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This work aims at presenting an alternative approach to the long standing problem of the B(E2) values 
in Sn isotopes in the vicinity of the N=Z double-magic nucleus 100Sn, until now predominantly measured 
with relativistic and intermediate-energy Coulomb excitation reactions. The direct measurement of the 
lifetime of low-lying excited states in odd-even Sn isotopes provides a new and precise guidance for 
the theoretical description of the nuclear structure in this region. Lifetime measurements have been 
performed in 105Sn for the first time with the coincidence Recoil Distance Doppler Shift technique. 
The lifetime results for the 7/2+

1 first excited state and the 11/2+
1 state, 2+(104Sn) ⊗ ν1g7/2 multiplet 

member, are discussed in comparison with state-of-the-art shell model and mean field calculations, 
highlighting the crucial contribution of proton excitation across the core of 100Sn. The reduced transition 
probability B(E2) of the 11/2+

1 core-coupled state points out an enhanced staggering with respect to the 
B(E2; 2+

1 →0+
1 ) in the even-mass 104Sn and 106Sn isotopes.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
* Corresponding author.
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0370-2693/© 2023 The Authors. Published by Elsevier B.V. This is an open access article
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1. Introduction

The appearance of a shell structure is a common feature of con-
fined many-body quantum systems. The atomic nucleus occupies 
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a special place among these systems, due to the emergence of a 
shell structure from the complex nucleon-nucleon interaction and 
to the possibility of studying shell closures far from stability. The 
study of shell evolution along semi-magic isotopic chains is key to 
understanding the extent to which conventional shell closures per-
sist in exotic nuclei [1,2]. The N=Z=50 100Sn isotope is predicted 
to be the heaviest N=Z doubly magic nucleus, and hence many 
efforts have been devoted to understanding its structure by mea-
suring neutron-deficient Sn isotopes, since its in-beam γ -ray spec-
troscopy is presently out of experimental reach [3]. In the even-
mass nuclei 104−112Sn, the reduced transition strengths B(E2) from 
the first excited 2+ state to the ground state are a probe of the 
N=Z=50 core robustness. B(E2) values deduced from Coulomb ex-
citation experiments [4–13] do not follow the expected decreasing 
trend towards 100Sn [14,15]. From the first large-scale shell-model 
studies for the Sn isotopes [4], it was evident that a pure gener-
alized seniority scheme, with only neutron excitations in the va-
lence space N=50-82 and a 100Sn core, largely underestimates the 
experimental B(E2) values. To describe the experimental values, 
the inclusion of proton particle-hole excitations across the closed 
core of 100Sn was required, as demonstrated also by later the-
oretical approaches [16,17]. This conclusion, together with larger 
than expected experimental B(E2) values observed in the neutron-
deficient even-mass Sn isotopes [5,7,10–12,18–22], has spurred 
debate on the robustness of the Z=50 shell closure, otherwise sup-
ported by the β-decay studies in 100Sn [23,24]. However, this ques-
tion is far from being settled because of the large uncertainties in 
the experimental results in 104Sn and 106Sn, obtained via Coulomb 
excitation using radioactive ion beams [5,7,10–12]. For 104Sn the 
three measured values are spread over a range compatible either 
with an increased collectivity [11,12] or a normal, seniority like 
decrease of the B(E2) values towards 100Sn [10]. In this context, 
measurements with different methods and higher precision and 
accuracy in this region are crucial to guide the theoretical inter-
pretations and help solving this long-standing puzzle.

The alternative approach to obtain the B(E2) strengths is via di-
rect lifetime measurements of the 2+

1 state. This technique is not 
affected by the same systematic uncertainty of relativistic Coulomb 
excitation experiments and can be used in fusion-evaporation reac-
tions, where 104Sn and 106Sn are produced by using stable targets 
and intense stable beams. However, the presence of the long-lived 
6+

1 seniority isomer, feeding the lower-lying states, prevents a di-
rect 2+

1 lifetime measurement. Recently, lifetime measurements of 
the 2+

1 and the 4+
1 excited states in 106Sn and 108Sn were success-

fully performed via a multi-nucleon transfer reaction for the very 
first time [22]. The direct feeding of the excited states of interest 
in 106Sn, allowed the lifetime measurement of the 2+

1 state, albeit 
with a large error due to the small reaction cross section. In order 
to investigate E2 strengths in Sn isotopes lighter than 106Sn with 
fusion-evaporation reactions, circumventing the presence of senior-
ity isomers, we performed lifetime measurements in the odd-even 
105Sn nucleus. A simple understanding of the low-lying structure 
of semi-magic odd-even systems derives from the coupling of the 
unpaired neutron with the states of the neighbor even-even iso-
tope [25]. This is evident from the structure of the 105Sn level 
scheme which exhibits two well-defined bands (see Fig. 1) as a 
result of the coupling between the unpaired neutron in the 1g7/2
or in the 1d5/2 orbital with the 104Sn core. The presence of two 
similar configurations characterizing the level scheme of light odd-
mass Sn isotopes is justified by the small energy gap between 
the two neutron single-particle states 1g7/2 and 1d5/2 outside the 
100Sn core. Only two long lifetimes are reported for 105Sn: the 
low-lying 7/2+

1 state at 200 keV excitation energy, with a lifetime 
τ = 480(120) ps, and the 17/2+

1 state at 2204 keV excitation en-
ergy, with τ = 550(70) ps [26,27]. This second state belongs to the 
band built on the 1d5/2 orbital, and does not significantly feed the 
2

Fig. 1. Comparison between low-energy excited states in 104Sn [28] and 105Sn [29]. 
The width of the arrows represents the relative intensities. The two structures in 
105Sn, built on the 5/2+

1 ground state and the 7/2+
1 first excited state, are high-

lighted. The known lifetimes of the 6+
1 seniority isomer in 104Sn [28] and the 17/2+

1
isomer in 105Sn [26] are reported and the coupling of the 7/2+

1 and 11/2+
1 states in 

105Sn with the 0+
1 and 2+

1 states in 104Sn, respectively, are emphasized with dotted 
lines.

band on the 1g7/2 orbital. Therefore, the direct lifetime measure-
ment of the 105Sn 11/2+

1 state, namely coming for the coupling of 
the 104Sn 2+

1 state and the unpaired neutron in the 1g7/2 shell, is 
feasible. It provides the opportunity for a model-independent esti-
mate of the B(E2) values in the neutron deficient Sn nuclei.

This work reports the first result for an E2 transition strength 
between low-lying excited states via lifetime measurements in 
105Sn, the most neutron-deficient Sn isotope in which the life-
time of states coupled to the 2+ level of the even-even iso-
topes have been measured so far. Lifetime measurements after 
fusion-evaporation reactions provide a key tool to obtain model-
independent electromagnetic strengths in odd-mass neutron-defi-
cient Sn isotopes. The present contribution highlights how this 
approach can help to shed light on the nuclear structure in this 
region.

2. Experiment and results

The experiment was performed at the INFN Legnaro National 
Laboratories (Italy). The excited states in 105Sn were populated 
via a fusion-evaporation reaction, using a 180-MeV 50Cr beam de-
livered by the XTU-Tandem accelerator [30] and a 58Ni target of 
1-mg/cm2 thickness, by the evaporation of two protons and one 
neutron from the compound nucleus 108Te. The detection setup 
consisted of the GALILEO γ -ray spectrometer [31] coupled to the 
EUCLIDES Si-array [32], in order to enhance the reaction channel of 
interest among all the possible evaporation residues. GALILEO was 
composed of 25 Compton-suppressed HPGe detectors arranged in 
five rings at different angles with respect to the beam direction 
(152◦ , 129◦ , 119◦ , 61◦ and 51◦). In this experiment EUCLIDES was 
placed only at forward angles [33] to enable the installation of the 
plunger device [34] inside the reaction chamber and perform life-
time measurements using the Recoil Distance Doppler Shift (RDDS) 
technique [35]. The stopper mounted on the plunger was a 16-
mg/cm2 layer of 197Au. The reaction channel 2p1n was selected by 
applying the coincidence with at least one proton in EUCLIDES, in 
order not to excessively suppress the statistics. Data was collected 
for 12 target-to-stopper distances ranging from 10 μm to 8000 μm 
in order to guarantee sensitivity to lifetimes of few picoseconds 
as well as of hundreds picoseconds. Lifetimes in 105Sn were mea-
sured in γ -γ coincidence by applying the Differential Decay Curve 
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Fig. 2. Background-subtracted γ -ray spectra showing the shifted and the stopped 
components of the 200-keV, 7/2+

1 →5/2+
1 transition of 105Sn recorded with 

GALILEO detectors at 51◦ at different target-to-stopper distances. The stopped and 
the shifted components of the 7/2+

1 →5/2+
1 transition are highlighted with a green 

continuous line and a red dashed line, respectively.

Method (DDCM) [36,37]. RDDS measurements in γ -γ coincidence 
are specifically advantageous when the nucleus is populated at 
high excitation energy, as in fusion-evaporation reactions, since it 
ensures a complete control of the feeding contribution. Moreover, 
the γ -γ coincidence is crucial in the analysis of the 11/2+

1 -state 
lifetime since 105Sn presents γ -ray transitions with similar energy 
in the two bands (see Fig. 1).

The velocity β of the recoiling nucleus (β = 0.035(2) for 105Sn) 
is measured from the energy of the γ -ray Doppler shifted com-
ponents as a function of the angle of emission. The stopped and 
in-flight intensities are normalized to the total number of γ rays 
collected after the particle gate within the acquisition time of a 
single plunger distance. The experimental technique was validated 
by measuring known lifetimes in 105In, which corresponds to the 
3p-reaction channel, by using a γ -γ -2p coincidence condition to 
produce γ -ray spectra [38,39]. For 105Sn, lifetimes are measured 
in γ -γ -1p coincidence (by gating on the in-flight component of 
the direct feeding transition) and the results are the following: 
τ (7/2+

1 ) = 0.61(3) ns, τ (11/2+
1 ) = 7(2) ps. The lifetime of the 

7/2+
1 state measured in this experiment, for the first time in γ -γ

coincidence, agrees within the error bars with the previous mea-
surement τ = 480(120) ps [26] and significantly improves the pre-
cision. The projected spectra for the 7/2+

1 →5/2+
1 transition are 

presented in Fig. 2, showing the evolution of the in-flight compo-
nent with respect to the stopped one.

The analysis of the lifetime of the 11/2+ state requires merg-
ing the statistics collected from all 5 GALILEO rings after the gate 
on the in-flight component of the direct feeding transition. The 
stopped and shifted components suffer in fact from a reduction 
of statistics in the region of sensitivity due to the presence of 
the higher-lying longer-living state 27/2+

1 in the feeding pattern 
of the 11/2+

1 excited state. Fig. 3 shows separately the projected 
spectra including the sum of the stopped, not Doppler corrected, 
components and the sum of the shifted components, which are 
3

Doppler corrected in order to merge the statistics from all different 
GALILEO rings at the nominal energy 1194 keV. The coincidence 
intensities are measured from the projected spectra by using a 
gaussian fit where the parameters sigma and centroid are con-
strained to vary in an optimized energy range. Fig. 4 presents the 
DDCM analysis for both the 7/2+

1 →5/2+
1 and 11/2+

1 →7/2+
1 tran-

sitions, performed with the Napatau software [40].

3. Discussion

From the measured lifetimes, transition probabilities can be cal-
culated if the mixing ratio between the most probable multipo-
larity characterizing the transition is known. For the 7/2+

1 →5/2+
1

transition, the experimental mixing ratio between the dominant 
multipolarities M1 and E2 is not known. Given the small energy of 
this excitation (200 keV), even a E2 mixing of ∼ 10% would imply a 
B(E2) larger than 450 e2fm4 (15 Wu), which is an unrealistic value 
for such low-lying state in a semi-magic nucleus. Therefore, the 
character of the transition is assumed to be M1, with a strength of 
B(M1; 7/2+

1 →5/2+
1 ) = 0.0107(6) μ2

N . The 11/2+
1 →7/2+

1 transition 
is a stretched E2 and the obtained value is B(E2; 11/2+

1 →7/2+
1 ) = 

50(15) e2fm4.
Different theoretical approaches are considered in order to in-

terpret the obtained values. In the first place, a large scale shell-
model calculations (LSSM) within the full sdg major shell (g9/2, 
g7/2, d5/2, d3/2, s1/2) for both protons and neutrons. The calcula-
tions were performed up to 7p-7h excitations from the Z=N=50 
core to ensure convergence, corresponding to a dimensionality of 
60 · 109 basis states. The effective interaction is the one from the 
recent work of Ref. [22]. Different set of effective operators are 
used to assess the sensitivity of the present calculations to effects 
outside the model space: electric transitions are computed with 
three sets of effective charges (ep , en). The standard (1.5e, 0.5e) 
values, the isovector values (1.35e, 0.65e), used in Ref. [22], and the 
recent values (1.11e, 0.84e) extracted in the vicinity of 100Sn [41]. 
For gyromagnetic factors, either “bare” values or “effective” val-
ues are implemented, the latter usually used in 0h̄ω calculations, 
with a quenching factor 0.75 of the spin g factors and orbital g
factors equal to 1.1 for protons and -0.1 for neutrons [42–44]. In 
a second approach, the Multiparticle-Multihole (MPMH) configura-
tion mixing model [45–47] is used to investigate B(M1) transitions 
by using the D1M Gogny interaction [48]. Calculations are per-
formed by considering different neutron valence spaces, with and 
without proton excitations from the 1g9/2 to the 1g7/2 and 2d5/2
orbitals. This analysis allows one to identify the contribution of 
p-h excitations in different frameworks and indicates as an opti-
mal choice the full sdg valence space for neutrons and the 1g9/2, 
1g7/2, 2d5/2 valence space for protons. Bare operators are used and 
only results for M1 transition strengths are presented. Finally, a 
consistent approach including Gogny force and the quasi-random 
phase approximation (QRPA) [49] is used to calculate the 9/2+

1
and 11/2+

1 excited states, as phonons built with coherent states 
of two quasi-particle excitations on Hartree-Fock-Bogoliubov (HFB) 
solutions obtained by blocking the 5/2+ and 7/2+ orbitals, re-
spectively. This blocking assumption enables the calculations of the 
B(E2; 11/2+

1 →7/2+
1 ) and its validity is supported by MPMH calcu-

lations performed with the same D1M Gogny interaction. MPMH 
calculations show in fact the similarity between the wave func-
tions of the 9/2+

1 state and the 5/2+
1 ground state and between 

the 11/2+
1 and the 7/2+

1 excited states, thus supporting the as-
sumption of independent QRPA calculations on top of HFB solution 
with blocking on the d5/2 K=5/2 state or the g7/2 K=7/2 state. The 
present HFB+QRPA calculations, applied to an odd-mass nucleus, 
are similar of those performed in Ref. [50] and supplement previ-
ous studies on even-mass Sn isotopes [49,51].
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Fig. 3. Background-subtracted γ -ray spectra showing the 11/2+
1 → 7/2+

1 transition in coincidence with the 15/2+
1 → 11/2+

1 feeding transition. Only the six most relevant 
target-to-stopper distances are shown. The left-side panels show the sum of no-Doppler corrected spectra from all GALILEO rings. The stopped component, highlighted with 
a green continuous line, is fitted together with a contaminant, marked in the figure with a dotted gray line. The right-side panels show the sum of the spectra from all 
GALILEO rings after Doppler correction. The in-flight component is highlighted with a red dashed line.
The double-band character of the level scheme of 105Sn, as 
presented in Fig. 1, can be interpreted as the coupling of the un-
paired neutron in the g7/2 or the d5/2 orbital to the yrast states 
of 104Sn. Both LSSM and MPMH calculations confirm this interpre-
tation, showing the predominant occupation of the g7/2 and d5/2
neutron orbitals by the unpaired neutron in the bands built on the 
7/2+ and 5/2+ , respectively. The experimental transition probabil-
4

ities and the calculated ones are reported in Table 1. For the LSSM 
calculations, the presented value is the one with the (1.5e, 0.5e) 
standard effective charges, in better agreement with our result.

Concerning the 7/2+
1 →5/2+

1 transition, if a single-particle na-
ture is considered, i.e. a valence neutron passing from the 1g7/2 to 
the 2d5/2 orbital, it would then be an �-forbidden M1. The non-
zero value of the experimental B(M1) indicates that this transition 
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Fig. 4. DDCM analysis [37] of γ -γ coincidence data for the 7/2+
1 →5/2+

1 (on the left panels) and 11/2+
1 →7/2+

1 (on the right panels) transitions in 105Sn. Data show 
the intensities measured with GALILEO detectors at 119◦ for the 7/2+

1 →5/2+
1 transition and with all GALILEO detectors for the 11/2+

1 →7/2+
1 transition. The error bars 

correspond to statistical errors. Each pair of panels reports: (a) normalized intensities of the shifted components IS with the fitting function f (x) corresponding to three 
smoothly connected polynomials of second order; (b) normalized intensities of the stopped components IU with the fitting function proportional to the derivative of f (x); 
(c) weighted average (thick green line) of the lifetimes τ (xp) calculated at each plunger distance, with the associated uncertainties shown with thin green lines.
Table 1
Transition probabilities obtained from the lifetimes measured in the present 
experiment for the excited states 7/2+

1 and 11/2+
1 in 105Sn. The experimen-

tal results are compared with LSSM(1) calculations using standard effective 
charge values (1.5e, 0.5e), QRPA and MPMH calculations.

exp LSSM(1) QRPA MPMH

B(M1; 7/2+→5/2+) [μ2
N ] 0.0107(6) 0.0017 0.0037

B(E2; 11/2+→7/2+) [e2fm4] 50(15) 118 40

is not of pure single-particle nature. LSSM and MPMH calcula-
tions also predict a non-zero value for this transition strength 
and the calculated wave functions show that in addition to mul-
tiple neutron excitations, the role of proton excitations from the 
100Sn core is crucial in the wave functions composition of the 
5/2+

1 and +7/2+
1 states in 105Sn. In this regard, the measured 

B(M1; 7/2+→5/2+) in 105Sn is a sensitive probe of the effective-
ness of our models describing the breaking of the 100Sn core. The 
LSSM value of 0.0017 μ2

N for the B(M1; 7/2+→5/2+) reported 
in Table 1 is obtained with effective values of the gyromagnetic 
factors. The same quantity calculated with bare values of the gyro-
magnetic factors works out at 0.0039 μ2

N , in very good agreement 
with the value obtained by MPMH calculations with bare opera-
tors.

The E2 strength for the 11/2+
1 →7/2+

1 transition shows a sur-
prisingly small value if compared with the experimental B(E2; 
2+→0+) obtained for 104Sn (200(80) e2fm4 [10], 360(74) e2fm4

[11] and 346(56) e2fm4 [12]). The small ratio between the B(E2; 
11/2+

1 →7/2+
1 ) in 105Sn and the average of the existing B(E2; 

2+→0+) values for 104Sn can be partially ascribed to a different 
seniority changing factor for the 11/2+

1 →7/2+
1 transition (from 

ν = 3 to ν = 1) with respect to the 2+
1 →0+

1 transitions (where 
seniority changes from ν = 2 to ν = 0). This yields to a reduction 
factor of about 0.8 in a case of single- j seniority where only the 
g7/2 orbital is considered [52]. However, a generalized seniority 
5

Fig. 5. Calculated B(E2) values for the 2+→0+ transition in 104,106Sn and for 
the 11/2+→7/2+ transition in 105Sn by QRPA, LSSM(1) with (1.50e, 0.50e) ef-
fective charges, LSSM(2) with (1.35e, 0.65e) effective charges and LSSM(3) with 
(1.11e, 0.84e) effective charges. See text for details. Experimental values are reported 
from this work for 105Sn and for 104Sn, 106Sn from the works in Ref. [10–12,5,7,22].

approach for non-degenerate d5/2 and g7/2 orbitals can be more 
adequate [14]. This calculation [53] leads to a smaller factor of 
about 0.6, which is still not sufficient to account for the ratio be-
tween the experimental B(E2) values.

The trend of de-excitation transition probabilities from the 2+
1

in the even-even neighboring isotopes and the 11/2+
1 coupled 

state in the odd-even Sn is shown in Fig. 5 for 104Sn, 105Sn and 
106Sn. The experimental values are compared with the three sets 
of LSSM calculations, using different effective charges, and QRPA 
calculations. One can notice that for these nuclei, the B(E2) stag-
gering trend is qualitatively reproduced by both QRPA and LSSM 
calculations. Fig. 5 shows that, in view of the large uncertainties of 
the experimental B(E2; 2+→0+) in even-mass neighbors Sn iso-
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topes, the direct lifetime measurements in odd-even nuclei can 
provide an effective anchor point for different theoretical models. 
From the comparison between LSSM calculations and the actual 
measurements in 104,106Sn is not possible to discriminate between 
the different sets of effective charges, while the measurement of 
the 11/2+→7/2+ transition in 105Sn suggests a preference for the 
“standard” effective charges (LSSM(1)). This would imply a LSSM 
prediction in better agreement with the inferior values of the ex-
perimental B(E2) in the 104Sn and 106Sn isotopes, from Ref. [10]
and Ref. [22] respectively. On the other hand, the QRPA approach, 
predicts large B(E2; 2+→0+) values for 104,106Sn, in better agree-
ment with the Coulex measurements of Ref. [11,12,7], while also 
being in excellent agreement with the present result. From the 
analysis of the wave functions of LSSM calculations for 104Sn and 
105Sn one can notice that the percentage of proton excitations from 
the 1g9/2 shell for both the 7/2+

1 and the 11/2+
1 states is similar 

with respect to the 0+
1 and 2+

1 states in 104Sn. The wave function 
obtained from the QRPA calculations for the 11/2+

1 state in 105Sn 
has also a proton composition similar to the one of the 2+ states 
in neighboring even isotopes, but it involves less proton p-h excita-
tions across Z=50, suggesting that in this calculation a difference of 
few percentage of proton contribution in the wave function results 
in a larger difference on the calculated B(E2) values.

The precision of the experimental measurement obtained in 
this work is crucial to constrain the different theoretical predic-
tions. While both LSSM and QRPA calculations predict the observed 
odd-even staggering, the value which comes closer to our result is 
provided by the QRPA approach, which uses a different Hamilto-
nian based on the Gogny force and a larger valence space for both 
protons and neutrons.

4. Conclusion

In conclusion, the lifetime of the 11/2+
1 and the 7/2+

1 excited 
states in 105Sn were measured for the first time with the Re-
coil Distance Doppler Shift technique in γ -γ coincidence via the 
58Ni(50Cr, 2p1n)105Sn fusion-evaporation reaction. The comparison 
of the experimental transition probabilities with both LSSM and 
beyond mean-field models provided an insight on the role of pro-
ton and neutron p-h excitations across the N=Z=50 shell closure. 
In particular, the small 105Sn B(E2; 11/2+→7/2+)=50(15) e2fm4

value obtained in this work is at variance with the large differ-
ence with respect to the E2 strengths of the 2+

1 state in even-mass 
neutron-deficient Sn isotopes observed in all existing measure-
ments. QRPA and LSSM calculations correctly predict an enhanced 
reduction of the B(E2) in 105Sn with respect to the expectations 
of the single-j seniority model. The smaller value calculated from 
QRPA is in finer accordance with our accurate experimental result. 
This work shows that precise lifetime measurements in odd-even 
neutron-deficient Sn isotopes are crucial in constraining the dif-
ferent models and shedding light on the long-standing problem of 
the B(E2) values towards 100Sn. The present result calls in partic-
ular for a similar measurement in 103Sn, 107Sn and 109Sn, which 
can be effectively produced in fusion-evaporation reactions [54], to 
better define an “odd-even” B(E2) trend in Sn isotopes from direct 
lifetime measurements.
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