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Study of the γ decay of high-lying states in 208Pb via inelastic scattering of
17
O ions
A. Bracco and F.C.L. Crespi
Dipartimento di Fisica dell’Università di Milano e INFN, I-20133 Milano, Italy

Abstract. High-lying states in 208Pb nucleus were populated via inelastic scattering of a 17O beam at
bombarding energy of 20 MeV/u. Their subsequent gamma decay was measured with the detector system
AGATA Demonstrator based on HPGe detectors, coupled to an array of large volume LaBr3:Ce scintillators.
Preliminary results in comparison with (γ,γ’) data, for states in the 5-8 MeV energy interval, seem to indicate
that in that region the states belong to two different groups one with a isoscalar character and the other with a
isovector nature. This is similar to what was observed in other stable nuclei with (α,α’γ) experiments. The
multipolarity of the observed gamma transitions is determined with remarkable sensitivity thanks to angular
distribution measurements. Data aiming at studying the neutron decay of the Giant Quadrupole Resonance in
the 208Pb by the high resolution measurement of the following gamma decay are also presented in their
preliminary form.

1 Introduction
The use of heavy ions inelastic scattering at
approximately 20 MeV/u to study highly excited states
(up to the region of the Giant Quadrupole Resonance) is a
good tool when the measurement of the subsequent
gamma decay is also performed with high resolution.
Some partial results of the most recent experiments of
this type, performed to investigate the electric-dipole (E1)
response of nuclei at energies around the particle
threshold, are reported in this contribution. The
understanding of the electric-dipole response at energy
around the binding energy is presently attracting
considerable interest since the dipole strength distribution
in that region affects considerably the reaction rates in
astrophysical scenarios [1,2], where photodisintegration
reactions are important. In addition the E1 strength is also
interesting because it is expected to provide information
on the neutron skin and thus on the symmetry energy of
the equation of state [3-7]. The first evidence of an
accumulation of low-lying E1 strength in heavy nuclei,
larger than that due to the tail of the giant dipole
resonance (GDR), dates back to early 70’s [8]. However,
only in recent years, experimental and theoretical
investigations, on both stable and radioactive nuclei,
revealed that this is a common phenomenon in most
atomic nuclei [9-24]. The accumulation of E1strength
around the particle separation energy is commonly
denoted as pygmy dipole resonance (PDR) (see e.g.[5])
due to the much smaller size of its strength in comparison
with the giant dipole resonance (GDR). The

hydrodynamical model describes this pygmy strength as
associated to the vibration of the neutron skin.
An interesting feature in the region of the pygmy
resonance has been observed [25-29] in a number of
different stable nuclei, by comparing results of photonscattering and scattering experiments. In particular, it
has been found that one group of states is excited in both
type of reactions, while another group of states at higher
energies is only excited in the ( ’) case. These
experimental findings are in qualitative agreement with
different phonon models which predict a low-lying
isoscalar component dominated by neutron-skin
oscillations and a higher-lying group of states with a
stronger isovector character associated to the tail of the
giant dipole resonance.
The use of an additional probe as the inelastic scattering
of 17O at 20 MeV/u which has, similarly to alpha
particles, a rather strong isoscalar character is expected to
add valuable information on the quest of the nature of
these low-lying E1 states.
In addition, with the same experiment we intended to
study of the gamma and neutron decay of the Isoscalar
Giant Quadrupole Resonance (ISGQR) in the 10-13 MeV
range. In the past, inelastic scattering of 17O ions at the
energy of 22 MeV/u was used to study the gamma decay
of the ISGQR of 208Pb. The strength of the resonance and
its coupling with low-lying collective states [30, 31] were
obtained. However, the existing measurements were
performed using low-resolution gamma-ray detectors.
Although the presence of a fine structure superimposed
on the broad bump of the ISGQR in 208Pb has been

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20123803001

EPJ Web of Conferences

known for decades, only recently detailed investigations
performed with (e,e') and (p,p') experiments provided
evidence that this is indeed a global feature of the ISGQR
over a wide range of nuclei, such as 166Er, 120Sn, 90Zr,
89
Y, 58Ni [32,33]. Different techniques have been used to
extract the energy scales associated to the fine structure,
[32-39]. Comparison with second-RPA calculations
indicates that the energy scales can indeed arise from the
first step of the damping mechanism, that is the coupling
of the 1p-1h states to the 2p-2h states (see e.g. [32, 33]).
This calls for additional high resolution investigations
which are feasible using germanium detectors and also
LaBr3:Ce scintillator arrays for the gamma decay
measurement.
The experiment described in this paper was made at
LNL-INFN laboratory using the Tandem-ALPI
accelerator complex [40].
In Sec. 2, a detailed description of the experimental
technique and of the gamma and particle detection
systems is given, while in Sec. 3 preliminary results of
the experiment are discussed for the case of 208Pb.

deposit measured in the ΔE pad is shown in figure 2.
From this figure one sees a clear separation of the
different oxygen isotopes.
A picture of the gamma-ray detection system is given in
the bottom panel of figure 1. In this picture the gamma
detectors are on the right side. The gamma detectors are
part of two separated arrays: i) the AGATA (Advanced
GAmma-ray Tracking Array) Demonstrator [42, 43],
namely the first step of the new generation segmented
HPGe gamma-ray spectrometer AGATA, and ii) an array
of 8 large volume (3.5" x 8") LaBr3:Ce scintillators from
the HECTORplus array [44, 45]. These scintillators
couple the best properties characterizing inorganic
scintillators (high efficiency, subnanosecond time
resolution) with an energy resolution surpassed only by
that of germanium detectors.

2 Experimental technique and setup
In this experiment an 17O beam at the energy of 20
MeV/u in the laboratory frame, provided by PIAVEALPI accelerator system of the Legnaro National
Laboratories [40], was used together with a 208Pb target.
In the upper panel of figure 1 a schematic illustration of
the experimental setup is displayed. The choice of 17O
beam is motivated by the fact that this nucleus has a
rather small neutron separation (i.e. 4.1 MeV). This
property allows to avoid to have background in the
gamma spectra at energy E> 4 MeV due to the projectile
when one wants to investigate the gamma emission from
the target excitation. In fact, if an excitation energy
larger than 4.1 MeV is transferred to the projectile, the
neutron emission channel becomes dominant and thus the
outgoing nucleus becomes 16O which is well separated by
17
O in the particle detector system.
The detection of the scattered 17O ions was performed
with two segmented ΔE-E silicon telescopes. These are
pixel detectors having the geometrical features that are
similar to those that will be employed for the future
project TRACE [41], expecting to cover a large solid
angle. The ΔE detectors were 200 μm thick,
corresponding to an energy loss of about 70 MeV for an
17
O ion of 340 MeV (20 MeV/u). The E detectors were 1
mm thick. This last thickness is sufficient to stop the 17O
ions completely. Each detector is segmented in 60 pads of
4 x 4 mm2, for an active area of 20 x 48 mm2. The large
active area provides a good solid angle coverage.
The main feature of these detectors is the identification
in charge and mass the scattered ions. In addition the
excitation energy transferred to the target nucleus is
measured with medium resolution (1.2-1.5 MeV). An
example of a two-dimensional histogram displaying the
Total Kinetic Energy (TKE) of 17O ions measured in one
pad of the ΔE-E silicon telescopes versus the energy

Fig. 1. Bottom panel: the detection systems used to measure
gamma rays in the experiment (AGATA Demonstrator and
LaBr3:Ce array) are on the right side in the picture. Top panel:
schematic representation of the experimental setup including
silicon detectors at small angles (13 degrees) and the gamma
detectors covering a wide angular range.

03001-p.2

NSRT12

Fig. 2. Two-dimensional histogram of the Total Kinetic Energy
(TKE) measured in one pad of the TRACE telescopes versus
the energy deposit measured in the ΔE pad. The dotted line
shows the separation of the oxygen isotopes.

3 Preliminary results
In the analysis of the experiment the information from the
Si telescopes is used not only for the selection of the
reaction channel but also for the correlation of the
gamma-ray energy with the excitation energy transferred
to the target nuclei. This quantity can be measured with
the Total Kinetic Energy Loss (TKEL) of the projectile,
which is the difference between the Total Kinetic Energy
(TKE) measured in an event and the energy
corresponding to an elastic scattering event. The gamma
spectrum obtained with the AGATA Demonstrator after
selecting the inelastically scattered 17O events is shown
(in blue) in the upper panel of figure 3, together with the
spectrum (in red) obtained with the additional
requirement that the energy of the gamma rays equals the
TKEL values within a window ±1.5 MeV wide. By
examining these two spectra it is evident that this TKEL
condition enhances the relative intensity of the 208Pb
gamma-ray transitions at 2615 keV (3-) and at 4085 keV
(2+), with respect to the background. In the bottom panel
of figure 3 the same spectra described above, in this case
for the LaBr3:Ce scintillator array, are displayed. The
high resolution data obtained with AGATA show (see
upper panel of figure 3) that the 4085 keV gamma line is
splitted in two components. This splitting originates from
Doppler shift due to the 208Pb target nuclei recoil motion
and the two components are associated to events in which
the 17O scattered ions are detected by the left/right silicon
telescope, respectively. The speed of the recoils is of the
order of 0.5% of the speed of light. While this value
appears quite small it is enough to cause a shift of more
than 10 keV for high-energy gamma rays.

Fig. 3. Upper panel: gamma spectra measured with the AGATA
Demonstrator, under different gating conditions: the blue
spectrum is gated on the 17O scattering channel, while the red
spectrum has the additional requirement that the energy equals
the TKEL within a ±1.5 MeV large window. The spectra are
normalized to the total number of counts. Bottom panel: same
as above panel but here the data are from the used LaBr3:Ce
scintillator array.

In order to perform a Doppler correction for the recoil,
we calculated, with simple kinematics considerations, the
velocity vector of the recoil associated to each pad of the
silicon telescopes. The gamma emission direction was
determined instead using the position information from
AGATA detectors. The results of this procedure are
shown in figure 4, where the AGATA spectra before
(black line) and after (red line) Doppler correction are
compared. As can be seen the splitting of 4085 keV
gamma line is correctly removed once the Doppler
correction is performed.
Although the gamma-ray spectrum in the 5-8 MeV
energy range is dominated by E1 transitions, some E2
transitions are also present (this is also known from
previous Nuclear Resonance Fluorescence experiments
[46,47]). It is then important to have the possibility to
separate the two contributions through the different
angular distribution of the emitted gamma rays. In the
case of the AGATA Demonstrator it is possible to
measure the emission direction of each gamma ray with a
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we applied the Compton unfolding techniques
implemented in the RADWARE software package [48].
The response function of the AGATA Demonstrator was
computed with GEANT4 [49, 50], for photon energies in
the range from 1 MeV up to 15 MeV. The result of this
unfolding procedure is shown in figure 6. In this last
figure the original gamma spectrum is displayed in the
upper panel (black line), while the blue spectrum in the
bottom panel is after the unfolding. The removal of the
Compton background and of the single escape peaks in
the blue spectrum is evident. One can see in particular the
single escape peaks removed around the 5715 keV line
(indicated with a black arrow). The spectra in figure 6 are
displayed in the 5-8 MeV energy interval, dominated by
E1 transitions associated to the PDR mode in 208Pb.
Fig. 4. Comparison of AGATA gamma spectra before (black
line) and after (red line) the Doppler correction for the 208Pb
recoil motion is applied. The splitting of 4085 keV gamma line
is correctly removed once the Doppler correction is performed.

remarkable precision (~ 1°), thanks to the Pulse Shape
Analysis and tracking algorithms. We considered for each
event the angle ( ,recoil)
between the gamma-ray
emission direction and the 208Pb recoil velocity vector
(reconstructed using the information from the silicon
telescope pad which detected the 17O ion). Figure 5
shows the angular distribution obtained for the 4085 keV
line. The measured variation in intensity (W( ,recoil)) as a
function of the angle is well reproduced with the
expected trend for the E2 transition in 208Pb (2+ @ 4084
keV  g.s.).
Fig. 6. AGATA gamma spectra obtained with the gating
conditions described in the text and displayed in the 5-8 MeV
energy range, dominated by E1 transitions. The original
gamma spectrum is displayed in the upper panel (black line),
while the blue spectrum in the bottom panel is after the
unfolding.

Fig. 5. The light-blue dots display, for the case of the 4085 keV
line, the measured variation in gamma emission intensity
(W( ,recoil)) as a function of the ,recoil angle (see text for
description). The dotted line represents the expected trend for
208
the E2 transition in Pb (2+ @ 4084 keV  g.s.).

Although the use of tracking algorithms greatly improves
the Peak/Total ratio for the AGATA Demonstrator [29,
30], as compared to traditional HPGe arrays, still a
significant number of counts in the spectra are associated
to Compton events and to single/double escape events.
This can be clearly seen, for example, in the AGATA
spectra of figure 3 and figure 4. In order to remove from
the spectrum line-shape the effect of such background,

A comparison of the experimental results with theoretical
calculations requires the extraction of the B(E1) for each
state of the resonance from the experimental crosssections. In principle, the absolute cross-section obtained
from the DWBA calculation should be compared to the
experimental cross-section. We decided, however, to
evaluate the relative strength of each state compared to a
reference one, and scale all B(E1) values with the value
for the reference state found in literature [32]. We used as
a reference line the strongest E1 transition, at 5512 keV,
using the value of B(E1) measured in [32]. In addition the
energy dependence was deduced with DWBA
calculations. Figure 7 displays the experimental values of
the B(E1) of the PDR states in 208Pb measured with our
setup (in blue) and with the NRF technique (in green),
convoluted with a Lorentzian curve with a width of 500
keV. There is a remarkable overlap between the two
curves below ~6.5 MeV, while for higher energies there
is an abrupt change in the response for the two different
probes. This indicates that there is a splitting of the PDR
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in 208Pb similar to what has been observed for lighter
nuclei with the (α,α’γ) technique [14-17]. The lowenergy part of the resonance is excited equally well by
heavy ions and photons, while the high-energy part is
weakly excited by ions.

and the other with a more isovector character. Data
aiming at studying the neutron decay of the Giant
Quadrupole Resonance in the 208Pb by the high resolution
measurement of the following gamma decay are also
presented in their preliminary form. The future analysis
of these data is expected to provide information on the
neutron decay of the GQR and GMR with unprecedented
resolution. The neutron decay is important to shed light
on the damping mechanisms of giant resonances and to
extract the direct decay component. This allows to test
theory in detail.

Fig. 7. Preliminary results for the experimental values of the
B(E1) of the PDR states in 208Pb extracted from data taken with
our setup (in blue) and with the NRF technique (in red),
convoluted with a Lorentzian curve with a width of 500 keV.

In order to study the neutron decay from the GQR and
GMR region different region of excitation energy above
the neutron binding energy were selected. In particular
the gamma-ray spectra measured with the AGATA
Demonstrator corresponding to the decay from high lying
states (>7 MeV) are displayed in figure 8. The spectra of
figure 8 are obtained by imposing different gating
conditions on the Total Kinetic Energy Loss (TKEL) of
the scattered 17O projectile, detected in the silicon
telescopes. The black spectrum in the upper panel
displays the events associated to TKEL < 7 MeV, the red
spectrum displays the events associated to a TKEL in the
10-13 MeV interval and finally the blue spectrum in the
bottom panel displays the events associated to a TKEL in
the 13-16 MeV interval. Gamma lines from 208Pb, 207Pb
and 206Pb are labeled in the figure indicating the
associated transitions. An enhancement of gamma lines
from 207Pb and 206Pb for the higher values of excitation
energy is evident. This result opens the possibility to use
the acquired data for the study of the neutron decay of the
Giant Quadrupole Resonance in the 208Pb nucleus.

4 Conclusions
The present study, although in its preliminary form, has
shown an interesting result and an interesting opportunity
related to a future analysis. The interesting result
concerns the E1 response in the pygmy resonance region.
Similarly to what was found using the (α,α’γ) reaction,
also in this case the results seem to indicate that there are
two groups of states one with a more isoscalar character

Fig. 8. Gamma spectra measured with the AGATA Demonstrator, obtained after imposing different gating conditions on
the TKEL of 17O ion detected in the silicon telescopes. In
particular: the black spectrum in the upper panel displays the
events associated to TKEL < 7 MeV, the red spectrum displays
the events associated to a TKEL in the 10-13 MeV range and
finally the blue spectrum in the bottom panel displays the events
associated to a TKEL in the 14-16 MeV range. The three
spectra are normalized to the total number of counts. Gamma
208
lines from Pb, 207Pb and 206Pb, enhanced after imposing the
different gates on the TKEL, are labeled indicating the
associated transitions.
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