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R.W. Fearicki, S.V. Förtschd, H. Fujitaj, Y. Fujitak, M. Jingoa, W. Kleinigb, C.O. Kurebaa, J. Kvasill,
M. Latifa, K.C.W. Lif, J.P. Mirad, F. Nemulodid, P. Papkad,f, L. Pellegria,d, N. Pietrallac, A. Richterc,

E. Sideras-Haddada, F.D. Smitd, G.F. Steynd, J.A. Swartzf, A. Tamiij

aSchool of Physics, University of the Witwatersrand, Johannesburg 2050, South Africa
bBogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna, Moscow region, 141980, Russia

cInstitut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany
diThemba LABS, P. O. Box 722, Somerset West 7129, South Africa

eInstitut für Theoretische Physik II, Universität Erlangen, D-91058 Erlangen, Germany
fDepartment of Physics, University of Stellenbosch, Matieland 7602, South Africa

gDepartment of Physics and Astronomy, Texas A&M University-Commerce, Commerce, Texas 75429, USA
hSchool of Geosciences, University of the Witwatersrand, Johannesburg 2050, South Africa

iDepartment of Physics, University of Cape Town, Rondebosch 7700, South Africa
jResearch Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan

kDepartment of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
lInstitute of Particle and Nuclear Physics, Charles University, CZ-18000, Prague 8, Czech Republic

Abstract

Proton inelastic scattering experiments at energy Ep = 200 MeV and a spectrometer scattering angle of
0◦ were performed on 144,146,148,150Nd and 152Sm exciting the IsoVector Giant Dipole Resonance (IVGDR).
Comparison with results from photo-absorption experiments reveals a shift of resonance maxima towards
higher energies for vibrational and transitional nuclei. The most deformed nuclei, 150Nd and 152Sm, lack the
double-hump structure previously observed in photo-absorption experiments and interpreted as a signature
of K-splitting. Self-consistent random-phase approximation (RPA) calculations using the SLy6 Skyrme force
provide a good description of the data from the present experiments.
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1. Introduction

Giant resonances represent a prime example of
collective modes in the nucleus. A smooth mass-
number dependence of the resonance parameters is
characteristic of all nuclear giant resonances and, as
such, a study of them yields information about the
non-equilibrium dynamics and the bulk properties
of the nucleus [1]. The oldest and best known giant
resonance is the IVGDR owing to the high selectiv-
ity for isovector E1 excitation in photo-absorption
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experiments. The properties of the IVGDR have
been studied extensively using (γ,xn)-type experi-
ments, particularly in the Saclay [2] and Livermore
[3] laboratories. These sets of experiments are a
major source of information with respect to the γ-
strength function [4] above the neutron threshold -
an important quantity used in statistical reaction
calculations relevant to applications like astrophys-
ical large-scale reaction networks [5, 6], reactor de-
sign [7], or nuclear waste transmutation [8].

Recently, a new experimental technique for the
extraction of electric dipole-strength distributions
in nuclei via relativistic Coulomb excitation has
been developed [9, 10]. It utilises proton inelas-
tic scattering with energies of a few hundred MeV
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at scattering angles close to 0◦. Although many ex-
periments focus on establishing the strength below
the neutron threshold and its contribution to the
dipole polarizability [11–14], such data also provide
information on the photo-absorption cross sections
in the energy region of the IVGDR.

The chain of stable even-even neodymium iso-
topes is known to comprise a sudden transition from
spherical to deformed ground states for heavier iso-
topes and thus represents an excellent test case to
study the influence of deformation on the proper-
ties of the IVGDR. A (γ,xn) experiment at Saclay
[15] revealed that the width increases with defor-
mation evolving into a pronounced double-hump
structure in the most deformed nuclide 150Nd,
considered to be a textbook example [16] of K-
splitting owing to oscillations along the differ-
ent axes of the quadrupole-deformed ground state.
Here, we report new photo-absorption cross sec-
tions for 144,146,148,150Nd extracted from 200 MeV
proton scattering experiments with results differ-
ing significantly from Ref. [15]. In particular, no
double-hump structure is observed in the most de-
formed 150Nd nucleus. This finding is confirmed in
a further measurement of the comparably deformed
152Sm nucleus, again in contrast to (γ,xn) results
[17]. This unexpected result may be related to the
special structure of these two nuclei which are pre-
dicted to lie near the critical point of a shape phase
transition from spherical to quadrupole-deformed
ground states.

2. Experiment and analysis

The proton inelastic scattering experiments were
performed at the iThemba Laboratory for Accel-
erator Based Sciences (iThemba LABS) in South
Africa. The K600 magnetic spectrometer, po-
sitioned at 0◦ with the acceptance defined by
a circular collimator having an opening angle
θlab = ± 1.91◦, was used to analyse a 200 MeV
dispersion-matched proton beam delivered from the
Separated Sector Cyclotron of iThemba LABS. The
self-supporting 144,146,148,150Nd and 152Sm targets
were all isotopically enriched to values >96% (ex-
cept 148Nd enriched to 90%) with areal densities
ranging from 1.8 to 2.6 mg/cm2. The correspond-
ing ground-state deformation parameters β2 are
given in the second column of Table 1. The beam
preparation and the detector setup are described in
Ref. [10]. Details regarding the data extraction and

Figure 1: Experimental double-differential cross sections
for the 144,146,148,150Nd(p,p′) and 152Sm(p,p′) reactions at
Ep = 200 MeV and θLab = 0◦ − 1.91◦.

analysis of the present measurements can be found
in Ref. [18].

In the chosen kinematic conditions, relativistic
Coulomb excitation is the dominant reaction mech-
anism. The resulting double differential cross sec-
tions obtained following the procedures detailed in
Ref. [18] are displayed in Fig. 1 for 20 keV en-
ergy bins. A typical energy resolution ∆E = 45
keV (FWHM) was achieved with a systematic un-
certainty of the cross sections amounting to ±7%.
The broad structure visible in all spectra between
approximately Ex = 12 and 18 MeV corresponds
to the excitation of the IVGDR. Statistical errors
in this region are 2-4%. The sharp peak at Ex ≈ 15
MeV visible in some spectra results from the M1
transition in 12C to a state at Ex = 15.11 MeV [19]
prominently excited in the (p,p′) reaction at small
momentum transfers. From Fig. 1 it is immedi-
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Figure 2: (Colour online). Overview of the conversion pro-
cess from 150Nd(p,p′) to photo-absorption cross sections: (a)
double-differential (p,p′) cross section and background com-
ponents. The pink line describes the contribution from the
ISGQR and the blue line the phenomenological component
explained in the text; (b) virtual photon spectrum; (c) equiv-
alent photo-absorption spectrum resulting from Eq. (1); (d)
equivalent photo-absorption spectrum rebinned to 200 keV
for comparison with photo-absorption data [15].

ately clear that the width of the IVGDR increases
steadily from the nearly spherical 144Nd nucleus
through the transition region to the more deformed
150Nd and 152Sm nuclei.

In order to compare to the (γ,xn) data of Carlos
et al. [15, 17], the (p,p′) spectra had to be converted
to equivalent photo-absorption cross sections. By
way of example, Fig. 2 provides an overview of the
conversion process for the 150Nd isotope. It can
be divided into three distinct stages, namely, back-
ground subtraction in the region of the IVGDR,
calculation of the virtual-photon spectrum and the
division by this spectrum multiplied through by
the vitual γ energy to obtain equivalent photo-
absorption cross sections.

Background from nuclear processes studied in
similar experiments at 300 MeV has been found
to be small [11–14]. The background to the mea-
sured spectra was modelled by two Lorentzian com-
ponents. The contribution of the IsoScalar Giant
Quadrupole Resonance (ISGQR) to the spectrum
of Fig. 2(a) (pink line) was determined through the
use of position and width information from a study
of the ISGQR in the Nd isotope chain [20] with
methods analogous to Refs. [21–23]. The strength
of the ISGQR contribution was estimated from the

ratio of GQR strength to GDR strength as pro-
vided from Distorted Wave Born Approximation
(DWBA) calculations assuming 100 % exhaustion
of the energy-weighted sum rule.

A phenomenological background (blue line) de-
scribes the behaviour of the double-differential cross
section at the high excitation energy part of the
spectrum where the Coulomb excitation contribu-
tion to the cross section is negligible. This compo-
nent incorporates all unknown multipolarity con-
tributions as well as quasi-free scattering and is ap-
proximated by finding the maximum of the cross
section between Ex = 20 MeV and 23 MeV and us-
ing a width that best describes the spectrum in this
region. A similar description for the shape of this
component was found in a study of 208Pb with the
same method [24] where an experimental extraction
of the angular distribution of the background was
possible.

The virtual E1 photon spectrum [25] for each iso-
tope was calculated using the eikonal approxima-
tion [26] and averaged over the angular acceptance
of the detector. The equivalent photo-absorption
spectrum (cf. Fig. 2(c)) was then obtained using
the following equation

d2σ

dΩdEγ
=

1

Eγ

dNE1

dΩ
σπλγ (Eγ). (1)

Finally, Fig. 2(d) shows the equivalent photo-
absorption spectrum rebinned to 200 keV for direct
comparison with the (γ,xn) results. The present
setup at θlab = 0◦ does not allow for the determi-
nation of accurate vertical scattering angles, thus
limiting the angular resolution [10]. We therefore
refrain from extracting absolute photo-absorption
cross sections. The excitation energy dependence
of the conversion, however, is not affected.

3. Comparison with (γ,xn) results

Through the simultaneous measurement of the
partial photo-nuclear cross sections σ(γ,n) +
σ(γ,pn) and σ(γ, 2n) using a monochromatic pho-
ton beam total photo-absorption cross sections can
be determined in heavy nuclei. Data obtained with
this method for the IVGDR in the stable even-
even neodymium and samarium isotopic chains are
given in Refs. [15] and [17], respectively. Fig-
ure 3 displays the rebinned spectra from the present
work normalised to the photo-absorption cross sec-
tions [15, 17] to facilitate a comparison of the evo-
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Figure 3: (Colour online). Comparison between the nor-
malised 144,146,148,150Nd and 152Sm photo-absoprtion cross
sections derived from the present data (red histograms) and
the pre-existing (γ,xn) results (green histograms) [15, 17].

lution of the shape of the IVGDR with increasing
deformation.

Carlos et al. [15, 17] (green histograms) observed
a spreading of the IVGDR as the nuclei become
softer followed by a splitting of the IVGDR into two
distinct dipole modes for 150Nd and 152Sm, which
were interpreted as K = 0 and K = 1 compo-
nents. The equivalent photo-absorption cross sec-
tions from the present work (red histograms) dis-
play a similar trend, i.e., a general broadening of the
IVGDR with increasing deformation. For the most
deformed 150Nd and 152Sm, the resonance becomes
skewed with enhanced strength on the low-energy
side, but no split into two distinct components is
observed.

The obvious discrepancies (in both the K = 0
and K = 1 regions) between the photo-absorption
results and the present data are reflected in a
change of parameters when attempting to de-
scribe the observed resonances by Lorentzians.

The present spectra were fitted with a modified
Lorentzian of the form used in Refs. [15, 17],

σ(E) =
σR

1 + [(E2 − ER
2)2/E2Γ2]

, (2)

where σR corresponds to the maximum of the res-
onance, ER to the resonance centroid energy and
ΓR to the resonance half-width. For the more de-
formed nuclei, a sum of two modified Lorentzians
was used. The best fit to the experimental data was
selected such that the value for the reduced χ2 was
optimised. In the case of the 148Nd isotope, it was
found that the reduced χ2 value was not improved
through the use of a two Lorentzian fit as assumed
in a reanalysis [27] of the data of Ref. [15].

The parametrisations obtained in the present
study together with those from Carlos et al. [15, 17]
are presented in Table 1. For spherical and tran-
sitional nuclei, a shift of the centroid to higher en-
ergies is observed for the present data. The new
parametrisations for the deformed nuclei do not
yield a ratio of ≈ 0.5 for K = 0 and K = 1 os-
cillator strengths, respectively, as expected for pro-
late deformed ground states [3]. One should re-
member, however, that 150Nd and 152Sm lie just
above the shape phase transition from vibrators to
axial rotors [28, 29]. Although they are already
well deformed, their deformation potential is soft
in the β degree of freedom [30]. The corresponding
shape fluctuations thus enhance the width of the
resonance peaks which, in turn, may hinder a clear
discrimination of the K = 0 and 1 branches.

As can be seen from Fig. 3 and Table 1, the
most obvious discrepancies are found in the lower
excitation-energy (K = 0) region. When nor-
malised to facilitate a shape comparison between
the two data sets, the contributions to the equiv-
alent photo-absorption cross sections in the K =
0 region are substantially lower than those re-
ported by Carlos et al. [15, 17]. Recent (γ,n) ex-
periments [31, 32] also find systematically smaller
photo-absorption cross sections in the excitation-
energy region between the neutron threshold and
Ex ≈ 13 MeV corroborating the present results.
Furthermore, a recent study of the E1 strength in
154Sm [33] with the methods decribed in Refs. [11–
14] does find a double-hump structure but with a
clearly reducedK = 0/K = 1 ratio compared to the
Saclay data [17]. These findings are qualitatively
consistent with a reanalysis of the Saclay method
[34], which indicates that their (γ,n) cross sections
are too large and (γ,2n) cross sections too small.
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Table 1: Comparison of Lorentzian parameterisations, Eq. (2), for the present photo-absorption cross sections with those from
Ref. [15] for the neodymium isotopes and from Ref. [17] for 152Sm.

Isotope β2 [39] E1 (MeV) σ1 (mb) Γ1 (MeV) E2 (MeV) σ2 (mb) Γ2 (MeV) Reference

144Nd 0.13
15.05±0.10 317±15 5.30±0.25 [15]

15.64±0.01 4.93±0.03 Present

146Nd 0.15
14.80±0.10 308±16 6.00±0.30 [15]

15.69±0.02 6.11±0.07 Present

148Nd 0.20
14.70±0.15 263±15 7.20±0.30 [15]

15.52±0.01 5.84±0.04 Present

150Nd 0.28
12.30±0.15 174±20 3.30±0.10 16.00±0.15 223±20 5.20±0.15 [15]

11.97±0.10 2.91±0.40 15.67±0.04 5.64±0.09 Present

152Sm 0.31
12.45±0.10 183±10 3.20±0.15 15.85±0.10 226±10 5.10±0.20 [17]

12.40±0.20 4.73±0.65 16.36±0.07 6.36±0.14 Present

4. Comparison with model calculations

In order to investigate the role of K = 0 and
K = 1 components further, a comparison with
RPA calculations particularly suited for modelling
the IVGDR is presented. The calculations are
performed within the Skyrme Separable Random
Phase Approximation (SSRPA) approach [35]. The
method is fully self-consistent since both the mean
field and residual interaction are derived from the
same Skyrme functional. The residual interaction
includes all the functional contributions as well as
the Coulomb direct and exchange terms. The self-
consistent factorisation of the residual interaction
crucially reduces the computational effort for de-
formed nuclei and maintains high accuracy of the
calculations [35–37].

The Skyrme parameterisation SLy6 [38] is used,
which was shown to be optimal for the description
of the IVGDR in medium-heavy, deformed nuclei
[37]. The code exploits the 2D grid in cylindrical
coordinates. Usually, the axial quadrupole defor-
mation characterised by the parameter β2 is deter-
mined by minimisation of the total energy, and β2
values obtained are typically close to experiment
[37]. Nd and Sm isotopes in the transitional region,
however, show very soft deformation energy sur-
faces, which gives a large uncertainty to the theoret-
ical ground-state deformations. We thus adopt the
experimental values β2 = 0.15, 0.20, 0.29 and 0.31
[39] for the quadrupole deformation in 146,148,150Nd
and 152Sm, respectively. For the nearly spheri-
cal 144Nd, a negligible deformation, β2 = 0.001, is
used. Pairing is treated with delta forces at the

BCS level [40]. A large two-quasiparticle basis up
to ∼ 100 MeV is taken into account. The energy-
weighted sum rule for isovector E1 strength is ex-
hausted by 98 − 100%. The SSRPA strength func-
tion S(E1)(E) =

∑
iEiB(E1)iξD(E−Ei) (sum over

all SSRPA states) uses a Lorentz folding ξD with an
averaging parameter D = 2 keV.

To facilitate a broad structure comparison be-
tween the experimental results and the model cal-
culations, the SSRPA predictions were smoothed
with a large width Γ = 2 MeV. The resulting photo-
absorption cross sections are shown in Fig. 4 as
green (K = 0), blue (K = 1) and red (total) lines.
When the experimental data are normalised to ex-
haust the theoretically predicted energy-weighted
sum rules, good agreement is obtained. For 150Nd
and 152Sm, the K = 0 component overshoots the
data (but lies below the Saclay results). It is clear
from the above arguments that the assumption of a
ground state with a well-defined prolate quadrupole
deformation underlying the calculations is question-
able for these nuclei.

5. Conclusions

A measurement of the (p,p′) reaction at Ep = 200
MeV and θ = 0◦ favouring relativistic Coulomb ex-
citation in the energy region of the IVGDR has
been presented for the even-even 144−150Nd iso-
topic chain as well as for 152Sm. While the high
energy-resolution data show considerable fine struc-
ture (even in the deformed isotopes), which carries
information on the role of different decay mecha-
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Figure 4: (Colour online). Comparison of the equivalent
photo-absorption spectra from the present work and the SS-
RPA predictions smoothed to a width of 2 MeV.

nisms of the giant resonances [21–24] and level den-
sities [24, 41], the present work focuses on a study
of the evolution of the IVGDR as a function of de-
formation.

A general broadening of the IVGDR is observed
with increasing deformation and the most deformed
150Nd and 152Sm nuclei exhibit a prononounced
asymmetry, but no double-hump structure owing to
K-splitting evolves in contrast to previous photo-
absorption data from Saclay [15, 17]. This is in-
terpreted as a signature of the peculiar nature of
these two nuclei which lie close to the critical point
of a shape phase transition from vibrators to ro-
tators characterised by a soft potential in β [30].
Self-consistent RPA model calculations with the
Skyrme SLy6 force particularly suited to describe
the IVGDR provide a fair description of the data
consistent with the reduction of cross sections on
the low-energy side of the resonance with respect

to the Saclay data observed in recent experiments
[31, 32] and suggested by a reanalysis [34]. In view
of their general relevance, the present results call
for a systematic reinvestigation of photo-absorption
data in heavy deformed nuclei.
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