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Introduction

The nucleon-nucleus and nucleus-nucleus elastic scattering provides information on

different aspects of the nucleon-nucleon interaction and on the nuclear structure of the colliding

nuclei. For that reason it has been studied extensively over the past three decades and potentials

following different prescriptions, both phenomenological and microscopic, have been

developed to reproduce the experimental results1). By phenomenological potential we mean a

potential obtained by direct fitting to experimental data, whereas by microscopic potential we

mean a potential calculated from the nucleon-nucleon interaction and the nuclear properties,

usually the density distribution. Although phenomenological potentials usually fit the data much

better than microscopic potentials we are essentially interested in microscopic potentials because

they are a first step in a unified understanding of elastic scattering.

This field has gained a new interest with the advent of unstable nuclear beams,

especially in the case of halo nuclei where the study of nucleon-nucleus and nucleus-nucleus

scattering reactions is expected to provide information on the nuclear densities of dripline nuclei

and on the components of the nucleon-nucleus and nucleus-nucleus interaction which depend on

the isospin. In general these studies should help to test the validity of nuclear models which

reproduce the properties of stable nuclei far away from the stability valley. There have already

been several papers published in the litterature2"5), related to elastic scattering of n L i on 12C2),
n L i on 2 8Si3), n L i on protons4), and 12>14Be on 12C5). In these pioneering studies, the

radioative beams produced by fragmentation had a rather poor energy resolution, which did not

allow for a separation between ground states and excited states. Therefore, it was not really

elastic scattering which was measured in these experiments. The auhors used the term of

"quasielastic scattering" for these data, and the analyses that where performed were global

analyses where the "quasielastic scattering" is fitted in a calculation which also includes the first



excited states. An example of such analyses is presented on Fig. 1 in the case of 14Be+12C at 57

A.MeV5). The solid curve which fits the data is the sum of the elastic and inelastic contributions

from the 2+ and 3" states in 12C, estimated in a coupled-channel calculation. It seems clear that,

considering the large error bars of the data and the assumptions underlying the calculations,

where only the excitation of the two first excited states in 12C are taken into account, that this

kind of analysis is not without ambiguities and that the conclusions extracted from these data on

the nuclear interaction potentials have to be taken very carefully.
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Fig 1: Quasi-elastic scattering angular distribution for the system 1 4Be+1 2C at 57 A.MeV. The solid line

corresponds to the best fit of the data, the dot-dashed, dashed and dot-dot-dashed curves present the contributions of

elastic scattering, inelastic scattering to the first 2 + and 3" states in 12C respectively.

Considering Ibis new-generation of experimental insults, it is interesting to discuss

where we stand concerning elastic and inelastic scattering, namely, what has been learned on

this subject with stable beams in the intermediate energy range (between 10 and 100 A.MeV),

which are the open questions, and how we can apply our knowledge to exotic beams. In the

first part of this paper, we will concentrate on the nucleus-nucleus elastic scattering. Some

aspects of inelastic scattering will be discussed in the second part, while the third part will be

devoted to nucleon-nucleus elastic scattering. Finally some concluding remarks will be given.



I-Nucleus-Nucleus Elastic Scattering

Heavy ion elastic scattering studies are the most direct and simple approach to obtain

some information on the nuclear interaction potentials. In this paper we will discuss calculations

of elastic scattering angular distributions evaluated by using the double folding model. In this

model the potential is obtained by folding the ground state densities of the two interacting nuclei

with an effective nucleon-nucleon interaction:

V(r) = J drfj dr2Pi (^ )p2 (r2 )\)(r + r2 -

These potentials are very convenient and useful as they provide a relation between the

nuclear interaction potential, which is tested by the scattering measurements, and the underlying

nuclear structure. Actually two attitudes can be adopted with these potentials. In the case of

stable nuclei the ground state densities are known from, for example, electron scattering

experiments, and the parameter which is tuned in order to fit the heavy ion elastic scattering is

the nucleon-nucleon interaction. The ultimate goal of the previous studies was to be able to

obtain a consistent fit of all existing data with a unique parametrisation of the effective

interaction. The situation is different for unstable nuclei. In this case the nuclear matter density

distribution is in general not known, with the exception of few light nuclei for which some

information on their nuclear matter density distributions were deduced by interaction cross

section measurements6). Here, elastic and inelastic scattering measurements should allow to

complement our knowledge on density distributions and eventually to extend our learning on the

nucleon-nucleon interaction in regions of low nuclear density.

One of the parametrisations which has been widely used in the past is the M3Y

interaction7) for which good results were obtained at low energy8). A density dependence was

also often introduced in order to allow for a description of the cases where the scattering appears

to probe the potential at small radii corresponding to a strong overlap of the nuclei. One of the

limitations of the double-folded potentials is related to the imaginary part. Indeed, even if the

nucleon-nucleon interaction is complex, the imaginary part that we would deduce by applying

the folding procedure would be inappropriate for composite systems where additional sources

of absorption, such as transfers or break-up, contribute to the imaginary potential and cannot be

accounted for by this procedure. Therefore, the imaginary part is usually taken as a Woods-

Saxon potential (W-S), with 3 free parameters. The real folded potential is also multiplied by a

normalisation factor N. The folding model is successful if the best fit to the data corresponds to

N=l.

As previously mentioned, M3Y double-folded potentials were developed by Satchler to

reproduce elastic scattering data below 20 A.MeV8). Good results were obtained for a very large
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Fig 2: Elastic scattering angular distribution measured for the system 16O+12C at 94 A.MeV
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Fig 3: Elastic scattering angular distribution measured for the system 1(>O+28si at 94 A.MeV
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angular distribution

measured for the systems
16O+40Ca, 9 0 Zr and
2 0 8 Pb at 94 A.MeV

set of data between 5 and 20 A.MeV with only a renormalisation of 10% on average. These

potentials were also applied at higher energy for different systems^-lO). The results are

illustrated on Fig 2-4 which present the experimental and calculated angular distributions for the

systems 16O+12C, 28Si, 40Ca, 90Zr, and 208Pb at 94 A.MeV. In each case, the different curves



correspond to fits obtained with W-S potentials (solid lines), M3Y double folded potentials

(dashed lines), or density-dependent M3Y (DDM3Y) potentials (dotted lines). In the case of the

three heavy targets, the different curves could not be distinguished. In all cases, very good fits

could be obtained, with the exception of the M3Y potential for the lightest targets. However,

these fits correspond to normalisation factors which differ considerably from 1.

System

N(M3Y)

N(DDM3Y)

16O+12c

0.67

1.19

16o+28Si

0.64

1.05

16o+40Ca

.0-68

1.05

16Q+9OZT

0.64

0.87

16Q+208pb

0.64

0.83

Table 1: Normalisation factor of double folded potentials which best fit the measured elastic angular distributions

Table 1 gives the values of the normalisation factors which were obtained in the fitting

procedure. For M3Y potentials, the normalisation factor is roughly constant for all systems and

equal to 0.66. These results are summarised in Fig. 5, with some other results at lower ener ,ies

or for other systems. They show a contrast to the low energy situation where N is roughly equal

or even larger than 1. The large values of the normalisation factor obtained at low energy in the

cm

Fig 5: Normalisation factor of the

density independent double folded

potentials which best fit the

(refs9-13-14),

16 0 +208P b ( ref9,15 ) ; a n d

40A r +60N i > 120Sn< 208pb

(ref1^) elastic angular distribution.

The curves are to guide the eye.

case of the system 16O+208Pb are related to the threshold anomaly at the Coulomb barrier. The

general trend is a regular decrease from N=l.l below 20 A.MeV down to 0.7 around 100

A.MeV. This shows that the energy dependence included in the M3Y interaction, which

simulates the effect of the knock-on exchange, is not sufficient to reproduce the real potential

reduction at high energy. It is also interesting to note that such an energy dependence is in



disagreement with the predictions of microscopic models16"19) for the nucleus-nucleus potential,

which predict that, due to the disappearance of Pauli blocking at high energy, the depth of the

nuclear potential should increase up to around 50 A.MeV. This discrepancy is as yet, not well

understood. However it should be noted that the nucleon-nucleon interaction potential decreases

with increasing energy between 10 and 140 MeV (see Fig. 15).

Concerning the DDM3Y interaction, the normalisation factors obtained decrease from

1.2 for the lightest systems down to 0.8 for the heaviest one. The values deduced for 16O+12C,

and 16O+28Si are not very different from those obtained in the case of a elastic scattering

(N=1.3)2°), or for the system 12C+12C in the same energy range21), whereas the value 0.8

obtained for 1 6O+2 0 8Pb is comparable to the results obtained for other heavy systems

(40Ar+60Ni, 120Sn, 208pb)l0) o r a t lower energies15). Therefore, one can conclude that the

density and energy dependence included in the DDM3Y interaction does not provide an overall

description of all data.
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Fig 6: Fits to the elastic 1 2 C+ 1 2 C and

dependent versions of the M3Y interaction.
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These problems are probably related to the fact that both M3Y and DDM3Y interactions

cannot reproduce correctly the basic features of normal nuclear matter. It is known for example

that M3 Y interaction is well adapted only for a small range of nuclear matter densities at around

one third of that for normal nuclear matter. Recently, an improved version of the density-

dependent M3Y interaction was developed22"24) in order to reproduce the equilibrium density

and binding energy of nuclear matter. The results obtained in the case of light systems such as

I2c+l2c and 16O+16O between 10 and 30 A.MeV are very impressive. As can be seen in

Fig.6, very good fits could be obtained on the complete angular range covered by the data with

a renormalisation of the folded potential by at most 10%. The different curves correspond to

different parametrisations of the density dependence which generate different equations of state

for the cold nuclear matter. In this context, the nuclear density overlap, which occurs during

refractive heavy-ion scattering, opens an alternative approach to the study of the equation of

state and the results of these studies favor a soft equation of state with a compressibility

parameter around 200 MeV.

However, even with this refined version of the DDM3Y interaction, the imaginary part

is still parametrised as a W-S potential. In order to overcome this problem, Satchler decided to

explore a purely phenomenological approach25) taking a three parameter Yukawa nucleon-

nucleon interaction, including a real and imaginary part, but assumed to be isoscalar,

independent of spin and without any density dependence in a first attempt. It may be written as:

VNN = -(v+iw) e-^1) / (s/t)

sr
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Fig.7: Fits of the elastic angular distribution measured for 16O+90Zr at 94 A.MeV with the Yukawa folding

potential for different ranges of the interaction. The inset shows the variation of %2 per datum with range.



Very good fits could be obtained for a large number of data sets, selected between 10

and 100 A.MeV, with the parameters

t=0.7 fm,

and v« w= 60 - 0.3 E/A MeV.

An example of the quality of the fit is shown on Fig. 7 for the system 16O+90Zr at 94 A.MeV.

The inset in the figure gives an indication of the sensitivity of the fit to the range of the

interaction.

These results will have to be refined in order to introduce, for example, a density

dependence which can also reproduce the data presenting refractive features. Such features

indicate a sensitivity to radii corresponding to a M jverlap of the densities.Nevertheless,

this interaction is useful as it provides a direct and consistent way of relating the scattering

measurements to the underlying nuclear structure, namely, density distributions in the case of

elastic scattering and transition density distributions in the case of inelastic scattering.

II Inelastic Scattering

As mentioned above, the calculations performed in order to analyse the first data

obtained on the quasielastic scattering of exotic beams rely on the fact that the transition form

factors between the ground state and the first excited states are known exactly, and that the

contribution of these excited states can be estimated very precisely within a coupled channel

calculation. However, it has been noted26"29) that the octupole states excited hadronically by

light and heavy ions are frequently weaker than what would be expected from electromagnetic

measurements.

Table 2 illustrates this hindrance in the excitation of the first 3" states observed from

measurements using 17O ions at 85 A.MeV, whereas the excitation of the 2+ states did not show

this effect. The discrepancy between the reduced transition probability, B(E3), deduced from

these measurements and the adopted values reaches a factor between 2 and 4.

Target

B(E3)exD(e2bL)

B(E3)ad0Dt(e
2bL)

60 N i

0.010+0.002

0.0208

90Zr

0.027+0.005

0.108

!2<>Sn

0.075+0.008

0.115

208 P b

0.42±0.04

0.611

Table 2: Reduced transition probabilities for the excitation of the 3" low-lying states

Recently this discrepancy was explained30) as a consequence of using the deformed

optical potential model to calculate the nuclear excitation. Indeed, inelastic scattering

measurements are usually analysed using a transition potential obtained as the derivative of the



Woods-Saxon potential deduced from the elastic scattering, multiplied by the deformation length

which determines the strength of the interaction:

1 = 6 d V ( r )

' dr
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However a more consistent

approach is to obtain the transition

potential by folding an effective

nucleon-nucleon interaction over the

deformed density of the excited nucleus

and the ground state density of the

partner. By reanalysing our 1 7O

inelastic scattering data with this folding

approach and with the simple Yukawa

form described previously for the

effective nucleon-nucleon interaction,

the apparent hindrance observed in the

excitation of the low-lying 3 ' states

disappeared. Fig 8 presents, for the

system 1 7O+ 2 0 8Pb the comparison

between the transition potentials

obtained within the deformed optical

potential and the folding approaches, for

a deformation length of 1 fm. The

deformed optical potential is

Fig 8: Comparison of the form factors calculated within the independent of the multipolarity of the

deformed optical model approach and the folding approach30) in transition 1, contrary to the transition

linear (top)) and logarithmic scale (bottom) potentials obtained by folding which

decrease in magnitude as 1 increases. As

the scattering is sensitive to the potential in the region of the strong absorption radius, which is

around 11 fm in the case of 17O+2^8Pb, and as the inelastic cross sections are proportional to

the square of the transition potentials, it is clear that the cross sections predicted for a given

deformation length by the folding model are smaller than those predicted by the deformed

optical potential model and that this difference increases with the multipolarity. The authors

showed that this effect accounted for the apparent hindrance observed for the 3" states, whereas

the excitation of the 2+ was not affected because it was dominated by the Coulomb interaction

and therefore, did not depend on the treatment of the nuclear excitation.
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In Fig. 9 the angular

distributions calculated with the two

approaches are compared to the data for
17O+90Zr. The fits are very similar,

although the folding model produces

less deep minima, in better agreement

with the data. In this case the

quadrupole deformation length was

increased by 20% compared to the

result of ref.29), and therefore in better

agreement with the adopted value, and

the octupole one was increased by

60%, B(E3)=0.071 e2b3, in agreement

with recent (e,e') measurements30).

Although the feature explained

above has been well known for several

0 1 2 3 4 5 6 decades, almost all of the published
e
™ results concerning the excitation of first

Fig.9: Comparison of the theoretical angular distributions with excited states have been analysed with

the measured ones for 17O+90Zr at 84 A.MeV. The deformed the deformed optical potential model,

optical potential model curves are normalised for B(E2)= including those related to exotic beams.

0.043e2b2 and B(E3)=0.027e2b3, the folding model ones for Therefore, if the cross section of the 3"

B(E2)=0.063e2b2, B(E3)=0.07le2b3. states, which was estimated with the

adopted value of B(E3), is wrong by a

factor 2 or 3, the contribution of the elastic scattering will be affected and therefore the

conclusions which are extracted on the shape of the nuclear interaction potential are

questionable. Furthermore, this result concerning the low-lying states also has implications

concerning the excitation of the giant resonances. Indeed the study of first excited states is

useful among other things because it provides information on the validity of the form factors

which are also used to describe the giant resonances. The discrepancy observed in the case of

octupole excitation with standard form factors casts some doubt on the results obtained for giant

resonances with the same type of form factors.

There have been quite a lot of experiments on the excitation of giant resonances by

heavy ion inelastic scattering in the last few years29-31-38. The advantages of studying giant

resonances with heavy ions are well known. The first advantage is that they are excited with

very large cross sections (up to a few b/sr for the system 17O+208Pb at 85 A.MeV), and that the

spectra present a very low background compared to light ion or electromagnetic probes. This is



illustrated on the spectra presented on Fig 10, where the peak to continuum ratio for the giant

resonance structure reaches a value between 6 and 7. On the other hand, one of the

disadvantages of the heavy ion probe is the lack of sensitivity of the angular distributions to the

multipolarity of the transition, as illustrated on Fig 11 where no difference in shape can be

observed between L=0 and L=2 transitions.
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Fig. 10: Inelastic scattering

spectra at various angles for

the 2 0 8Pb(1 7O,1 7O')

reaction at 1428 MeV. The

solid curves show a

decomposition of the spectra

into resonance peaks31) •
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Without being exhaustive, we would like to point out some of the successes of these

experiments and some of the questions which remain open. One of the major successes of this

type of study is presented in Fig 12, which shows that they allowed one to determine not only

the position and the width of the giant quadrupole resonance, but also its complete strength

function35). This strength function is very similar to what was obtained with electromagnetic

probes and provides more severe constraints to the theoretical predictions than just the energy

and width of the resonance.
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One of the open questions in this field is related to the EWSR extracted for the giant

monopole resonance (GMR), and is illustrated on Fig 13. The dots are the results which were

obtained with light ion probes39). The general trend is a regular decrease from 100% EWSR for

A=200 down to 10% for A=60. In the case of heavy ion probes the results, which correspond

to all symbols except dots, cluster around 120% EWSR. Therefore there is a very important



disagreement, which is as yet, not well understood. In particular, an analysis performed in the

framework of the folding model did not explain the discrepancy in this case.
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inelastic scattering data

III-Proton-nucleus elastic scattering

The aim of this section is to give some ideas on the analysis of nucleon-nucleus elastic

data in the case of radioactive beams, in the framework of both macroscopic and microscopic

models.

In fact, different parametrisations of the nucleon-nucleus optical-model potential, based

on analysis of extensive elastic scattering data are available today. An example of this type of

global optical potential, is the CH89 potential of R.L. Varner et al.40). It is certainly interesting

to test the ability of this potential at reproducing the nucleon-nucleus elastic scattering involving

unstable nuclei. The first nucleon-nucleus elastic scattering measurements for unstable nuclei

were reported by C.B. Moon et al4) for 9Li+p and ] !Li+p at Elab = 62 and 60 A.MeV

respectively. Calculations using these parameters provide reasonable fits to the data for 6'7-9Li

isotopes after slight adjustment of the imaginary potential parameters, but they fail to describe

the l ]Li data. In a second attempt to reproduce the experimental results, the authors have fitted

the data by fixing the real part of the optical potentials to that of the 7Li global parameters. Fits

corresponding to the best parameters obtained under these conditions are presented in Fig. 14 as

a solid line for 9Li+p and as a dotted line for l !Li+p. It should be noted that although good fits

may be obtained under these circumstances for 9Li+p, the ^Li+p cross section is not well

reproduced and, in particular, at scattering angles below 34°. The best fit to the l JLi+p data was



obtained with a combination of a shallow real potential and an imaginary potential with a long

tail. These analyses suggest that both the real and the imaginary potentials should be modified

considerably from the global fit parameters that reproduced the proton elastic scattering of the

other 6'7>9Li isotopes. This behavior was attributed to the interaction with the proton target of

the halo neutrons which are weakly bound and break-up41).

E,_u=60 MeV/u

20 30 40 50 60 70 80

"D
15

10'
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Elab=62 MeV/u

10
I I .

20 30 40 70 80

cm

Fig 14: Fits of the ^Li+p and * ^Li+p elastic scattering angular distributions4)

Two of-the most popular microscopic potentials are those of the groups of J. P.

Jeukenne, A. Lejeune, and C. Mahaux (JLM)42) and of F.A. Brieva and J.R. Rook

(BRVG)43). These two potentials are physically very similar, their principal difference arising

in the application to finite nuclei. One of the ingredients of these calculations is the nuclear

matter density distribution of the colliding nucleus. For unstable nuclei, nuclear matter density

distributions based on microscopic three-cluster models, or extensions of mean field theories,

such as constrained Hartree-Fock-Bogolyubov (HFB) calculations, where the long-range

collective correlations are introduced by using a Generator Coordinate Method (GCM)



formalism, are available today. It is tempting to confront the predictions of these calculations to

the experimental data.

We shall present an analysis of the nLi+p elastic scattering in the framework of a

microscopic potential, namely the JLM potential. The starting point for computing JLM

potentials, is the Brueckner-Hartree-Fock approximation and the Reid hard core nucleon-

nucleon interaction which provide, for energies up to 160 MeV, the energy and density

dependence of the isoscalar, isovector and Coulomb components of the complex optical model

potential in infinite nuclear matter. To give an example of these cakalations, we plot in Fig. 15

the ratio V0(p,E)/p of the real part of the optical potential V0(p,E) in infinite nuclear matter and

the nuclear density p = 2(37C2)"1/kf3, where kf denotes the fermi momentum, versus p. This

ratio decreases with increasing energy and increasing density. The optical potential of a finite

800

E= 0- 140 MeV

Fig. 15: Dependence on density

and energy of the quantity

v ( 3 y

0 0.02 0.0A 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

P (fm3)

nucleus is obtained by assuming that the density of the optical model potential is now p(r),

where p(r) is the nucleus density distribution. This approximation is known as the local density

approximation {LDA). The local density approximation provides root mean square radii for

different nuclei, which are too small. This was ascribed to the fact that the local density

approximation does not accurately include the influence of the range of the effective interaction.

This was included in a phenomenological way by convoluting the potential obtained in the local

density approximation with a Gaussian form factor ~exp(-(r/t)2). In the initial work of JLM a

value of t=1.2 fm was used for the real potential and it was suggested that a larger value of t

might be appropriate for the imaginary potential.



The JLM central potential has been extensively studied by S. Mellena et al.44) and J. S.

Petler et al.45). It has been particularly successful in describing elastic neutron and proton

scattering from stable nuclei, provided the imaginary potential is adjusted downward by a small

amount, by a normalisation factor of the order of Xw~0.8. A finite range parameter of the

nuclear force t of 1.0 fm for both the real and the imaginary potentials, has been proved to yield

better results than the initial value t=1.2 fm. These calculations require the nuclear ground state

matter densities as input. The proton point-nucleon density pp is obtained by unfolding the

proton charge distribution from the charge density measured by electron scattering. The neutron

density pn is assumed to be the same as for protons in *he N=Z nuclei and, in fhe other cases,

was determined by assuming the relation pn=(N/Z)pp. Fig. 16 presents the results of three

separate JLM calculations for different values of Xw and shows the sensitivity of these

calculations to small variations in the depth of the imaginary potential46).

Fig 16: Fits of the elastic scattering

angular distribution for n+l"O for

different values of the imaginary

potential.
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Fig. 17 was -adapted -from ref45^ and shows -the -results of JLM and BRVG microscopic

calculations for 13C(n,n) and 13C(p,p) elastic scattering at a number of energies between 10 and

35 MeV. It is obvious that the JLM results provide a better description of the experimental data

than the BRGV results, which for 13C(n,n) overpredict the measured cross sections at forward

angles and fall lower than the data at larger angles. The JLM central potential has been

particularly successful in describing elastic neutron and proton scattering from many light and

intermediate mass nuclei.
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Fig 17: Fits obtained with JLM and BRGV calculations for proton and neutron scattering from

We shall extend these calculations in the case of unstable nuclei. The density distribution

of l ]Li is presented in the upper part of Fig. 18. It was provided by the relation47):

p,n

where \|/(r) is the eigenfunction of protons and neutrons (p,n) bound in a potential well and

depends on the binding energy of the particles in the well. The solid line presents the result of a

calculation for a binding energy of i : Li of the order of 0.5 MeV and is in agreement with the

experimental results48), whereas the dotted line corresponds to a calculation for a binding

energy of the order of 10 MeV. The root mean square radii corresponding to these two density

distributions are 3.20 fm and 2.88 fm respectively. The experimental value of the root mean

square radius of * JLi is of the order of 3.16 fm which is in relatively good agreement with the

prediction of this very simple model. The value of 2.80 fm is a typical value for the interaction

radius of light unstable nuclei, without halo, in the A=l 1,12 mass region48).

The solid and dotted line in the lower part of Fig. 19 are unajustable JLM calculations for

the system l JLi+p at 60 A.MeV and for the two density distributions presented in Fig. 18.
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The two calculations are compared to the experimental data obtained by Moon et al. The

experimental results are in better agreement with a calculation using a nuclear matter density

distribution with a long tail and a root mean square radius of 3.20 fin.
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Fig. 19: Comparison of the
1 !Li+p data of ref4) to JLM

calculations corresponding to the

density distributions of Fig. 18

Very recently the n L i density distribution was calculated by J. Decharge and J. F.

Berger49). In their many-body calculations the only input is the well tested, finite-range D1S

effective interaction of Gogny. Pairing correlations are included in a constrained Hartree-Fock-



Fig 20: Density distributions for 1 ILi

estimated within HFB and GCM

approaches

R(fm)

Bogolyubov (HFB) calculation. The resulting density distribution is shown in Fig. 20 (dotted

line). HFB calculations do not take into account long range collective correlations which may be

important in the case of halo nuclei, since loosely bound neutrons can occupy orbits having a

broad range of radial extension. Long-range collective correlations were introduced by using a

Generator Coordinate Method (GCM) type formalism. The resulting density distribution is also

shown in Fig. 20. The mean square radius of the l lLi nuclear matter density distribution for the

HFB and GCM calculation is 2.80fm and 3.42fm respectively. It was tempting to introduce

these microscopic density distributions in the JLM code and calculate the n Li+p angular

distributions. The results of these calculations are shown in Fig 21. The JLM calculation with

10 =

11Li+p

E|ab=60 MeV/u Fig. 21: Comparison of the ^

data of ref4) to JLM

calculations corresponding to the

density distributions of Fig. 20
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the GCM density distribution is in better agreement with the experimental data than the

calculation using the HFB density distribution. It is therefore clear from these different analyses

that unadjusted JLM calculations may reproduce "proton-unstable nucleus" elastic scattering,

when a "realistic" nuclear matter density distribution is used. Certainly this type of JLM

calculation has to be extended to other measurements involving other unstable nuclei and in that

sense the conclusions drawn from this ' 'Li+p elastic scattering analysis have to be considered

as "preliminary".

Conclusion

In this paper we have discussed some of the recent results concerning nucleus-nucleus

elastic and inelastic scattering and the associated theoretical analysis. From heavy ion elastic

scattering data, a new complex nucleon-nucleon effective interaction has been recently obtained,

which may be useful for relating scattering measurements to the nuclear structure of the

colliding partners.

The apparent hihJrance in the hadronic excitation of low-lying 3~ states, compared to the

results of electromagnetic excitation, reported in many papers, was ascribed to the use of the

deformed optical model potential. This difference was removed by using a folding model to

extract deformation lengths and multipole moments from inelastic scattering measurements. The

version of the folding model discussed here is a very simple one. In the future, it may be found

advantageous to generalise the interaction by allowing the imaginary part to have a different

range from the real part, and by introducing some density dependence in order to extend the

model to more central collisions.

Concerning transition potential calculations, various aspects can be treated more

realistically as, for example, a different radial distribution of neutrons and protons, which

seems to be a common situation in the case of unstable nuclei.

Finally we have given a brief overview of the main lines of the analysis of nucleon-

nucleus elastic scattering and we have shown that the JLM formalism, which has been

extensively applied in the case of stable nuclei, may be useful in analysing nucleon-nucleus

elastic scattering involving unstable nuclei.
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