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Figure 1. The change of the mean field potential (top) and density
profiles (bottom) from � stable (a) to neutron-rich nuclei (b) and to
much more neutron-rich nuclei near the neutron-drip line (c) is
schematically shown. The upper panels indicate how the change of
the ratio of proton/neutron numbers can induce a significant
difference of Fermi energies between protons and neutrons as
measured by Sp � Sn. Such a difference causes the formation of a
thick neutron skin as in the bottom panel of (b). When Sn
approaches zero, the neutron halo structure appears as a
consequence of the quantum tunneling.

are the resultant dynamical aspects as revealed, for instance,
in the electric dipole response as discussed here.

The study of the physics of halo nuclei was initiated
in the mid-1980s by Tanihata et al [3, 6, 7] when they
started to apply high-energy fragmentation reactions to
produce very exotic nuclei by using heavy ions at about
800 MeV per nucleon at the Bevalac at LBNL (Lawlence
Berkeley National Laboratory). They measured systematically
the interaction cross sections of light neutron-rich nuclei up
to the neutron-drip line from He to Be isotopes and found
that the most neutron-rich Li isotope, 11Li, exhibits by far a
much larger matter radius as compared to the conventional
r0 A

1/3 systematics [3]. While it was not evident a priori if
the origin would be a strong deformation or a long tail in the
matter distribution [6], additional experimental information
on the magnetic moment obtained at ISOLDE [8] (and later
also of the quadrupole moment [9]) suggested an explanation
as detailed by Hansen and Jonson [4] that the large interaction
radius is related to a long tail of the neutron wave function
due to the small binding, which they named ‘Halo’. In the
same paper, Hansen and Jonson also predicted that, as a
consequence, the Coulomb breakup cross section of such
halo nuclei should be extremely large. Direct experimental
evidence of the halo structure of 11Li, where two valence
neutrons are extended over the densely packed 9Li core,
then came from the observation of the narrow momentum
distribution of 9Li, following the breakup of a 11Li projectile
with a carbon target, by Kobayashi et al [10] (transverse
component of the momentum), and later confirmed by Orr
et al [11] (longitudinal component of the momentum). These
observations directly reflect the small internal momentum
equivalent to the extended density distribution of the two
valence neutrons, which are removed in the reaction. The
third important observation on 11Li was the anomalously large
electromagnetic dissociation (EMD) cross section of close
to one barn by Kobayashi et al [5]. They bombarded the
heavy Pb target with a 11Li beam and observed inclusively
the 9Li fragment [5]. This was interpreted as evidence of
an enhanced electric dipole (E1) response at low excitation

Figure 2. The upper panel shows the vibration of the ‘neutron
fluid’ relative to the ‘saturated core’. The bottom panel shows the
transition probability as a function of excitation energy. The
lower-energy bump corresponds to a ‘new soft-dipole giant
resonance’, whereas the higher-energy bump corresponds to ‘GDR
analogous to the conventional one’. The figure is reprinted with kind
permission from Ikeda [12].

energies, called ‘Soft E1 excitation’ as predicted by Hansen
and Jonson [4]. These three observations, large interaction
cross sections, narrow momentum distribution of the fragment
and the enhanced electric dipole response at low excitation
energies, have been the major signals of any halo system.
The pioneering experiments by Tanihata et al [3], which
led to the discovery of the halo nuclei, constitute the birth
of physics using reactions with radioactive beams. Reaction
experiments with radioactive ion (RI) beams have been
extremely successful over the last two decades; in conjunction
with increased efforts in nuclear theory, they have allowed to
unravel and understand the properties of these exotic nuclear
systems.

In this article, we focus on one observable to investigate
exotic nuclei, that is, the electric dipole (E1) response.
Considering the E1 response of stable nuclei, where the
giant dipole resonance (GDR) around Ex ⇠ 80A

�1/3 MeV
(⇠13–20 MeV) exhausts most of the E1 strength, the
significant E1 strength well below the GDR energy for
neutron halo and neutron-skin nuclei is very unique. Hence,
the E1 response of exotic nuclei, in particular that of
neutron-rich nuclei exhibiting neutron-halo or neutron-skin
structure, has been a major subject of physics of exotic nuclei.
Experimentally, the E1 strength function of exotic nuclei
can be accessed by using heavy-ion-induced electromagnetic
excitation. Most of the experiments discussed here study the
neutron or particle decay after excitation. In this case, the
process is called the Coulomb breakup4.

The mechanism of the enhanced E1 response for halo
nuclei has been a major issue of the physics of halo nuclei.
Hansen and Jonson [4] discussed the possibility of ‘soft
electric dipole mode’ for 11Li, which is considered as having a
non-resonant character, inferred from the analogy of deuteron.
Meanwhile, as shown in figure 2, Ikeda attributed the

4 The term ‘Coulomb breakup’ is equivalent to Coulomb dissociation. The
term EMD implies a possibility of including magnetic excitation, although
otherwise it is equivalent to Coulomb breakup.
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Experimentally they are studied with  

Relativistic Coulomb excitation at GSI 
Nuclear resonance fluorescence (NRF) technique:  (γ, γ’) at 
Darmstadt 
Coulomb excitation by proton scattering: (p, p’) in Osaka and 
iThemba LABS

(α, α’ γ) At KVI 
(17O, 17O’ γ) on various target 208Pb, 90Zr, 140Ce at Legnaro lab 
(LNL-INFN) 
(68Ni, 68Ni’ γ) on 12C at INFN-LNS, Catania

Isovector probes

Isoscalar probes

For the Isoscalar probes, inelastic cross sections are also 
measured



A. Bracco, E.G. Lanza, A. Tamii, Prog. Part. Nucl. Phys. 106 (2019) 360. 
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S. Volz et al.  
NPA 779 (2006) 1

stable nuclei

BELOW NEUTRON  SEPARATION THRESHOLD 

Experimental data: isovector probe

Photon scattering

S. Volz et al. / Nuclear Physics A 779 (2006) 1–20 15

Fig. 5. The B(E1)↑ strength distribution in the N = 82 isotones.

Fig. 6. The experimental summed B(E1)↑ strength up to 10 MeV in comparison with results from the QPM calculation.
An increase of the summed B(E1)↑ strength is detected for the more neutron-rich nuclei.

5. Theory

For the N = 82 isotones calculations in the framework of the Quasiparticle-Phonon Model
(QPM) were performed. The model Hamiltonian is given by [39]:

H = HMF + H
ph
M + H

ph
SM + H

pp
M , (8)

where HMF = Hsp + Hpair is a mean-field part which has to be identified with the HFB Hamil-
tonian discussed e.g. in [40]. Hence, different from the standard QPM scheme the calculation
uses single-particle energies and wave functions obtained self-consistently. In order to simplify

Photon scattering or  
Nuclear Resonance Fluorescence  

 at S-DALINAC (TU Darmstadt)



using the RISING setup at GSI (for 68Ni) 
O. Wieland et al. PRL 102 (2009) 092502

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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using the FRS-LAND setup at GSI    
P. Adrich et al. PRL 95 (2005) 132501 

Experimental data: isovector probe

Relativistic Coulomb Excitation

68Ni

132Sn + 208Pb @ 500 A·MeV 68Ni + 197Au @ 600 A·MeV



stable nuclei
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Experimental data: isoscalar probe

Nuclear Excitation

J. Enders et al., PRL 105 (2010) 212503

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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Experimental data: isoscalar probe

Nuclear Excitation

68Ni + 12C @ 28 A·MeV at LNS with CHIMERA + FARCOS

N. S. Martorana et al., PLB 782 (2018) 112

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).

4

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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68Ni + 197Au @ 600 A·MeV

 Apparently no Splitting of the PDR above the threshold
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There are still some unresolved 
question about the PDR:

3. What is the role of nuclear deformation for the 
PDR?

1. Are the dipole resonances due to collective or     
single-particle excitations?

2. What is the interplay between isovector and 
isoscalar contributions?

4. Questioning the existence of the PDR above the 
neutron emission threshold 



-0.2
-0.1

0
0.1

r2  x
 δ
ρ 

(fm
-1

)

p
n -0.2

-0.1
0

0.1

1- low lying

-0.2
-0.1

0
0.1

0 3 6 9 12
r (fm)

-0.2
-0.1

0
0.1

r2  x
 δ
ρ 

(fm
-1

)

IS
IV

0 3 6 9 12
r (fm)

-0.2
-0.1

0
0.1

0 3 6 9 12
r (fm)

-0.2
-0.1

0
0.1

208Pb132Sn

a) b) c)

68Ni

neutron and proton transition 
densities are in phase inside 
the nucleus; at the surface 
only the neutron part survive. 

“Theoretical definition” 
of the PDR

All the microscopic models find that the states in the 
energy region of the PDR show a strong isospin mixing 
at the nuclear surface region.



It has been shown that 
the PDR of the 68Ni 
excited by the isovector 
relativistic Coulomb 
probe at GSI by the 
Angela Bracco group

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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can also be excited by an 
isoscalar probe like 12C at 
LNS with CHIMERA +FARCO

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).

4

68Ni + 12C @ 28 A·MeV



The comparison should be done by paying 
attention to the different experimental systems and 
different parameters of the reactions .

It is of paramount importance to have data taken 
with the same experimental apparatus and same 
conditions. Such experiment with two different 
probes, like alpha or 12C target for the isoscalar 
one, and 197Au or 208Pb for the isovector probe at 
higher energies, should clarify this aspect of the 
PDR.



5. What is the effect of the temperature on the 
excitation of the dipole states?



Hot PDR

5. What is the effect of the temperature on the 
excitation of the dipole states?



Hot PDR

5. What is the effect of the temperature on the 
excitation of the dipole states?

E. Yüksel, G. Colò, E. Khan, Y. F. Niu, 
and K. Bozkurt,  

PRC 96, 024303 (2017)



Hot PDR

5. What is the effect of the temperature on the 
excitation of the dipole states?

E. Yüksel, G. Colò, E. Khan, Y. F. Niu, 
and K. Bozkurt,  

PRC 96, 024303 (2017)

Full self-consistent  Finite Temperature 
QRPA (FT-QRPA) performed on top of 
the Finite Temperature Hartree Fock BCS 
(FT-HFBCS) method.



Hot PDR

5. What is the effect of the temperature on the 
excitation of the dipole states?

E. Yüksel, G. Colò, E. Khan, Y. F. Niu, 
and K. Bozkurt,  

PRC 96, 024303 (2017)

YÜKSEL, COLÒ, KHAN, NIU, AND BOZKURT PHYSICAL REVIEW C 96, 024303 (2017)

the Fermi-Dirac distribution function goes to zero and the
calculations converge towards the QRPA, as expected. In the
zero pairing limit, one obtains the RPA and FT-RPA limits at
zero and finite temperatures, respectively.

III. RESULTS

A. Dipole strength at finite temperatures

We start by investigating the effect of temperature on the
isovector dipole response of 68Ni and 120Sn nuclei. These
two nuclei are benchmark in order to study the mass and
neutron excess dependence on the multipole excitations. In
the finite temperature mean-field approach, nuclei undergo a
sharp phase transition at critical temperatures Tc due to the
vanishing of the pairing correlations [37,38]. In this work, the
critical temperature values are calculated using the FT-HFBCS
method: Tc = 0.96 and 0.84 MeV for 68Ni and 120Sn nuclei,
respectively. The value of the neutron pairing gap at zero
temperature and the critical temperature generally follow the
Tc ≈ 0.57!T =0 empirical rule, as expected [37,38,46,47]. It
should be noted that the use of the grand-canonical description
leads to sharp phase transitions in nuclei within our model
calculations. Recently, it has been shown that the use of the
canonical description of nuclei at finite temperature removes
sharp phase transitions in nuclei, and pairing correlations
persist at high temperatures [48]. However, the effect of
the pairing correlations also weakens above the critical
temperature. Therefore, our model is reliable to explore the
qualitative changes in the multipole response in nuclei within
our temperature range.

1. 68Ni nucleus

In the neutron-rich 68Ni nucleus, the formation of the
pygmy dipole resonance has been predicted within different
theoretical models [3,6,49,50]. Recently, the pygmy dipole
resonance was also obtained at around 11 MeV using γ
decay, following Coulomb excitation of the nucleus on a gold
target [7]. Later, another Coulomb excitation experiment in
inverse kinematics was performed on 68Ni, and the GDR and
pygmy dipole resonance energies were obtained at 17.1(2)
and 9.55(17) MeV, respectively [51]. Since the pygmy dipole
strength has already been observed in 68Ni nucleus, it would
also be interesting to investigate the effect of temperature on
this region.

Before discussing the effect of temperature on the dipole
response of 68Ni nucleus, explaining its main effect on the
proton and neutron states is also necessary to understand
the underlying mechanism driven by the temperature. With
increasing temperature, nucleons are promoted to higher
energy states, which eventually increases (decreases) the
occupation probabilities of states above (below) the Fermi
level. For instance, in the 68Ni nucleus, neutron 1f5/2 state
below the Fermi level and 1g9/2 state above the Fermi level are
partially occupied due to pairing effects at zero temperature.
By increasing the temperature, neutrons are mainly promoted
from 2p3/2, 2p1/2, and 1f5/2 states below the Fermi level
to 1g9/2, 2d5/2, and 3s1/2 states above the Fermi level. The
effect of temperature is also similar for proton states. At zero

FIG. 1. Upper panel: The isovector dipole strength function in
68Ni calculated with FT-QRPA and the Skyrme-type SLy5 interaction
at T = 0, 1, and 2 MeV. Lower panel: The reduced transition
probabilities for the low-energy dipole region at T = 0 MeV and
T = 2 MeV.

temperature, proton states are fully occupied up to 1f7/2 state
and form Z = 28 shell closure, as expected. By increasing the
temperature, protons are also promoted from 1d3/2, 2s1/2, and
1f7/2 states to 2p3/2, 1f5/2, 2p1/2, and 1g9/2 states. Therefore,
new excitation channels become possible due to the thermally
unblocked states at finite temperature.

In the upper panel of Fig. 1 we present the isovector
dipole strength function in 68Ni nucleus at T = 0, 1, and 2
MeV, respectively. At zero temperature, the centroid energy of
the well known isovector giant dipole resonance (IVGDR)
is calculated between 0 and 30 MeV and is obtained at
16.8 MeV. In addition, the pygmy dipole strength is found
around E ≈ 10 MeV and exhausts 1.2% of the EWSR with
the present interaction. Our results are in good agreement
with recent experimental results [51] and theoretical works
[3,4,49,50]. The IVGDR strength and energy slightly change
with increasing temperature. For instance, at T = 2 MeV, the
centroid energy is found at 16.5 MeV. The effect of temperature
on the dipole response function is more striking on the low-
energy part. New excited states appear below 8 MeV, as seen
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FIG. 1: The isovector E1 strength distributions for 56−70Ni calculated at T = 0, 1, 1.5 and 2 MeV using FT-RQRPA.
The light blue color represents the PDS strength below 12 MeV, magnified by a factor of five for visibility.

analysis for each excitation. The detailed description of
the T -dependent matrix elements is given in [46, 57]. At
finite temperature, the reduced transition probability is
calculated as

B(EJ, 0̃ → w) =
∣∣〈w||F̂J ||0̃〉

∣∣2

=

∣∣∣∣
∑

c≥d

{
(X̃w

cd + (−1)jc−jd+J Ỹ w
cd)

× (ucvd + (−1)Jvcud)
√
1− fc − fd

+ (P̃w
cd + (−1)jc−jd+J Q̃w

cd)

× (ucud − (−1)Jvcvd)
√
fd − fc

}
〈c||F̂J ||d〉

∣∣∣∣
2

.

(4)

|w〉 denotes the excited state and |0̃〉 is the correlated
FT-RQRPA vacuum state. F̂J is the transition operator
of the relevant excitation. In this work, the isovector E1
operator is used to calculate electric transition strength
distributions [58]. It would be insightful to examine the
contribution of a specific neutron or proton configuration
to the total E1 transition strength at a given excitation
energy Ew,

B(EJ,Ew) =
∣∣
∑

cd

(bπcd(Ew) + bνcd(Ew))
∣∣2. (5)

Here, bπcd(Ew) and bνcd(Ew) represent the proton (π) and
neutron (ν) partial contributions for a specific configu-
ration cd. Finally, the discrete FT-RQRPA spectrum is
smoothed using a Lorentzian averaging with a width of

Γ = 1.0 MeV, according to the following expression,

R(EJ,Ew) =
∑

w

1

2π

Γ

(E − Ew)2 − Γ2/4
B(EJ, 0̃ → w).

(6)
Results and discussion. First, we present the FT-

RQRPA analysis of the evolution of the isovector (IV)
dipole response in both low- and high-energy regions
along the Ni isotopic chain at zero and finite temper-
atures. Fig. 1 shows the isovector E1 strength distribu-
tions for the 56–70Ni isotopes at T = 0, 1, 1.5, and 2 MeV,
calculated using the FT-RQRPA with DD-PCX interac-
tion. The low-energy region is magnified by a factor of
five and highlighted in light blue to enhance visibility.
At T = 0 MeV, the doubly magic nucleus 56Ni exhibits
no evidence of PDS. However, with increasing neutron
number along the Ni isotopic chain, a pronounced en-
hancement of the low-energy dipole strength is observed
below E = 12 MeV. These low-lying dipole states pre-
dominantly arise from transitions involving valence neu-
trons.
To benchmark FT-RQRPA calculations in the T =

0 limit, which corresponds to the RQRPA, Table II
presents the SEWS values, expressed as a percentage of
the TRK sum rule for the E = 0–12 MeV region. These
results are compared with the experimental data avail-
able for 68Ni and 70Ni [31–33]. To facilitate comparison
with our results, the experimental SEWS values and their
associated uncertainties were integrated over the energy
range E = 0–12 MeV. The RQRPA results for 68Ni show
very good agreement with the experimental data; how-
ever, the calculations slightly underestimate the values

Finite-Temperature Relativistic Quasiparticle Random Phase 
approximation (FT-RQRPA) based on the relativistic energy 

density functional (REDF)
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Calculations performed with 
Finite-Temperature 

Relativistic Random Phase 
Approximation (FT-RRPA)  

and  
Finite-Temperature 

Relativistic Time-Blocking 
Approximation (FT-RTBA)
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FIG. 9. The temperature evolution of the low-energy dipole spec-
tral density in 68Ni calculated within FT-RTBA with the smearing
parameter ! = 20 keV.

in 120Sn we obtain a fast increase of "(T ) because of the
formation of the low-energy shoulder by p̃h pairs and due
to a slow increase of the fragmentation of the high-energy
peak emerging from the finite-temperature effects in the PVC
amplitude #(ω). As 132Sn is more neutron-rich than 120Sn,
the respective strength in the low-energy shoulder of 132Sn is
larger, which leads to a larger overall width in 132Sn at tem-
peratures above 1 MeV. The GDR’s widths for T > 3 MeV
in 132Sn and for T > 4 MeV in 120Sn are not presented
because the standard procedure based on the Lorentzian fit of
the microscopic strength distribution fails in recognizing the
distribution as a single peak structure.

The overall agreement of FT-RTBA calculations with data
for the GDR’s width in 120Sn is found very reasonable except

for the temperatures around 2 MeV, possibly due to defor-
mation and shape fluctuation effects, which are not included
in the present calculations. Our results are also consistent
with those of microscopic approach of Ref. [27], which are
available for the GDR energy region at T ! 3 MeV, while in
the entire range of temperatures under study "GDR(T ) shows
a nearly quadratic dependence agreeing with the Fermi liquid
theory [93]. Table I shows a comparison of "GDR(T ) in 120Sn
calculated within FT-RRPA and FT-RTBA by fitting the cor-
responding strength distribution by the Lorentzian within the
energy interval 0 ! E ! 25 MeV. One can see that in both ap-
proaches, after passing the minimum at T = 1 MeV because
of the transition to the nonsuperfluid phase, "GDR(T ) grows
quickly with temperature. The difference between the width
computed in the two models is about 1.0–1.7 MeV at low
temperatures while it increases to ≈2.5 MeV at T = 4 MeV.
It can be concluded that the PVC contribution to the width
evolution is rather minor and the latter occurs mostly due
to the reinforcement of the Landau damping with the tem-
perature growth. Indeed, we could observe from varying the
boundaries of the energy interval, where the fitting procedure
is performed, that the amount of the low-energy strength is
very important for the value of the width.

The right panel of Fig. 8 shows the evolution of the energy-
weighted sum rule for 48Ca and 132Sn nuclei calculated within
FT-RRPA and FT-RTBA in the percentage with respect to
the Thomas-Reiche-Kuhn (TRK) sum rule. The EWSR at
T > 0 can be calculated in full analogy with the case of
T = 0 [38,94]. In our approach, where the meson-exchange
interaction is velocity-dependent, already in RRPA and rela-
tivistic quasiparticle random phase approximation (RQRPA)

FIG. 10. The evolution of the proton and neutron transition densities for the most prominent peaks below 10 MeV in 68Ni and 100Sn within
FT-RTBA. The green dashed lines indicate the rms nuclear radius.

024307-14

HERLIK WIBOWO AND ELENA LITVINOVA PHYSICAL REVIEW C 100, 024307 (2019)

0 2 4 6 8 10
E [MeV]

0

2

4

6

8

10

S 
[e

2  f
m

2  / 
M

eV
]

T = 0
T = 1 MeV
T = 2 MeV
T = 3 MeV

0 2 4 6 8 10
E [MeV]

0

2

4

6

8

10

T = 3 MeV
T = 4 MeV
T = 5 MeV
T = 6 MeV

FT-RTBA

E1

FT-RTBA
68

Ni
68

Ni
E1

FIG. 9. The temperature evolution of the low-energy dipole spec-
tral density in 68Ni calculated within FT-RTBA with the smearing
parameter ! = 20 keV.

in 120Sn we obtain a fast increase of "(T ) because of the
formation of the low-energy shoulder by p̃h pairs and due
to a slow increase of the fragmentation of the high-energy
peak emerging from the finite-temperature effects in the PVC
amplitude #(ω). As 132Sn is more neutron-rich than 120Sn,
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in 132Sn and for T > 4 MeV in 120Sn are not presented
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the microscopic strength distribution fails in recognizing the
distribution as a single peak structure.

The overall agreement of FT-RTBA calculations with data
for the GDR’s width in 120Sn is found very reasonable except

for the temperatures around 2 MeV, possibly due to defor-
mation and shape fluctuation effects, which are not included
in the present calculations. Our results are also consistent
with those of microscopic approach of Ref. [27], which are
available for the GDR energy region at T ! 3 MeV, while in
the entire range of temperatures under study "GDR(T ) shows
a nearly quadratic dependence agreeing with the Fermi liquid
theory [93]. Table I shows a comparison of "GDR(T ) in 120Sn
calculated within FT-RRPA and FT-RTBA by fitting the cor-
responding strength distribution by the Lorentzian within the
energy interval 0 ! E ! 25 MeV. One can see that in both ap-
proaches, after passing the minimum at T = 1 MeV because
of the transition to the nonsuperfluid phase, "GDR(T ) grows
quickly with temperature. The difference between the width
computed in the two models is about 1.0–1.7 MeV at low
temperatures while it increases to ≈2.5 MeV at T = 4 MeV.
It can be concluded that the PVC contribution to the width
evolution is rather minor and the latter occurs mostly due
to the reinforcement of the Landau damping with the tem-
perature growth. Indeed, we could observe from varying the
boundaries of the energy interval, where the fitting procedure
is performed, that the amount of the low-energy strength is
very important for the value of the width.

The right panel of Fig. 8 shows the evolution of the energy-
weighted sum rule for 48Ca and 132Sn nuclei calculated within
FT-RRPA and FT-RTBA in the percentage with respect to
the Thomas-Reiche-Kuhn (TRK) sum rule. The EWSR at
T > 0 can be calculated in full analogy with the case of
T = 0 [38,94]. In our approach, where the meson-exchange
interaction is velocity-dependent, already in RRPA and rela-
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FIG. 4. Electric dipole spectral density in 48Ca and 68Ni nuclei
calculated within FT-RRPA (left panels) and FT-RTBA (right panels)
at various temperatures. The value of smearing parameter ! =
500 keV was adopted in both calculations.

the temperature growth, in addition to the reinforced
Landau damping. At high temperatures T ≈ 5–6 MeV,
when the low-energy phonons develop the new sort of
collectivity, the coupling vertices increase accordingly,
which leads to a reinforcement of the spreading width
of the GDR. This is consistent with the experimen-
tal observations of the “disappearance” of the high-
frequency GDR at temperatures T ! 6 MeV reported
in the Ref. [9], while these temperatures might be
at the limits of existence of the considered atomic
nuclei.

(ii) The formation and enhancement of the low-energy
strength below the pygmy dipole resonance. This en-
hancement occurs due to the new transitions within
thermal p̃h pairs with small energy differences. The
number of these pairs increases with the temperature
growth in such a way that at high temperature T ≈
5–6 MeV the formation of new collective low-energy
modes becomes possible. Within our model, these
new low-energy modes are not strongly affected by
PVC. The lack of fragmentation is due to the fact
that for the thermal p̃h pairs with small energy differ-
ences the numerator of Eq. (110) contains the factors
n(εk6 − ηmωm, T ) − n(εk5 , T ) which are considerably
smaller than those for the regular T = 0 ph pairs of
states located on the different sides with respect to
the Fermi surface. Notice that the smallness of this
factor for the p̃h pairs is not compensated by the
denominator n(εk4 , T ) − n(εk3 , T ) which is balanced
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FIG. 5. Same as in Fig. 4 but for 100,120,132Sn nuclei with the
smearing parameter ! = 200 keV.

by the numerator of Eq. (109). The inclusion of the
finite-temperature ground state correlations (GSC) in-
duced by the PVC in the particle-phonon coupling
amplitude %(ω) may enforce the fragmentation of the
low-energy peak.

FIG. 6. Emergence of thermally unblocked states below and
above the Fermi energy εF . Here p̃h stands for the thermally un-
blocked hole-hole (hh) and particle-particle (pp) fermionic pairs with
the nonzero values of the uncorrelated propagator (109).
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The high-energy γ-rays from the GDR decay of 56,60,62Ni  nuclei at 
finite temperature were measured and analyzed with statistical 

model using a Monte Carlo approach. It is found that the present 
analysis gives some evidence on the presence of an extra yield 

on the tail of the Giant Dipole Resonance which may be 
attributed to a Pygmy Dipole Resonance in an excited nucleus.EXTRA YIELD IN HOT Ni ISOTOPES BELOW THE GIANT DIPOLE RESONANCE 5
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Fig. 3. – Plot of the linearized measured γ-ray Yield of the decay of 62Ni together with the best
chi-square fit of the statistical model using the γ-ray emission from GDR and adding strength
in the lower energy tail in the statistical model calculation to reproduce the measured data.

fluid grows probably faster and forms a skin like enhancement in excited nuclei [16].
This feature may influence strongly stellar and astrophysical processes. These aspects
should be addressed by theoretical evaluations. The authors plan to continue [17] this
explorative research and to measure in the near future more neutron rich Ni isotopes
at different temperatures to detect also light charge particles to pin down the statistical
model and to reduce the uncertainties.
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