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The excitation of the isoscalar giant monopole resonance (ISGMR) in 2%8Pb and 16Sn has been in-
vestigated using small-angle (including 0°) inelastic scattering of 100 MeV/u deuteron and multipole-
decomposition analysis (MDA). The extracted strength distributions agree well with those from inelastic
scattering of 100 MeV/u « particles. These measurements establish deuteron inelastic scattering at
Eq ~ 100 MeV/u as a suitable probe for extraction of the ISGMR strength with MDA, making feasible

the investigation of this resonance in radioactive isotopes in inverse kinematics.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

The nuclear incompressibility, Koo, is the measure of curva-
ture of the equation of state (EOS) of nuclear matter at saturation
density [1]. The centroid energy of the isoscalar giant monopole
resonance (ISGMR), a compression mode of nuclear vibrations, is
directly related to the nuclear incompressibility of the finite nu-
clear matter, K4 [2,3], from which K can be extracted [4-6],
thereby providing an estimate for this important quantity. Further,
from measurements of the ISGMR strengths in the series of sta-
ble isotopes of Sn (Z =50) and Cd (Z = 48), the asymmetry term
of the nuclear incompressibility, K;, has been extracted [7-9]. This
asymmetry term is directly related to the symmetry energy, Esym,
which is important in understanding the equation of state of dense
asymmetric nuclear matter, as found in neutron stars, for example.

To further constrain the value of K. (and, consequently, Egyp)
requires determination of ISGMR strengths in nuclei away from
the valley of stability. Further interest in ISGMR strengths in nu-
clei far from stability, especially on the neutron-rich side, stems
from the possible investigation of many important and intriguing
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nuclear structure effects, such as the theoretically predicted ap-
pearance of monopole strength below the particle threshold: the
“pygmy” ISGMR [10-12], akin to the “pygmy” dipole resonances re-
ported in several neutron-rich nuclei (see, for example, Ref. [13]).
Because of the finite lifetimes of nuclei away from the valley of
stability, such studies by necessity have to be performed in in-
verse kinematics where the radioactive nuclei are used to bombard
target of lighter nuclei, e.g. helium or deuterium. The advent of
new radioactive-ion beam facilities makes these investigations fea-
sible. Inverse-kinematics measurements can then be made using
an active target system (such as MAYA [14] at GANIL, for exam-
ple) wherein the detector gas also acts as the target. In the first
such measurement, using MAYA, an enhancement of giant reso-
nance (GR) strength was observed on top of the underlying con-
tinuum in the 6Ni nucleus and it was demonstrated that this
“bump” could be construed as corresponding to a combination of
the ISGMR and the isoscalar giant quadrupole resonance (ISGQR)
[15,16]. This measurement used deuterium as the active target/de-
tector gas. As documented in Ref. [16], it proved impossible to
operate the counter with pure He gas, making it very difficult to
use « particle scattering in inverse kinematics for ISGMR inves-
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tigations in radioactive nuclei. To clearly establish the usefulness
of deuterium as a probe of isoscalar giant resonances, it is impor-
tant to validate in known cases the results obtained by inelastic
deuteron scattering through comparison with reliable results ob-
tained by inelastic alpha scattering.

As an isoscalar particle, the deuteron is ideally suited for the
investigation of the ISGMR and some experimental work with this
projectile was carried out in the 1970s [17,18]. Specifically, Willis
et al. [18] performed a (d,d’) measurement at 54 MeV/u, where
inelastic cross-sections for giant resonances are rather low. More-
over, the GR strength distributions for various multipoles were
extracted using peak fitting, a method deemed less reliable than
the multipole decomposition analysis (MDA) technique currently in
use. The lack of prior knowledge of GR excitation using deuteron
probe rendered the analysis difficult in the aforementioned 6Ni
investigation as it was not possible to clearly delineate the ISGMR
and ISGQR strengths.

In this Letter, we present results of the first GR investigation
with the deuteron probe at a beam energy amenable to reason-
able cross-sections for excitations of the GR. We have employed
the now well-established MDA technique with “instrumental-
background-free” inelastic scattering spectra [19,20] and demon-
strated, for the first time, that the ISGMR strength can be extracted
reliably with this probe. This establishes inelastic deuteron scatter-
ing at forward angles as an attractive tool for future GR investi-
gations in inverse kinematics with radioactive ion beams which
are available at facilities currently in operation or being planned
around the world.

The experiment was performed at the ring cyclotron facility of
the Research Center for Nuclear Physics (RCNP), Osaka University,
Japan. A 196-MeV 2H*t beam was incident on 10 mg/cm?2-thick,
enriched (>95%) isotopic targets of 115Sn and 298Pb. At this beam
energy, the angular distributions of differential cross-sections at
small angles are quite distinct for each multipole, making a reli-
able extraction of various strength distributions possible with the
MDA technique. Also, the equivalent beam energy is (will be) avail-
able at the present (forthcoming) radioactive ion-beam facilities.

Both elastic and inelastic scattering data were obtained in
the measurements being reported in this Letter. Elastic scattering
cross-sections were measured from 3.5° up to 32°, in order to ob-
tain the optical-model parameters (OMPs) required to calculate the
expected cross-sections for different multipoles. Inelastic scatter-
ing cross-section measurements were performed at seven different
angular settings, from 0.7° to 11°. The measurement at the ex-
tremely forward angle of 0°, corresponding to an average angle of
0.7° because of the finite angular bin for the measurement, is crit-
ical since the ISGMR cross-section is maximum at 0°. In addition,
the angular distributions for the various multipoles are most dis-
tinct at forward angles.

The scattered particles were momentum analyzed by the mag-
netic spectrometer Grand Raiden, and focused onto the focal-
plane detector system [21] which consisted of two multi-wire
drift chambers (MWDC) and two plastic scintillators [20] allowing
for identification of the scattered particles by time-of-flight and
energy-loss techniques. For the 0° measurement, a special provi-
sion was made to let the main beam, which is very close to the
scattered beam, pass through the detector system; details of the
setup can be found in Ref. [22]. The detector at the focal plane
covered from 6.5 MeV to ~19 MeV in excitation energy, limited
by the momentum bite of the spectrometer. The particle track was
reconstructed using the ray-tracing technique described in Refs. [8,
20]. This allowed reconstruction of the scattering angle; the angu-
lar resolution of the MWDCs, including the nominal broadening of
scattering angle due to the emittance of the beam and the multiple
Coulomb-scattering effects, was about 0.15°. Energy spectra were
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Fig. 1. Excitation-energy spectra from inelastic deuteron scattering for ''®Sn and
208ph at an incident energy of 196 MeV and an “average” scattering angle of 0.7°.

Table 1
Optical-model parameters for '16Sn and 28Pb obtained by fitting the elastic scat-
tering data.

Target Vol ro,v ay Wl ro,wv Awy
MeV fm fm MeV fm fm
116gn 4433 118 0911 20.87 1.07 0.571
208pp 48.54 118 0.938 20.59 1.20 0.361
Wsurf ro,ws Aws Vis To,Is ajs
MeV fm fm MeV fm fm
16gp 7.0 112 1.09 211 0.93 111
208pp 7.0 1.24 0.79 211 112 123

obtained for each scattering angle by software subdividing the full
angular opening into three parts, each corresponding to a solid an-
gle of 0.42 msr. Grand Raiden was used in the double-focusing
mode in order to identify and eliminate all instrumental back-
ground [20] and the “background-free” (d, d") cross-section spectra
so obtained for 1'6Sn and 2%8Pb at 0.7° are presented in Fig. 1.
The energy resolution of the spectra was ~120 keV, more than
sufficient for investigation of giant resonance that have expected
widths of several MeV.

An optical-model potential was used in order to model the elas-
tic scattering data [23]. The potential form,

V =Vcour — Vvor — iWvor + iWsurr + Vis (1)

was employed, where,

VVOL = VVOlfV(rs RV? aV)v

Wyor = Wl fwv (T, Rwy, Gwy),

d
Wsurr = 4aws Wsurfafws(r’ Rus, Qws),

. - 1d
Vis= st[—] [L-S]= = fis(r, Ris, ais),
My C rdr
and Vcoyp is the double-folded Coulomb potential obtained using
the density-dependent double-folding calculation [24]. The func-
tional form of “f” was chosen to be that of the Woods-Saxon
potential. The computer code ECIS97 was employed to obtain the
OMPs by fitting the elastic scattering angular distribution, using
the x2-minimization technique [25]; the parameters for 116Sn and
208ph are listed in Table 1. In order to validate the OMP set so ob-
tained, experimental angular distributions of the differential cross-
sections of the 2] and the 37 states in 11%Sn and the 3] state in
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Table 2

Lorentzian-fit parameters for the ISGMR and ISGQR strength distributions for 2°8Pb. The ISGMR and ISGQR parameters from selected previous (o, o) measurements are also
presented for comparison; the measurement labeled “Orsay” is from (d, d"). Parameter values marked with an asterisk (*) were extracted from the moment ratios rather than
peak fitting. The EWSR values in this work are obtained over the full excitation energy range covered in this experiment; the quoted uncertainties are statistical only.

208Pb
This work Orsay [18] Jilich [32] RCNP [33] TAMU* [34] 1UCF [35] KVI [36]
ISGMR E (MeV) 13.6 £0.1 13.5+03 13.8+0.3 13.5+0.2 13.96 +0.20 13.9+04 13.9+0.3
I' (MeV) 31+04 2.8+0.2 26+0.3 42403 2.88+0.20 3.2+04 25+04
% EWSR 147 £18 307 £ 60 - 58+3 99+ 15 100 £ 20 110£22
ISGQR E (MeV) 10.6£0.2 10.5+0.2 109+£0.3 - 10.89 +0.30 10.9+0.3 109+0.3
I' (MeV) 27+04 2.8+0.2 26+0.3 - 3.00+0.30 24+04 3.0+0.3
% EWSR 98+9 85+15 - - 100 £ 13 77 £15 145 £ 30
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Fig. 2. (Color online.) Differential cross-sections for deuteron elastic scattering off
116Sn at 196 MeV (top panel) and for excitations to the 2] (middle panel) and 3}
(bottom panel) states. The solid lines are results of DWBA calculations (see text).
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Fig. 3. (Color online.) MDA fits (solid red lines) for the differential cross-sections
obtained for the excitation-energy bins centered at 13.5 MeV in '6Sn (left panel)
and 298pb (right panel). While only the results for the L = 0-2 contributions are
displayed, the fits were performed for L =0-5 (see text).

208ph were compared with the calculated DWBA differential cross-
sections using adopted B(E2) and B(E3) values from Refs. [26,27],
as shown in Fig. 2 for the 1'6Sn case. A good agreement between
the experimental and calculated angular distributions for the elas-
tic, ZT and 3] states established the appropriateness of the OMPs.
The OMPs were used in conjunction with the transition potentials
and sum rules described in Refs. [28,29] to perform DWBA calcu-
lations for the various GRs.

Fig. 4. (Color online.) ISGMR and ISGQR strength distributions for ''6Sn and 208pb
obtained in this work. The solid red lines are Lorentzian fits to the data.

The inelastic scattering spectra were divided into 1 MeV bins
for further analysis. The experimental angular distribution of the
differential cross-section at each excitation energy was fitted with
a linear combination of the calculated DWBA differential cross-
sections for various multipoles as follows:

(2)

o Oy, Ex) d2PWBA (G, Ex)
T T N gy (B
d2dE — d2dE

where, L is the order of isoscalar multipole. The contribution of the
isovector giant dipole resonance (IVGDR) to the total cross-section
was subtracted out using photonuclear data in conjunction with
the DWBA calculations based on the Goldhaber-Teller model [30].
Further details of the data analysis procedures will be provided in
Ref. [31]. Typical MDA fits at 13.5 MeV in '1®Sn and 208Pb, are
shown in Fig. 3; the dominant contribution of the L =0 compo-
nent can be seen clearly in the case of 298Pb; the L =2 component
dominates, instead, for 16Sn.

The ISGMR and ISGQR strength distributions obtained from
MDA for 116Sn and 298Pb are presented in Fig. 4. The strength dis-
tributions are fitted with a Lorentzian functional form. The param-
eters extracted from these fits, as well as the corresponding results
from selected previous studies using o and deuteron probes [7,18,
32-37] are presented in Table 2 and Table 3 for 298Pb and 116sn,
respectively. Incidentally, the parameters of the other compres-
sion mode, the isoscalar giant dipole resonance (ISGDR), cannot
be extracted in any meaningful way in the present measurements
because only a very small part of the ISGDR strength distribution
is covered within the experimental excitation energy range. The
properties of ISGMR and ISGQR extracted in this work agree very
well with the previous values, however. This clearly establishes
that it is possible to reliably extract ISGMR strength distributions
from inelastic deuteron scattering using the MDA technique.
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Table 3
Same as Table 2, but for '6sn.
llﬁsn
This work RCNP [8] TAMU* [34] KVI [37]
ISGMR E (MeV) 15.7+0.1 15.8+0.1 15.85+0.20 15.69+£0.16
I’ (MeV) 46+0.7 41+03 5.27+0.25 3.73+£0.39
% EWSR 73+15 99+5 112+15 101 +£22
ISGQR E (MeV) 13.2+0.1 13.1+0.1 13.50+0.35 13.39+0.14
I’ (MeV) 6.0+1.0 6.4+0.4 5.00+0.30 2.94+0.31
% EWSR 73+23 112+4 108 =12 134128

To summarize, we have measured ISGMR strength in 2°8Pb and
165n using small-angle (including 0°) inelastic deuteron scatter-
ing at a beam energy of 100 MeV/u. For the first time, it has been
demonstrated that ISGMR strengths can be reliably extracted from
(d,d") reactions using the MDA technique. Small-angle deuteron
inelastic scattering can thus serve for reliable investigation of the
ISGMR in nuclei far from stability using inverse-kinematics reac-
tions, making it possible to investigate the properties of ISGMR in
the exotic nuclei at the rare isotope beam facilities currently oper-
ational and being planned worldwide.
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