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ABSTRACT

Inelastic scattering of 84 MeVlu 17O projectiles have been used to excite the giant
resonances (GR) in various nuclei ranging from A=60 to A=232. For the isoscalar giant
quadrupole resonance (ISGQR), the energy and width of the resonance, as well as the EWSR
obtained from the measured cross sections, are in agreement with the known systematics for
A>40. The observed GMR strengths are close to 100% EWRS and are consistent with other
recent experimental results using heavy ion projectiles. These results lead to a somewhat
different picture than that provided by previous studies using light projectiles. Strength is also
observed at high excitation energy. The analysis of these resonances is in progress.

Our study of the fission decay ofGR in 232Th leads to a somewhat different conclusion
than previously deduced from data obtained with light ion projectiles, where no evidence for the
fission decay of the ISGQR has been found. In the present work, due to the very good peak-to-
continuum ratio, a structure is observed in the fission coincidence spectrum around 10 MeV
which can be attributed to the fission decay of giant resonances. The measured fission
probability is consistent with a statistical decay of the ISGQR.

Experiment performed at the GANIL National Facility in Caen, France
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I- INTRODUCTION.

Intermediate energy heavy ions have recently become a very important tool for the study of

giant resonances (GR) in nuclei. In particular, because of strong Coulomb excitation leading to

sizable Coulomb-nuclear interference and oscillatory angular distributions, intermediate energy

heavy ions are sensitive on the nature of the excited resonances. Among the important

problematics that could be studied with such projectiles are high multipolarity resonances and

resonances at high excitation energy.

Because of the large differential cross sections for the excitation of GR, intermediate

energy heavy ions offer unique possibilities for the study of the decay properties of the giant

resonances. During the last ten years there were many studies of the fission properties of giant

resonances in actinide nuclei often with inconclusive or inconsistent results (VanSO, Van87).

The main purpose of these works was to determine if the fission properties of the GR would be

different than that of the underlying continuum and in particular if fission would show a

statistical behavior.

In the present contribution one reports preliminary results on the excitation of giant

resonances in various nuclei ranging from A=60 to A=232 by 84 MeV/u 17O projectiles. The

main purpose of this work was to study the evolution of GR excitation by intermediate energy

heavy ions, to compare the characteristics of the observed GR with those deduced with other

probes, and possibly to underline new resonances. Furthermore one reports also first results on

the fission decay of the resonances in the nucleus 232Th.

Because of its limited number of excited states, it has already been shown (BarSS, Bee90)

that 17O projectiles are particularly suitable for these type of studies and that high energy leads to

improve peak/continuum ratio ( fig.l). Furthermore at 84 MeV/u, the angular distributions

show refractive oscillations even for the heaviest targets and the Coulomb excitation of the GDR

does not dominate the spectrum as would be the case for projectile of higher atomic number.

In this paper, the experimental set-up is described in the next section. The results on the

excitation of the GR are displayed in section III while the results on the fission of 232Th are

presented and discussed in section IV.

II- EXPERIMENTAL SET-UP.

The experiment has been performed at the GANIL facility. The beam of 84 MeV/u 17O

ions was scattered from self-supporting ^Ni, 90Zr, 120Sn, 2OgPb and 232Th foils with thickness

of about 1 mg/cm2. The scattered 17O were detected and identified in the energy-loss magnetic

spectrometer SPEG. The overall energy resolution was better than 800 keV. The angular



acceptance of the spectrometer allowed to measure simultaneously singles inelastic spectra

between 2.6° and 6.5°. The angular resolution and accuracy were better than 0.1°.
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Fig.l : Energy spectra from inelastic scattering of 84 and 22 MeV/nucleon 17O from
208Pb (from Bee90). The two spectra are normalized in the unstructured continuum near
40 MeV.

The fission fragments were identified by their energy and time-of-flight using a battery of
10 (300 mm2) Si detectors set in and out of the reaction plane. These detectors covered a large
angular range, and thus allowed to measure the angular distribution of the fission fragments.The
so-extracted anisotropy parameters have been used to correct the fission probability near the
fission threshold.

III-GIANT RESONANCE EXCITATION.
1 - Procedure of multipole analysis

For the spherical nuclei ̂ Zr, 120Sn and 208Pb, the individual resonances are narrow and

relatively easy to identify. To see how well the excitation of GR can be understood for deformed

nuclei, we have also considered ^Ni and 232Th. In both case, the multipole analysis procedure

proceeds in the same way.

Fig 2 presents a typical energy spectrum. It has been obtained for the 232Th target at theta

lab=3.6°, near the grazing angle. The broad giant resonance peak rises by a factor of more than 5

above the continuum. This is to be compared with spectra obtained with light projectiles where

the continuum dominates the inelastic spectra (i. e. fig. 2 in Mor82) . In fig. 2 , the low



energy part of the inelastic spectrum is dominated by the Coulomb excitation of the familiar low-

level states.

In order to separate the different angular momentum contributions, the inelastic spectra

have been analysed at each scattering angle between 8 and 30 MeV of excitation energy. The
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Fig.: 2 Inelastic scattering spectrum at theta lab = 3.6° from the 232Th (170, 170')
reaction at 84 MeVlu. The solid curves shows a decomposition of the spectrum into
resonance peaks and an undelying continuum as explained in the text.

energy and width of the GR peaks have been obtained from fits similar to that shown in fig. 2.

The rather complex procedure of this analysis is worth discussing.

In absence of any quantitative calculations to reproduce the shape and the intensity of the

continuum, the background was estimated by fitting the upper energy part with the

(a+bx)(l-ec(*-d>)

analytical form, giving a smooth variation of the adjusted parameters as a function of angle.The

error due to the background has been taken into account in the total error bars.In the 232Th data,

contributions from inelastic scattering on 16O contaminations in the target were also taken into

account.

We introduced as input data in the fit the Lorentzian peak (or peaks) corresponding to

excitation of the IVGDR with an intensity and width obtained from photo-absorption

measurements (Ber75). For the light targets (A < 120), the IVGDR cross section was also

adjusted to correspond to the previous measured EWSR. In the case of deformed nuclei (^Ni

and 232Th), a two-component Lorentzian was used in the fit, one corresponding to an oscillation

along the symetry axis, and one to an oscillation perpendicular to it.
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Same decompositon procedure than in fig. 2.



In the presence of Coulomb excitation, one must also take into account the fact that the

Coulomb excitation probability decreases exponentially with excitation energy (Suo89). As a

result, the shape of the IVGDR peak in the inelastic spectrum which is mainly excitated by

Coulomb excitation does not correspond to the usual Lorentzial shape since it has to be

multiplied by the exponential excitation probability. This was done in the present analysis using

a dependence on the excitation probability obtained from the coupled-channel calculations using

the ECIS code (RaySl).

The overall shape of the main inelastic peak can be well reproduced by assuming, in

addition to the IVGDR, a GQR (1=2), GMR (1=0), and GOR (1=3) components. This is shown

in fig. 3 for ^Zr and 208Pb. High excitation energy resonances have also to be introduced in

order to describe the high energy part of the spectra.

Absolute cross-sections were obtained using the known target thickness and the integrated

beam current measured in a Faraday cup. This normalization differs less than 10% from the

normalization obtained by fitting the elastic angular distributions at forward angles. Typical

angular distributions are shown in figs 4, 5 and 6.
The experimental strength of the resonances (EWSR) was deduced by comparing the

experimental angular distributions with the results of coupled-channel calculations using the

code ECIS. Optical model parameters were obtained by fitting the elastic angular distributions

recorded in separated runs. The calculations use standard inelastic collective form factors for the

resonances. For Th, the measured cross sections for the GDR correspond to an EWSR of

113%, in excellent agreement with the results of Berman et al (123%, see Ber75), but somewhat

smaller than the results of Caldwell et al (CalSO).

2 - Experimental results and discussion.

For each target, the energy and width of the resonances were obtained from a

simultaneous decomposition of the energy spectra at all angles. Due to the differences in the

angular distributions for the resonances of different multipolarities, this corresponds to relatively

severe constraints. Such constraints lead to a single set of parameters for each assumed

resonance and thus give confidence in the validity of the results.

The resonance cross section at each angle is obtained by integrating each resonance peak

over the energy range 8-30 MeV. The experimental EWSR is obtained by comparison between

the experimental angular distributions and the corresponding calculated distributions.

The ISGQR angular distributions for 208Pb and 232Th are presented in fig.4 and fig.5 ,

respectively. The overall shape of the distributions is very well reproduced by the calculations.

It corresponds to 50 % EWSR for 208Pb and 60 % of EWSR for 232Th. For all targets, the
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Fig. 4 : Fit of the angular distribution
for the CQR and the GMR in the 208Pb
(I7O, J7O') reaction. The solid line
shows the result of the fit with 51% E2
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Fig. 5 : Fit of the angular distribution
for the GQR in the 232Th (17O, 17O')
reaction. The solid line shows the result
of the fit with 65% E2 EWSR.
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energy, width and strength of the ISGQR deduced from our analysis are in agreement, within

experimental error, with the known systematics for this resonance (Van87). An average

strength of 65% EWSR is observed in the peak associated with the ISGQR. Additionnal strength

might be hidden in the continuum at high energy (Cho84)

For all targets, the position of the GMR is in agreement with previously measured values

(Van87). For all targets except 232Th (see below), the angular distributions are very well

reproduced by the calculations. The observed strength largely exhausts the EWSR of the

ISGMR. For 2 0 8Pb, the best fit is obtained assuming 105% EWSR (fig. 4). In the case of
232Th, the GMR angular distribution has a strong peak at forward angle which is not reproduced

by the calculation (fig. 6). The angular distribution can however be reproduced if one assume

that there is some small contribution from the GDR (5% EWSR) in the GMR peak. This could

indicate that the shape of the GDR assumed in the analysis is not adequate. A difference in shape

would have a stronger effect for a heavy target nucleus like 232Th since the GDR is relatively

strongly excited in heavy nuclei and its width is much larger than in spherical nuclei. For 232Th,

the angular distribution is best reproduced assuming a GMR which exhausts 100% EWSR

added to a 1=1 contribution with 5% EWSR.
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Fig. 6 : Fit of the angular distribution for the GMR in the 232Th (17O, 17O') reaction,

left : with 160% EO EWSR

right : with contributions of both 100% EO EWSR + 5% El EWSR.
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Our data on all targets are consistent with a GMR exhausting 100-120% of the EWSR.

Our results and other recent results are compared in fig. 7 to a survey of the experimental

results on the GMR up to 1987 as extracted from Lebrun et al. (LebSl, Bue84) and also

reported by Van der Woude (Van87). Previous results seems to indicate a roughly linear

increase of the GMR strength with the mass of the nuclei from a very small value (-10%) for

A~40u to about 100% for A~200u. Recent experimental results lead to a somewhat different

picture. New alpha inelastic scattering data on 24Mg (Lu86) and 28Si (Lui85) at small angles

suggest that a large amount of EQ strength is observed in light nuclei. More recent alpha

scattering data on Sn and Sm isotopes (Sha88), as well as heavy-ion scattering data on 90Zr

(Suo90) are consistent with a GMR which exhausts close or more than 100% EWSR. A new

picture concerning the strength of the GMR seems thus to emerge from the more recent data.

%EWSR

160

200 2W A

Fig. 7 : Systematics of the experimentally observed fraction of the energy weighted sum
rule EWSR for GMR extracted from Bue84 and also reported by Van 87 : dots.
New alpha inelastic scattering data :

on 24Mg (Lu86) and 2*Si (LuiSS) : squares.
on Sn and Sm isotopes (Sha88) : lines.

Heavy-ion scattering data on P^Zr (Suo90) : crosses. Our results : triangles.



It would be important to understand the origin of the discrepencies. For example, a

dependence of the deduced strength on the projectile size or energy could be due to the

inadequacy of the 1=0 inelastic form factor.

GMR is a compressibility mode. Experimental reliable information on the centroid

energies and strengths of the observed GMR is of major importance since directly used in the

calculation of the compressibility of nuclei and hence in the determination of the compressibility

of infinite nuclear matter, Koo, a parameter important in many nuclear physics and astrophysics

calculations. The recent results on Sn and Sm nuclei lead to an infinite nuclear matter

compressibility of about 300 MeV/fm3 (Sha88, Sha89), a value larger than the communiy

accepted value of 210 MeV/fm3 (BlaSO, TreSl). As already noted in refs Van87 and Ber89,

more and high quality data are clearly called for to help clarify the present situation (see also

Sha89b for deeper discussions).

To obtain unambiguous data on the GMR with heavy projectiles is rather difficult partly

because these resonances largely overlap with the GDR which is stongly excited particularly in

heavy nuclei. Furthermore, the GMR and GQR have very similar angular distributions at angles

away from zero degree (see fig. 8). Measurements of heavy-ion inelastic scattering at angles

near zero degree would be an interesting extension to the present study.

170 + 60Ni
E= K35 MeV

-~-2+50%EWSR ~

—0+100% EWSR

I I I I I I I I I I I I I I

72

6 cm

Fig. 8 : Calculated GMR
(full line) and GQR (dotted
line) angular distributions in
the 6°Ni (170, 170 ')
reaction at 84 MeVlu.
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For each target, important strength is observed in the inelastic spectra at high excitation

energy (see figs. 2 and 3). Part of this strength can probably be associated to excitation of the

1=3 high energy giant octupole resonance (HEGOR). However for all targets, structures are seen

in the inelastic spectra, which would indicate the excitation of more than one resonance. The

analysis of these high energy resonances is presently in progress.

IV - FISSION DECAY OF THE GIANT RESONANCES IN 232Th.

During the last ten years, experimental studies of *he decay properties of GR have been

actively purued. They are expected to be a sensitive test of our understanding of the

microscopic structure of GR. GR are located at excitation energies above the particle binding

energy, and, in light nuclei, they decay predominantly by particle emission. In heavier nuclei,

however, neutron decay is the main decay channel. For nuc lei in the actinide region, the

excitation energy of GR are also well above the fission barrier Bf, and then fission competes

with n decay. Being a collective decay mode , it is possible that fissio. Beaches us something

new on the structure of GR which are also Elective mode cf excitation of the nucleus.

It has been shown that the fisjion probability cf the IVGDR in the actiniaes is consistent

with a pure statistical decay mode of the resonance. For instance, the fission probability of the

GDR in 238U is P= 0.22 (Van87), a value consistent with the compound nucleus fission decay

width measured through neutron absorption.

For the decay of the ISGQR in the actinide region, a relatrv ' 'ssion decay width similar to

that for the compound nucleus is also expected ; but in fact, the experimental situation

concerning the GQR fission decay have remained quite confusing for many years (Van87). In

the case of the most studied 238U nucleus, the fission probability for the CQR decay, measured

using various probes at various incident energies, rangec' from 40% - that is to say twice of the

value of the fission probability of GDR, P(GDRrF) - down to a very low percentage, not only

lower than P(GDR,F), but near zero. Very recent studies of GQR fission decay using inelastic

scattering of 22 MeV/nucleon 17O on 238U (Aub90), as well as new electron scattering results

(Web90), find on the other hand a fission probability consistent with photoftssion data up to 14

MeV of excitation.

While the fission of GR in 238U has been much studied, the fission decay channel of GQR

in excited 232Th has been previously investigated only once (VanSO), using inelastic alpha

scattering. In this earlier work, no evidence lor the fission decay of the GQR has been found.

In the work we report here, we have tried to take advantage of the good peak-to-continuum

ratio obtained with intermediate energy heavy-ion projectiles to better study the fission of the GR

1 1
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Fig. 9 : a) Singles inelastic scattering spectrum from the 232Th(17O, 17O') reaction. It
corresponds to the whole angular aperture of SPEC,

b) Same spectrum in coincidence with fission fragments.
c) Fission probability distribution before anisotropy correction. It has been obtained

by dividing the coincidence data by the singles spectrum.
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The inelastic spectrum, corresponding to the whole acceptance of the spectrometer is

displayed on the upper part of fig. 9. Simultaneously to the singles measurements,

coincidences between the scattered 17O and fission fragments were recorded.

On the coincidence spectrum (medium part of fig. 9), we can see a typical behaviour with

a narrow peak ..ear 6 MeV. This peak is due to the fact that the fission barrier (Bf=6.15 MeV) is

slightly below the neutron binding energy (Sn=6.4 MeV). Then, just after the opening of the

neutron exit-channel, and because of the competition between fission and neutron decay of the

excited nucleus, the coincidence rate suddenly decreases. But, just beyong this, the spectrum no

more decreases but becomes rather flat, before a distinct decrease of half of its value. Around 13

MeV, the spectrum rises up at an excitation energy slightly higher than 12.5 MeV,which is the

second chance fission barrier. It rises again around the third chance fission threshold near 18

MeV.
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Fig. 10 : Measured fission probability for the 232Th(17O, 17O') reaction. The line
represents the GDR fission probability as obtained by CalSO through photoabsorption
measurements.
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The more interesting feature in this coincidence spectrum is the structure around 10 MeV,

which can be attributed to the decay of GR (both GDR and GQR). In the coincidence spectrum

previously measured by VanSO in alpha scattering experiment, no such bump was observed

around 10 MeV (see fig.5 in VanSO). This is probably due to the fact that, in the alpha singles

spectrum , the GR peak is not very well defined and is small compared to the background,

which is furthermore difficult to estimate.

In fig. 9, the lower plot represents the evolution of the crude fission probability we

obtained from the ratio of the 17O coincidence spectrum to the singles one. The fission

probability fluctuations are mainly due to the statistics. After taking into account the correction

for the non-isotropic angular distribution, corrected data represent the fission probability as

reported in fig. 10.

The fission probability so-obtained can be compared to the fission probability obtained

from ( gamma, F) experiments (CalSO), which gives in fact the fission probability of the GDR

and then represents also the statistical fission probability. In the region of GR, around 10 MeV,

the agreement is quite good. At higher energies, our fission probability values are somewhat

smaller than the statistical fission probability, but this region is largely dominated by the

continuum.

Let us go back to the region of the GR, between 8 and 13 MeV, region which

corresponds , in the singles spectrum, to cross sections for the GDR and the GQR excitation in

respective proportions of around 2/3,1/3. In this energy region, we obtained in our experiment

a mean fission probability value of (6.8±0.4)%, which is in perfect agreement with the 7.3%

mean value for GDR fission as previously obtained by photoabsorption (CalSO). The good

agreement between our data and the GDR fission means that our fission probability of the GR,

which is in fact, the fission probability of both GDR and GQR, is coherent with a statistical

fission decay.

We tried to assess the Pf value in the crude assumption that the GQR does not contribute to

the fission probability.The resulting mean Pf value, between 8 and 13 MeV, for the remaining

strength is then (8.5±0.4)%, i. e. sizebly higher than the GDR value, which could be difficult

to justify. Therefore, it is not possible in this experiment to conclude to an inhibition of the

fission decay mode for the GQR. The GQR fission decay is found to be consistent with a

statistical process.
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V- SUMMARY AND CONCLUSION.

Intermediate energy heavy-ions have been used to study GR energy , width and strength

in various A nuclei.

For the GQR excitation, the energy and width data so-obtained, as well as the

corresponding sum-rule fraction get from angular distributions, can be compared with the

already known systematics for A>40.

The observed GMR strength gives to around 100% EWRS and seems to lead, as recent

experimental results, to a somewhat different picture from light-ion GMR excitation. Besides,

GMR energy seem to be in agreement with the previously measured values. Taking into account

the rather difficult GMR extraction, higher quality data are needed to clarify the situation.

Accurate measurements with heavy-ions, at forward angles including zero degree, could be an

interesting extension of our heavy-ion study on various nuclei to be sure to clearly separate L=0

and L=2 contributions in A ~ 60 nuclei. Then, it shall be interesting to test the value of the

infinite nuclear-matter incompressibility K « , in some various but coherent calculations based

on one hand upon microscopic method and on the other hand on hydrodynamical serni-

phenomenological approach.

Our L=3 and higher multipole giant resonance analysis is still going on .

Concerning fission decay, the picture that emerges from our Th analysis is different from

those previously extracted from the data obtained with light-ion projectiles where it has been

found no evidence for the fission decay of the GQR. We believe that this previous conclusion is

due to an improper discrimination, in light ion scattering reactions, between the GR and the very

large dominant background. In the work we report here, the good peak-to-continuum ratio can

afford to point out a bump in the coincidence spectrum around 10 MeV which can be attributed

to both GDR and GQR decay. The analyse of the corresponding fission probability is in

agreement with a main statistical GQR fission decay.
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