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ARTICLE INFO ABSTRACT

Editor: B. Blank The strength distributions of the Isoscalar Giant Monopole Resonance (ISGMR) and Isoscalar Giant Quadrupole
Resonance (ISGQR) in '4>146-150Nd have been determined via inelastic a-particle scattering with the Grand Raiden

Keywords: (GR) Spectrometer at the Research Center for Nuclear Physics (RCNP), Japan. In the deformed nuclei %¢~15Nd,
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the ISGMR strength distributions exhibit a splitting into two components, while the nearly spherical nucleus '“>Nd
displays a single peak in the ISGMR strength distribution. A noteworthy achievement in this study is the first-
time detection of overtones in the Isoscalar Giant Quadrupole Resonance (ISGQR) strength distributions within

Nd isotope chain Nd isotopes at an excitation energy around 25 MeV obtained through Multipole Decomposition Analysis (MDA).
1. Introduction GMR) and Isoscalar Giant Dipole Resonance (ISGDR) are crucial in de-
riving the incompressibility of finite nuclear matter (K4) [1,3]. The

Isoscalar giant resonances have been extensively studied in both sta- incompressibility of nuclear matter (K ) can, in turn, be determined
ble and unstable nuclei [1,2]. The compressional modes of the isoscalar from K, through microscopic calculations [1,2]. It plays a pivotal role
giant resonances, namely, the Isoscalar Giant Monopole Resonance (IS- in the nuclear Equation-of-State (EoS), which, in turn, proves invaluable
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for comprehending a wide array of astrophysical phenomena, includ-
ing the determination of radii and masses of neutron stars, as well as
unraveling the mechanisms driving supernova explosions. These com-
pressional modes manifest themselves as oscillations in nuclear density
around a central value when the nucleus is in an excited state.

In spherical nuclei, the strength distribution of the ISGMR does not
split because of inherent directional symmetry. The influence of defor-
mation on the Isovector Giant Dipole Resonance (IVGDR) has been ex-
tensively investigated [4], revealing that its strength distribution splits
as a result of varying oscillation frequencies along different axes in axi-
ally deformed nuclei. In deformed nuclei, the strength distribution of the
isoscalar giant resonance splits into the different K components, where
the projection onto the symmetry axis, K, is a good quantum number.
In the case of the ISGQR, the strength splits into three K components
(K = 0,1, and 2) [5]. The strength of the ISGMR, characterized by the
K = 0 component, undergoes a splitting in deformed nuclei into two
parts: one low-energy (LE) and one high-energy (HE). This splitting is
attributed to the coupling of the ISGMR with the K = 0 component of
the ISGQR [6]. The influence of ground-state deformation on the other
isoscalar modes leads to the enhancement of the widths of the strength
distributions [7,8].

Isoscalar giant resonances have been studied in deformed Sm iso-
topes [7-9], in the fission decay of 238y [10], and have been explored
in a few deformed light nuclei, e.g., 2*Mg [11] and 28Si [12]. Inelas-
tic a-particle scattering is preferred to excite the isoscalar resonances
since the a particle has zero spin and isospin. Our focus in this study is
on measuring the strength distributions in even-A Nd isotopes, aiming
to comprehend how ground-state deformation influences the distribu-
tion of the isoscalar giant resonance strength when going from spherical
142Nd to deformed '>'Nd. Although isoscalar giant resonances have been
studied in Nd isotopes at much lower bombarding energies [13], the
strength distributions were not extracted.

The first-order term of the transition operator of the ISGMR is a con-
stant, while for the ISGDR, it is associated with a spurious center-of-mass
motion. Consequently, only the second-order terms lead to intrinsic col-
lective excitations of the nucleus for these modes of giant resonances [1],
whereas the ISGQR is described by the first term of the transition op-
erator. Except for specific cases, such as the ISGMR and ISGDR, giant
resonances corresponding to higher-order terms, often referred to as
overtones, have remained elusive. Notably, in Ref. [14], an overtone
mode in the quadrupole strength distribution has been found in the
proton-decay of 298Pb for the first time. The excitation energy and the
width of this “L = 2” mode were 26.9 + 0.7 MeV and I' = 6.0 + 1.3
MeV, respectively. An overtone mode of “L = 2” character was also
hinted at in the neutron decay of 208pp [15]. Continuum Random-Phase-
Approximation (RPA) calculations based on a partially self-consistent
semi-microscopic approach have predicted the existence of overtone
modes of quadrupole nature with the calculated centroid energy higher
than 30 MeV [16]. The overtone modes have a compressional character
that is used to determine the nuclear incompressibility by measuring the
centroid energies of the strength distributions. Hence, the higher-order
mode in the ISGQR (47w excitation) refers to another compression mode
in addition to the ISGMR and ISGDR.

In this letter, we report the experimental results demonstrating the
effect of nuclear ground-state deformation on the ISGMR in
142.146-150Nd | where the deformation increases from the spherical '“2Nd
(B, = 0.0916(8)) to deformed '*°Nd (f, = 0.285(3)) [17]. Distinctive
signatures of overtones in 1#>146-150Nd, having excitation energies be-
tween 25 — 30 MeV with L = 2 character, have been unveiled by
employing Multipole Decomposition Analysis (MDA).

2. Experimental setup
The experiment was performed at RCNP, Osaka University, Japan. A

halo-free beam of a particles, having a total energy of 386 MeV, acceler-
ated through the AVF and ring cyclotrons, impinged on self-supporting
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and enriched '42146.148,150N{ targets. These targets had areal densities of
approximately 5 mg/cm?. The beam current ranged from 0.1 to 10 nA.
The energy resolution was around 175 keV, which was sufficient for in-
vestigating the giant resonances. Inelastically-scattered a particles were
momentum analyzed in the high-resolution Grand Raiden (GR) spec-
trometer [18]. Subsequently, they were transported to the final focal
plane for detection. The focal-plane detection system was composed of a
pair of Multi-Wire Drift Chambers (MWDCs) for vertical- and horizontal-
position measurements, along with two plastic-scintillator detectors for
particle identification and triggering the data acquisition. The vertical-
focusing mode of the GR spectrometer facilitates focusing the true events
originating from scattering off the target in a narrow band along the ver-
tical plane whereas events stemming from instrumental background are
over- or under-focused in the vertical plane. Subtraction of the events in
the off-median focal-plane positions from the events in the median focal-
plane position facilitates an efficient removal of the instrumental back-
ground [8,19]. The inelastically scattered a particles were measured at
forward angles, 0° < 6 ,, < 10°, where the angular distributions are
characteristic of different multipolarities. To calibrate the energy spec-
tra, runs with a 2*Mg target (thickness 2.5 mg/cm?) were performed.
The calibration was made using the low-excitation-energy peaks of 2*Mg
obtained from inelastic « scattering.

3. Data analysis

The excitation-energy spectra of the Nd isotopes are extracted after
particle identification, instrumental background subtraction, ion-optical
corrections, and subsequent calibration in the offline analysis. Each Nd
isotope has substantial amounts of hydrogen and oxygen contamina-
tion. In the case of hydrogen contamination, only the elastic channel
must be accounted for, as the elastic scattering off the protons has an
enormous cross-section compared to the inelastic excitation of the target
nucleus. Therefore, by removing the affected data points the hydrogen
contamination can be eliminated. On the other hand, to eliminate the
oxygen contamination, we used the high-resolution 160(a, a’) measure-
ments performed at the same beam energy at RCNP [20]. After aligning
the kinematics with the measured excitation energies of the Nd inelas-
tic spectra, the oxygen excitation-energy spectra are smeared with the
experimental resolution. These spectra are then scaled by the ratio of
the integrals of the prominent oxygen peaks in the Nd excitation-energy
spectra to those in the kinematically transformed oxygen spectra. Fi-
nally, the scaled oxygen spectra are subtracted from the Nd excitation-
energy spectra to remove the oxygen contamination. In Fig. 1, the raw
Nd excitation-energy spectra are shown in red, whereas the black his-
tograms represent Nd excitation-energy spectra after the subtraction of
the contaminants and instrumental background at 6;,, = 0.75°. The
contribution of the instrumental background is the largest near gz =
0° due to the elastic scattering of « particles off the beamline elements. A
detailed description of the calibration and the data-reduction processes
is provided in Ref. [21].

The GR spectrometer was set to different angles from 0° to 9.5° to
measure the inelastic scattering data for 142146.148150Nq over the an-
gular range 0° < 6 ,, < 10°. At the final dispersive focal plane, the
acceptance of the spectrometer ranged from 10 to 30 MeV. For each an-
gular setting of the GR spectrometer, a precise energy calibration was
performed using the inelastic « scattering off 2*Mg and comparing the
excitation-energy spectrum with well-known low-lying states in >*Mg
obtained from high-resolution 2*Mg(a,a’) data [22]. The 0° spectra,
where the ISGMR cross sections are maximal, are illustrated in Fig. 1,
where the resonance visibly broadens with increasing deformation from
“2Nd to 1°ONd.

To extract the strength distributions of the giant resonances through
MDA, it is imperative to obtain the Optical-Model Parameters (OMPs).
To obtain the OMPs, elastic scattering on '“>Nd was performed over
a broader angular range of 3.5° to 20.5°. These OMPs are employed
in the framework of the Distorted-Wave Born Approximation (DWBA)
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Fig. 1. Measured double-differential cross-section spectra from

142,146,148 150N d (o, a') at 6;,, = 0.75° after particle identification, subtrac-
tion of the instrumental background, ion-optical correction, and subtraction of
contaminants are shown in black histograms whereas the red histograms show
the spectra before instrumental-background and contaminants subtraction. The
peaks in the red histograms are from oxygen contamination.

calculation using the coupled-channel code CHUCK3 [23]. We used the
Woods-Saxon type of optical potential for both real and imaginary parts.
The OMPs are derived through a y? fitting of the a elastic-scattering
data on '“2Nd over an angular range of 3.5° to 20.5°. Since the « elastic-
scattering data on 4¢148.150Nd were unavailable due to limited beam
time, we employed the OMPs obtained from '*2Nd data in the DWBA cal-
culations involving 146:143.150Nd. The use of OMPs from a nearby nucleus
or isotope has a negligible effect on the extraction of the strength distri-
butions of giant resonances [24-27]. Furthermore, OMPs derived for a
spherical nucleus have been used to determine the strength distributions
of deformed nuclei without altering their expected characteristics [7,8].
Utilizing the obtained OMPs and the known B(E?2) and B(E3) values,
the angular distributions for the states at 1.575 MeV (J* = 2%) and
2.083 MeV (J* = 37) were calculated within the DWBA framework
and they are in agreement with the experimental data [21,28,29].

While the isoscalar giant resonances are excited by the scalar,
isoscalar @ probe, it should be noted that the Coulomb excitation can
lead to contributions from the isovector modes. Consequently, an « par-
ticle can excite the IVGDR mode with a non-negligible cross section.
The contribution of the IVGDR has to be subtracted prior to performing
MDA to extract the strength distribution of the isoscalar giant reso-
nances [24,25,30]. The form factors for the IVGDR are calculated using
the Goldhaber-Teller model [31-33] and the exhausted sum rules are
estimated using the available photo-neutron data [34] for Nd isotopes.
These estimates facilitate the determination of the contribution from
the IVGDR at each excitation-energy interval. The angular distributions
for (a, a') scattering over the excitation-energy range 10 — 30 MeV
are extracted in 1-MeV-wide bins to mitigate the statistical fluctuations.
Subsequently, these angular distributions are then decomposed into a
linear combination of the calculated DWBA angular distributions, as
demonstrated in Eq. (1).

=Y AL(E)
L

The A;(E,) coefficients represent the fraction of the Energy-
Weighted Sum Rule (EWSR) for the multipolarity L for a particular
energy bin [1]. Our analysis encompasses multipoles up to L = 7 in
the fitting process. The DWBA calculations are carried out using the
CHUCKS code considering 100% exhaustion of the EWSR for each multi-
pole at each energy bin. The coefficients A; (E,) for different multipoles
are determined by y? minimization. The cross sections decrease and
their angular distributions become featureless at larger angles, while
the physical continuum dominates at higher excitation energies. Con-

d*6P Oy, Ey)
dQdE
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sequently, the strengths could only be reliably extracted up to L = 3.
For values beyond L = 3, we summed the angular distributions for
L > 4 before fitting the experimental data. Once the fitting parameters
are obtained, the error bar in each parameter is then determined after
fixing the other parameters to raise the confidence level by 68%. Typi-
cal results of the MDA are presented in Fig. 2. Transition potentials are
obtained from collective transition densities following the methods de-
scribed in Refs. [1,35]. The transition densities are obtained from the
sum-rule approach and expressed in terms of ground-state densities.
Such a model is used to obtain the form factors for DWBA analysis. Us-
ing the coefficients A, the strength distributions for the ISGMR and
ISGQR are obtained from Eq. (2) and Eq. (3), respectively [1,35].

W Z2<r?>
So(Ey) = -—— Ag(Ey) @
O om A E, 0K
50n% Z2 <12 >
SH(Ey) = o—— Ay(Ey) 3)
¥ 8xm A E, X

where m is the nucleon mass, A is the mass number, and < r% > is the
rms value of the ground-state density. The extracted ISGMR and ISGQR
strength distributions of the Nd isotopes are shown in Fig. 3 and Fig. 5,
respectively. The strength distributions of other multipoles are reported
in Refs. [21,28]. A preliminary report can be found in Ref. [36].

4. Results and discussions

The ISGMR strength is expected to split into two components due to
the coupling to the K = 0 component of the ISGQR during the transi-
tion from spherical '“Nd to prolate-shaped '4¢-148:150Nd isotopes. The
extracted ISGMR strength distribution for '“>Nd has been fitted with
a single Lorentzian function (see the form of the Lorentzian function
in Ref. [4]). For 146-148.150Nd  a double-Lorentzian function has been
used since the ISGMR strength distribution splits due to the deforma-
tion. We have used the fitting range of 10 — 18 MeV for '*>!“8Nd and
10 — 19 MeV for 46:150Nd. The results from the fitting are shown in
Fig. 3 and fitting parameters are shown in Table 1. The error bars in the
strength distributions are estimated from the errors obtained through
the y2 minimization performed in the MDA. These errors are not statis-
tical and hence the choice of the fitting range affects the errors of the
Lorentzian fitting parameters. Since 4’Nd is spherical, only one com-
ponent exists, whereas, in the case of deformed 4¢-148.150Nd nuclei, the
peak position of the LE component matches with the K = 0 component
of the ISGQR within the error bars (see Table 1 and Table 2 and also re-
fer to Fig. 1 of Ref. [37]), showing the onset of monopole-quadrupole
coupling as the deformation increases. Surprisingly, our findings reveal
a comparatively lower relative strength for the monopole mode at high
excitation energies (above 20 MeV) in contrast to the results reported in
Ref. [7] for Sm isotopes. The EWSR fractions are obtained by integrat-
ing E, Sy (E,) over the energy 10 — 22 MeV, where S, (E,) is estimated
from the Lorentzian fits. The EWSR of the LE peak increases with the
increase in deformation, whereas the EWSR of the HE peak remains the
same with a small decrease in '“°Nd. A near-constant monopole strength
is observed at high excitation energies in *Nd and '3Nd, likely orig-
inating from the physical continuum, such as knock-out reactions and
quasi-free processes [2]. Furthermore, it should be remarked that al-
though subtraction of the oxygen contribution may affect the strength
distribution, it does not alter the peak position or width.

Garg et al. [13] performed a-particle inelastic scattering on
142,146,150Nd at a beam energy of 129 MeV. The excitation-energy spec-
tra, after subtraction of a smooth continuum background, were fitted
with a double-Gaussian function for the LE and HE components even
for '42Nd. However, in this work, the strength distributions of the giant
resonances were not extracted. In Fig. 4, the peak positions extracted
from the Lorentzian fits from the present work are compared with those
from the Gaussian fits obtained from Ref. [13] and they are in agree-
ment within the error bars. Giant resonances in Nd isotopes have been
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Fig. 2. Multipole-decomposition analyses for !42140:148.150Nd are shown for excitation-energy bins centered at 12 MeV, 15 MeV, and 25 MeV. Total fits to the data
points are represented by solid black lines. Fitted contributions are also shown from the isoscalar monopole (red), dipole (green), quadrupole (blue), octupole (cyan),
and higher multipole modes (magenta). The contributions from the IVGDR, determined through known photo-neutron cross-section data and the Goldhaber-Teller

model, are also depicted by dashed lines.

Table 1

The parameters obtained from the Lorentzian fitting of the strength distributions of the
ISGMR in Nd isotopes are presented. The centroid and the width of the low-energy (LE)
component are depicted as E; ; and I'} i, respectively, while those of the high-energy (HE)
component are depicted as Ey and I'yg, respectively. The %EWSRs are calculated from
the fits to the strength distributions in Fig. 3. The errors in % EWSRs include the uncertain-
ties stemming from the parameters obtained through the Lorentzian fitting process. They
are estimated over the range of E, = 10 — 22 MeV for both the LE (single Lorentzian rep-
resented by blue lines in Fig. 3) and HE (single Lorentzian represented by green lines in
Fig. 3) components for 4¢-143.150Nd, whereas only the HE component is present for '4’?Nd.
The error bars listed for the peak positions and the widths are consistent with a 68% con-

fidence interval.

Isotope E; g (MeV) I' g (MeV)

%EWSR,

Eyr MeV) Ty (MeV)  %EWSRyy

142N _ — _
146Nd 11.5+04 3.0+0.8
148Nd 11.5+05 35+1.2

150Nd 122+04 38+1.0

+9.2
17.6%92

+12.7
19.17,5

+133
27.67 05

10.9
103.97,,3

+12.0
67.87.13

153+ 0.1 3.3+0.2

15.3+0.2 3.0+0.3

152402 43+04  108.0%39

152

156+0.2 40+04  90.9717
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Fig. 3. The monopole strength distributions for '“>~'5°Nd were obtained from
the MDA. The red lines show the results of single-Lorentzian fitting in '“’?Nd
(upper left) and of double-Lorentzian fitting in '“°Nd (upper right), '“*Nd (lower
left), and '*Nd (lower right). In deformed Nd isotopes, the low- and high-energy
components of the ISGMR are indicated by blue and green lines, respectively.

studied by employing the Quasiparticle-Random-Phase-Approximation
(QRPA) with Skyrme energy density functional, namely SkM* [38]. The
peak positions, extracted from the Lorentzian fitting of the calculated
strength distributions, are also shown in Fig. 4, demonstrating the agree-

ment with our findings within the error bars. Additionally, Kvasil et
al. [37] also performed self-consistent QRPA calculations to assess the
strength distribution in 142Nq, 146Nd, and °Nd. These QRPA calcula-
tions utilized two different Skyrme forces, one with a large (SV-bas) and
one with a small (SkP) nuclear incompressibility, resulting in consistent
centroid energies for the ISGMR in Nd isotopes.

The ISGQR strength distributions for the Nd isotopes, derived
through MDA, are presented in Fig. 5. The strength distributions are
fitted with a double-Lorentzian function over the energy range 10 —
30 MeV. The fitting results are listed in Table 2. The ISGQRs exhibit
a maintone associated with the operator having the form Y, r?Y, and
the frequency of this mode is 2Aw. With increasing deformation, the IS-
GOR strength distribution splits into three components, namely, K = 0,
1, and 2. However, this phenomenon is reflected in a broadened width
of the strength distribution [38]. This is also evident from the widths
extracted from the Lorentzian fitting (see Table 2).

The first evidence for a high-lying resonance around 27 MeV ex-
hibiting E2 character was reported in the proton decay of the ISGDR
in 208pb [14]. It leads to the third compression mode in addition to the
ones related to the ISGMR and ISGDR. The frequency of this overtone is
4hw. In the ISGQR strength distribution in Fig. 5, which emerged from
the MDA analysis, an L = 2 bump is visible at high excitation energy
(~ 25 MeV), suggesting the existence of the overtone mode of the IS-
GQR. We have used the operator having the form }’; rl.2 Y, for obtaining
the strength distributions for both maintone and overtone quadrupole
modes. The parameters from the Lorentzian fits are detailed in Table 2.
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The parameters from the Lorentzian fitting of the ISGQR strength distributions in Nd isotopes
are listed. The peak positions and the widths of the maintone modes, illustrated by single
Lorentzian functions represented by blue lines in Fig. 5, are depicted as LEg and I' , respec-
tively, while that of the overtone modes, illustrated by single Lorentzian functions represented
by green lines in Fig. 5, are depicted as HEgog and I'yg, respectively. The % EWSRs are com-
puted from the fits to the strength distributions in Fig. 5 within the energy intervals of 10 — 16
MeV for the maintone component and 20 — 30 MeV for the overtone peak. A 68% confidence
interval has been achieved in the errors related to the peak positions and the widths. The er-
rors in the %EWSR encompass the uncertainties derived from the parameters obtained through

the Lorentzian-fitting process.

Maintone Mode

Overtone Mode

Isotope  LEGop (MeV) Ty (MeV)  %EWSR;;  HEgop (MeV) Ty (MeV)  %EWSRy
2Nd 12.4 + 0.1 6.3+0.2 109.6*37 25.5 + 0.4 10.5+1.3 78877
WNd 127 £0.1 71+02 1039737  259+0.4 9311 7787,
MNd 12201 6.7+02 104279 252106 123+20  67.1%]2
1%0Nd 12.3+0.1 6.9+02 97577 25.7 £ 0.4 8.7 +1.1 70.7+07
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Fig. 4. The peak positions of the LE and HE components of the ISGMR strength
distributions are shown for Nd isotopes as functions of the deformation pa-
rameter and compared with other data. The black-filled circles represent the
present experimental findings. The results from Ref. [13] are denoted by red-
filled squares. QRPA calculations with the SkM* Skyrme energy density func-
tional [38] are shown with black-filled triangles. Self-consistent QRPA calcula-
tions with SV-bas and SkP Skyrme energy density functionals [37] are shown
with blue-filled triangles. The solid and dashed lines are guides connecting the
theoretical results. The deformation parameters (central values) are obtained
from Ref. [17]. The abscissae of the data points, excluding the present experi-
mental data, are arbitrarily shifted for better visualization.

The EWSR fractions are obtained by integrating E,.S,(E,) over the en-
ergy range 10 — 16 MeV for the maintone mode and over the energy
range 20 — 30 MeV for the overtone mode. The strength S,(E,) is
estimated from the Lorentzian fits. It is noteworthy that the overtone
mode of quadrupole character was not observed in inelastic deuteron
and «a scattering on 208pp [30,39] and a scattering on Sm isotopes [7,8]
performed using the GR spectrometer at RCNP. However, some indica-
tions of quadrupole overtone modes were seen as broad peaks above
20 MeV in Ref. [40] for 9%92Zr and 92Mo. Furthermore, as mentioned
above, an overtone mode in the quadrupole strength distribution has
been found in the proton-decay of 28Pb [14]. Therefore, further exper-
imental evidence of overtones in other nuclei is essential to corroborate
these findings.

5. Summary

In summary, we have measured the inelastic a scattering on even-
A Nd isotopes (142146.148.150Nd) using the Grand Raiden spectrometer
at RCNP at a beam energy of 386 MeV and at forward angles. After
particle identification, instrumental background subtraction, ion-optical

10 15 20 25
Excitation Energy (MeV)

Fig. 5. The quadrupole strength distributions for '4>~10Nd isotopes were ob-
tained from the MDA. The overall fits, employing a double-Lorentzian function,
are represented by red lines. The maintone modes of the quadrupole resonances
are depicted using blue lines, while the overtone modes are illustrated with
green lines.

correction, and subtraction of hydrogen and oxygen contaminants, we
performed MDA analysis using DWBA angular distributions where the
form factors were obtained from the ground-state densities. The IS-
GMR strength distributions clearly show a splitting as the ground-state
shape deformation increases. The obtained peak positions at both low
and high energies are in agreement with the previous measurement at
Texas A&M University [13]. The results also agree well with QRPA cal-
culations [37,38]. The analysis also encompasses the extraction of the
ISGQR strength distributions through MDA analysis. A distinct signature
of an overtone mode in the ISGQR has emerged, implying the existence
of a third category of compression modes in addition to the ISGMR
and ISGDR. Further exploration in this context holds the potential to
firmly establish the L =2 compression mode. For a comprehensive un-
derstanding of our analytical methodology, which includes the strength
distributions for other multipoles, readers are referred to the detailed
analysis procedures outlined in Refs. [21,28].
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