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Eα=136 MeV

This effect has been examined by microscopic calcula-
tions. The (!, !0) cross sections can be directly compared
to calculated nuclear response to the electromagnetic di-
pole operator r Y1. The calculation of the (", "0) cross
sections involves the Coulomb and nucleon-nucleon terms
of the "-particle interaction with the target nucleus. We
have checked that the former term plays a marginal role
(less than 10%) under conditions of the present experi-
ment. Then, accounting for a small q value of the reaction
which is about 0:33 fm!1, the (", "0) cross section is
proportional with a good accuracy to the response to the
isoscalar dipole operator r3 Y1. The spurious center-of-
mass motion has been removed (see, e.g., [33] for details).

The nuclear structure part of these calculations has
been performed within the QPM [34] and the relativistic

quasiparticle time-blocking approximation (RQTBA) [35],
the most representative combination of the microscopic
nuclear structure models beyond quasiparticle random-
phase approximation (QRPA). The QPM wave functions
of nuclear excited states are composed from one-, two-
and three-phonon components. The phonon spectrum is cal-
culated within the QRPA on top of the Woods-Saxon mean
field with single-particle energies corrected to reproduce the
experimentally known single-particle levels in neighboring
odd-mass nuclei. The details of calculations are similar to
the ones in Refs. [3,14,17]. The results are presented in
Fig. 2. Figure 2(d) shows that the electromagnetic strength
is strongly fragmented with two pronounced peaks at about
6.3 and 7.5 MeV, in good agreement with the measured
(!, !0) data. The isoscalar response in Fig. 2(c) reveals the
suppression of the strength in the higher energy part of the
spectrum, in good qualitative agreement with the data.
The RQTBA is based on the covariant energy-density

functional and employs a fully consistent parameter-free
technique (for details seeRef. [35]) to account for nucleonic
configurations beyond the simplest two-quasiparticle
ones. The RQTBA excited states are built of the two-
quasiparticle-phonon (2q " phonon) configurations, so that
themodel space is constructedwith the quasiparticles of the
relativistic mean field and the phonons computed within the
self-consistent relativistic QRPA. Phonons of multipolar-
ities 2þ, 3!, 4þ, 5!, 6þ with energies below 10 MeV are
included in themodel space. The result of these calculations
is shown in Figs. 2(e) and 2(f). Compared to the experi-
mental and to the QPM spectra, the structural features are
shifted by about 600 keV towards higher energies for theE1
electromagnetic strength and even more for the isoscalar
dipole strength. Furthermore, the obtained fragmentation is

140
120
100

80
60
40
20

5000 6000 7000 8000 9000

0

1

2

3

4
124Sn( , ’ )

124Sn( , ’)

(b)

(a)

FIG. 3. (a) Differential cross section obtained from the
124Snð";"0!Þ experiment integrated to bins with a width of
100 keV. (b) Energy integrated cross section measured in
124Snð!;!0Þ integrated to bins with a width of 100 keV.
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FIG. 2 (color online). (a) Singles cross section for the excitation of the J# ¼ 1! states in 124Sn obtained in the (", "0!) coincidence
experiment. The solid line shows the energy-dependent experimental sensitivity limit. (b) BðE1Þ " strength distribution measured with
the (!, !0) reaction. The middle column shows the QPM transition probabilities in 124Sn for the isoscalar (c) and electromagnetic
(d) dipole operators. The RQTBA strength functions in 124Sn for the isoscalar and electromagnetic dipole operators are shown in
(e) and (f), respectively.
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Splitting of the low-lying dipole strength 

๏ with (�,�’�)  at KVI.   
๏ with (17O, 17O’ �) at LNL 

see also D. Negi talk  on Tuesday
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Pygmy Dipole Resonance (PDR) can be studied 
with isoscalar probe, in this case the radial form 

factors used in the cross section calculations 
play an important role. 

Form factors calculated within a microscopic 
model are compared with those provided by 
different macroscopic collective models.  

Their differences, in the shape and magnitude, 
are reflected on the calculated cross section and 

therefore jeopardize the extracted physical 
quantities.

Outline
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This is a 3ℏω nuclear 

transitions generated by 
the second order ΔL=1 

transition operator and it 
can be seen as a 

compressional mode.



Then these states can be studied and have 
been studied also with reactions where the 
nuclear part of the interaction is involved.

It is well established that the low-lying 
dipole states (the Pygmy Dipole Resonance) 

have a strong isoscalar component.

In the experimental analysis, for these 
cases, a fundamental role is played by the 

radial form factors used 
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Example:  the transition amplitude for the DWBA

the radial form factor F(r) contains all the structure 
effects, they can be derived in macroscopic or 

microscopic approaches

The description of inelastic cross section 
with isoscalar probes  

- DWBA, first order theory 
- Coupled Channel, high order effect 

important 
- Semiclassical approximations

TDWBA =

Z
�(�)(k� , r)F (r)�(+)(k↵, r)dr

FC(r) ⇡
p

B(EL)

rL+1
FN (r) ⇡ �N

dUN (r)

dr



Goldhaber-Teller for the IVGDR 

Harakeh-Dieperink for the ISGDR 

Microscopic form factor (double folding)

Dipole radial form factors calculation
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The transition densities δρ can be calculated in 
a macroscopic or microscopic way

Double Folding 
procedure 



T. J. Deal, NPA 217 (1973) 210;  
M. N. Harakeh and A. E. L. Dieperink PRC 23 (1981) 2329 

Macroscopic transition density for the ISGDR 

R is the half-density radius 
of the mass distribution.

For both states, the macroscopic 
transition density has been 

scaled according to the 
following condition
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We compare the RPA isoscalar transition densities 
with the two macroscopic model.

In both the macroscopic transition densities, the 
RPA ground state density has been used.
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The  form factors have been 
obtained with the double 

folding procedure with the M3Y 
nucleon-nucleon potential and 
with the micro (RPA) and macro 

transition densities
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208Pb(17O,17Oγ)208Pb 
at 340 MeV

Using TRACE 
prototype and 

AGATA Demonstrator 
system

F.C.L. Crespi et al., 
PRL 113 (2014) 012501 

F.C.L. Crespi et al., 
PRC 91 (2015) 024323 

90Zr(17O,17Oγ)90Zr 
at 340 MeV

124Sn(17O,17Oγ)124Sn 
at 340 MeV

5

MeV), 1.69(0.28)% (6.264 MeV). The obtained summed
value, including 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 [29–31]. It should be also pointed that the
fraction of the isoscalar electric dipole sum rule for the
4.842 MeV E1 state was not obtained in the past with
( α,α′γ) but only from an analysis reported in [10] of a
low resolution measurement of (p,p′) scattering.
In conclusion this paper has presented new data, ob-
tained measuring gamma decay with high resolution and
using an isoscalar probe, on the nature of the pygmy
states in 208Pb, a nucleus which is a test bench for
theory. The E1 transitions cross sections were analyzed
for the first time using a microscopic form factor. The
isoscalar component of these states was obtained using
a very complete experimental information allowing a
consistent description of cross sections for elastic and
inelastic excitations of low-lying and high-lying states
of different electric E1 and E2 characters. As a final
remark it is found that the (17O,17O′γ) reaction at
around 20 MeV/u is a good tool for the study of the
PDR suggesting possible exploitation of loosely bound
target nuclei such as 13C with intense radioactive beams
in inverse kinematics.

The authors wish to thank D.C. Radford for
adapting the unfolding program. We acknowledge
support from several grants. Contributions from
European FP7/2007-2013 under Grant Agreement
no 262010ENSAR; INFN from Italy; from Poland
Grants No. DPN/N190/AGATA/2009 and No.
2011/03/B/ST2/01894, 2013/09/N/ST2/04093 and
2013/08/M/ST2/00591; from Spain grant PROME-
TEO/2010/101, MINECO grants AIC-D-2011-0746,
FPA2011-29854 and FPA-2011-29854-C04-01.

FIG. 4. Panls () and (b) : the differential inelastic scat-
tering cross section 208Pb(17O,17O′)208Pb∗ at 340 MeV for
the E1 states 4.842 MeV and 5.512 MeV, respectively. The
error bars are the statistical error. The lines show DWBA
calculations. The green dash-dotted curves are the Coulomb
excitation cross sections and the blue dashed lines are calcu-
lations with the standard phenomenological form factor (tail
of the GDR). The curves shown with full drawn lines include
the nuclear contribution calculated with the microscopic form
factor shown in the bottom panel (panel c) and derived with
the transition density shown in the inset.

measurements of the di↵erential cross sections at di↵er-
ent scattering angles. The DWBA calculations were per-
formed using the computer code FRESCO [21]. Since a190

not well calibrated faraday cup was available, the com-
bined contribution of the beam current and target thick-
ness was deduced by normalising data to the elastic scat-
tering cross section calculations. This normalising fac-
tor was used for every inelastic scattering cross section195

measured afterwards. Fig. 4 (top panel) shows the data
obtained for the elastic scattering divided by the Ruther-
ford Cross section. The optical parameter of the Woods-
Saxon potentials that best fitted our data were, for the
depth of the real and imaginary potential, V=50.0 MeV200

and W=32.0 MeV and for the radii and the di↵use-
ness of the real and imaginary parts rv=rw=1.16 fm and
av=aw=0.67 fm, respectively. The Coulomb radius pa-
rameter was rc=1.2 fm. To check the reliability and the
accuracy of our calculations, a comparison between the205

experimental and the calculated cross sections for dif-
ferent 2+ excited states was evaluated. The calculations
for the excited states used the standard collective-model
form factor, namely a deformed Woods-Saxon poten-
tial employed in the FRESCO code. For the excited210

states calculations the known B(E�)" values [10, 22]
were used. The central and bottom panels of Fig. 4
show the experimental di↵erential cross sections for the
excitation of the collective 2+ states of 124Sn at 1.132
MeV and 3.214 MeV, respectively, in comparison with215

the calculations. These predictions were obtained as-
suming pure isoscalar excitation implying that the ratio
of the neutron matrix element Mn and proton matrix el-
ement Mp is given by Mn/Mp =N/Z. It is clear from this
figure that the calculated curves are in excellent agree-220

ment with the data, and support the interpretation of a
pure isoscalar nature of these transitions.

The DWBA analysis of the E1 states is presented in
the bottom panel of Fig. 5. Since the statistics were in-
su�cient to get an angular distribution of the scattered225

particle of each separate state, the data were integrated
in the excitation energy region 5.5-7 MeV. The cross-
section calculations for the Coulomb excitation (very
similar to the total excitation using for the nuclear part
the standard collective model form factor [21]) in the230

region between 5.5-7 MeV are shown with the dashed
line, in comparison with the data (bottom panel of Fig.
5). The used value for the summed B(E1) was 0.22 W.u.
It is clear from this comparison that the cross sections
associated to a pure Coulomb excitation (dashed line)235

do not reproduce the experimental results but it only ac-
counts for 10% of the measured yield. This leads us to
conclude that the main contribution to the inelastic ex-
citation at our beam energy comes from the nuclear part

Figure 5: Top panel: Form factor associated to the PDR states for
the 124Sn+17O system. The Coulomb and the nuclear components
are shown together with the total one (solid black line). Bottom
panel: di↵erential cross sections for the 1� states between 5.5-7 MeV.
The blue dashed line shows the DWBA calculations with the only
Coulomb contribution while the red solid line represent the total.
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VI. THE 1− STATES

The present reaction populates very well the 1− state at
6.424 MeV, for which the γ transition to the ground state is
well identified in the γ -ray spectrum measured with AGATA.
For this state the angular distribution was obtained, as shown
in the top panel of Fig. 7. The DWBA calculation for this state,
based on the adopted B(E1)↑ = 0.018 e2 fm2 value and with
the standard form factor used for isovector dipole states (as,
for example, the GDR), is shown as a black solid line in Fig. 7.
As one can see, this calculation accounts only for a rather
small fraction of the measured yield. In this calculation the
Coulomb part is the dominant one and it is fixed by the known
B(E1)↑ value deduced from the (γ ,γ ′) data of Ref. [17].
It is clear that the nuclear part is not well described by the
standard distorted potential approach in the case of this 1−

state. Similarly to what was done in recent analyses of 1− states
in 208Pb [14] and 124Sn [15], also for the 1− state at 6.424 MeV
in 90Zr a calculation was performed using a microscopically

FIG. 7. (Color online) (Top) Inelastic scattering cross section
90Zr(17O,17O′γ )90Zr* at 340 MeV for the 1− state 6.424 MeV.
The error bars are the statistical errors. The lines show DWBA
calculations. The black solid curve represents the calculations with the
standard phenomenological form factor. The red solid line includes
the nuclear contribution calculated with the microscopic form factor
shown in the bottom panel (see text) and derived with the transition
density shown in the Fig. 8.

FIG. 8. (Color online) Transition densities for protons (red line)
and neutrons (blue line) used to derive the form factors for the
microscopic calculations for the 1− pygmy states (top panel) and
2+ states (bottom panel).

calculated form factor. The form factor was calculated by
a double folding procedure with a M3Y nucleon-nucleon
interaction. The ground-state density and the transition density
were obtained with Hartree-Fock plus RPA calculations with
a SGII (Sagawa-Giai II, see Ref. [30]) interaction. The proton
and neutron transition densities for a 1− state are shown in
Fig. 8 (in the top panel). In the bottom panel of Fig. 8 the
proton and neutron transition densities for a 2+ state are also
displayed. These transition densities show the typical behavior
of pure isoscalar states. For the 2+ state, proton and neutron
transition densities oscillate in phase. Instead, for the 1− state
proton and neutron transition densities are characterized by an
oscillation in phase inside the nucleus and by a concentration of
only neutron strength at the surface. This is the typical behavior
of a pygmy state characterized by a concentration of neutron
strength at the surface. The corresponding form factors are
shown in the bottom panels of Figs. 6 and 7, from which one
can appreciate the different structure of the two form factors.
In particular, the one corresponding to the low-lying dipole
(PDR) state shows a positive interference, between Coulomb
and nuclear components, inside the nucleus and a negative one
at the surface. This is attributable to the presence of a node
in the isoscalar transition density of the PDR state. One can
note that for the 1− state the form factor from the microscopic
description is very different at the nuclear surface as compared

024323-7



For the study of the Pygmy Dipole Resonance 
with isoscalar probe, the form factors calculated 
within a microscopic model are compared with 

those provided by different macroscopic 
collective models.  

Their differences, shown in the shape and 
magnitude, are reflected on the calculated cross 
section and therefore jeopardize the extracted 

physical quantities. 

For the PDR states, it is of paramount importance 
the use of a microscopic radial form factor

Summary



Experiment with CHIMERA  
at LNS (end of November)

one can find the response to an isovector (isoscalar) probe. In particular they are generated by the action of 
the following two operators 
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As soon as there is an increase of the neutron number, a small peak becomes appreciable in the isovector 
response and it is clearly discernible for the 68Ni isotope. The corresponding  peaks in the isoscalar 

distributions are increasing with the neutron number until it 
becomes dominant for the 68Ni.  
 
The low lying peaks have unusual features and these can be 
put in evidence by looking to their transition densities. In 
figure 2 they are shown for the 68Ni isotope: in the picture 
there are the proton (dashed line) and neutron (solid line) 
transition densities as well as the isoscalar (dashed line) 
and isovector (solid line) ones. One can notice that: The 
neutron and proton transition densities are in phase inside 
the nucleus and at the surface only the neutron part 
survives. These properties can be taken as a sort of 
theoretical definition of the PDR. At the interior the 
isoscalar part (dotted line) is much more pronounced that 
the isovector one (solid line) and at the surface both of 
them have almost the same strength. 
This feature allows the possibility of studying these low 
lying dipole states by using an isoscalar probe in 
addition to the conventional isovector one. In ref. [13] it 
was shown that valuable information on the nature of the 
PDR can be obtained by excitation processes involving the 
nuclear part of the interaction. In particular, investigation of 
the PDR state can be better carried out at low incident 
energy (below 50 MeV/nucleon) using for instance 68Ni on 
12C. In figure 3 the results for the nuclear and Coulomb 
contributions as well as the total one are shown for this 
case for three different incident energies (10, 20, 30 
A·MeV). In frame b) the Coulomb cross section shows how 
the low incident energy inhibits the excitation of the GDR 

with respect to the low lying states. This is due to the 
well known adiabatic cut-off effect that governs the 
transition amplitudes for Coulomb excitation. We 
would like to stress that, although the Coulomb 
contribution for the PDR is very small, a constructive 
interference is clearly shown in the lower frame where 
the total contributions are plotted. At LNS the 68Ni 
beam was recently produced during a test experiment 
in the CHIMERA hall, ( see fig.4). A yield of 20kHz 
was measured for this beam. We propose therefore to 
use this beam at energy around 30 A·MeV  on a thick 
12C target (100 �m)  to excite the pigmy resonance. The 
�!decay of the resonance can be measured using the 
CsI(Tl) of the CHIMERA detector  [chim]. 

The detection efficiency of such detectors to �-
rays, as evaluated with GEANT simulations, is of the 
order of 30% around 10 MeV ( integrating the energy 
released from 8 to 10 MeV ). Detection efficiency and 

spectra quality was recently proved measuring the �-decay of various 12C levels excited with proton beams 

Fig.4%Identification%scatter%plot%of%68Ni%fragmentation%
beam 
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Fig.%3%cross%section%for%PIGMY%resonance%
excitation%at%10,%20,%30%MeV/A At LNS a primary 70Zn beam  of 40 MeV/A on a 9Be target produce a secondary 

68Ni beam in the CHIMERA hall. A yield of 20kHz was measured for this beam.

We propose to use this beam at energy around 30 
A·MeV on a thick 12C target to excite the pygmy 
resonance. The γ-decay of the resonance can be 

measured using the CsI of the CHIMERA detector.
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Thank you for your 
attention


