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The pygmy dipole resonance in nuclei
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Proton, neutron, isoscalar, and isovector transition densities for the dipole states for
68Ni nucleus (RPA).

▶ Macroscopic interpretation of the IVGDR originating

from collective, out-of-phase oscillations of protons

against neutrons (enhancement of ≈ 100 % of the

EWSR) (Isovector mode).

▶ The PDR is associated with the low-lying E1 strength

in the vicinity of the neutron threshold (a few % of the

EWSR).

▶ Within the macroscopic picture: the PDR is generated

by oscillations of a neutron excess (skin) against an

isospin saturated core (N = Z)

(Isoscalar + isovector modes).

↓
What is the nature of the PDR?

How does it evolve in different isotopic chains?
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Fig. 11. RPA proton and neutron transition densities (upper frames) and isoscalar and isovector transition densities (lower frames) for the dipole
states for 68Ni nucleus. The three states have been obtained with the ‘‘bunching’’ procedure explained in the text. Their energies are 10.8, 15.6 and
31.6 MeV for the PDR, IVGDR and ISGDR, correspondingly.

these nuclei and a coordinate-space HFB calculation is performed to build a two quasiparticle QRPA hamiltonian. This
hamiltonian is diagonalised to obtain isoscalar and isovector strength functions and transition densities. The calculations
were performed for 0+, 1� an 2+ states and the results show an enhancement of the low-energy strength as the neutron
excess increases. This behaviour is common for all the analysed multipoles and is most pronounced for the dipole case.
The transition densities for the nuclei with neutron excess have the same properties that have been discussed above.
According to these results, the enhancement of the low-lying dipole strength near the drip line has to be ascribed to the
long neutron tail in the transition density.

Another systematic study on even Ca, Sn and Ni isotopes based on a self consistent QRPA has been carried out [140,141]
with a finite range interaction Gogny DS1 [142] and a quasi-realistic interaction, namely Argonne V18 plus phenomeno-
logical three body contact term [143]. Assuming spherical symmetry, the QRPA is constructed in the canonical basis of
HFB model which is used to describe the ground states, the p–h and p–p channels. Significant strength at low energy was
found for the isoscalar response of nuclei with N = Z; the peak is shifting towards low energy with increasing neutrons
number. These results are similar to the one described in the previous quoted studies. For the Sn isotopes, the summed
isoscalar strength below the particle emission threshold has been found to be some order of magnitude for the isotopes
with N between 50 and 82. For the same group of isotope also the summed isovector strength shows a constant value.
The calculated transition densities are pure isoscalar for N = Z; the proton and neutron transition densities are in phase
inside and at the nuclear surface (they almost coincide). It is evident from the calculations that when the neutron number
increases, the contribution of the neutrons at the nuclear surface become predominant. The low-lying dipole states for
Ni isotopes were studied [15] by making a comparison between the QRPA with Gogny DS1 interaction and a continuum
RPA with a SLy4 Skyrme interaction [144]. The results of such systematic is shown in Fig. 12 where the dimension of the
isoscalar disc (green) and isovector circle (open black) indicate their transition strength as function of the excitation energy
for all the considered Ni isotopes. The IVGDR lays around the 20 MeV energy region and it seems not to be particularly
affected by the variations in neutrons number except for a small effect on the fragmentation. The ISGDR shows in contrast
an accountable variation around 30 MeV. A different outcome for the low-lying region is evident in the isoscalar strength
around and below 10 MeV appearing to become stronger as the number of neutrons increases. Note also that the states
in this region are not purely isoscalar as one can see from the fact that also the black open circle are relevant. Similar
results were obtained when using two different interactions.

4.2.3. Relativistic RPA and QRPA
The time-dependent relativistic mean-field model developed in the seminal work of Walecka [145] can describe the

dynamic of collective motion [146]. The nucleus is described as a system of Dirac spinors and their interaction is mediate
by the exchange of virtual mesons and photons. The Lagrangian of the system incorporate the fields of the � -meson,
the !-meson and the ⇢-meson and the photons to account for the electromagnetic interaction. The coupled equations of
motion are given by the Dirac equation for the nucleons and by the Klein–Gordon equation for the mesons. The solution

21

E.
 L

an
za

 et
 a

l.,
Pr

og
. P

ar
t. 

N
uc

l. 
Ph

ys
. 1
29

,1
04

00
6 (

20
23

).

Proton, neutron, isoscalar, and isovector transition densities for the dipole states for
68Ni nucleus (RPA).

▶ Macroscopic interpretation of the IVGDR originating

from collective, out-of-phase oscillations of protons

against neutrons (enhancement of ≈ 100 % of the

EWSR) (Isovector mode).

▶ The PDR is associated with the low-lying E1 strength

in the vicinity of the neutron threshold (a few % of the

EWSR).

▶ Within the macroscopic picture: the PDR is generated

by oscillations of a neutron excess (skin) against an

isospin saturated core (N = Z)

(Isoscalar + isovector modes).

↓
What is the nature of the PDR?

How does it evolve in different isotopic chains?
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Motivation: Why are we interested in the PDR?

▶ Relation of the PDR to the neutron skin thickness→ information on neutron stars?

▶ Influence of the PDR on neutron capture rates and resulting abundances in the r-process.

▶ Appearance of the PDR increases probability of the (n, γ) reaction.

Left part: Probable pathways of nucleosynthesis process. Right part: Abundances of elements produced in the r-process

S. Goriely, Phys. Lett. B 436 (1998).
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GSF and NLD: The Oslo method as a method of choice

▶ Both the NLD and the GSF are important ingredients of statistical model calculations.

▶ The Oslo method is commonly used for a simultaneous extraction of these nuclear characteristics.

▶ There is a plethora of theoretical approaches, and systematic experimental constraints are highly demanded.
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Isotopes in the Sn region studied at the OCL
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Oslo method: Experiments at the Oslo Cyclotron Laboratory
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The principal scheme of the experiment.

Left: OSCAR LaBr3:Ce detector array. Right: SiRi particle telescope.

105−108Pd, 105,106,111,112Cd, 109In, 111−113,116−122,124Sn,
127Sb:

▶ SiRi Si particle telescope + NaI(Tl) (older)/ LaBr3(Ce) (new)

detector array.

▶ 126◦-140◦ particle angles are covered.

▶ (p, p′γ), (p, dγ), (d, pγ), (3He,3He γ), (3He,αγ), (α, pγ) reactions

with 16 and 25 MeV proton, 11.5 MeV deuteron,

38 MeV 3He, and 24 MeV α beams.

▶ particle-γ coincidences were extracted.
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The Oslo method: Step-by-step

0 2 4 6 8 10
 (MeV)γE

0

2

4

6

8

10
 (M

eV
)

iE

Sn120

(a)

nS

Raw coincidence matrix

0 2 4 6 8 10
 (MeV)γE

0

2

4

6

8

10

 (M
eV

)
iE

Sn120

nS

(b)

Unfolded matrix

0 2 4 6 8 10
 (MeV)γE

 (M
eV

)
iE

1

10

210

310

410

510

610

N
um

be
r o

f c
ou

nt
s

Sn120

nS

(c)

+0
+2

Primary matrixUnfolded matrix Primary matrixRaw coincidence matrix

M. Markova (UIO) PDR in Pd-Cd-In-Sn-Sb and its properties 25 September 2025 7 / 14



The Oslo method: Step-by-step
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The Oslo method: Step-by-step
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The Oslo method: Step-by-step
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The Oslo method: Step-by-step

1 2 3 4 5 6 7 8 9
 (MeV)
γ

-ray energy Eγ

8−10

7−10

6−10

)
-3

-r
ay

 st
re

ng
th

 fu
nc

tio
n 

(M
eV

γ

Oslo data

Sn120

0 2 4 6 8
Excitation energy E (MeV)

1−10

1

10

210

310

410

510

610
)

-1
 (E

) (
M

eV
ρ

Le
ve

l d
en

si
ty

 
 Oslo data 
 Known levels 

0 2 4 6 8 10
 (MeV)γE

0

2

4

6

8

10
 (M

eV
)

iE

Sn120

(a)

nS

Raw coincidence matrix

0 2 4 6 8 10
 (MeV)γE

0

2

4

6

8

10

 (M
eV

)
iE

Sn120

nS

(b)

Unfolded matrix

0 2 4 6 8 10
 (MeV)γE

 (M
eV

)
iE

1

10

210

310

410

510

610

N
um

be
r o

f c
ou

nt
s

Sn120

nS

(c)

+0
+2

Primary matrix

LD GSF

Unfolded matrix Primary matrixRaw coincidence matrix

Normalization:

▶ Scaling the NLD to discrete low-lying

states.

▶ Extracting the NLD and GSF slope

from neutron resonance data.

▶ Scaling the GSF to the neutron

resonance data.
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NLDs and GSFs of Sn isotopes
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Evolution of the low-lying E1 strength
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Main results: Evolution of the low-lying strength
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(d)
SYSTEMATIC STUDY OF THE LOW-LYING ELECTRIC … PHYSICAL REVIEW C 109, 054311 (2024)

FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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Figure 18. The calculated PDR peak and centroid energies, and the one-neutron separation energies
for the sequence of Sn isotopes, as functions of the mass number. The DD-ME2 effective interaction
has been used in the RHB + RQRPA calculations. The RHB results for the neutron separation
energies are compared with the experimental and extrapolated values [161].

one-neutron separation energies, in comparison with the data and the extrapolated value [161].
The self-consistent RHB calculation, with the DD-ME2 mean-field effective interaction in the
ph channel and the D1S Gogny force in the pairing channel, reproduces in detail the one-
neutron separation energies in Sn nuclei. We notice that the separation energies decrease
faster than the calculated PDR excitation energies. At the doubly closed-shell nucleus 132Sn a
sharp reduction of the one-neutron separation energy is observed and reproduced by the RHB
calculation, whereas the shell closure produces only a much weaker effect on the PDR peak
energies. The increased fragmentation of the low-lying strength in heavier Sn isotopes results
in larger differences between the PDR peak and centroid energies. The important result here
is that for A < 122 the PDR excitation energies are below the corresponding one-neutron
separation energies, whereas for A ! 122 the pygmy resonance is located above the neutron-
emission threshold. This means, of course, that in the latter case the observation of the PDR
in (γ , γ ′) experiments will be strongly hindered [130, 144].

The presently missing data on dipole strength above the neutron threshold could be
obtained in the near future by using tagged photons at S-DALINAC [123]. In addition,
photon scattering with high intensity beams at energies below and above the neutron separation
threshold are planned at the superconducting electron accelerator ELBE [162, 163]. The first
studies at ELBE include photon-scattering on 92,98,100Mo [164]. It is interesting to note that the
data show an enhancement of the dipole transition strength around 9 MeV: in 92Mo the pygmy
strength is located below the neutron separation energy, whereas in 100Mo it shifts above the
neutron threshold.

In figure 19 we display the isotopic dependence (112Sn–140Sn) of the energy-weighted
dipole strength in the low-energy region, integrated up to the cut-off energy Ec = 10, 11 and
12 MeV, respectively, and plotted in per cents of the classical TRK sum rule. Model calculations
are performed in the RHB + RQRPA with the DD-ME2 plus Gogny D1S interactions, and the
results are compared with the available data from photon scattering [143, 144], and Coulomb
dissociation of secondary Sn beams from in-flight fission [152]. The calculated low-lying
E1 strength is in excellent agreement with the recent experimental data for 112Sn [143] and
130,132Sn [152], whereas it overestimates the (γ , γ ′) data for 116,124Sn [144]. When considering
the evolution of low-lying dipole strength along an isotopic chain, in a first approximation one
could expect that the relative strength of the PDR increases monotonically with the number of
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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Conclusion 1:

The low-lying strength is centered

at ≈ 8.4 MeV in all studied Sn

isotopes.

Conclusion 2:

The low-lying component remains

at ≈ 6.5 MeV in heaviest tins.
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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Conclusion 1:

The low-lying strength is centered

at ≈ 8.4 MeV in all studied Sn

isotopes.

Conclusion 2:

The low-lying component remains

at ≈ 6.5 MeV in heaviest tins.

Conclusion 3:

Ranges from 2% to 3%, the largest

strength in 120Sn.

Conclusion 4:

The low-lying component increases

in strength with N , the IV

component of PDR?
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Main results: Evolution of the low-lying strength
SYSTEMATIC STUDY OF THE LOW-LYING ELECTRIC … PHYSICAL REVIEW C 109, 054311 (2024)

FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly

054311-13

SYSTEMATIC STUDY OF THE LOW-LYING ELECTRIC … PHYSICAL REVIEW C 109, 054311 (2024)

FIG. 5. (a) TRK values and (b) energy centroids for the total
extracted LEDR in Sn isotopes, its lower-lying, and higher-lying
components. Hollow squares correspond to a single Gaussian peak
fit, filled squares correspond (a) to the sum and (b) strength-averaged
centroids of two Gaussian peaks.

claims on any strong dependence of the integrated strength
on increasing neutron number between 111Sn and 124Sn can
be made. A weak dependence, if present, is obscured by a
local peak in strength around 120Sn. Exploiting a single-peak
fit for 118–122,124Sn affects neither the general trend nor the
absolute values of the integrated strength within the limits of
the estimated uncertainties. The choice of the fit for the M1
component was also found to have negligible impact on the
obtained values. For example, a more detailed fit of the M1
strength with three and two Lorentzian functions for 120Sn
and 124Sn, respectively, results only in ≈1% reduction of the
values shown in Fig. 5(a).

A similar local maximum of the integrated strength in
the vicinity of 120Sn has previously been observed within
the random-phase approximation (RPA) approach [38], in-
terrupting an almost linear correlation of the integrated PDR
strength and the neutron skin thickness. This effect was re-
lated to a gradual filling of the 1h11/2 neutron orbital in the
heavier isotopes, suppressing transitions of low multipolarity
within the PDR region. Furthermore, pairing correlation ef-
fects were included in relativistic Hartree–Bogoliubov (RHB)
plus RQRPA calculations [5], which revealed a somewhat
similar local peak at 120–124Sn in the strength evolution. This
was attributed to an interplay between reduced pairing cor-
relations and shell effects when approaching the N = 82
shell closure. A similar pattern emerges in calculations from
a relatively recent study on the isovector and isoscalar re-

sponse in Sn nuclei within the time-dependent Hartree-Fock
(TDHF) approach [113]. The open-shell nucleus 120Sn was
shown to have a larger fraction of the energy-weighted sum
rule exhausted within the PDR region in both the isoscalar
and isovector channels, as compared with the doubly magic
100Sn and 132Sn. Among the studied TDHF density profiles,
120Sn appears to exhibit a slightly more diffuse surface, po-
tentially correlated with the enhancement of the strength in
this nucleus. All of these studies employ an upper limit for
the extraction of the total integrated strength, which com-
plicates a direct quantitative comparison with the present
experimental results. We note that the local maximum of the
strength at 120Sn is a subtle feature considering the uncertain-
ties in the data. However, a theoretical interpretation would
still be important, in particular whether it presents a local
feature based on shell structure or a general phenomenon
in nuclei with sufficient neutron excess. A possible link to
the explanations offered in Refs. [5,113] requires further
investigations.

It is interesting to note that the energy-weighted integrated
strength of the smaller, low-lying component in 118–122,124Sn
increases approximately linear with neutron number [see
Fig. 5(a)]. As mentioned earlier, the feature at ≈6.5 MeV
appearing in the (p, p′) strength in all the studied Sn iso-
topes has, indeed, been noted to become more prominent
toward 124Sn [114]. Nevertheless, this trend is quite subtle,
and the total exhausted strength of this peak-like structure is
limited to only 0.1%–0.5% of the TRK sum rule. A similar
concentration of the isoscalar strength between 5.5 and 7
MeV has been observed earlier in the studies of 124Sn with
the (α,α′γ ) [22] and (17O, 17O

′
γ ) reactions [23]. Combined

with the (p, p′) and (γ , γ ′) data, they provide experimental
evidence of a structural splitting of the LEDR in this nucleus
into a group of lower-lying states of mixed isovector-isoscalar
nature, observed in all the mentioned probes, and higher-lying
states of isovector nature, seen only in the (p, p′) and (γ , γ ′)
experiments. The correspondence with the isoscalar probes
and large ground-state branching ratios observed in (γ , γ ′)
experiments suggest that the lower-energy peak represents the
isovector response of the PDR. The implications of this result
will be further discussed in Ref. [115].

The employed Gaussian fit allows us to easily access the
evolution of the centroid of the LEDR with increasing neutron
number, presented in Fig. 5(b). For 118–122,124Sn, the centroids
of both components are shown together with the strength-
weighted average centroid for the total LEDR. The strength
in all the studied isotopes is concentrated at ≈7.8–8.3 MeV,
while the lower and the higher peaks in 118–122,124Sn show
almost constant centroid energies of ≈6.4–6.5 and ≈8.2 MeV,
respectively. Provided that the centroids of the lower and
higher components are almost unchanged, a mild decrease of
the total LEDR centroid reflects the same strength redistri-
bution as in Fig. 5(a), with gradually more strength grouped
at ≈6.4–6.5 MeV toward 124Sn. The decrease of the LEDR
(PDR) centroid is reproduced in RQRPA [5,13] and QPM
[111] calculations for Sn isotopes, appearing also in isotopic
chains of other elements [5,116]. The observed experimental
trend of Fig. 5(b) contradicts the previously extracted Oslo
systematics of the LEDR centroids in Ref. [34]. This is mainly
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Fig. 6. Evolution of the experimental LEDS in the energy range (a) 4 − 10 MeV and (b) from 4 MeV to the neutron threshold !" for even-mass Sn isotopes with mass numbers # = 112 − 124 compared with predictions of the RQRPA (open squares) and RQTBA (purple band, spanning the uncertainties due to the poorly constrained pairing interaction strength using Δ$, Δ$(2+1 ), and three-point Δ3adjusted to the odd-even mass staggering) calculations. The dashed lines are to guide the eye.
portant in the reproduction of the Oslo data, and the thermal continuum is an adequate concept here [68]. Moreover, the continuum may play a decisive role around the particle emission threshold and intervene in the analysis employed for separating PDR and IVGDR. This is illustrated in Fig. 6, where the integral experimental and theoretical strengths as functions of mass number are compared for the energy intervals 4 ≤% ≤%&'( with %&'( = 10 MeV (a) and %&'( = !" (b). For %&'( = 10MeV, both model results show a monotonous increase between mass numbers 112 and 124 from about 1.5% to 7.5% of the TRK sum rule for RQRPA (Δ$) and 2.5% to 6.5% for RQTBA (Δ$), respectively. The purple band of the RQTBA results reflects the uncertainties due to the poorly constrained pairing interaction strength calculated with the two approaches discussed above and the three-point (Δ3) values adjusted to the odd-even mass staggering. In contrast, the experimental strengths are approximately constant with values 3.5 − 4%. For the case of 120Sn, the models predict extra strength compared to the data in the energy region 7 − 10 MeV, leading to a total value of 6%. As seen in Fig. 6 (b), cutting out the contribution from !" ≤% ≤ 10 MeV or adding those from 
10 ≤ % ≤ !" MeV may change the theoretical integral strength notably and even reverse its trend at large and small neutron numbers, respec-tively. A complete response theory, besides better constrained pairing correlations, should thereby take into account the continuum, includ-ing the multiparticle escape. Other many-body effects, such as a more complete set of phonons (in particular, those of unnatural parity and isospin-flip), complex ground-state correlations, and higher-complexity configurations are expected to generate the richer fine structure of the LEDS, especially at the lowest energies.
5. Summary and conclusions

We present a systematic study of the low-energy electric dipole strength in Sn isotopes ranging from # = 111 to 124 based on the data for 111−113,116,118−122,124Sn obtained with the Oslo method and the study of 112,114,116,118,120,124Sn with relativistic Coulomb excitation in forward 

angle (), )′) scattering. The tin chain is of particular interest since the similarity of low-energy structure in the neighboring isotopes allows us to single out the impact of neutron excess on the evolution of the LEDS. The combined data cover an energy range of 2 − 20 MeV which per-mits a decomposition into the contribution from the low-energy tail of the IVGDR and possible resonance-like structures with minimal assump-tions. One finds in all cases a resonance at about 8.3 MeV, exhausting an approximately constant fraction of the TRK sum rule with a local maximum at 120Sn which might be attributed to shell structure effects.For the isotopes with # ≥ 118, a consistent description of the data suggests introducing a second resonance centered at about 6.5 MeV. The comparison with the results from the isoscalar probes and the (*, * ′) re-action indicates that it might represent the IV response of the PDR. Its strength corresponds to a relatively small fraction of the total LEDS and demonstrates an approximately linear dependence on mass number. Be-cause of the schematic decomposition, the absolute values might have some model dependence. Nevertheless, these results demonstrate that taking the full LEDS as representative of the PDR strength (as done in many discussions of a possible relation to the neutron skin thickness) is clearly unfounded. The small PDR strength also challenges its inter-pretation of being due to neutron skin oscillations, which require some degree of collectivity. However, this question cannot be settled based on the IV response alone.Self-consistent microscopic calculations rooted in ab initio EOM the-ory and employing effective meson-exchange interaction can reproduce the experimental features of LEDS reasonably well provided qPVC is in-cluded. Consideration of qPVC improves the description essentially by generating the necessary richness of the spectrum, in contrast to sim-plistic QRPA confined by 2+ configurations forming LEDS dominated by one peak (cf. Ref. [38]). In this work, leading-order qPVC was included in RQTBA, which allowed for decomposing theoretical LEDS into dis-tinct structures identified in the experiment. A state-by-state analysis of the transition densities enabled the identification of states above 8 MeV whose microscopic composition is essentially different from those fragmented from primordial RQRPA states, namely, proton contribu-tion prevails in their 2+ content. We argue that – in accordance with experimental observations – the upper part of the LEDS dominated by such states has an enhanced probability of cascade decay, while its lower-energy counterpart, representing predominantly neutron oscilla-tions, decays mostly to the ground state. Further analysis showed that the latter part of the strength is likely to be associated with a single resonance-like structure in agreement with experimental data, while the upper part of the LEDS is more fragmented in heavier isotopes and interferes with the low-energy shoulder of IVGDR. Clarifying this inter-ference, as well as obtaining more accurate spectroscopic results, calls for furthering theoretical effort in both the interaction and many-body aspects. The most pressing issues obscuring refined computation remain in the segments of pairing correlations, continuum, and complex config-urations beyond the leading-order qPVC including those of the nuclear ground state.Further experimental work is required to elucidate the true nature of the PDR. One way is systematic studies of the IV and IS response along isotopic or isotonic chains, similar to the one presented here. For the Sn case, experiments at RIB facilities in inverse kinematics, analogous to the pioneering study of E1 strength in 130,132Sn [69], but including the information on * decay [70,71] to extract the GSF below neutron thresh-olds, would be of particular interest. New experimental observables like the particle-hole structure investigated in transfer reactions [51,72] or transition current densities from transverse electron scattering [23] may help to clarify the underlying structure.
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Conclusion 1:

The low-lying strength is centered

at ≈ 8.4 MeV in all studied Sn

isotopes.

Conclusion 2:

The low-lying component remains

at ≈ 6.5 MeV in heaviest tins.

Conclusion 3:

Ranges from 2% to 3%, the largest

strength in 120Sn.

Conclusion 4:

The low-lying component increases

in strength with N , the IV

component of PDR?
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PDR in the Sn region
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PDR in the Sn region: 109In
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PDR in the Sn region: 109In
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FIG. 11. REOM2/RQTBA E1 strength functions below 10 MeV in 112Sn, 110Sn and 109In (left panels), and the neutron and
proton transition densities for the strongest four peaks of the corresponding strength function (four right panels in each raw)
with the indicated energies.
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FIG. 12. Contributions of the leading (larger than 0.01%)
2q configurations to the norms of the characteristic states in
112Sn, 110Sn and 109In below 10 MeV.

112Sn to 110Sn and further decreases in 109In. Remark-
ably, the shell structure of the basis Dirac-Hartree states

is very similar in all three nuclei: the proton subsys-
tem is characterized by the closed 1g9/2 shell with one

proton removed from this orbit in 109In, and the neu-
tron subsystem has filled 1g7/2 (eight particles) above the
N = 50 core in all the nuclei and partly occupied 2d5/2

orbit with two neutrons in 110Sn and 109In and four neu-
trons in 112Sn. However, this relatively subtle di!erence
in the occupancy results in a notable di!erence in the
transition strength of the lowest RQRPA mode, much
larger in 112Sn due to the predominant contribution of
the 2d5/2 →2f7/2 neutron transition.

This enhancement is translated to the
REOM2/RQTBA E1 strength functions, whose com-
position can be traced via the transition densities. We
display them in Fig. 11 for the four most prominent
fragments seen in the low-energy dipole strength func-
tion of each nucleus. At lower energies, proton and
neutron contributions closely follow each other, and
here we remind that the transition strength in the
isovector channel is obtained by summing up these
transition densities with nearly equal-valued opposite
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Summary and conclusions

▶ The nuclear level densities and γ−ray strength functions of Pd, Cd, In, Sn, Sb have been extracted

in a model-consistent way with the Oslo method.

▶ The low-lying electric dipole strength in stable Pd, Cd, Sn isotopes is located at ≈ 8 MeV and

exhausts ≈ 0.5− 3% of the TRK sum rule.

▶ No systematic increase of the strength with N was observed in Sn isotopes.

▶ RQRPA and RQTBA calculations were performed to interpret the evolution of the low-lying E1

strength.

Thank you for your attention!
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