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Five workshop questions: 
1. Are the dipole resonances due to collective or     

single-particle excitations? 
2. What is the interplay between isovector and 

isoscalar contributions? 
3. What are the contributions due to E1 and M1? 
4. How strongly is the observed strength distribution 

biased by the method or selected decay channel? 
5. What experimental advances are desirable to 

answer the outstanding questions?
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Are the Pygmy Dipole Resonances due 
to collective or single-particle 

excitations?
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What is the nature of these dipole states?   
Are these low-lying dipole excitations collective? 
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In RPA calculations, for a state ν, 
the contribution of a particle-hole 
configuration can be calculated by 
defining the amplitude

with the normalization 
condition

And one can see what is the 
contribution, in percentage, of a p-h 
configuration to the formation of 
the state ν.

D. Vretenar, N. Paar, P. Ring, G.A. Lalazissis, 
NPA 692 (2001) 496

Aν
ph = |Xν

ph |2 − |Yν
ph |2

∑
ph
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ph = 1
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Defining an index to 
measure the degree of 
collectivity of a specific 
excited state:

G. Co’, V. De Donno, C. Maieron, 
M. Anguiano, A. M. Lallena,  

PRC 80 (2009) 014308

D = N*
Nph

What is the nature of these dipole states?   
Are these low-lying dipole excitations collective? 

In RPA calculations, for a state ν, 
the contribution of a particle-hole 
configuration can be calculated by 
defining the amplitude

with the normalization 
condition

And one can see what is the 
contribution, in percentage, of a p-h 
configuration to the formation of 
the state ν.

D. Vretenar, N. Paar, P. Ring, G.A. Lalazissis, 
NPA 692 (2001) 496

Aν
ph = |Xν

ph |2 − |Yν
ph |2

∑
ph

Aν
ph = 1

where N* is 
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The analysis based on the Aph or D are not exhaustive: they do not 
take into account the transition amplitude Tλph  associated with 
the elementary p-h configurations.  
Particle-hole configurations with small Aph may have big bph
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Collectivity means also coherence.

E.G. Lanza, F. Catara, D. Gambacurta, M.V. Andrés, Ph. Chomaz 
PRC 79 (2009) 054615
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The low lying structures dipole states are related to the co-operative, 
although not coherent, effects of several p-h excitations.

Collectivity means also coherence.

E.G. Lanza, F. Catara, D. Gambacurta, M.V. Andrés, Ph. Chomaz 
PRC 79 (2009) 054615

132Sn



    

� 

B(E;0) = bph (E)
ph


2

= Xph
 Yph

( ) Tph
ph


2

0 100 200-2

-1

0

1

2

b ph
 (E

1)

E=10.36 MeV

0 100 200-2

0

2

4

E=15.63 MeV

p

nph conf.

pn n

68Ni
isovector dipole states

0 100 200

0

20

40

60
b ph

 (E
1)

E=10.36 MeV

0 100 200

0

20

40

60
E=15.63 MeV

p p

nph conf.

nn

68Ni
isoscalar dipole states

Collective

Non Collective



A simple estimate for the collectivity can be obtained by the reduced 
transition probabilities in Weisskopf units

X. Roca-Maza, G. Pozzi, M. Brenna, K. Mizuyama and G. Colò 
PRC 85 (2012) 024601
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FIG. 5. (Color online) Reduced transition probabilities for the isovector dipole response [(a), (c), and (e)] and isoscalar dipole response
[(b), (d), and (f)], in the case of 208Pb [(a) and (b)], 132Sn [(c) and (d)] and 68Ni [(e) and (f)] in s.p. units, as a function of the excitation energy
and as predicted by the selected MF interactions. Note that we only show the energy region relevant for our study of the RPA-pygmy state.

a low-lying isoscalar component basically due to oscillations
of the neutron skin thickness of the nucleus under study. It is
important to note that both investigations were reported to be
in qualitative agreement with the available experimental data.

On the basis of the above mentioned works and the
definitions given in Eq. (8) and in the text around, we
present a more systematic study of the isospin structure of
the low-energy RPA states as predicted by the forces SGII,
SLy5, and SkI3 for the studied 68Ni, 132Sn, and 208Pb nuclei.
First of all, we plot the neutron and proton, as well as the
isoscalar and isovector transition densities corresponding to
the RPA-pygmy state as predicted by each interaction in order
to illustrate how these low-energy transition densities behave.

We show the neutron and proton transition densities in
Figs. 6(a), 6(c), and 6(e), and the isoscalar and isovector
transition densities in Figs. 6(b), 6(d), and 6(f), respectively.
All of them, correspond to the RPA-pygmy state. The position
of the proton (rp) and neutron (rn) rms radii corresponds to the
edges of the grey region that defines in this way the neutron
skin thickness predicted by each interaction.

For the case of 208Pb, it can be seen from Fig. 2(a) that
neutrons and protons oscillate differently depending on the
interaction but in all cases the surface has a dominant isoscalar
character. On the contrary, the interior or bulk region is not
dominated by the isoscalar or isovector component but it is a
mixture of them. The isoscalar or isovector dominance is better
seen in Fig. 6(b). At the surface of the nucleus the isovector
transition density of the RPA-pygmy state is very close to zero,
while the isoscalar one is not.

In Figs. 6(c) (protons and neutrons) and 6(d) (IS and IV),
we display the transition densities for the case of 132Sn. It is

interesting to note that the situation is very similar to the one
found in 208Pb.

The neutron and proton transition densities corresponding
to the RPA-pygmy state in 68Ni are depicted in Fig. 6(e), and
the corresponding isoscalar and isovector ones are displayed
in Fig. 6(f). The behavior of the different transition densities is
predicted to be very similar within the studied models. This did
not hold for 132Sn and 208Pb where some qualitative differences
arose. Therefore, it is even more clear in this case that the
interior of 68Ni is not dominated by isoscalar or isovector
components. At the surface of the nucleus, the isoscalar part
dominates but the isovector part is not very small as it happened
for 132Sn or 208Pb.

Then, we apply our criteria for defining a 70% isoscalar
RPA state [see text after Eq. (8)] to all calculated excited
states and plot their contribution to the isovector dipole
strength function. We calculate the same quantity for different
regions. First, we apply the criteria to those states that
are 70% isoscalar in the region between 0 and R, where
R = r0A

1/3 (left panels in Fig. 7), then to those which are
70% isoscalar in the internal part of the nucleus, namely
between 0 and R/2 (central panels in the same figure), and
finally to those which are 70% isoscalar in the external part
of the nucleus between R/2 and R (right panels of the
same figure). Specifically, in Fig. 7(a), we show the above
mentioned calculations for 208Pb as predicted by SLy5 (dashed
line). As a guidance, we also show the total isovector dipole
stregth function (solid line). The results predicted by the other
interactions in the case of 208Pb are very similar and we are not
showing them. From such a figure, it is evident that the RPA
states which are mostly isoscalar in the whole region [0, R]

024601-7
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stregth function (solid line). The results predicted by the other
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FIG. 9. (Color online) Same as Fig. 8 for the case of 132Sn.

most relevant ph excitations to the isoscalar reduced transition
amplitude are basically coming from neutron transitions, and
that most of them add coherently. This is, actually, one of the
basic features to assert that a given RPA state is collective.

In Table II in Appendix B, we show the numerical details
of the ten neutron and proton ph excitations providing the
largest contributions to the isovector and isoscalar A

q
ph(E1; ξ ).

We also indicate in the figures and table the involved single
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FIG. 10. (Color online) Same in Fig. 8 for the case of 68Ni.

particle orbitals corresponding to the largest contributions
to the reduced amplitudes. In particular, we generally find
within all the employed models that the dynamics of the
low-energy isoscalar dipole response of 208Pb seems to be
governed by the excitations of the outermost neutrons, namely
those that form the neutron skin thickness of this nucleus.
From the analysis of the ph contributions, we conclude that

024601-10

A more precise estimate come from the plot of 
the Aph (which are the same that the bph shown 
before)



Schematic TDA and RPA models (generalisation of Brown-Bolsterli) with 
separable p-h interaction Aij=# QiQj*  

In the standard case for #>0 (#<0) one solution is pushed up (down). In 
both cases the corresponding state, in the degenerate case, is collective 
in the sense that it exhaust all the energy independent sum rule.

V. Baran, D.I. Palade, M. Colonna, M. Di Toro, A. Croitoru and A. I. Nicolin, 
PRC 91 (2015) 054303

By relaxing the condition of a unique coupling constant 

Two states are found, n1 and n2, one with energy pushed up and the 
other one with energy close to the unperturbed one. 
The energy independent sum rule is distributed only between these 
two states

| < n1|Q|0 > |2 + | < n2|Q|0 > |2 =
X

i

|Qi|2

This is taken as an indication of a collective behaviour of both states. 
Similar results are obtained for the schematic RPA model.

Aij = λ1 QiQ*j for ρ > ρ0 ; Aij = λ3 QiQ*j for ρ < ρ0 ;
Aij = λ2 QiQ*j for intermediate cases



P.-G. Reinhard and W. Nazarewicz, PRC 87 (2013) 014324 

ρ(T)(E, r) = 4π ∑
ν

∫
∞

0
dq q2 j1(qr) F(T)

ν (q) × GΓ(E − Eν) Energy-averaged radial 
transition densities

F(T)
ν (q)

GΓ(E − Eν)

Dipole transition 
form factor

Gaussian 
folding function

ISGDR  
collective

IVGDR  
collective

A complex multinodal 
behaviour in both isospin 
channels and a strong state 
dependence suggest a 
weak collectivity
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state?



Collectivity: is it only a theoretical problem?  
What about the experimental data? 

Is there a way to look at it in a clear way?  
What has to be measured to determine the degree of collectivity of a 

state?

One way could be to determine whether they are single particle level. 

Luna Pellegri proposal at LNS: 
Transfer reactions to populate the Pygmy Dipole Resonance 

in 96Mo  
To study a possible single-particle character of low-lying excited 

states via transfer reactions:  
95Mo(d,p)96Mo∗ at Ed=10 MeV,  
97Mo(p,d)96Mo∗ at Ep=26 MeV  

96Mo(α, α′γ)96Mo∗ at iThemba.  
The beam will be provided by the Tandem at LNS and the reaction 

products measured by the MAGNEX spectrometer 



What is the interplay between isovector 
and isoscalar contributions?
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Interplay between low-lying isoscalar and isovector dipole modes: A comparative analysis
between semiclassical and quantum approaches
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We perform time-dependent Hartree-Fock (TDHF) calculations, employing Skyrme functionals, to investigate
the small amplitude dipole response of selected neutron-rich nuclei and Sn isotopes. A detailed comparison with
the dipole strength predicted by random-phase approximation calculations is presented for the first time. TDHF
results are also confronted to Vlasov calculations, to explore up to which extent a semiclassical picture can
explain the properties of the nuclear response. The focus is on the low-energy response, below the giant dipole
resonance region, where different modes of nonnegligible strength are identified. We show that the relative
weight of these excitations evolves with nuclear global features, such as density profile and neutron skin, which
in turn reflect important properties of the nuclear effective interaction. A thorough analysis of the associated
transition densities turns out to be quite useful to better characterize the mixed isoscalar (IS)-isovector (IV) nature
of the different modes and their surface/volume components. In particular, we show that the dipole response in
the so-called pygmy dipole resonance region corresponds to isoscalarlike surface oscillations, of larger strength
in nuclei with a more diffuse surface. The ratio between the IV and IS energy-weighted sum rule fractions
exhausted in this region is shown to almost linearly increase with the neutron skin thickness in Sn isotopes.

DOI: 10.1103/PhysRevC.99.054314

I. INTRODUCTION

The development of collective motion, i.e., a coherent
pattern of particles in phase–space, is a fundamental feature of
many-body systems. For instance, atomic nuclei are strongly
correlated, self-bound many-body systems, which, together
with single-particle properties, exhibit a variety of collective
phenomena [1,2]. More recent examples are provided by
Bose-Einstein condensates [3–5] and there are strong exper-
imental and theoretical evidences that similar effects occur
in other fermionic systems as well [6,7]. Collective patterns
may emerge out of single-particle motion whenever favored
by energy and kinematic conditions. The collective dynamics
is often well described at the classical level and it is reflected
in the spectral properties of the corresponding quantum many-
body system. Hence, the associated spectrum of excitations
usually includes states of single-particle and of collective
natures, together with mixed forms, with a partial degree
of collectivity. A thorough understanding of the emergence
of collective motion from the microscopic point of view is,
however, a true challenge.

The isovector giant dipole resonance (GDR) in heavy
nuclei is a prominent and well-known example of collective
motion, first measured in photoabsorption experiments [8].
The cross-section associated with the electric dipole radiation

and the corresponding strength function show between 10 and
30 MeV—the energy depending on the size of the nucleus as
≈A1/3—a large increase, with a spreading width larger than
the mean level spacing. This excitation can be described in
terms of the classical picture of neutrons and protons moving
against each other, resulting in a large response function.
Thus, the difference between the center-of-mass coordinates
of the two spheres appears as the proper collective coordinate
in this case.

In recent years, there has been a considerable amount of
experimental and theoretical studies on dipole excitations in
neutron-rich nuclei, and in particular on the low-energy tail of
the isovector GDR, the so-called pygmy dipole strength (PDS)
observed in the IV dipole response [often denominated pygmy
dipole resonance (PDR)] [9–11].

The PDR has been often interpreted as an exotic mode of
excitation due to the motion of the weakly bound neutron
excess against an almost inert proton-neutron core [12–14],
although this picture, and the underlying collective nature of
the mode, are still under debate [15].

One major reason for the recently increased interest in
the PDR is the possibility of carrying out several measure-
ments on these low-lying dipole excitations, using heavy-ion
[16,17], proton [18,19], and α inelastic scattering experiments
[20,21]. Indeed, the experimental study of the PDR with

2469-9985/2019/99(5)/054314(20) 054314-1 ©2019 American Physical Society
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Interplay between isoscalar and isovector correlations in neutron-rich nuclei
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The interplay between isoscalar and isovector correlations in the 1− states in neutron-rich (N ̸= Z) even-even
nuclei is studied, taking as examples of the nuclei, 22

8 O14 and 24
8 O16. The excitation modes explored are

isovector dipole and isoscalar compression dipole modes. The self-consistent Hartree-Fock plus the random-phase
approximation with the Skyrme interaction, SLy4, is solved in coordinate space so as to take properly into account
the continuum effect. The isovector peak induced by isoscalar correlation, the isoscalar peak induced by isovector
correlation, and the possible collective states made by both isoscalar and isovector correlations (“iS-iV pigmy res-
onance”) are shown. The strong neutron-proton interaction in nuclei can be responsible for controlling the isospin
structure of normal modes. It is explicitly shown that in the scattering by isoscalar (isovector) particles on N ̸= Z

even-even nuclei isovector (isoscalar) strength in addition to isoscalar (isovector) strength may be populated.

DOI: 10.1103/PhysRevC.96.064312

I. INTRODUCTION

The mutual interplay between isoscalar (IS) and isovector
(IV) correlations in neutron-rich nuclei is explored in the
present work. The interplay between IS and IV correlations
and the related collective modes have been an attractive and
centrally placed topic in the study of nuclear structure. The
IV dipole giant resonance (GR) is the first established giant
resonance which was found in the photo absorption reaction
more than 50 years ago, while the corresponding IS partner
is the center-of-mass motion which is identified as a spurious
excitation mode. The IS quadrupole correlation is particularly
strong in nuclei, and IS quadrupole GR is systematically
found in experiments, while the corresponding IV partner
is expected to lie in a higher energy with a broader width,
but the systematics of the nature of the IV quadrupole GR
is experimentally not yet well established. For example, see
Ref. [1].

In the analysis of scattering data by IS particles such
as α particles, it is often assumed that IS particles excite
only IS strength. This assumption is generally incorrect if
the target nuclei have N ̸= Z. For example, in nuclei with
neutron excess, IS operators excite IS moments; however, the
strong neutron-proton forces may tend to keep the local ratio
of neutrons to protons. Then, the presence of neutron excess
N > Z means that IV moments may be excited also by IS
particles [2]. In Fig. 2 of Ref. [3], a numerical example of this
phenomenon in 48Ca is shown. Namely, if only IS interaction
is taken into account, no appreciable peak of IV strength is
seen around the energy (≈ 16.5 MeV) of IS quadrupole giant
resonance (QGR). In contrast, a sharp IV peak appears at the
energy of the IS QGR when IV interaction is further included
in this nucleus with neutron excess.

The phenomena exchanging the above roles of IS and IV
excitations in the response may be expected to be also true.
Namely, IV operators may produce IS moments generally in
nuclei with N ̸= Z except for the case when the IS moment
corresponds to the center-of-mass motion. To study this issue
is one of the main points of the present work.

Isospin is not an exact but a pretty good quantum number
around the ground state of nuclei with both N = Z and
|N − Z| ≫ 1. In N = Z even-even nuclei IS and IV operators
excite, roughly speaking, different states, since the isospin of
the ground state, T0, is in a good approximation equal to zero.
In contrast, in N ̸= Z even-even nuclei IS and IV operators
can excite the same states, which have the same isospin
T0 = (N − Z)/2 as that of of the ground state. This situation is
particularly interesting in nuclei with |N − Z| ≫ 1, because
the ratio of the population of excited states with T = T0 to that
of higher lying excited states with T = T0 + 1 by IV operator
is the order of T0. Namely, IV excitations to T = T0 states will
consume the major part of the IV strength.

In the present work, we choose to study the relation between
the IV dipole (IVD) mode and the IS compression dipole
(ISCD) mode. Both modes have spin parity 1−, while various
characteristics besides the isospin (for example, the r depen-
dence of the one-body operators or the difference between
shape oscillation and compression) of the two modes are
different. In stable nuclei, the IVD GR appears energetically
much lower than ISCD GR, the major part of which consists
of 3h̄ω excitations. In contrast, in neutron drip line nuclei, a
large fraction of ISCD strength is often expected to be much
lower than IVD GR [4]. In order to study the mutual influence
by IS and IV modes, it is convenient to study the nuclei in
which considerable amounts of IVD and ISCD strengths may
occur around the same energy region. Some such examples
are the nuclei 22

8 O14 and 24
8 O16, both of which are expected to

be spherical. This choice of nuclei was stimulated by Ref. [5]
in which the measured photoneutron cross sections for 22O
were reported though experimental error bars were large and
by Ref. [6] in which the observation of the bound IS and IV
dipole excitations in 20O was reported.

In Sec. II, the model and the formalism used are briefly
summarized, while in Sec. III numerical results of nuclei, 22O
and 24O, are presented and we try to study especially the mutual
influence between IS and IV correlations in the N > Z nuclei.
In Sec. IV, a summary and discussions are given.

2469-9985/2017/96(6)/064312(7) 064312-1 ©2017 American Physical Society
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N. Paar, Y.F. Niu, D. Vretenar, J. Meng, PRL 103 (2009) 032502

Calculations done with a fully self-consistent relativistic quasi-particle 
random phase approximation based on the relativistic Hartree-Bogoliubov 

model (RHB + RQRPA). 
Whenever the proton and neutron transition densities, for each particular 

state, are found in phase over more than 70% (80%) within the radial 
interval between 0 and 8 fm  (4.5 to 8 fm) the state is denoted IS 70% (IS 

80%). 
For the surface region between 4.25 fm and 8 fm, transitions with 

predominant isoscalar character are located mainly in the low energy region 
giving rise to the peak at 8.4 MeV.  
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FIG. 7. (Color online) Strength function corresponding to the
isovector dipole response of 208Pb (a), 132Sn (b) and 68Ni (c) as a
function of the excitation energy (solid lines), and partial contribution
due to those states which are at least 70% isoscalar (dashed line): for
each of the panels, the RPA states that are at least 70% isoscalar
between 0 and R are considered in the panel at the left hand side,
those which have this feature between 0 and R/2 are considered in
the central panel, and those which are like that between R/2 and R

are considered in the panel at the right hand side. See text for further
explanations.

responses, respectively. Both reduced amplitudes have been
calculated for the case of the RPA-pygmy state predicted by
the different MF models. Notice that not all contributions
can be seen from these figures since most of them are very
small.

It is evident from Fig. 8(b) that the contributions of the
most relevant ph excitations to the isovector reduced amplitude
are only a few in number and there is some amount of
destructive interference. Accordingly, we have seen that their
total contribution to the isovector reduced transition strength

-12

-8

-4

0

ε nl
j  (

M
eV

)

SGII

208
Pb

SkI3 SLy5
p n p pn n (a)

6 8 10-4

-3

-2

-1

0

1

2

3

4

A
ph

 (
E

1;
IV

)   
(fm

)

neutrons
protons

8 10 12
Eph  (MeV)

8 10 12

208
Pb

SLy5SkI3SGII
E = 7.61 MeV E = 8.01 MeV E = 7.74 MeV

1h
11

/2
1i

13
/2

1h
11

/2
1i

13
/2

1i
13

/2

1i
13

/2

1i
13

/2

1j
15

/2

1j
15

/2

1j
15

/2

4s
1/

2

1h
11

/2
1i

13
/2

3p
3/

2
3d

5/
2

3p
1/

2

(b)

8 12 16 20

0

10

20

30

40

A
ph

 (
E

1;
IS

) 
  (

fm
3 ) 

neutrons
protons

8 12 16 20
Eph  (MeV)

8 12 16 20

208
Pb

SLy5SkI3SGII
E = 7.61 MeV E = 8.01 MeV E = 7.74 MeV

1h 9/2
1i11/2

2f5/2
3d3/2

1i13/2

3p1/2 3d3/2

1j15/2
3p1/2

3d3/2
1i13/2

4s1/2

1j15/2

3p1/2

3p3/2
4s1/2

3p1/2 4s1/2
1i13/2

1j15/2
3p1/2

3d3/2
3p3/2 4s1/2

(c)

FIG. 8. (Color online) Proton and neutron single particle levels of
208Pb as predicted by the different MF models (a). The Fermi level is
indicated by a dashed black line. All ph contributions to the isovector
reduced amplitude corresponding to the 208Pb RPA-pygmy state as
a function of the ph excitation energy (c). All studied models are
shown. Largest neutron ph contributions are also listed in decreasing
order from top to bottom. Same as (b) but for the isoscalar reduced
amplitude (c).

in s.p. units do not clearly exceed one. Opposite to that, it
is also evident from Fig. 8(c) that the contributions of the

024601-9

X. Roca-Maza, G. Pozzi, M. Brenna,  

K. Mizuyama, G. Colò, PRC 85 (2012) 024601

Fully self-consistent non relativistic mean 
field approach based on Skyrme Hartree–
Fock plus random phase approximation. 

|δρIS(r) | ≥ |δρIV(r) | .

For each radial distance, at which the 
neutron and proton transition densities 

were calculated, the state ν is defined 70% 
isoscalar if the 70% of the points satisfy the 

following condition: 

This analysis shows that most of the states 
that are 70% isoscalar belong to the PDR 

peak at low energy for all the three nuclei 
studied.



 The strong isoscalar component of the 
low-lying dipole states consent to 
considered these states as a good 

laboratory for the study of various aspects 
of the interplay between isoscalar and 

isovector modes. 

This is also important in the experimental 
analysis where a fundamental role is 

played by the radial form factors used. 



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
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p
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rL+1
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Goldhaber-Teller for the IVGDR 

Harakeh-Dieperink for the ISGDR 

Microscopic form factor (double folding) 
(with microscopic transition densities)

Dipole radial form factors calculation

δρGT(r) = β1[ 2N
A

d
dr

ρp(r) − 2Z
A

d
dr

ρn(r)]



Double Folding procedure 

A! a!r!

r1!
r12!

r2!

Therefore the nuclear form factors are 

The nucleon nucleon interaction 
depends on the isospin  

where τi are the isospin of the 
nucleons.

In the case ρn= N/Z ρ ; ρp= N/A ρ,  
F1 is zero when one of the two 

nuclei has N=Z.

ν12 = ν0(r12) + ν1(r12)τ1 ⋅ τ2

F0(rα) = ∫ ∫ [δρAn
( ⃗r1) + δρAp

( ⃗r1)] ν0(r12) [ρan
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1dr1r2

2dr2

F1(rα) = ∫ ∫ [δρAn
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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

Z 1

0
⇢1RPA(r) r

5 dr =

Z 1

0
⇢1macro(r) r

5 dr
0 2 4 6 8 10

r (fm)

-0.3

-0.2

-0.1

0

0.1

0.2

r2  x
 δ
ρ 

(fm
-1

)

RPA
HD

0 2 4 6 8 10
r (fm)

-0.3

-0.2

-0.1

0

0.1

0.2

RPA
HD

132Sn (SGII)

1-
ll

ISGDRPDR

68Ni

a) b)

⇢1(r) = � �1

R
p
3

⇥
10r + (3r2 � 5

3
< r2 >)

d

dr
)
⇤
⇢0(r)

�2
1 = �

⇣ 6⇡~2
mAEx

⌘ R2

11 < r4 > � 25
3 < r2 >2



Double folding procedure



DWBA calculations done with the 
DWUCK4 code 

Double folding procedure



DWBA calculations done with the 
DWUCK4 code 

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

E.G. Lanza, A. Vitturi and M.V. 
Andrés, PRC 91, 054607 (2015)

Double folding procedure
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Splitting of the low-lying dipole strength

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
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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 124Snobtained 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 124Snfor the isoscalar (c) and electromagnetic
(d) dipole operators. The RQTBA strength functions in 124Snfor the isoscalar and electromagnetic dipole operators are shown in
(e) and (f), respectively.
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For the isoscalar case they are comparing cross section  
with Bis(E1) 

The lower lying group of states is excited by both isoscalar and isovector 
probes while the states at higher energy are excited by photons only.

V. Yu. Ponomarev calculations E. Litvinova calculations



0

0.2

0.4

α + 124Sn
zero energies

5 6 7 8 9 10
E (MeV)

1.5

2

2.5
σ

/B
is
(E

1)
 (1

03 m
b/

(e
2  fm

6 ))

Nuclear

Coulomb

(a)

(b)

σ
/B

em
(E

1)
 (m

b/
(e

2  fm
2 ))

Calculations done using the transition densities of the RQTBA 
(E. Litvinova) and by putting by hand the energies of all the 
states to zero in order to eliminate the contributions due to 
the dynamic of the reaction, such as the Q-value effect.

For pure Coulomb excitation 
the relation between the 
inelastic cross section and 
the Bem(E1) is clear: they are 
proportional. 

σi
x(Ei = 0)
Bix(E1) , i dipole states, x = em, is



The relation  between the 
isoscalar response and the 
inelastic excitation cross 
section due to an isoscalar 
probe it is not so evident.
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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
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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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68Ni + Au @ 600 A MeV

detectors is shown in a linear scale together with the
corresponding GEANT simulation. It is important to men-
tion that for the HPGe detectors, being placed close to the
CATE detector and having a time resolution >10 ns, the
background reduction is not as good as for the BaF2
detectors (placed backward and with a time resolution of
<1 ns). For the spectra measured with BaF2 detectors we
have performed statistical model calculations [20] to inter-
pret schematically the exponential part of the spectra. For
the statistical calculation we have used the energy value
given by the adiabatic cutoff energy of the Coulomb
excitation process (!20 MeV). The adiabatic limit of
Coulomb excitation was deduced with Emax ! @c!"

bmin
, where

bmin is the smallest impact parameter for which interac-
tions involving nuclear forces are negligible. The calcu-
lated statistical emission from the target and projectile was
obtained using the standard GDR strength function, by
correcting the "-ray energy for the Doppler shift due to
the projectile velocity (to be consistent with the experi-
mental data treatment) and by folding with the detector
response function. The condition of detecting only one "
ray can be neglected in the statistical model calculation
because both the "-ray efficiency (!5% at 1 MeV) and the
" multiplicity produced by the reaction (measured to be
!1:1) are low. The statistical model predictions are shown
in Fig. 2 in comparison with the data normalized at
3–5 MeV. One can note that the sum of the target and
projectile statistical contributions reproduces remarkably
well the exponential shape of the data and that there is an
excess yield very pronounced at around 11MeV, which can
be attributed to the projectile emission on the basis of
Doppler correction arguments. The data in the region of
interest for searching the pygmy resonance in the electric
dipole response function were obtained by subtracting

from the measurements the computed statistical model
contribution and some background extrapolated from the
very high-energy region. The corresponding data are
shown in the bottom panel of Fig. 3. The present results
of the " decay of the 68Ni at 600 MeV=nucleon are char-
acterized by a peak structure centered at 11 MeV for which
it is important to understand not only the shape but also the
measured value of the cross section. To describe the mea-
sured cross section for " emission from the 68Ni nucleus in
the region E" > 6 MeV we have to evaluate the product of
the excitation cross section #exc with the branching ratio
for " emission R".
The "-ray emission from the GDR is expected to be

dominated by the ground state decay and the decay to the
2þ state (due to the coupling of 1# to 2þ) depends on the
nuclear structure [21]. The latter for the pygmy, having a
much smaller width (<1 MeV), is expected to be smaller.
To verify this we have examined the 9–11 MeV region
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FIG. 3 (color online). In the upper part the 68Ni photoabsorp-
tion cross section is shown with a full drawn line (scale on the
right). The differential cross section obtained after applying the
equivalent virtual photon method (VP) is shown with a dotted
line (scale on the left). The dashed line (scale on the left) is
obtained by including the " branching ratio (VP and R"). In the
bottom panel the open circles show the "-ray cross section
measured with BaF2 detectors. The 3 lines in the bottom panel
display calculations of the " cross section (including the re-
sponse function). The long dashed line is the decay of the PDR,
the dotted line is the decay of the GDR and the thick line the sum
of the two contributions.

FIG. 2 (color online). The high-energy "-ray spectrum mea-
sured with BaF2 detectors and Doppler corrected with the
velocity of the projectile. The lines are the statistical model
calculations for the target (dotted line) and for the beam (dashed
line) nuclei. In the inset the continuous line superimposed to the
measured data is the result of a GEANT simulation for a
"-transition at 11 MeV.
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detectors is shown in a linear scale together with the
corresponding GEANT simulation. It is important to men-
tion that for the HPGe detectors, being placed close to the
CATE detector and having a time resolution >10 ns, the
background reduction is not as good as for the BaF2
detectors (placed backward and with a time resolution of
<1 ns). For the spectra measured with BaF2 detectors we
have performed statistical model calculations [20] to inter-
pret schematically the exponential part of the spectra. For
the statistical calculation we have used the energy value
given by the adiabatic cutoff energy of the Coulomb
excitation process (!20 MeV). The adiabatic limit of
Coulomb excitation was deduced with Emax ! @c!"

bmin
, where

bmin is the smallest impact parameter for which interac-
tions involving nuclear forces are negligible. The calcu-
lated statistical emission from the target and projectile was
obtained using the standard GDR strength function, by
correcting the "-ray energy for the Doppler shift due to
the projectile velocity (to be consistent with the experi-
mental data treatment) and by folding with the detector
response function. The condition of detecting only one "
ray can be neglected in the statistical model calculation
because both the "-ray efficiency (!5% at 1 MeV) and the
" multiplicity produced by the reaction (measured to be
!1:1) are low. The statistical model predictions are shown
in Fig. 2 in comparison with the data normalized at
3–5 MeV. One can note that the sum of the target and
projectile statistical contributions reproduces remarkably
well the exponential shape of the data and that there is an
excess yield very pronounced at around 11MeV, which can
be attributed to the projectile emission on the basis of
Doppler correction arguments. The data in the region of
interest for searching the pygmy resonance in the electric
dipole response function were obtained by subtracting

from the measurements the computed statistical model
contribution and some background extrapolated from the
very high-energy region. The corresponding data are
shown in the bottom panel of Fig. 3. The present results
of the " decay of the 68Ni at 600 MeV=nucleon are char-
acterized by a peak structure centered at 11 MeV for which
it is important to understand not only the shape but also the
measured value of the cross section. To describe the mea-
sured cross section for " emission from the 68Ni nucleus in
the region E" > 6 MeV we have to evaluate the product of
the excitation cross section #exc with the branching ratio
for " emission R".
The "-ray emission from the GDR is expected to be

dominated by the ground state decay and the decay to the
2þ state (due to the coupling of 1# to 2þ) depends on the
nuclear structure [21]. The latter for the pygmy, having a
much smaller width (<1 MeV), is expected to be smaller.
To verify this we have examined the 9–11 MeV region
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FIG. 3 (color online). In the upper part the 68Ni photoabsorp-
tion cross section is shown with a full drawn line (scale on the
right). The differential cross section obtained after applying the
equivalent virtual photon method (VP) is shown with a dotted
line (scale on the left). The dashed line (scale on the left) is
obtained by including the " branching ratio (VP and R"). In the
bottom panel the open circles show the "-ray cross section
measured with BaF2 detectors. The 3 lines in the bottom panel
display calculations of the " cross section (including the re-
sponse function). The long dashed line is the decay of the PDR,
the dotted line is the decay of the GDR and the thick line the sum
of the two contributions.

FIG. 2 (color online). The high-energy "-ray spectrum mea-
sured with BaF2 detectors and Doppler corrected with the
velocity of the projectile. The lines are the statistical model
calculations for the target (dotted line) and for the beam (dashed
line) nuclei. In the inset the continuous line superimposed to the
measured data is the result of a GEANT simulation for a
"-transition at 11 MeV.
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Figure 3: a) The blue dots represent the �-ray energy spectrum, Doppler shift
corrected, in coincidence with Ni fragments detected by the FARCOS array
(Fig.1 b). The red squares represent the background. b) �-ray spectrum (blue
dots) obtained by subtracting the two spectra shown in Fig.3a. The blue dashed
line is the �-ray energy spectrum emitted by the 68Ni statistical decay, folded
with the detector response function, obtained using the CASCADE code with
a E1 constant strength. The red continuous line is the CASCADE calculation,
folded with the detector response function, by including the presence of the
PDR and the GDR. In the inset the CASCADE calculation by including the
presence of the PDR and GDR, without the folding, is reported (color online).

that, at these relatively low incident energies and with the low
Coulomb field of the target, the excitation probability for the
PDR mode is higher than the one corresponding to the GDR
energy region. The small yield is also due to the lower detec-
tion e�ciency in the higher energy region.
In Fig.4b we report the PDR energy �-spectrum obtained by
subtracting the two normalized spectra of Fig. 4a. The cross
section is obtained taking into account the detection e�ciency,
as better specified in the following. We underline that it is not
possible to compare the exclusive energy spectra of Fig. 4 with
inclusive CASCADE calculations. In order to prove the dipole
character of the transition, it is very important to extract the
angular distribution of the emitted �-rays in the region of the
enhancement shown in Fig. 4b. The granularity of the spherical
region of the CHIMERA multidetector, covering angles from
30� to 176�, in step of 8� up to 146�, allows to extract the an-
gular distribution. Because of the relatively low statistics, we
were forced to sum �-rays detected in two rings of the appa-
ratus; therefore the e↵ective laboratory angular resolution was
±8�, being negligible the error in the evaluation of the 68Ni scat-
tering angle assumed as reference axis. This angular distribu-
tion is shown in Fig.5a. Notwithstanding the scarce statistics,
the angular distribution shows the typical distribution expected
for a dipole transition with a maximum around 90� (full blue
line). The angular distribution was corrected for the e↵ective
�-ray detection e�ciency evaluated using Geant4 simulation at
10 MeV, taking into account the thickness of CsI(Tl) scintilla-
tors of the sphere (from 8 to 4 cm ) mounted at di↵erent angles
and malfunctioning detectors. On average the total �-ray detec-
tion e�ciency was of the order of 25 %. In order to evaluate the
overall detection e�ciency it is also important to determine the
angular distribution of the emitted 68Ni in coincidence with the
PDR enhancement. Unfortunately, due to losses in e�ciency
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Figure 4: a) �-ray energy spectra Doppler shift corrected. The blue dots rep-
resent the coincidence with the quasi-elastic reactions in which the 68Ni is de-
tected. The red squares represent the �-ray energy spectrum in coincidence
with the 66,67Ni reaction channels. These spectra have been normalized at low
energy. b) Cross section of the PDR obtained with the subtraction of the spectra
shown in Fig.4a (color online).

Figure 5: a) The measured �-ray angular distribution. The line is the expected
E1 angular distribution. b) The 68Ni angular distribution measured in coinci-
dence with �-rays in the region of the pygmy resonance (color online).
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