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Dipartimento di Fisica, Università di Milano, I-20133 Milano, Italy
4
INFN Sezione di Catania, I-95123 Catania, Italy
5
Department of Physics, Western Michigan University, Kalamazoo, MI 49008-5252, USA
6
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824-1321, USA
7
Department of Physics, Faculty of Science, University of Zagreb, Croatia
8
INFN Sezione di Padova, I-35131 Padova, Italy
9
Institut für Kernphysik, Universität zu Köln, Zülpicher Str. 77, D-50937 Köln, Germany
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The γ decay from the high-lying states of 140 Ce excited via inelastic scattering of 17 O at a bombarding energy of 340 MeV was measured using the high resolution AGATA-demonstrator array in
coincidence with scattered ions detected in two segmented ∆E-E silicon detectors. Angular distributions of scattered ions and emitted γ rays were measured, as well as their differential cross sections.
The excitation of 1− states below the neutron separation energy is similar to the one obtained in
reactions with the α isoscalar probe. The comparison between the experimental differential cross
sections and the corresponding predictions using the distorted wave Born approximation allowed
to extract the isoscalar component of identified 1− pygmy states. For this analysis the form factor
obtained by folding microscopically calculated transition densities and optical potentials was used.
PACS numbers: 24.30.Cz, 24.10.Eq, 25.55.Ci, 27.60.+j

I.

INTRODUCTION

The electric dipole (E1) response is one of the basic
properties of atomic nuclei. Its major part is exhausted
by the Isovector Giant Dipole Resonance (IVGDR) (for
the overview on giant resonances see Refs. [1, 2]), which
is a very well studied collective phenomenon described
as an out-of-phase oscillation of protons versus neutrons,
located in the energy interval well above the neutron
separation energy (10-20 MeV). Below the IVGDR and
around the particle separation energy, a small fraction
of fragmented dipole states is also observed, exhausting
a few percent of an energy-weighted sum rule (EWSR)
depending on the nucleus. For this reason these states

are called Pygmy Dipole Resonance (PDR). The PDR
was interpreted according to the hydro-dynamical model
as a collective oscillation of the neutron skin against the
isospin saturated core of the nucleus [3, 4]. The expected
relation between pygmy states and the formation of a
neutron skin has important implications in astrophysics.
It is found that a correlation exists between the neutron
skin thickness and the symmetry energy of the equation
of state [5]. Moreover, the pygmy dipole strength plays
a significant role in the prediction of radiative neutron
capture rates of the r-process nucleosynthesis and thus
in elemental abundance distributions [6].
The origin and properties of the pygmy dipole states
are still under debate [7], given that many microscopic
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calculations can qualitatively reproduce the experimental
data but the dominant underlying structure of the calculated wave functions is different in various models. Additionally, the analyses of transition densities for the pygmy
dipole states have shown their strong isospin mixing, being thus a common feature for these states. It is found in
different microscopic models that protons and neutrons
oscillate in phase at the interior of the nucleus, while at
the surface only neutrons contribute. The key features of
the predictions for the PDR (and of other exotic modes
of excitation) are discussed in Ref [8]. More recently,
several studies concerning the description of the properties of the PDR were made and we refer to most of them
in the following discussions in this paper. Experimentally, information on the strength of the PDR can be obtained in real- or virtual-photon scattering experiments.
The nuclear resonance fluorescence (NRF) method has
been most widely used to gain information on the E1
strength distribution below the neutron separation energy for a large number of nuclei, including 140 Ce [9]. In
order to derive the details on the underlying structure
of the PDR, experiments with α particles as complementary isoscalar probes were performed for several nuclei
including 124 Sn [10] and 140 Ce [11]. Indeed, the comparison of the (γ,γ’) and (α,α’γ) reactions gave new insight
into the isospin mixing of the pygmy states. While the
(γ,γ’) method allows to excite the ’total’ strength of the
PDR, the α scattering excites only the low-energy part
of the pygmy states. The isoscalar character of the lowenergy states [12] is inferred through their excitation
with isoscalar probes. In addition, to reproduce the size
of the excitation cross section one needs transition densities with behaviour typical of states corresponding to
oscillations of the neutron-skin. Conversely, the highenergy states are mainly of isovector nature and are associated to the tail of the GDR. These findings emphasize
that the application of different probes is mandatory for
a comprehensive understanding of characteristic features
of the PDR. In contrast to the γ probe, using alphas or
heavy ions at bombarding energies below approximately
50 MeV/u and selecting the peripheral scattering, one is
more sensitive to the target nucleus surface. The calculations [13] performed for the systems α + 90 Zr,208 Pb and
17
O + 90 Zr,208 Pb have shown a much higher nuclear contribution to the excitation of isoscalar GDR as compared
with Coulomb interaction. Furthermore, it was demonstrated that the excitation using 17 O at 20 MeV/u is
dominated by nuclear interaction. This allowed to conclude that the 17 O at 20 MeV/u can be considered as
an effective isoscalar probe. Therefore, the choice of this
projectile ensures sensitivity to the isoscalar part of the
pygmy states. Furthermore, due to the low neutron binding energy in 17 O (4.1 MeV), the detection of the projectile allows for clean measurements of the γ-radiation
from the target nucleus, especially in the PDR energy region (Ex > 4 MeV). For this reason, it is more preferable
to use 17 O as compared with the most abundant isotope
16
O (purer as isoscalar probe) [13]. Recent experiments

performed for the 208 Pb [14], 124 Sn [15], 140 Ce [16] and
Zr [17] nuclei have shown that the (17 O,17 O’γ) reaction
at ≈20 MeV/u is a good tool to investigate the isospin
properties of the pygmy dipole states. A recent overview
is in Ref [13].
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This paper reports on the study of pygmy states in
Ce using the (17 O,17 O’γ) reaction. The general aim is
to investigate the structure of the pygmy states, in particular their isospin mixing by comparison with previous
data from (γ,γ’) and (α,α’γ) experiments. The more specific goal is to compare the experimental data with calculations based on the distorted wave Born approximation
(DWBA) and using a form factor obtained by double
folding a nucleon-nucleon potential with microscopically
calculated transition densities [18, 19]. This allows to
extract a fraction of the Isoscalar Energy Weighted Sum
Rule (ISEWSR) exhausted by pygmy states for the 140 Ce
nucleus.
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II.

THE EXPERIMENT

The 17 O beam at an energy of 20 MeV/u was delivered by the PIAVE-ALPI accelerator system of the Legnaro National Laboratories. The used 140 Ce target had
a thickness of 2.5 mg/cm2 . The 17 O ions were chosen
to avoid the background from γ rays due to projectile
excitation. The scattered 17 O nuclei were detected by
two ∆E-E silicon telescopes of the TRACE array [20],
mounted inside a scattering chamber at an angle of 9◦
with respect to the beam axis on the left and right
sides. The telescopes consisted of 2 segmented Si-pad
detectors, each made of 60 pixels (with a pixel size of
4 × 4 mm2 ). The resulting solid angle for the Si telescope was 100 msr. The excitation of the target nucleus
was followed by emission of γ rays measured by 5 triple
clusters of high purity germanium (HPGe) detectors of
the AGATA-Demonstrator array [21–23]. For the events
from the AGATA-Demonstrator it was necessary to use
advanced algorithms in order to fully profit from a good
position resolution of the segmented Ge detectors. At
first, the Pulse Shape Analysis (PSA) [23] allowed to
identify points of interaction of a γ ray scattering in the
Ge crystals. Secondly, the reconstruction of the path of
the γ rays inside the detector was performed with the
tracking algorithm (MGT) [24]. Such approach resulted
in reconstruction of the γ-ray emission angle from the
target nucleus with remarkable precision of 1 deg. It was
therefore possible to perform very accurate Doppler correction which was crucial for the analysis of high-energy
lines in γ-ray spectra. Some advantages of the good angular resolution of AGATA are underlined in the paper, in
connection with the discussion on the data for the angular distributions of emitted γ rays and for the differential
cross sections.
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III.

RESULTS

The first part of the data analysis was aimed to identify the 17 O scattering channel using the silicon detectors
response. This was done by plotting for each pixel of the
Si detectors a two-dimensional histogram of the energy
deposited in the first layer of the Si detectors (∆E) versus the total kinetic energy (TKE) deposited in the both
layers. Such matrix for one pad of Si detectors is shown
in Fig. 1 (left panel). One can observe a clear separation
between different isotopes.
As the velocity of the target nucleus was at the level
of 0.5% of the speed of light, therefore, the Doppler shift
was not negligible, the correction for the energy of the
γ rays emitted from 140 Ce was performed event-by-event.
The angle for the velocity vector of the target nucleus
was deduced from the reaction kinematics knowing the
position of the 17 O ion detected in the Si detectors.

associated to a second diagonal cut in a region at higher
excitation energy region was constructed and considered
as a “background” to be subtracted. Such “background
spectrum” has an exponential shape and it dies out in
the region of the pygmy states. The spectrum shown in
Fig. 2 was obtained with such background subtraction
procedure. One notes the presence of a number of discrete states that were identified before using (γ,γ’) and
(α,α’γ) reactions. For the first state at 3643 keV evidence was found that it has a two-phonon (2+ ⊗ 3− )
character [25], and this is further discussed in Ref [26].
In the following, one sees that also the excitation cross
section of this state is different from the PDR states. The
peak at around 5 MeV is likely to be either a transition
from a 2+ state or from 3− state at 4979 keV that was
observed in 142 Ce(p,t) experiment [27]. This is consistent
with the findings from NRF experiments, in which there
were no 1− peaks identified at this energy. In our experiment, due to very limited statistics, it is not possible to
perform the angular distributions analysis for this single
peak.
60

FIG. 1. (color online) left panel: Two-dimensional histogram
of the energy deposited in first layer of Si detector (∆E) versus
the total kinetic energy deposited in both layers (TKE); right
panel: Two-dimensional histogram of the excitation energy
(Ex ) versus energy of the γ rays measured with the AGATA
(Eγ ). The diagonal gates (width of 2.4 MeV) corresponding
to the decays to ground-state (Eγ = Ex ) and higher-lying
states (Eγ = Ex + 3 MeV) are indicated.

The pygmy dipole resonance is expected to be composed of a number of discrete 1− states decaying predominantly to the ground state. In order to select only
such states, the γ-ray energy must be equal to the excitation energy. This requirement can be fulfilled by constructing the coincidence matrix between the energy of
the emitted γ rays versus the excitation energy. In this
case, a two-dimensional histogram of the γ ray energy
measured in AGATA and the total kinetic energy deposited in the silicon detectors was constructed (see right
panel of Fig. 1) and then a diagonal gate (Eγ = Ex ) with
a width of ±1.2 MeV was applied. The limited energy
resolution of the Si detectors implied the possible presence of unwanted events in the selected region of interest, namely that corresponding to ground state decays
(central diagonal gate). Indeed an almost exponential
“background” seems to be present in the spectrum corresponding to the central diagonal cut, which could be
due to decays to high-lying states. Therefore a spectrum
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FIG. 2. γ-ray energy spectrum in the PDR region measured
with the AGATA demonstrator array in coincidence with the
17
O inelastic scattering and with a selection of γ rays deexciting to the ground state.

Exploiting the position sensitivity of the AGATA and
Si detectors it was possible to reconstruct the γ rays emission angle from the recoiling 140 Ce nucleus and thus to
extract the angular distributions of the emitted γ rays.
The results for the dipole (E1, 868 keV: 3− → 2+ ) and
quadrupole (E2, 1596 keV: 2+ → 0+ ) γ transitions are
presented in Fig. 3. The result shows the high sensitivity of our data set to transition multipolarities. The
expected trends for the E1 and E2 transitions were calculated using the equations given in Ref [28]. It should be
noted that the data points at angles larger than 90◦ are
rather scattered and that the low statistics of these points
does not fully explain this behaviour. Indeed, one cannot exclude other effects such as for example more complicated reaction mechanisms showing up at these large
angles, or some extra inefficiencies of Si pads at these
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FIG. 3. (color online) Angular distributions of γ rays emitted by the 140 Ce nucleus. The panel (a) shows the dipole
(E1) γ transition at 868 keV (3− → 2+ ) together with the
expected trend (blue line). The quadrupole (E2) γ transition at 1596 keV (2+ → 0+ ) is presented on the panel (b)
as well as the corresponding expected trend (red line). The
panel (c) presents the ratio between the number of counts in
the 65◦ -115◦ angular range (blue region in the inset) and the
15◦ -65◦ angular range (red region in the inset) for different
transitions. The blue and red bands show the range of values
expected for pure E1 and E2 transitions, respectively.

angles not entirely accounted for in the computed error
bars. Therefore the angular distribution data between
90◦ and 180◦ were disregarded in the following analyses.
After choosing the angular intervals corresponding to the
dipole (65◦ –115◦ ) and quadrupole (15◦ –65◦ ) transitions,
it was possible to obtain the γ spectra according to their
multipolarity. The bottom panel of Fig. 3 shows the ratio
of counts for the E1 and E2 transitions for two transitions
at 868 keV and 1596 keV as well as in the pygmy energy
region from 4 to 8 MeV with 1 MeV intervals. The data
in the pygmy region are found to have a dominant dipole
character.
One of the aims of this study is to measure the cross

Energyγ [keV]
FIG. 4. (color online) Experimental cross sections of 1− states
in 140 Ce excited via inelastic scattering of 17 O (top panel)
compared to the cross sections measured in (α,α’γ) [11] (middle panel) and the values of B(E1) obtained in a NRF experiment [9] (bottom panel).

section for the excitation of the PDR states using the 17 O
probe and to compare it with the previous results from
(γ,γ’) [9] and (α,α’γ) [11] experiments. Due to very low
statistics in the pygmy energy region, the analysis for
the individual peaks is very difficult. In most cases, the
identification of the position of the peaks is only possible by comparison with the results from previous (γ,γ’)
and (α,α’γ) experiments. No additional background estimation was done after the procedure of background subtraction described before. The top panel of Fig. 4 shows
the differential cross section corresponding to the scattering angle of 12.5◦ (in c.m. frame of reference) from
the present work. The middle panel shows the single
cross sections (after integration of the double-differential
cross section over the α-γ angular correlation) obtained
in the (α,α’γ) experiment of Ref [11].The bottom panel
gives the B(E1) values obtained in the NRF experiment
of Ref [9]. Due to limited statistics, it was not possible
to distinguish between the two transitions at 5157 and
5190 keV, and the two transitions at 5548 and 5574 keV.

5

101

10−1
100

10−2
10−3
10−4
10−5

Ex = 2.464 MeV
JΠ = 3-

Ebeam = 340 MeV

(c)

dσ/dΩ [mb/sr]

10−1

140Ce(17O,17O')

140Ce(17O,17O)

10−2
(d) 100

100

10−1

10−1

10−2
140Ce(17O,17O')

140Ce(17O,17O')

JΠ

Ex = 3.643 MeV
JΠ = 1-

10−2 E = 3.118 MeV
x
10−3
5

=

2+

10

15

θc.m. [deg]

20 5

10

15

dσ/dΩ [mb/sr]

(b)

(a)

100

10−3

20

dσ/dΩ [mb/sr]

Ratio to Rutherford

In these cases, the two peaks were treated as one and the
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that isoscalar probes excite only the low-energy part of
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FIG. 5. (color online) Cross section measurements (filled
circles) and DWBA predictions (solid curves) for the
140
Ce(17 O,17 O)140 Ce and 140 Ce(17 O,17 O’)140 Ce at Ebeam =
340 MeV in the centre of mass frame. (a) Elastic-scattering
cross section divided by the Rutherford cross section. (b),(c)
and (d) Cross sections for the excited states at 2.464 MeV
(3− state), 3.118 MeV (2+ state), and 3.643 MeV (1− state),
respectively. The error bars represent the statistical error.

In order to describe the pygmy dipole excitation cross
section, a distorted wave Born approximation (DWBA)
analysis was performed for the present data using the
FRESCO code [29]. The approach requires the optical
potential to describe the incoming and outgoing waves
and a form factor containing information on the nuclear
structure characterizing the reaction [30, 31]. For the
elastic calculations, the code uses the two-body wave
function and the optical potential, which describes the
nuclear interaction between the projectile and target nuclei. In this way, the effective interaction is a sum of
the Coulomb and nuclear optical potentials. For the calculations of the elastic scattering cross sections, the optical potential was assumed to be of Woods-Saxon type.
The cross sections for excitations of collective states were
calculated using the deformed optical potential model,
which includes the Coulomb and nuclear potentials for
the angular momentum transfer, L. In order to calculate
the inelastic excitations, the code refers to the collective
model for the nuclear part of the effective interaction. A
deformation is associated to the excited levels though a

quantity denoted as reduced deformation length, which
is calculated starting from the reduced transition probability, B(EL)↑ [29]. In Fig. 5 (a) the data for elastic scattering divided by the Rutherford cross section are shown.
The experimental data are normalized to the DWBA calculations in order to take into account the beam current
and target thickness. This normalization was used for
the further analysis of inelastic excitations. The following optical model parameters of the Woods–Saxon potentials that best fitted the elastic scattering data were
employed: for the depth of the real and imaginary potentials, we used V = 48.1 MeV and W = 34.1 MeV and
for the radii and the diffusenesses of the real and imaginary parts we used rv = rw = 1.15 fm and av = aw
= 0.69 fm, respectively. The Coulomb radius parameter
was rc = 1.2 fm. The same optical model parameters
from the elastic scattering were then used to calculate
the excited state differential cross sections. The predictions for the 2+ states at 1.596 and 3.118 MeV and the
3− state at 2.464 MeV (see Fig. 5) were calculated using
the known B(E2)↑ and B(E3)↑ values [32] and, moreover,
pure isoscalar excitation was assumed, implying that the
ratio of the neutron matrix element Mn and the proton
matrix element Mp is given by Mn /Mp = N/Z. For the 3−
state the yield was the sum of the ground state decay plus
the branching to the 2+ state. The data are reproduced
very well and this supports the fact that these states have
collective nature. In particular also the state of the 2+ ⊗
3− character at 3643 keV is rather well reproduced with
this approach [see Fig. 5 (d)].
The first step analysis of 1− states was also made using
this approach. The corresponding calculations are shown
in Fig. 6 with the long dashed and short dashed lines.
The data shown in Fig. 6 correspond to the cross section
of one state at 5.660 MeV (b) and to the sum of the cross
sections for all the states in the regions: 4 to 6.2 MeV (c)
and 6.2 to 7.8 MeV (d) representing the low- and highenergy part of the PDR states, respectively. The cross
sections for the excitation of discrete states and levels,
that correspond to the integrated regions were obtained
from our measurement and compared with the DWBA results. For the calculations, values of 0.061 and 0.121 W.u.
for the sum of B(E1)↑ strength in the low- and highenergy regions, respectively, were used as known from the
NRF experiment of Ref [9]. The standard collective form
factor of IVGDR type [29] was used in order to account
for the nuclear part of the interaction. It is clearly seen
that such DWBA calculations account only for a small
fraction of measured cross sections (12% and 42% for the
low- and high-energy regions, respectively), which may
suggest that the main contribution comes from the nuclear part and that a proper form factor is needed. This
is also an indication for a predominantly isoscalar character of the PDR states, especially in the low-energy region.
In order to check this assumption, we performed DWBA
calculations using a microscopically calculated form factor based on transition densities for the pygmy states [see
Fig. 6 (a)]. The proton and neutron transition densities,
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FIG. 6. (color online) Experimental cross sections for the
PDR γ transition at 5660 keV (b) and the integrated regions
below (c) and above (d) 6.2 MeV of 140 Ce measured in the
(17 O, 17 O’γ) experiment. The dotted purple line represents
the Coulomb cross section calculated with the DWBA while
the dashed green line is the total cross section using the standard collective form factor. The solid blue line represents the
total cross section using the microscopic nuclear form factor
of panel (a).

obtained using the fully consistent relativistic quasiparticle random phase approximation (RQRPA) model [12]
for a state at 8.39 MeV are shown in Fig. 6 [inset of panel
(a)]. It shows typical features of the PDR states: neutron
and proton transition densities are in phase in the interior and there is a strong surface contribution due only
to neutrons.

TABLE I. The isoscalar energy-weighted sum rule (ISEWSR)
and PDR strength (SIS ) determined from the present measurement.
Energy (keV)
4147
4355
4514
4787
5157
5190 & 5211
5337
5548 & 5574
5660
5929
6160

ISEWSR (%)

2 2

0.12
total strength (200 keV bins)
strength in peaks

0.1
0.08
0.06
0.04
0.02
0

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

6

SIS (10 e f m )

0.014(19)
0.83(1.12)
0.039(32)
2.21(1.81)
0.029(22)
1.58(1.20)
0.050(40)
2.57(2.06)
0.030(34)
1.43(1.63)
0.033(28)
1.56(1.33)
0.053(42)
2.45(1.94)
0.038(36)
1.68(1.60)
0.075(44)
3.27(1.92)
not observed
0.076(68)
3.04(2.72)

The form factor obtained with the double folding
method using the M3Y nucleon-nucleon interaction [18,
19] is also shown in Fig. 6 (a). The microscopic nuclear
form factor was then used in the DWBA analysis. For
each studied PDR excitation with a given energy, the
form factor was scaled for the different ISEWSR value
that is exhausted by the transition. The known theoretical value from RQRPA calculations that was used as a
reference was 4.14% for the PDR state at 8.39 MeV [12].
The whole energy region was then divided into bins of
200 keV, and for each bin, the ISEWSR was estimated
using the procedure described above. Our results are
1.42(22)% and 0.61(14)% for the low- and high-energy
regions, respectively, with a total 2.03(26)% including
the unresolved strength. Then, the ISEWSR was also estimated with the same procedure for each identified PDR
state and the results are shown in Table I. The summed
strength in the discrete peaks resulted to be 0.44(12)%.
Finally, we deduced the isoscalar strength (SIS ) in
units of e2 fm6 /MeV with the same fitting procedure
as for ISEWSR and knowing the theoretical value of
1.2·104 e2 fm6 for the state at 8.39 MeV. The results
for each identified pygmy dipole state are given in Table I. The summed strength in all discrete peaks was
therefore equal to 0.20(6)·104 e2 fm6 . The same procedure was applied to the total strength (including the
unresolved region) giving the values of 0.66(10)·104 and
0.22(5)·104 e2 fm6 for the low- and the high-lying regions,
respectively. The total strength was found to be equal
to 0.88(11)·104 e2 fm6 . Fig. 7 shows the total strength
values (in 200 keV intervals) together with the discrete
peaks indicated with the narrow bars.
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FIG. 7. (color online) Isoscalar strength distribution obtained
for the PDR energy region, integrated in bins of 200 keV. The
green lines correspond to the known discrete γ transitions.
The pink bars give the total strength (including the unresolved part) corresponding to the total counts in each energy
bin.

It is interesting to compare the values of the ISEWSR
for the 140 Ce nucleus with those deduced for the 124 Sn
nucleus. The two experiments used the same experimen-
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tal set up. The measured ISEWSR in the pygmy region
for the 124 Sn case in the discrete peaks (low-energy region) was 2.2(±0.3)% and for the whole energy region
(including the unresolved region) - 7.8(±0.7)% [15]. The
ratio of the ISEWSR for 124 Sn and 140 Ce is therefore
2.2%/0.44% = 5 for the discrete peaks. As one can observe in the (α,α’γ) experiments, the ratio of the cross
sections for the excitation of the PDR in 124 Sn [10] and
140
Ce [11] was 10.77 (mb/sr)/2.19 (mb/sr) = 4.92 which
agrees very well with our findings. This consistency between the results obtained using our (17 O,17 O’γ) method
for different nuclei allows to draw the conclusion that this
probe at 20 MeV/u is a useful tool to extract the isoscalar
component of the excitation [13]. Concerning the predictions of the isoscalar strength it is important to note,
that transition densities for the PDR states in 124 Sn were
obtained with a relativistic quasiparticle time blocking
approximation (RQTBA) microscopic model [33].
Our experimental values as well as the ones predicted
by RQRPA and RQTBA models are shown in Table II.
In the case of the RQRPA calculations, all the strength
is accumulated in one peak at the energy of 8.39 MeV,
while in RQTBA it is fragmented into a few peaks up to
8.8 MeV. One can notice that the measured ISEWSR for
TABLE II. Values of the isoscalar energy weighted sum rule
(ISEWSR) and its strength (SIS ) obtained in this experiment
compared to corresponding calculations using RQRPA [12]
and RQTBA models.
ISEWSR (%) SIS (104 e2 f m6 )

Method
(17 O,17 O’γ)
RQRPA (DD-ME2)
RQTBA (NL3)

in peaks
total

0.44(12)
2.03(26)
4.14
2.5

0.20(6)
0.88(11)
1.2
1.16

the total PDR strength, which can be considered as an
upper limit of our experiment, is below the predictions
of the two models, but close to the RQTBA. It should be
noted that all the calculations predict the pygmy dipole
states at higher energies as compared to the experimental observations. In the case of RQRPA, the difference
is around 3 MeV, and all the strength is accumulated in
one peak so that the fragmentation of the PDR is not reproduced [12]. It has been found that the pygmy mode,
arising in the RQRPA as a single state with isoscalar
character, is strongly fragmented over many states in a
broad energy region due to the coupling to phonons. As
a result, some fraction of the strength is located well below the original position of the RQRPA pygmy mode. In
case of 140 Ce it is difficult to reproduce the fragmentation of the pygmy dipole states as the relativistic RQRPA
calculations largely overestimates the energy of the lowest 2+ phonon. The RQTBA model, which additionally
takes into account the coupling to the low-energy surface
phonons, is able to reproduce the fragmentation to some
extent, but also overestimates the PDR energy by about

2 MeV. It was discussed e.g. for the 116 Sn case [34] that
for the lowest RQTBA states the transition densities look
similar to the RQRPA one, but because of the fragmentation, the amplitude of the density oscillations is about
a factor of three smaller. However, since there are more
states, in total they can effectively give a similar contribution to the cross section. Therefore, it is reasonable
enough to use RQRPA transition densities as we did in
our form factor calculations.

IV.

SUMMARY

This paper has presented the results of a study on
the isospin character of the dipole states below particle
threshold in the 140 Ce nucleus using inelastic scattering
of 17 O at 20 MeV/u. The obtained differential cross sections for the excitation of pygmy dipole states are found
to be in a good agreement with the ones previously measured using the (α,α’γ) reaction which confirms the selectivity in excitation of such states as compared with (γ,γ’).
A DWBA analysis for the pygmy dipole states using microscopically calculated form factors based on the transition densities obtained with RQRPA allowed to extract
the fraction of the isoscalar energy weighted sum rule and
its strength. The results for 140 Ce were compared to the
ones obtained for 124 Sn with the same (17 O,17 O’γ) reaction and also with the (α,α’γ) reaction. High consistency
of the results is observed which allows to conclude that inelastic scattering of 17 O at 20 MeV/u is a very good tool
to study the isospin character of the pygmy dipole resonance. The overestimation of our experimental ISEWSR
as compared with the RQRPA predictions might be explained due to the fact that RQRPA calculations do not
take into account the effects of coupling to low-energy
surface phonons. However, the ISEWSR value predicted
by RQTBA approach for the PDR is 2.5% which is consistent with the 2.03% value measured as an upper limit
in our experiment.
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