

where V is the 16O +208Pe potential. The local potential equivalent to the non local potential

AVj71 is derived as the Wigner transform of eq.(7) and is

AVin(R + s/2,R - s/2)ds (11)

where R = (f + f')/2 s-f_f

k*(R) = If(JS - V(R) - V0(R)) (12)
ti

For nucleon-nucleus scattering the non local potential has a very weak angular dependence

when it is written in terms of R and s variables ^28). We assume that this property holds

also for nucleus-nucleus potential. Therefore eq.(ll) writes as :

^*F(R,s)ds (13)

where F(R,s) is easily determined from eq.(9) by choosing two particular situations with R

and s, therefore f and f', colinear or anti-colinear. Writing :



find : {fc

F(R, s) =]T;4a)(E + s/2,E-5/2)— if
A.ct

-1)XA°R + 5/2, s/2 - fl)— if .R < s/2
X ,a

The radial integral over s in eq.(13) is then separated into two integrals over ranges (0,2E)

and (2JZ, oo) respectively. However, we calculate the potentials at large distances only, larger

than 10-11 fm, while the non locality range is 1 or 2 fm. Therefore the second integral may

be ignored and our local potential is simply given by :

)(R - s/2) (U)

Note that our localization procedure is different from that of Faessler et al. ( ' who calculate

the same non local potential of eq.(9) but define the local potential as :

-ik.f1 • •

We include in our calculations all strongly collective low lying states and giant resonances

which are also highly excited in heavy ion reactions and could contribute to the potential at

least at large energies (">••'•'>).

For the low lying states of 16O and 208Po the nuclear form factors /^ ' of eq.(5) are well

described by the usual collective model prescription. If 0£ is the amplitude of the state A, Q

in nucleus i (the projectile or the target) /} (r) is taken as ' ' :

(15)

Where U is the nucleus-nucleus potential of ref.31 and Ri the radius of the nucleus i. Broglia

and Winther have shown (" ' that for this potential the agreement between the form factors

of eq.(15) and the microscopic form factors is very good at large T- values. The p£ deduced

from the experimental B(EA) $3) are taken from ref.13 and given in table 1.

10



For the giant resonances we assume that the form factors are given by the same expression

(15). Indeed in their calculation of the nucleus-nucleus potential, Bernard and N. Van Giai

( ) have shown that for the dipole and quadrupole giant resonances their RPA form factors

have the same shape as their low lying collective states. We include in our calculation all high

lying RPA resonances calculated by Andres et al. (*•"'. The amplitudes ft\ are easily deduced

from the percentage of energy weighted sum rules given in reference 16 for each state. The

energies, angular momentum and amplitudes of these collective states are given in table 1.

We now concentrate on eq.(14). When the summation over Q is restricted to low lying states

our imaginary potential is equivalent to the contribution of inelastic channels calculated by

Pollarolo et al (") except that they work with a semi- classical approximation instead of

the Feshbach microscopic theory and that they calculate the diagonal part of the non local

potential only, assuming the non locality range to be negligible what is corroborated by our

works (*"•**), To follow at best their derivation hi order to compare the two potentials,

the nucleus-nucleus potential in eqs.(10) and (12) is taken as the real potential of réf. ̂ ).

Note that in this case the imaginary part of the potential of eq.(14), Win, can be calculated

analytically and has the form :

[2aya cos(2(R - c)ya) - coth(—).sin(2(R - c)ya)}

where ya = k - ka and the parameters Ri, a and c defining the real potential U(R)

U(R) = -^0[exp(^) + I]"1

are given in reference '^'

The potential of eqs.( 14,16) corresponding to low lying collective states only, referred to as

Win(LLS), is given at 104 and 192 MeV in table 2 'vhere it is compared to the corresponding

part of the Copenhagen potential. One sees that the semi-classical and microscopic potentials

are hi good agreement what can be considered as a test of both calculations.

11



In the following, as in our closure approximation model, we calculate the momenta ka and

fc from the complex potential which is derived by summation in eq.(14) over all states, low

lying states and giant resonances. The contribution of low lying states (Win(LLS)) and that

of giant resonances (Win(GR)) are reported separately in table 3 and 4 for EL = 104 and

192 MeV respectively. The contribution of giant resonances is always weak and the total

potential Win is given by the contribution of low lying inelastic channels only. At higher

energies the relative contribution of giant resonances increases but at 312.6 MeV it is less

than 10% of the total potential.

This result supports the first assumption of our closure approximation model which says

that coupling to the low lying inelastic channels only is important. However our model relies

on two further important assumptions : i) the energies of the low lying excited states of the

two nuclei can be replaced by average energies EI and E2 ii) closure relations can be used

because all matrix elements coupling the elastic channel to other inelastic channels than the

lowest ones will be negligible. These two assumptions can be tested in the following way.

We first calculate Win(LLS), the low lying states contribution, by replacing in eq.(10) the

energies Ea of table 1 by our average energies of section 2 (Ei = 6.5 MeV for 16O and E2

= 3.5 MeV for 208Pb). The resulting potential Win(LLS) is shown in table 2 at 104 MeV

and in table 3 at 192 MeV. For the two energies Win(LLS) and Win(LLS) are identical

to few percents showing that our second assumption is again very reasonable. To test our

third assumption that all other inelastic channels introduced by our closure relation do not

modify the potential we make the same study for giant resonances and calculate W-n(GR)

by replacing the corresponding energies Ea of table 1 by the same low average energies. By

comparing Win(GR) and W1n(GR) given in tables 3 and 4 we see that the contribution of

giant resonances is strongly overestimated mostly at larger distances. In the vicinity of the

strong absorption radius the total potential Win is stronger than Win by 50% about. However

when, the energy increases the difference between Win(G-R) and Win(GR) decreases and at

312.6 MeV Wjn is overestimated by 25% about. Note that our potential W, also reported in

12



the tables 2 and 3, is much stronger than both Win and Win.

From, this test we may conclude that our approximation of average excitation energies is

very successful to reproduce the contribution of the low lying collective states but fails for

giant resonances and that our model does not give a good description of the contribution of

inelastic channels to the absorption. This could be interpreted as a failure of the model itself.

We think that, at the contrary, this test gives a qualitative explanation why the model is

so successful in reproducing empirical potentials. Indeed, as already stated '**), the closure

approximation model potential can be derived in a different framework. Let's consider the

more general expression of the Feshbach potential

. „ _ v^

where I/IN and EN are the wave function and energy of the total system formed by the two

interacting nuclei in state N. The wave functions iptf may be expanded on the complete sets

of wave functions <pm and i/>n of nuclei 1 and 2 respectively and written as :

tfW = £C*2?A»^Smn (18)
mn

where gmn describes the relative motion of the nuclei 1 and 2. Substituting eq.(18) into eq.(17)

and making the same kind of assumptions than in our model, in particular that all important

channels N are concentrated over a small domain of energy so that the EN can be replaced by

an average energy EN, we get back to our potential of section 2 with the only difference that

the average energies E1 and E2 are replaced by EN- This new way of looking at our potential

provides a different interpretation of our model. Indeed let's consider the coupling of the

elastic channel to the low lying inelastic and one nucléon transfer channels which are known

to have large contributions to the absorption. The states JV corresponding to the inelastic

channels will have large components on the TTZ and n low lying collective states included

previously to calculate Win(LLS). The corresponding energies EN will be close to Em and

En and we have shown that our approximation to replace Em and En by average values is

excellent so that these inelastic channels are well accounted for in our model. Concerning the

13



states N corresponding to transfer channels, the strongest components in eq.(18) correspond

to high lying m and n states (mostly to continuum states) but they now appear in the

potential of eq.(17) with an energy Eff characterizing the transfer channel but not with the

energy of the corresponding inelastic channel as it appears in the potential of eq.(2) or (7).

The transfer channels energies are tabulated in ref/13). For 16O+ 208Pb they are close to

low lying inelastic channels energies showing that in our closure approximation model, the

high lying states are accounted with the right energies to simulate transfer contribution.

Following our previous test we have thus a qualitative explanation of why our potential is so

much deeper than Win. Therefore the results of tables 2 and 3 which, regarded as describing

inelastic channel couplings are not satisfactory, when regarded as the contribution of high

lying components of non elastic channels give a nice explanation and justification of the

success of our model. Obviously there is no way to compare numbers since our test concerns

special high lying states. However one may now conclude that, because the high lying states

are included in our model with low average energies, we have, although in a very approximate

way, taken into account many more channels than the inelastic ones. We note also that our

model involves many approximations but the wave functions of intermediate channels are

summed up through closure relations therefore are exact wave functions. Furthermore there

is no double counting as could happen when contributions of different kinds of channels like

inelastic or transfer ones are summed up.

The same calculations have been performed for the polarization potential Afn. Except

at energies close to the threshold energy for excitation of giant resonances the polarization

potential depends very weakly on the energies of inelastic channels. Both AUin(LLS) and

AUin(GR) the contribution of low lying states and giant resonances respectively are very close

to AUin(LLS) and AUin(GR) , their values when the excitation energies are replaced by EI

and .E2, the average energies used hi our model. This is shown in table 5 where all quantities

are detailed at E = 192 MeV. Contrarly to the situation for the imaginary potential, the

excitation of giant resonances gives in the vicinity of the strong absorption radius, 30% of

14



the total polarization potential. Their relative contribution increases with energy to get to

60% about at 312.6 MeV. On the other hand, AUin is, at large distances, always weaker than

our model potential as seen in the table 5 but with however a smaller gap than in the case

of absorption, indicating that the contribution of other channels than inelastic ones is less

important.

The potential of eq.(7) has also been calculated by Andres et al. t " ) using their RPA

collective states. The difference between their potential and ours comes from two sources.

First they use the RPA microscopic form factors instead of the phenomenological ones of

eq.(15) and second they do not have the contribution of the lowest 2+ state of 16O which is

not described by the RPA. Also the calculation of the local potential of eq.(ll) is possibly

different. From the Fig.l of their paper, it seems that they get a weaker potential than us at

distances close to the strong absorption radius, what is partially explained by the fact that

they miss the contribution of the 2+ state of 16O which in our calculation has a contribution

similar to that of the 3~ state. It seems also that the relative contribution of giant resonances

is much larger in their work than in the present one what we do not understand well.

As a conclusion we can say that the reasonable agreement of our closure approximation

model with data and phenomenology which was found hi all systems that we have studied

is very likely not an accident. It relies hi the fact that, surprisingly, our approximation to

use low average energies for inelastic channels provides a way of bringing into the potential

contributions of channels, such as one nucléon transfer, which were not accounted for in the

primitive expression of the potential of eq.(l). We recall that, because the nucleus-nucleus

interaction is taken into account hi the calculation of the propagator, multisteps processes

like multi-nucleon transfer are included automatically.

15



4 Elastic scattering cross sections

With our potentials of section 2 we have calculated the angular distributions of elastic scat-

tering at E = 96, 104, 129.5, 192, 216.6 and 312.6 MeV. All our results are compared with

the data obtained in several series of experiments (36-4°).

When both our real and imaginary potentials are used our angular distributions are re-

ported in Fig.4 where they are compared to experimental points. Even though our results

improve when the energy increases, the agreement between theory and experiment is not very

satisfactory. In section 2 we have shown that the absorptive potential reproduces quite well

the phenomenological one for energies higher than 104 MeV then the disagreement for cross

sections come very likely from the real part of the potential. This is not surprising because

the real potential is dominated by the first term of eq.(l) which, for consistency, has been

calculated with the same separable effective interaction as W or AU. We have mentioned

already (18,22) that, at least for very disymmetric systems, the interaction contains a spurious

factor which modifies its shape. This defect has certainly a bad effect on the double folding

model potential which is very sensitive to the two body interaction while the following terms

of the potential are much less sensitive (1"). Therefore we think that a more sensible test

of our model would be to calculate the potential Uo with a more realistic effective two body

interaction. This procedure however will bring some difficulty related to double counting

when, to such a first order term, we will add our polarization potential AU. To avoid this

difficulty, and also to simplify our study, we have used the Daresbury real potential testing

our imaginary potential only. The results are presented in Fig.5 where they are compared to

the same calculation performed with the Copenhagen imaginary potential. The agreement

between our results and experimental points are now very good except at low energies as

expected from our discussion of section 2 on the potentials. At 96 and 104 MeV our model

gives too much absorption while the Copenhagen potential is more successful. The situation

is reverse at higher energies where our potential reproduces well the data while the Copen-

16



hagen potential shows a lack of absorption. These conclusions are corroborated when, as hi

Fig.6, the cross sections are drawn hi linear scale hi the vicinity of the grazing angle where,

following Fricke et al. ̂ \ the cross sections are very sensitive to both the real and imaginary

potentials.

5 Conclusions

The 16O+ 208Pi real and imaginary potentials have been calculated in the closure approx-

imation model. Their energy dependence and shape are in good agreement with the semi-

empirical potentials. In order to understand the insight of the model, we have also calculated

the Feshbach potential due to the coupling of the elastic channel to the inelastic channels

corresponding to the excitation of low lying collective states and giant resonances of 16O and
209Pb. In this framework we have shown that the main assumptions of our model concerning

the low lying states are well verified. However the high lying inelastic channels contribution

is strongly overestimated by the use of a low average energy. It is suggested that this result

gives a qualitative explanation of the success of the model which simulates the contribution

of other kinds of low energy reaction channels.

The elastic scattering cross sections have been calculated with our potential for incident

energies ranging from 96 to 312.6 MeV. At 96 and 104 MeV our imaginary potential is too

strong but above 104 MeV we get a very good agreement with data when our imaginary

potential is used with the semi-phenomenological real potential of ref.(^.

We are very grateful to M.A. Nagarajan and J.S. Lilley who provide to us precise numerical

values of cross sections and empirical potentials.
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Table Captions

Table 1 : Energies and amplitudes of the low lying collective states (LLS) and giant resonances

(GR) in 16O and 208P6. The 3~ and 4+ high lying states give very small contribution

to the potential and are not quoted in the table.

Table 2 : The contribution to the imaginary potential (given in MeV ) of the low lying states at

104 and 192 MeV : our results (Win (LLS)) and the corresponding component of the

Copenhagen potential (Wcop (LLS)).

Table 3 : The imaginary potential at 104 MeV : contributions of the coupling to inelastic channels

for the excitation of low lying states and giant resonances when experimental or average

energies are used. The last column gives the imaginary potential of section 2.

Table 4 : Same legend as table 3 at 192 MeV.

Table 5 : Same legend as table 3 for the polarization potential at 192 MeV.
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Figure Captions

Fig.l : The closure approximation model real potential at E= 104 MeV (full line), 320 MeV

(dashed line) and 640 MeV (dashed-doted line).

Fig.2 : The Copenhagen (dashed line) and closure approximation model (full line) imaginary

potential at 104 MeV (lower curves) and 192 MeV (upper curves). The empirical

Daresbury potential is represented by dots.

Fig.3 : Polarization and imaginary potentials at R =12.4 fm as functions of energy : our calcu-

lated potentials (full lines), empirical potentials (circles) and the real potential deduced

from our imaginary potential by dispersion relation (crosses). By empirical Al/£ po-

tentials we mean Ui — Ug where Uo is our first term of eq.(l) which is independent of

energy.

Fig.4 : Elastic scattering angular distributions calculated with our potentials compared to data
(36-40)

Fig.5 : Elastic scattering angular distributions calculated with the Daresbury real potential and

-our imaginary potential (full lines)- the Copenhagen imaginary potential (crosses).

Fig.6 : Detailed angular distributions near the grazing angle. Same legend as Fig.5.
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J"
16O

Ea

Pc,

208PO

Ea

0«

LLS

3~ 2+ 4+ 5~

6.15 6.92

0.46 0.36

2.6 4.1 4.3 3.3

0.12 0.06 0.07 0.07

GR

1- 2+

18.25 19.15 20.8 22.9

0.068 0.088 0.077 0.056

12.9 13.2

0.011 0.017

19.9 21.2 22.6

0.32 0.31 0.163

12.4

0.07

Table 1

fl(fm)

104 MeV -Win(LLS)

-Wcop(LLS)

192 MeV -Win(LLS)

-Wcop(LLS)

11.6

2.80

2.43

2.31

2.22

12

0.90

0.83

0.90

0.76

12.4

0.26

0.26

0.32

0.24

12.8

0.070

0.082

0.11

0.075

13.2

0.018

0.025

0.035

0.023

Table 2

R(:m)

11.6

12

12.4

12.8

13.2

-Win(LLS)

2.43

0.89

0.26

0.070

0.018

-Win(LLS)

2.23

0.85

0.25

0.063

0.014

-Win(GR)

0.04

-

-

-

-

-Win(GR)

1.24

0.44

0.11

0.023

0.004

-Wvv in

2.47

0.89

0.26

0.070

0.018

-Win

3.47

1.29

0.36

0.086

0.018

-W

3.46

2.03

1.14

0.64

0.35

Table 3
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R(Ua)

11.6

12

12.4

12.8

13.2

-Win(LLS)

2.01

0.89

0.31

0.11

0.034

-Win(LLS)

1.91

0.82

0.31

0.11

0.03

-Win(GR)

0.30

0.06

0.01

-

-

-Win(GR)

1.13

0.48

0.17

0.060

0.020

-win

2.31

0.90

0.32

0.11

0.034

-win

3.04

1.30

0.48

0.17

0.05

-W

3.48

2.19

1.31

0.75

OAl

Table 4

R(fm)

11.6

12

12.4

12.8

13.2

-A£/<n(LLS)

0.83

0.42

0.19

0.074

0.028

-AUin(LLS)

0.79

0.41

0.19

0.075

0.028

-&Uin(GR)

0.77

0.30

0.09

0.03

0.007

-AUin(GR)

0.51

0.27

0.11

0.049

0.016

-A£7in

1.60

0.72

0.28

0.10

0.035

-A^n

1.30

0.68

0.30

0.12

0.044

-AU

1.92

1.28

0.80

0.47

0.26

Table 5
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