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ABSTRACT : 

Heavy Ion Inelastic scattering has been Investigated using the SPEG 

spectrometer at GANIL. It Is shown that the use of such a high 

resolution spectrometer allows a Quantitative study of the giant 

resonances excited In heavy Ion collisions. The contribution of the 

pick-up break-up mechanism to the high excitation energy region 

( £ * > 30 MeV) is then discussed. Recent results obtained with *°Ar 

beams at two different Incident energies show that target excitations 

are also present in this energy region. 
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i - INTRODUCTION 

At both low and Intermediate bombarding energies the excitation of collective 
modes Is expected to play an Important part In the dynamics of nucleus-nucleus 
collisions. The first direct evidence for the heavy Ion excitation of such states 
came ten years ago from inelastic scattering of light heavy ions at low bombarding 
energy <= 10 MeV/nueleon) In which the giant quadrupole resonance (GQR) was 
seen to be excited with a large peak to continuum ratio CI] . Unfortunately the 
differential cross sections were low (» mb/sr) and at these incident energies the 
angular distributions were poorly sensitive to the multlpolarlty of the transitions : 
features which precluded a quantitative analysis of the data and In particular a 
determination of the i values of the resonances. At about the same time much 
excitement was generated by the observation of structures at high excitation 
energy (20 < E* < 80 MeV) In Inelastic collisions Induced by Ar and Ca projectiles 
C2-3J. The Interpretation of these bumps was unfortunately complicated by the 
presence in the same excitation energy region of residues of many body 
processes such as pick-up break-up reactions C4]. 

The advent of Intermediate energy heavy ion accelerators has opened new 
perspectives in these fields of study largely because of the great enhancement of 
the differential Inelastic cross sections due to the strong forward focusing of the 
reaction products. In this talk we will present recent Inelastic scattering results 
obtained with the SPEQ spectrometer tS] at GANIL. The first part will be devoted 
to the "giant resonance bump" of which we will attempt an analysis of the different 
multlpolaritles. We will then briefly discuss the caracteristlcs of pick-up break-up 
reactions in order to more fully understand the high energy part of the spectra. In 
the third and last part It will be shown that the use of a heavy beam such as *°Ar 
allows the observation of structures due to target excitations superimposed on the 
three body continuum. 

II - THE 'GIANT RESONANT (QFO BUMP" 

DWBA calculations predict a strong enhancement of the giant resonance 
differential cross sections with Increasing heavy Ion bombarding energy. This Is 
confirmed on figure 1 which -ihows inelastic spectra in the 0 to 20 MeV excitation 
energy range Induced by " N e and 4 0 A r beams on a z°'Pb target. The overall 
energy resolutions are respectively 400 and 800 keV and the data are Integrated 
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• FIG. 1 -

Inalaatlc spactra measured around tha 
grazing anglas far tha " N e + 2 0 , P b 
reaction at «0 MoV/nuclacn and tha " A r » 
" • P b raactlon at * 4 MaV/nuclaon. 

FIG. 2 • 

Inelastic " N e • " Z r spectrum integrated 
ovar tha total maasurad angular ranga. 
Tha subtracted background Is Indicated by 
the full line. 
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over a 4* angular range centered at the grazing angle. Apart from the excitation of 
low lying states a broad bump centered around 10 MeV excitation energy presents 
a peak to continuum ratio of about S: 1 In both spectra. Light ion induced 
reactions have shown that in this region the giant monopole (GMR>, Isovector 
giant dlpole <GOR) and isoscaiar grant quadrupole (GQR) resonances are 
strongly excited. 

We shall now analyse this structure in the case of the " N e + *"Zr reaction at 
40 MeV/nucleon for which the angle Integrated Inelastic spectrum Is shown on 
figure 2. The QR bump Is now centered around 15 MeV and remains strongly 
excited even if the peak to continuum ratio is not as favorable as In the ease of the 
Pb target. 

To pursue the analysis an arbitrary background has been subtracted from the 
spectrum. This background is shown in figure 2 and presents a smooth angular 
distribution. Figure 3 presents background subtracted spectra at three different 
angles. One can note that the shape and centrold of the GR bump depends 
strongly on angle which demonstrates that several components having different 
angular distributions contribute to the cross section. 

Optical potential parameters were obtained by fitting the elastic scattering 
and inelastic scattering to the 2. 74 MeV 3~ state In a c Z r using the code ECIS CO]. 
The best fit parameters are V • 6S MeV, W » 70 MeV, r v » r w - 1.13 fm and ay =• 
a w * 0.67 fm. 

In order to extract the various multlpolarltles of the OR bump a method 
analogous to the one developed by Bonln et al. C7] has been used. After 
background subtraction the energy spectrum was divided Into 1 MeV wide bins 
and the angular distribution of each bin extracted. An example of such a 
distribution Is shown on figure 4. The theoretical angular distributions for 100 % 
of the energy weighted sum rule ( EWSR) were then calculated for the QMR, QOR 
and GQR. For each energy bin a linear combination of the three calculated 
distributions was fitted to the experimental data. An example is shown on figure 4 
where the angular distributions of the QOR and GQR are also presented. The 
reliability of the method Is due to the very different shapes of these two 
distributions. Note the strong minimum around 9 * 3* for the QQR and the different 
slopes at large angles tor the GQR which is excited with equivalent strength by the 
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nuclear and Coulomb Interaction and the QDR excited mainly by tha Coulomb 
force. The results concerning the GMR must be taken with greater caution 
because of the very low cross-section of this resonance. 

The strength distributions as a function of energy for each multlpolarlty are 
shown a* histograms on figure 5. The EvVSR percentages exhausted are of 120, 
110 and 70 % for the QMR, QDR and QQR respectively, which are In reasonable 
agreement with values obtained using other probes. 

In the case of the QDR the dashed curve Indicates the Lorentzian shape of 
the resonance deduced from photoabsorbtlon experiments [81. To compare with 
our results the dependence of the excitation probability on energy must be taken 
into account by calculating the convolution of the Lorentzian with the excitation 
probability calculated with the code ECIS. This convolution shifts the maximum of 
the strength distribution by about 1 MeV and a good agreement with experiment is 
obtained (solid curve on figure 5 ) . In the case of the QMR and QQR the centrold 
of the strength corresponds to the values extracted from light Ion scattering. For 
these two resonances the excitation probability is less dependent on energy than 
for the QDR which Is purely Coulomb excited. 

We have shown that the QANIL beams coupled to the excellent energy and 
angular resolution of the SPEG spectrometer allow a quantitative study of QR 
excitations. Intermediate energy heavy ions seem to be a valuable probe for the 
search for new resonances and also, due to the low backgrounds, for the study of 
the deexcltation of these collective modes by gamma and particule emission and 
fission. 

At higher excitation energies previous experiments f.2-3] have shown the 
presence of structures ranging up to 70 MeV superimposed on a large physical 
background. Numerous theoretical studies have attempted to intepret these 
bumps In terms of the excitation of high energy collective modes but no definite 
experimental proof of their nature has yet to be given. In the following, through 
the study of pick-up break-up reactions we shall show a method allowing to 
desentangle structures due to Inelastic excitations from those resulting from many 
body reactions. Then the latest experimental results concerning Inelastic 
scattering to the high excitation energy region shall be presented. 
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Ill - KINEMATICAL PROPERTIES OF PICK-UP BREAK-UP (PU-BU) REACTIONS 

At excitation energies above those of the Known giant resonances the 
characteristic features of the Inelastic spectra are a drop of an order of 
magnitude of the cross section followed by a broad plateau centered around 50 
MeV excitation energy. We shall now study the contribution of three body PU-6U 
reactions to this region. In a such a process the prolectlle picks up one or more 
nucléons from the target and subsequently decays by light panicle emission. For 
example the Inelastic spectrum of the *°Ar + *°zr reaction will be populated by 
the following two step processes : 

Simple kinematics show [4] that the mean apparent excitation energy <E a p> 
and width r of the PU-BU contribution to the-lnelastic channel can be calculated 
by : 

and 

r » « V^T 
where Ms is the mass of the emitted light particle, M a the mass of the quasi-
projectile, S T the separation energy of the light particle from the target, E| S6 the 
bombarding energy, E, the energy of the light particle In ttia frame of the quaal-
projectile and Ej the excitation energy of the target. The most important term In 
these formulae Is the one proportionnai to E | a b / M 3 which implies that E j p and r 
depend strongly on the beam energy per nucléon. Thus the most 
straightforward way to discriminate between PU-BU reactions and target 
excitations Is to perform the same experiment at several different bombarding 
energies. 



Reality Is not so simple since several pick-up channels can contribute and 
the various quasl-prolectiies will be excited in different states giving rise to 
continuous light particle spectra. To account for these features a Monte-Carlo 
calculation has been performed using the Hauser Feschback code LILITA C91. The 
hypotheses taken for describing the first step of the reaction are discussed in 
detail In réf. C43. Figure 6 displays an Inelastic 4 0 A r * *°Zr compared to the 
result from the LILITA calculation which has been normalized to Indicate the 
maximum PU-BU contribution consistent with the data. It can be concluded that at 
Intermediate energies the main contribution to the cross section In the region of 
Interest is due to one nucléon transfer reactions and that this contribution gives 
rise to a broad plateau. 

We have seen that under statistical hypotheses PU-BU reactions give rise to 
very broad contributions to the Inelastic spectra. The possibility for such a 
mechanism to generate narrow structures must now be examined. If we assume 
that due to matching conditions a level just above the particle emission threshold 
Is highly excited in the quasi projectile with a strong angular momentum alignment 
the light particles will be preferentially emitted perpendicularly to the spin 
following a Legendre Polynomial distribution. A complete calculation [4] shows 
that the transfer evaporation contribution is then split into two peaks separated by 
the width r as illustrated in figure 7. This double humped contribution follows the 
same evolution with bombarding energy as described above. In the light of this 
discussion we shall now examine the most recent experimental results concerning 
the high excitation energy region. 

IV - STRUCTURES AT HIGH EXCITATION ENERGY 

The Inelastic scattering of " N e on * c Zr and *°*Pb has been studied by an 
Orsay-MSU collaboration at 500 and 600 MeV incident energies CIO). Figure 8 
displays the two Inelastic spectra obtained with the "*Pt> target. Structures are 
clearly visible in both spectra but their excitation energies shift with bombarding 
energy. This shift can be quantitatively confirmed by a cross correlation analysis 
of the two spectra. This analysis Is performed by calculating the cross correlation 
coefficient t i l ] for different energy shifts (45 of the first spectrum with respect to 
the second. The cross correlation function, shown at the bottom of figure B 
presents a negative value for unshlfted spectra and takes It's maximum for a shift 
of & » - 5 MeV between the two spectra which Is precisely the variation of beam 
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energy per nucléon. Consequently the main structures present In the spectra are 
due to the PU-BU mechanism. The two largest bumps can be Interpreted by the 
excitation of an unbound state In " N e 0.4 MeV above the neutron emission 
threshold. A different result Is obtained In the case of the 2 ° N e + *°Zr spectra 
CFlg. 9 ) . In this case small structures in phase between the two energies are 
about as numerous as small out of phase structures and the cross correlation 
function Is essentially flat. 

In the case of light pro|actlles such as " N e (or L*0 see ref. [12]) narrow 
structures due to PU-BU reactions are observed. For heavier prolectlles having 
high particle emission thresholds and large level densities we can hope that the 
preferential population of only one or two quasi-projectile states will become less 
probable. We shall now examine the spectra obtained at SPEQ using 4 °Ar 
beams. 

Figure 10 shows the Inelastic *°Ar + , 0 Z r spectra taken at two different 
incident energies : 41 MeV/nucleon and 44 MeV/nucleon. Structures are clearly 
observed in both spectra in the high excitation energy region. The comparison 
between the two spectra yields a clear result : the bumps are not shifted and show 
up at the same positions at both Incident energies. Moreover a cross correlation 
analysis between these two spectra has been carried out and the result Is shown 
on figure 11. A strong maximum is present for the unshlfted spectra while for a 3 
MeV shift the cross correlation coefficient is compatible with 0. This shows again 
that the structures are at the same excitation energies In both spectra. Still a 
third way of looking at the data is to compare the spectra labeled a) and b) in 
figure 12. Spectrum a> is obtained by summing channel by channel the spectra at 
44 and 41 MeV/nucleon. Spectrum b) is obtained by shifting the 41 MeV/nucleon 
spectrum upwards In excitation energy by 3 MeV and then summing it with the 44 
MeV/nucleon spectrum. If the structures are due to target excitation they will be 
at the same positions at both energies and thus shouid be obsorved In spectrum 
a ) . On the other hand bumps due to PU-BU will shift by 3 MeV between the two 
energies and should appear In spectrum b) . A clear qualitative difference Is 
observed between spectrum a) In which structures are present and spectrum b) 
which is essentially flat. This shows that the contribution to the structures of 
double humped PU-BU components. If it exists at all, Is very weak. 
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We have shown that in the case of the *°Ar + a 0 Z r reaction the main 
structures cannot be interpreted by the PU-BU mechanism and can be attributed 
to target excitations. Moreover at 44 MeV/nucleon the spectrum measured with 
SPEG is Identical to the one previously obtained with a time of flight set-up 
[13 ,14] . These facts give confidence In the systematlcs of the positions of the 
structures as a function of target mass which have been extracted from the time of 
flight data and presented previously [13 ,14] , Up to now the most consistent 
theoretical Interpretation of the structures is given by the multiphonon 
calculations which predict a strong excitation probability of multiphonon states 
built with the giant quadrupole resonance [1S-17], The very strong excitation of 
the GQfl observed in this work also lends additional support to the multiphonon 
hypothesis. 

V - CONCLUSION AND OUTLOOK 

intermediate energy heavy Ions seem to be very promising probes for the 
study of giant resonances and their decay modes. We would like to stress the 
importance of the energy and angular resolutions of the detection system which 
are prerequisites to a quantitative study of these- resonances. 

in the higher excitation energy region the use of heavy projectiles allows the 
observation of structures due to target excitation superimposed on a large 
continuum mainly attributed to three body PU-BU reactions. A more complete 
understanding of the spectra now requires a more precise deconvoiution of the 
cross section Into target excitations and residues of pick-up reactions. The 
detection of light particles In coincidence with the Ineiastically scattered Ions 
should provide a unique tool to desentangle these two contributions. This is 
Illustrated on figure 13 which displays In velocity space a bldlmensionnei cross 
section plot for protons emitted In coincidence with Inelastlcally scattored 
fragments In the * c Ca + *°Ca reaction at 40 MeV/nucleon calculated by a Monte-
Carlo method. What must be noted is the unambiguous separation in velocity 
space of the protons emitted by the target and by the projectile-like fragments. 
Thus by triggering on protons with low velocities target excitations can be 
selected In the Inelastic spectrum and conversely PU-BU reactions will be 
selected if the trigger is set on the forward peaked high velocity light particles. 
Such an experiment Is planned for the coming months. 
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