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The isoscalar giant resonance region has been investigated in **Ni, *Mo, and '*°Sn nuclei by
inelastic scattering of *He particles at small angles where the quadrupole and monopole states can
be distinguished through their angular distributions. A monopole resonance is observed in the
three nuclei, exhausting, respectively, 23%, 85%, and 110% of the EO energy weighted sum rule.

I. INTRODUCTION

If the giant monopole resonance (GMR) is now well es-
tablished for nuclei with mass A4 > 60, the existence of
concentrated EO strength in lighter nuclei is still more
questionable and contradictory results have been report-
ed (Refs. 1-5). These discrepancies most likely arise from
experimental difficulties: in inelastic scattering of strong-
ly absorbed projectiles, the unambiguous identification of
the GMR requires very small-angle measurements, where
L =2 and O, angular distributions may clearly be dis-
tinguished. Moreover, in light nuclei, the giant quadru-
pole (GQR) and monopole (GMR) resonances are strong-
ly entangled with each other, widely overlap in the exper-
imental spectra, and their respective contributions are
difficult to extract. Inelastic scattering experiments using
110 MeV *He particles' have investigated the monopole
strength in light nuclei with mass 4 <60 at very small
angles, and some monopole strength has been found close
to the GQR exhausting only ~ 10% of the energy weight-
ed sum rule (EWSR). Another systematic study of the
GMR by inelastic alpha scattering® reported no evidence
for a monopole resonance in nuclei with 4 <58. More
recently, 120 MeV inelastic alpha scattering and
charged-particle decay experiments at very small angles*
provided evidence for about 30% of the EO strength in
the interval 10.5-20 MeV in “°Ca, and a small-angle in-
vestigation of inelastic alpha scattering on 2Si (Ref. 5)
identified ~66% of the EO EWSR centered at E, =18
MeV close to the GQR.

A good determination of the location of the monopole
strength in light nuclei is very important for it critically
constrains the surface term of the nuclear compression
modulus. This has been stressed in Ref. 6 where it has
been suggested, on the grounds of the Grenoble systemat-
ics, that the monopole and quadrupole modes are cross-
ing in the region of mass 4 ~40-50, the monopole mode
being pushed down by the surface term of the compres-
sion modulus.

In the present work, we report 152 MeV inelastic alpha
scattering at small angles on *®Ni, Mo, and '?°Sn. The
motivations for this experiment were twofold. One part
was aimed at clearing up the controversial question of the
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monopole strength in *®Ni, and the other at studying the
small-angle cross section of the GQR which was found
anomalous in *He scattering. These latter results are re-
ported and discussed in a companion paper (see Ref. 7).

II. EXPERIMENTAL SETUP

The experiment was performed at Institut des Sciences
Nucléaires (ISN) Grenoble, with an analyzed beam of 152
MeV alpha particles. Self-supporting **Ni, *Mo, and
12091 targets containing >98% of the desired isotopes
were used, the thicknesses being 6, 4.18, and 4.5 mg/cmz,
respectively. An overall energy resolution of 300 keV
was obtained mainly due to the energy straggling in the
targets. Inelastically scattered particles were detected
and localized by means of a position-sensitive multiwire
proportional chamber placed in the focal plane of the
magnetic spectrometer covering a solid angle of 0.96 msr.
They were identified by a time-of-flight measurement be-
tween the radio frequency of the cyclotron and a plastic
scintillator plus photomultiplier placed after the localiza-
tion chamber. The active slit system used in previous ex-
periments’® was operated, providing a drastic reduction
of the contamination of the inelastic spectra by slit
scattering on the edges of the spectrometer entrance colli-
mator. The collimator aperture is defined by a thin frame
of plastic scintillator stuck to the back of a metal sup-
port, and coupled to one or two photomultipliers. Each
event scattered on the scintillator is then detected and
put in anticoincidence with the focal plane detector. This
device allows very small scattering angle measurements
with a minimized instrumental background (see Refs. 8
and 9 for more details).

III. DATA REDUCTION

Data were taken at 12 laboratory angles between 1.30°
and 12° with an angular resolution of +0.05° for the three
targets, with special attention to the 0°-5° region where
the first minimum in the L =0 distribution is expected to
occur. A sample of spectra obtained is given in Fig. 1.
After subtraction of the background, following the usual
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FIG. 1. Inelastic a spectra measured at 6,,,=2.5°. The GQR
and GMR peaks are indicated. The dashed lines represent the
assumed shape of the subtracted background.

empirical procedure, i.e., smoothly joining the continuum
above and below the resonance, the giant resonance (GR)
region was fitted for all angles with Gaussian peaks using
a multiple-peak fitting routine. The parameters obtained
are given in Table I (together with the percentage of the
EWSR limit). The uncertainties on the parameters in-
clude the contributions due to peak fitting and back-
ground subtraction which are both much larger than the
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statistical errors. For 152 MeV incident alpha particles,
the peak from *He* breakup should be at least 10 MeV
away from the maximum extent of the GMR expected lo-
cation and cannot give contamination in the region of in-
terest.

Some of the difference spectra are displayed in Fig. 2
showing the behavior of the GR region versus scattering
angle. In *>Mo and '?°Sn the structure becomes broader
when the scattering angle decreases from 6° to 1.3°, and
its top shifts to higher excitation energy by about 0.9
MeYV, clearly showing the presence of the monopole reso-
nance on the GR high-excitation-energy side. In the two
nuclei, the best fit was obtained with two peaks, the pa-
rameters of which (excitation energy and width) are very
close to the values obtained in Ref. 2 from the inelastic
alpha scattering experiment at E,=129 MeV. On the
other hand, the GMR width obtained from our data is
about 20% larger than the values deduced from our pre-
vious results on inelastic *He scattering.!"®

Regarding the *®Ni nucleus, a significant concentration
(30%) of monopole strength at E, =20 MeV with '=3.5
MeV has been reported in Ref. 13 from inelastic proton
scattering but the angular distributions published were
rather ambiguous (see also, Ref. 11). Evidence for a con-
centrated L =0 strength was also found from inelastic
He scattering! but at E, =17 MeV with '=2.5 MeV.
The authors of Ref. 3, using inelastic alpha scattering,
found no evidence for any concentrated monopole
strength either at E, =20 MeV or at E, =17 MeV, and
best fit their small-angle data with a single-peak con-
sistent with an L =2 transfer. In our data, the shape of
the GR peak is almost the same at all angles. However, a
careful examination of this region indicates that the top
of the peak shifts slightly to higher excitation energy by
about 0.400 MeV when the scattering angle moves from
5° to 1.32° allowing the identification of another com-
ponent sitting very close to the GQR bump. Moreover,
the whole GR structure has a tail extending up to 21
MeV on the high-excitation-energy side, and exhibits
some narrow peaks on the low-energy side [Fig. 2(a)].
Several fitting attempts were made in order to clarify the
situation, but excluded these narrow peaks from the pro-
cedure.

First, the GR was fitted with a single Gaussian peak,
according to the conclusions of Ref. 3. The parameters
obtained, £, =16.85+0.3 MeV and I'=5.041+0.15 MeV,
are different enough from those of Ref. 3 (E, =15.6%0.3
MeV and I'=4.710.3 MeV), and well outside the com-
bined experimental errors. Moreover, the experimental

TABLE 1. Excitation energy, widths (FWHM), and strengths (% EWSR) obtained for giant reso-

nance peaks in the nuclei studied.

GQR GMR

Nucleus E, (MeV) T (MeV) EWSR (%) E, MeV) T (MeV) EWSR (%)
BNi 164 £0.2 4.3 0.2 38+8 17.340.2  3.1+0.2 23+5
2Mo 14.1 0.2  4.55+0.34 2345 162+0.2  4.8+0.3 8417
1208 12.75+£0.25 3.7 0.3 73+15 15440.4  4.0+0.3 110+22
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FIG. 2. Difference spectra in the GR region with unfolding into peaks superimposed for (a) **Ni, (b) *2Mo, and (c) '*Sn, respec-

tively.

angular distribution is more strongly peaked at small an-
gles (0 <3°) than expected from L =2 transfer and in
disagreement with distorted-wave Born approximation
(DWBA) calculations. Fixing the peak parameters at the
values given in Ref. 3 leads to a poor fit. Two-peak fits
were also performed with the parameters of the two com-
ponents fixed either at the values given in Ref. 11, or at
the values of Ref. 9, but the data could not be properly
reproduced in this way. Free fits with two peaks never

led to consistent solution for all angles. Finally, the best
fit was obtained with three Gaussian peaks located at
16.391+0.22 MeV, 17.31+0.20 MeV, and 20.18+0.23
MeV, with I'=4.310.2 MeV, 3.08+0.2 MeV, and
3.8+0.75 MeV, respectively. The parameters of the first
two peaks (see Table I) are very similar to those obtained
from (°He, *He’) data, respectively, for the GQR and the
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FIG. 3. Angular distributions obtained for the GR peaks. The curves are DWBA calculations for the L transfers indicated. The

error bars correspond to statistical and background errors.
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TABLE II. Optical-model parameters used in the DWBA analysis. The potentials are of the
Woods-Saxon type 11: rz and r; are reduced values.

Nucleus Vi (MeV) rg (fm) ag (fm) W, (MeV) r; (fm) a; (fm) r, (fm)
¥Nj —118.2 1.24 0.79 —20.47 1.59 0.57 1.30
NZr —117.5 1.27 0.78 —21.02 1.56 0.57 1.30
12080 —119.4 1.26 0.76 —30.7 1.43 0.70 1.30

GMR, apart from the GMR width which is again ~20%
larger.

IV. DATA ANALYSIS AND DISCUSSION

The angular distributions are displayed in Fig. 3. The
error bars on the data points account only for the varia-
tion of the GR parameters. The experimental points are
compared to DWBA predictions computed with the code
DWUCK4 (Ref. 10). The distorted waves were generated
using the 152 MeV alpha optical-model parameters of
Ref. 11 given in Table II. To the contrary of the *He
scattering experiment,' the small-angle cross sections of
the Mo and !'Sn GQR are very well reproduced by
DWBA curves. For the GMR, the calculated angular
distributions were obtained using the form factor defined
in Ref. 12 (version 1), assuming the monopole resonance
to be a compressional mode. It was recently suggested®
that this breathing mode form factor could be inap-
propriate for light nuclei like *Ni. However, the two
form factors given in Ref. 12 differ essentially by the
volume and diffuseness oscillation contributions to the ra-
dial dependence of the mode, the diffuseness part being O
in version 1. This point has already been discussed by
several authors;'*!> there is no rigorous argument in
favor of either prescription, and the better defendable va-
lidity of version 2 over version 1 in light nuclei has still to
be established.

For 3®Ni, the first angular distribution is well repro-
duced with an L =2 DWBA calculation corresponding to
about 38% EWSR and the second is consistent with
L =0 transfer exhausting around 23% of the EWSR lim-
it. Using the version 2 form factor of Ref. 12 leads to an

TABLE III. Comparison of the experimental parameters of
the GMR.

Nucleus E, (MeV) I' (MeV) EWSR (%) Reference
58N 17.1 £0.3 2.5 £0.3 10 £2 1
20.0 £0.5 3.0 £0.5 40 10 1

17.3 +0.2 3.1 £0.2 23 +5 This work
Mo 16.35+0.3 4.0 +0.3 24 +5 1

16.2 £0.2 48 0.3 84.5+17 This work
0Zr 16.4 +£0.25 3.6 +0.25 39 +8 1
16.2 £0.5 3.5 +£0.3 90 +20 2
12080 15.45+0.25 3.25+0.3 50 £10 1
15.2 £0.5 4.1 £0.6 ~180 2

15.4 £0.4 4.0 £0.3 110 £22 This work

equally good fit to the data and to a sum rule fraction of
54%. The third peak (E, =20.2 MeV, I'=3.8 MeV) has
an angular distribution which could be reproduced with a
combination of L =2 and O transfers. The contribution
from the giant dipole resonance (GDR), which is almost
located at the same energy as the GMR, is small com-
pared to the excitation of the GMR in the energy region
considered, and can be safely neglected.m’”

The isoscalar monopole strengths deduced from the
present work are compared to the values from other
small-angle experiments (Refs. 1, 2, and 13) in Table III
together with excitation energies and widths. All the
present values, except for *®Ni, are in good agreement
with those reported in Ref. 2. On the contrary, the
present EO widths are about 20% larger than those of
Ref. 1, and the EO strength values are also greater. This
discrepancy may be due in part to the difference observed
between the spectra obtained in (a,a’) experiments
(present work and Ref. 2), and those from the (*He, *He')
experiment (Ref. 1): in inelastic alpha scattering data the
GR structure seems to extend further up the high-
excitation-energy side. We have no explanation for this
difference which can be due in part to the choice of the
subtracted background.

For ®Ni, the present work confirms the existence of
the GMR observed previously at E, ~17 MeV in *He in-
elastic scattering (Ref. 1) with a yield at a very small an-
gle approximately equal to the GQR, according to the
DWBA predictions. However, some other strength
seems to be present at higher excitation energy which was
not observed in (*He, *He’) experiment. In light nuclei, it
is known that the GQR is strongly fragmented and
spread over a large energy interval. It is reasonable to as-
sume that the same happens to the monopole strength: in
28Si and “°Ca, for example, recent works*® show that the
EO strength is strongly split and intermingled with E2
strength. In *®Ni, the present work shows that only a
minor part (~23%) of the total EQ strength is observed
at E, ~17 MeV. As for the missing part of this strength,
it may be located at higher excitation energies. Another
possibility is that the procedure of analysis is not correct
in this nuclear mass range.

V. CONCLUSIONS

We have presented the results of measurements of the
giant monopole and quadrupole resonance excitation in
8N, “2Mo, and '2°Sn with 152 MeV alpha particles. The
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present work confirms the results of previous (*He, *He’)
experiments,"® except for the EOQ widths which are found
to be significantly larger ( ~20%). Particularly, the ex-
istence of the GMR is confirmed in **Ni, with 23% of the
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total EO strength located at E, ~17 MeV. No anomaly
of the GQR cross sections at small angles has been ob-
served for ®*Mo and '?°Sn in this experiment, which is at
variance with *He inelastic scattering results.

ID. Lebrun, M. Buenerd, Ph. Martin, P. de Saintignon, and G.
Perrin, Phys. Lett. 97B, 358 (1980); D. Lebrun, Ph.D. thesis,
Université de Grenoble, 1981 (unpublished).

ID. H. Youngblood, P. Bogucki, J. D. Bronson, U. Garg, Y. W.
Lui, and C. M. Rosza, Phys. Rev. C 23, 1997 (1981).

3U. Garg, P. Bogucki, J. D. Bronson, Y. W. Lui, C. M. Rosza,
and D. H. Youngblood, Phys. Rev. C 25, 3204 (1982).

4S. Brandenburg, R. DeLeo, A. G. Drentje, M. N. Harakeh, H.
Sakai, and A. Van der Woude, Phys. Lett. 130B, 9 (1983).

5Y. W. Lui, J. D. Bronson, D. H. Youngblood, and U. Garg,
Phys. Rev. C 31, 1643 (1985).

6M. Buenerd, J. Phys. C 4, 115 (1984); in Proceedings of the Nu-
clear Physics Workshop, Trieste, 1981, edited by C. H. Dasso
et al. (North-Holland, Amsterdam, 1982), p. 361.

M. Buenerd et al., Phys. Rev. C 38, 2514 (1988).

8M. Buenerd, C. Bonhomme, D. Lebrun, Ph. Martin, J. Chau-
vin, G. Duhamel, G. Perrin, and P. de Saintignon, Phys. Lett.
84B, 305 (1979).

9Ph. Martin, M. Buenerd, D. Lebrun, G. Perrin, P. de Saintig-
non, G. Duhamel, C. Bonhomme, and J. Chauvin, in Proceed-

ings of the RCNP International Symposium on Highly Excited
States in Nuclear Reactions, Osaka, 1980, edited by H.
Ikegami and M. Muraoka (RCNP, Osaka University, 1980),
p. 131

10p, D. Kunz, Ph.D. thesis, Unversity of Colorado, 1975 (un-
published).

UF. E. Bertrand, G. R. Satchler, D. J. Horen, J. R. Wiu, A. D.
Bacher, G. T. Emery, W. P. Jones, D. W. Miller, and A. Van
der Woude, Phys. Rev. 22, 1832 (1980).

12G, R. Satchler, Part. Nucl. 5, 105 (1973); J. P. Blaizot, Phys.
Rep. 64, 171 (1980).

3F. E. Bertrand, G. R. Satchler, D. J. Horen, and A. Van der
Woude, Phys. Lett. 80B, 198 (1979).

143 P. Blaizot, D. Gogny, and B. Grammaticos, Nucl. Phys.
A265, 315 (1976).

15G. R. Satchler, Nucl. Phys. A195, 1 (1972); J. Treiner, H.
Krivine, O. Bohigas, and J. Martorell, ibid. A337, 253 (1982).

16M. Buenerd and D. Lebrun, Phys. Rev. C 24, 1356 (1981).

173, Schlomo, Y. W. Lui, D. H. Youngblood, T. Udagawa, and
T. Tamura, Phys. Rev. C 36, 1317 (1987).



