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The properties of pygmy dipole states in 208Pb were investigated using the 208Pb(17O, 17O’γ) reaction at
340 MeV and measuring the γ decay with high resolution with the AGATA demonstrator array. Cross
sections and angular distributions of the emitted γ rays and of the scattered particles were measured. The
results are compared with (γ, γ0) and (p, p0) data. The data analysis with the distorted wave Born
approximation approach gives a good description of the elastic scattering and of the inelastic excitation of
the 2þ and 3− states. For the dipole transitions a form factor obtained by folding a microscopically
calculated transition density was used for the first time. This has allowed us to extract the isoscalar
component of the 1− excited states from 4 to 8 MeV.
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A common feature of the strongly interacting many-body
quantum systems is the presence of collective phenomena.
In nuclei giant resonances (GRs), as the very extensively
studied giant dipole resonance (GDR), are well established
collective states, with an energy larger than the particle
separation energy. For neutron rich nuclei the GDR is
characterized by concentrations of strength, denoted as
pygmy states, around and below the particle separation
energy. Pygmy states are presently attracting particular
attention because they reflect a property of neutron rich

matter forming neutron skin (see, e.g., [1–7]) with impli-
cations to two relevant astrophysics problems, that of
neutron stars and of r-process nucleosynthesis [8]. The
progress in the prediction of the properties of neutron rich
matter and of its equation of state is connected to advances
in energy density functionals (EDF), an approach also
widely used in condensed matter. Theoretical nuclear
models based on EDF describe the pygmy states either
as a mixing between an isoscalar compressional dipole
mode and the GDR (namely, the proton-neutron oscillation
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mode), or even as due to the remaining particle-hole
strength. Indications of the mixing between the isoscalar
compressional mode due to the oscillation of the neutron
skin and the p-n oscillation mode have been obtained using
(α, α0) scattering [9]. While in the first experiments using
(α, α0γ) the gamma decay of the pygmy dipole resonance
(PDR) was measured with low resolution [10], more
recently, high resolution measurements were performed
for a few nuclei [11–13] including 124Sn and 140Ce (magic
in Z and N, respectively). The latter measurements, when
compared with results for 1− states from (γ, γ0), showed that
the pygmy strength splits into two parts within the excita-
tion energy 4–9 MeV with different nature. The under-
standing of the nature of the pygmy resonance is also
particularly important in connection with the nuclear polar-
izability (measured recently in 208Pb [4] and 68Ni [14]),
affected by the pygmy states, which gives constraints to the
neutron skin and thus to the nuclear equation of state of
neutron rich matter.
One important open problem for pygmy states is the

cross section sensitivity to transition densities containing
the nuclear structure information. To explore this one needs
high resolution measurements and comparison of data
obtained with different probes. In particular, nuclei with
sizable neutron skin, such as the doubly magic 208Pb, are
very interesting. In addition, to pin down the effect related
to the transition density of the pygmy states, which is
peaked on the surface (and thus in the region of the neutron
skin), one needs to use probes sensitive to the nuclear
surface. This is done for the first time with the new high
resolution experiment using the 208Pbð17O; 17O’γÞ208Pb
reaction at 20 MeV=u reported in the present Letter. In
addition, high lying 2þ states identified in (γ, γ0) were seen
for the first time with an hadronic probe. Measurements of
this reaction with lower resolution for γ rays were pre-
viously made at 22 MeV=u [15] [for the giant quadrupole
resonance (GQR)] and 84 MeV=u for the GDR [16]. Only
the latter showed a strong Coulomb excitation of GDR and
since we want a small Coulomb contribution for 1− states,
20 MeV=u was chosen as the bombarding energy.
The experiment was performed at the tandem-ALPI

accelerator complex of the LNL-INFN laboratory, using
a 340 MeV 17O beam and a self-supporting 208Pb target
2.8 mg=cm2 thick. The scattered 17O ions were detected
with two segmentedΔE − E silicon telescopes (pixel type),
prototypes for the TRACE project [17,18], placed sym-
metrically to the beam axis. These telescopes covered the
angular range of 12°–25°, allowed a good separation of
the oxygen isotopes, and their total energy resolution for
the summed signals was approximately 0.3%. The γ rays
originating from decays following inelastic excitation were
measured with the highly segmented HPGe detectors of the
AGATA demonstrator system [18,19]. The 17O beam was
chosen, instead of the more abundant 16O, because this
nucleus is loosely bound (the neutron separation energy

being 4.1 MeV), and thus with the identification of 17O one
is basically free from projectile γ rays in the energy region
of interest, namely, 4–8 MeV.
The left panel of Fig. 1 shows the γ-ray energy spectrum

measured with the AGATA demonstrator and obtained
applying a diagonal cut Ex ¼ Eγ in the matrix Ex versus Eγ

(the width of the cut was 1.5 MeV). The quantity Ex is the
excitation energy of the target nucleus deduced from the
measured 17O kinetic energy. This γ-ray spectrum was
unfolded according to the technique reported in Ref. [20],
using the detector response function [21,22] and this
resulted in the suppression of the first and second escape
peaks and of most of the Compton contribution to the
spectrum. The treatment of high-energy γ rays was per-
formed according to [21], and the Doppler correction for
the 208Pb recoil velocity resulted in a resolution of 12 keVat
5.5 MeV. The inset in the left panel of Fig. 1 shows the
details of the γ-ray spectrum at higher energy. The γ rays
identified in this spectrum correspond to well-known E1
and E2 transitions [23]. By exploiting the high segmenta-
tion of the used germanium and silicon detectors one can
measure the angular distribution of the emitted γ rays
relative to the recoil in an almost continuous fashion. For
each event the angle θγ; recoil between the γ-ray emission
and the 208Pb recoil velocity vector was reconstructed.
On the right-hand side of Fig. 1 two measured angular
distributions, one for the E1 transition of 5.512 MeV
(top) and the other for the E2 transition of 6.194 MeV are
shown (bottom). The data in both cases follow remarkably
well the expected yield distribution. Note that the excitation
with an isoscalar probe of the 6.194 MeV state and two
other high energy E2 states were measured with their
γ decay for the first time in this experiment (see also
discussion below).

FIG. 1 (color online). Left panel: γ-ray energy spectrum,
measured with the AGATA array, corresponding to the 17O
scattering channel and with the additional condition for selecting
transitions to the ground state. The inset shows the details of the
spectrum at high energy. Right panel: the angular distributions of
the E1 γ-ray transition from the 1− state at 5.512 MeV (top) and
of the E2 transition from the 2þ state at 6.194 MeV. The red
(blue) circle and line are for the E1 (E2) transition at 5.512
(6.194) MeV.
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In Fig. 2 [panel (a)] the data for elastic scattering divided
by the Rutherford cross section are shown. The normali-
zation of the calculation to the data at 11.9° gave an overall
factor related to the beam current and target thickness.
The corresponding distorted wave Born approximation
(DWBA) predictions were obtained with the computer code
FRESCO [24]. Theopticalmodel parameters of Saxon-Woods
potentials providing the best fit to the data correspond to
V ¼ 40.0 MeV,W ¼ 42.5 MeV (withV andW the depth of
the real and imaginary potentials), rv ¼ rW ¼ 1.15 fm,
aV ¼ aW ¼ 0.767 fm (the radii and diffuseness of the real
and imaginary parts) and rC ¼ 1.20 fm (theCoulomb radius
parameter). They are in general good agreement with a
previous measurement at a similar energy [15,25].
The optical model parameters from the elastic scattering

were then used to calculate the excited states’ cross
sections. The predictions for the 3− state at 2.618 MeV
and for the 2þ state at 4.085 MeV used the known
BðE2Þ↑and BðE3Þ↑ values [23,26,27] (see Fig. 2). Pure
isoscalar excitation was assumed, implying that the ratio of
the neutron matrix element Mn and the proton matrix
elementMp is given byMn=Mp ¼ N=Z. It is clear from the
good agreement with the data on an absolute scale (no
further normalization) that the deformed potential does an
excellent job. The results for 2þ and 3− states are consistent
with a measurement at 375 MeV [25]. For the 3− state a
hindrance factor was needed when it was excited with a

beam energy of 84 MeV=u [28]. Also, the high-lying E2
state at 6.194 MeV is rather well reproduced by the
calculation with the condition Mn=Mp ¼ N=Z. In general,
this implies a dominant isoscalar character of the state,
although the work in [15] discussed the validity of this
relation in the case of the GQR. All measured cross sections
averaged over angles [the average center of mass (c.m.)
angle being 15.6°] are shown in the top panels of Fig. 3,
with the E1 transitions on the left and the E2 transitions
on the right. The shaded areas in this figure show the
sensitivity limit, deduced on the base of the background
present in the spectra. In the bottom part of Fig. 3 the
BðE1Þ↑ and BðE2Þ↑ values deduced from (γ, γ0) measure-
ments [23] are shown. Note that (p, p0) data of [4] provide,
in the region of interest here, results basically identical to
those of (γ, γ0).
In the top left panel of Fig. 3 the DWBA predictions for

the E1 transitions, corresponding to the experimental
values of the BðE1Þ↑ from (γ, γ0) [23,27] and (p, p0)
[4], are shown with dashed bars. These calculations, which
are in strong disagreement with the data, were obtained
using a standard form factor (not pure Coulomb) and are
found to be very similar to the Coulomb excitation alone.
Examining Fig. 3 one notes a rather strong reduction of the
cross section, appearing at first glance anomalous, for
the E1 states at 6.5–7.5 MeV as compared with those at
4.5–6.5 MeV. This seems to be in contrast with the known

FIG. 2 (color online). Cross section measurements (closed
circles) and DWBA predictions (solid curves) for the
208Pbð17O;17OÞ208 and 208Pbð17O;17O0γÞ208Pb atEbeam¼340MeV
in the center of mass frame. (a) Elastic-scattering cross section
divided by the Rutherford cross section. (b),(c),(d) Cross
sections for excited states at 2.618 MeV (3− state), at
4.085 MeV (2þ state), and at 6.194 MeV (2þ state), respectively.
The error bars represent the statistical error. The green curves in
panel (d) take into account the experimental error in the BðE2Þ↑
value known from (γ, γ0) [23,27].

FIG. 3 (color online). Top panels: the measured differential
cross section at the average angle of 15.6° for E1 transitions (red
bars in the left panel) and E2 transitions (blue bars in the right
panel). The inset shows the details in the higher energy region.
The dashed bars give calculated DWBA excitation cross sections
using the BðE1Þ↑ and BðE2Þ↑ values from (γ, γ0) [23,27] and
standard form factors (see text). The shaded areas show the
sensitivity limit of the experiment. Bottom panels: electromag-
netic reduced transition strength measured with (γ, γ0) experi-
ments [23]. The statistical error of the experiment implies lower
and upper values indicated with the short horizontal bars.
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BðE1Þ↑ values and with the fact that the decrease of the
number of virtual photons in such a small excitation energy
interval is not expected to account for it. On the other
hand, the finding that the Coulomb excitation cross section
for the 4.5-6.5 MeV transitions is much smaller than the
data (it accounts for only 20%—30% of the measured
values) indicates clearly that these E1 states are excited
strongly also by nuclear interaction. This nuclear contri-
bution appears to be different for these two energy intervals
and, consequently, this suggests that the nature of the states
is not the same.
Another interesting feature of the present experiment is

the fact that for the two known closely lying 1− states at
7.063 and 7.083 MeV, the (17O,17O0) reaction populates
only the second state and not the first, in contrast with the
fact that the BðE1Þ↑ of the first state is much larger than
that of the second. Similarly to what is found for 48Ca [29],
this could suggest that these states originate from an isospin
pure level which is then split by isospin mixing.
The DWBA predictions for the E2 transitions at

4–6.5 MeV are shown with dashed bars in the right panel
of Fig. 3. For these calculations the known BðE2Þ↑ values
[23] were used. In addition, in all cases the assumption was
made that the relation Mn=Mp ¼ N=Z is fulfilled for the
proton and neutron matrix elements. For all measured E2
transitions the DWBA predictions reproduce rather well the
experimental results, in contrast with the E1 case.
To understand the measured E1 cross sections, we have

performed DWBA calculations with a different type of
nuclear form factor and using BðE1Þ↑ values known from
(γ, γ0) [23,27]. In particular, for the most intense E1 states
at 4.842 and 5.512 MeV the angular distribution of the
scattered particles was measured. As discussed above for
Fig. 3, one finds that indeed DWBA calculations, with a
standard phenomenological nuclear form factor [based on
the tail of the GDR and shown with a green dotted curve in
panel (c) of Fig. 4], do not account for the data over the
entire measured angular range. This is shown in the two top
panels of Fig. 4. These calculations (blue dashed lines) do
not differ substantially from those including the Coulomb
contribution only (green dotted line).
A better form factor is needed for the DWBA calculations.

In Ref. [30], a microscopic form factor was calculated for
17Oþ 208Pb, by using a double folding procedure with an
M3Y nucleon-nucleon interaction. This is shown in panel (c)
of Fig. 4 with all the different contributions [Coulomb
(dotted-dashed line), nuclear for L ¼ 1 and T ¼ 1 (dashed
line), nuclear isoscalar (long-dashed line)] and together with
the standard nuclear potential (green dotted line). The
microscopic transition density, shown in the inset, was
obtained with a HFþ RPA calculation and putting together
various 1− states (at around 7 MeV) with significant
strength [2.3% of the isoscalar energy weighted sum rule
(ISEWSR)] as in Ref. [30]. The obtained transition density
shows the strong isoscalar characteristics of the pygmy

dipole state: neutron and proton transition densities are in
phase in the interior and a strong surface contribution due
only to neutrons. We note that, in the region physically
more significant (between 10 and 14 fm), the most
important contribution for the form factor comes from
the nuclear part. The DWBA calculations with this form
factor and using, respectively, 2.6%, and 3.5% of the
EWSR for the isoscalar E1 excitation reproduce the data
remarkably well. In contrast, the data are not reproduced by
calculations without the surface part of the form factor. The
values of the ISEWSR were deduced by taking the cross
section as a sum of two parts: one being the Coulomb and
the other the nuclear (isoscalar in this case) contribution.
For the nuclear contribution, the used microscopic form
factor corresponded to a 2.3% ISEWSR, value that was
used as a starting point to fit the data. In the fit, the
Coulomb contribution was fixed and corresponding to the
known BðE1Þ values. The normalization factors (0.4–1.5

 

FIG. 4 (color online). Panels (a) and (b) show the inelastic
scattering cross section 208Pbð17O; 17O0Þ208Pb� at 340 MeV for
theE1 states 4.842 and 5.512MeV, respectively. The error bars are
the statistical errors. The lines show DWBA calculations. The
green dotted curves are the Coulomb excitation cross sections
and the blue dashed lines are calculations with the standard
phenomenological form factor (tail of the GDR). The solid lines
include the nuclear contribution calculated with the microscopic
form factor shown in the bottom panel [panel (c), see text] and
derived with the transition density shown in the inset.
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including the energy variation among the different states)
were then multiplied with the starting value of the ISEWSR,
being the isoscalar cross section proportional to it. The
extracted values of the ISEWSR for the most intense
measured 1− transitions are 2.6(0.8)% (4.842 MeV), 3.5
(0.5)% (5.512 MeV), 0.92(0.23)% (5.292 MeV), and 1.69
(0.28)% (6.264MeV). The obtained summed value, includ-
ing the contribution of all the observed 1− transitions up to
7.335 MeV, is 9.0(1.5)%, in line with the value reported in
[10] and consistent with the fact that most of the isoscalar
strength in 208Pb is around 22 MeV [31–33]. It should be
also pointed out that the fraction of ISEWSR for the
4.842 MeV E1 state was not obtained in the past with (α,
α0γ) but only from an analysis reported in [10] of a low
resolution measurement of (p, p0) scattering.
In conclusion, this Letter has presented new data con-

cerning the nature of the pygmy states. The E1 transitions
cross sections for 208Pb were analyzed for the first time
using a microscopic form factor and the isoscalar potential
was found to depend on the presence of the neutron skin. A
consistent description was obtained for elastic and inelastic
excitations of E2 and E3 states. In addition, three high-
lying E2 states were excited for the first time with a hadron
probe offering the possibility to study proton and neutron
multipole matrix elements. The (17O, 17O0γ) reaction at
around 20 MeV=u is found to be a good tool for these
studies so that the loosely bound 13C could be used as a
target with intense radioactive beams in inverse kinematics.
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