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The structure of 74Se at low energy was investigated via spectroscopy of internal conversion electrons at 
the INFN Legnaro National Laboratories (LNL). A set of internal K-conversion coefficients and monopole 
transition strengths was measured. A large ρ2(E0; 2+

2 → 2+
1 ) · 103 = 210(130) value was deduced. This 

result, in addition to a low upper limit for the 0+
3 → 0+

2 electron transition, casts in doubt a simple 
interpretation of the 74Se low-lying structure, in particular the recently proposed spherical, vibrational 
character. New microscopic beyond-mean-field calculations generally agree with the experimental results 
and are capable of producing a large ρ2(E0; 2+

2 → 2+
1 ) value, even if still a factor ≈ 7 smaller than the 

experiment. Triaxiality and a complex shape-coexistence and mixing scenario seem responsible for this 
unexpected experimental result.

© 2023 The Author(s). 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.
1. Introduction

The 2+
2 state in non-doubly-magic, even-even nuclei is com-

monly interpreted as due to a collective excitation. In the vi-
brational and rotational limits, this state originates from vibra-
tions around the ground-state shape. Specifically, for a spherical-
harmonic vibrator, it is part of the two-phonon multiplet J =
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0+, 2+, 4+ . Instead, for an axially-symmetric rotor, it is the head 
of the K = 2 band J = 2+, 3+, 4+, 5+, 6+, ... – the so-called γ
band – resulting from vibrations in the γ degree of freedom. Even 
though these basic paradigms are known to represent only a first-
order approximation of the nuclear structure, they are still used 
for classifying isotopes throughout the chart of the nuclides and 
as a basis for more complex theoretical approaches. Nevertheless, 
since the appearance of low-energy nuclear vibrations has been 
debated in the recent literature (specifically oscillations around the 
spherical shape [1–3] and oscillations in the β degree of freedom 
in axially-symmetric deformed nuclei [4]), the possible vibrational 
interpretation of the 2+

2 state also needs to be carefully reanalysed.
Monopole transitions (E0) are an ideal tool to investigate nu-

clear structure because they are related to the radial distribution of 
the electric charge inside the nucleus. Therefore, monopole transi-
tion strengths ρ2(E0) are sensitive to changes in the shape of the 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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nuclear states. In particular, this observable is zero if the shape of 
the two states involved is the same and/or if there is no config-
uration mixing between their wavefunctions [5]. Noteworthy, the 
ρ2(E0) value between the first two 2+ states is zero in both the 
vibrational and axially-symmetric rotational limits [6]. A surpris-
ing result has been recently obtained in the Ni isotopic chain [7,8], 
where large ρ2(E0; 2+

2 → 2+
1 ) values, according to the definition 

given in Ref. [9], have been measured: 230+50
−80 · 10−3 in 58Ni, 

150+50
−110 · 10−3 in 60Ni, and 140+50

−70 · 10−3 in 62Ni. This outcome 
is particularly interesting since the investigated isotopes are inter-
preted as having a spherical shape in their ground states [10–12]. 
Also, for 58,60Ni there is no excited 0+ state below the 2+

2 state 
and, therefore, the shape-coexistence interpretation is excluded. 
Apart from simple models, a more sophisticated method based on 
the shell model was also applied to explain these large ρ2(E0)
values [7], unsuccessfully. This issue is still a puzzle, also due to 
the lack of systematic data on ρ2(E0) values between 2+ states in 
mid-mass nuclei (see, e.g., Ref. [9]).

Selenium isotopes are thought to be collective in their low-lying 
structure. Which kind of collectivity, however, is still a matter of 
debate. A nearly spherical-vibrational scenario was suggested for 
74Se in a recent β-decay study [13]. The anomalous low energy 
of the 0+

2 state, which is a member of the two-phonon multiplet 
in this case, was explained as due to the mixing between the 0+

2
state and the intruder, strongly-deformed 0+

3 state. While this in-
terpretation explains several observables in 74Se, others are not 
reproduced. If this picture is correct, the ρ2(E0; 2+

2 → 2+
1 ) value 

should be negligible and the ρ2(E0; 0+
3 → 0+

2 ) value should be 
large. Noteworthy, former studies identified the 0+

2 state as another 
shape-coexisting state [14,15], and the 2+

2 state as the band-head 
of a γ -band with on top a sequence of even J = 4+, 6+ and odd 
J = 3+, 5+, ..., 15+ states [15]. Recent theoretical and experimen-
tal investigations indicate the coexistence of prolate and oblate 
shapes in the proton-rich 68,70,72Se [16–19] isotopes, while a sig-
nificant triaxial component has been found in the prolate ground 
state of 76Se [20]. Given the most recent suggestions regarding the 
appearance of multiple-shape coexistence in the neighbouring Ni 
isotopes [21,22], and the emerging role of triaxiality the close Ge 
and Zn isotopes [23–26], further investigation in 74Se is required.

This Letter presents new experimental results regarding internal 
conversion coefficients and monopole transition strengths in 74Se. 
A large ρ2(E0; 2+

2 → 2+
1 ) value has been measured, with a magni-

tude comparable to those in the close Ni isotopes [7,8], while the 
ρ2(E0; 0+

3 → 0+
2 ) value has been deduced to be small. Also, we 

performed for the first time microscopic Beyond-Mean-Field (BMF) 
calculations for 74Se, and discuss the role of triaxiality in this iso-
tope.

2. Experiment

The levels of interest were populated in the β+ decay of 
74Br produced via the 60Ni(16O, pn)74Br reaction. The 16O beam 
with 45-MeV energy and 150-enA intensity was provided by the 
Tandem-XTU accelerator at the INFN Legnaro National Labora-
tory (LNL). The target was self-supporting with a thickness of 
1 mg/cm2. The 74Br ground state has spin and parity Jπ = (0−)

and T1/2 = 25.4 min [27]. The Jπ = 4(+) isomeric state with 
T1/2 = 46 min [27] was populated as well. The experimental setup 
consisted of a coaxial HPGe detector for γ rays and a magnetic 
electron spectrometer [28]. In the spectrometer, the internal con-
version electrons emitted in the de-excitation of the states enter 
the magnetic field produced by two electromagnets and are fo-
cused onto a 500-mm2 × 6-mm Si(Li) detector cooled down to the 
liquid nitrogen temperature. The energy range of the transmitted 
electrons is varied by changing the current in the electromagnets. 
2

Fig. 1. Portion of the electron energy spectrum with the setting of the magnetic field 
optimised to observe the 4+

1 → 2+
1 transition. K-conversion lines are labelled with 

spin and parity of the initial and final states. For the 2+
1 → 0+

1 transition, the L-line 
is visible, too.

Table 1
Experimental K-internal conversion coefficients αK obtained in the present work for 
transitions in 74Se (αexp

K ) compared with the calculated values from BRICC [29] for 
E2, M1 and E1 multipolarities (αth

K ). The state at 2563 keV is indicated as (2+ , 3, 
4+) as reported in Ref. [27].

Jπi → Jπf Eγ [keV] α
exp.
K · 103 αth

K · 103
E2 M1 E1

3+
1 → 2+

2 615 1.4(4) 1.32(2) 0.97(1)
2+
2 → 2+

1 634 1.6(2) 1.21(2) 0.90(1)
4+
1 → 2+

1 728 0.84(7) 0.83(1)
4+
1 → 4+

2 745 0.99(43) 0.78(1) 0.634(9)
4+
1 → 2+

2 839 0.55(16) 0.575(8)
2+
3 → 0+

2 985 0.39(9) 0.388(6)
(2+,3,4+) → 4+

1 1200 0.26(8) 0.248(4) 0.234(4) 0.116(2)
3+
1 → 2+

1 1250 0.22(6) 0.227(4) 0.216(3)
2+
2 → 0+

1 1269 0.22(6) 0.220(3) 0.209(3)
(2+,3,4+) → 2+

1 1294 0.27(12) 0.211(3) 0.201(3) 0.101(2)

Electrons of energy up to ∼ 2 MeV are transmitted with an overall 
1% efficiency almost constant in the 150-1500 keV range. The sys-
tem has a momentum acceptance of �p/p = 0.18, and the Si(Li) 
detector had a FWHM of 2.6 keV at 1450-keV energy. The HPGe 
detector was used to detect γ rays de-exciting the states of interest 
to measure K-conversion coefficients αK . This detector had a res-
olution of 2.2 keV at 1332-keV energy, and it was placed 1 meter 
away from the target. The measurement was performed by alter-
nating a 60-min irradiation period and a 60-min period with the 
beam off to observe the decay. The full cycle was repeated using 
an automated procedure. Electron energy spectra were recorded 
for different magnetic field settings over a suitable range to cover 
the electron energies of interest. The spectrum with the optimal 
settings to observe the 4+

1 → 2+
1 transition is shown in Fig. 1.

3. Results

The experimental αK values measured in this work are summa-
rized in Table 1 and compared with the calculated values from the 
Band-Raman Internal Conversion Coefficients (BRICC) database [29]
for E1, M1, and E2 multipolarities. The αK values have been eval-
uated using the Normalized-Peak-to-Gamma (NPG) method [30]. 
The γ -ray and electron intensities have been normalized to the 
13/2+ → 5/2− transition (1064 keV) of a 207Bi source used for 
calibration. In the NPG expression, only efficiency ratios appear. 
Therefore, absolute efficiencies can be replaced by relative ones.

The extraction of the αK (2+
2 → 2+

1 ) value reported in Table 1
was particularly challenging because the energies of the 2+

2 → 2+
1

and 2+ → 0+ transitions are practically the same (634.31 keV and 
1 1
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Table 2
The q2(E0/E2) values and monopole strengths ρ2(E0) extracted in the present 
work are compared with those reported in the literature (Ref. [9]). The J i → 2+

1
electron transition has been used as the reference E2 transition to the denominator 
of q2(E0/E2).

Jπi → Jπf Eγ [keV] q2(E0/E2) ρ2(E0) · 103
Present Previous Present Previous

0+
2 → 0+

1 854 0.210(14) 0.202(14) 25(3) 22.9(25)
0+
3 → 0+

2 804 < 15
2+
2 → 2+

1 634 0.39(22) 210(130)

634.75 keV, respectively). For this reason, the αK value could not 
be calculated directly and was deduced by using the expression

αK (2+
2 → 2+

1 ) = Ntot
K − NK (2+

1 → 0+
1 )

Nγ (2+
2 → 2+

1 )
· εγ (2+

2 → 2+
1 )

εK
(1)

where (i) εγ and εK are the γ –ray and electron efficiencies, re-
spectively, (ii) Ntot

K is the total number of counts of the electron 
peak, (iii) Nγ (2+

2 → 2+
1 ) is the number of counts for the 2+

2 → 2+
1

transition, calculated from the number of counts measured for 
the 2+

2 → 0+
1 γ transition and their relative intensity, taken from 

Ref. [27], (iv) NK (2+
1 → 0+

1 ) is the number of counts expected for 
the electron 2+

1 → 0+
1 line calculated as

NK (2+
1 → 0+

1 ) = αth
K (2+

1 → 0+
1 )Nγ (2+

1 → 0+
1 ) (2)

where αth
K (2+

1 → 0+
1 ) is taken from BRICC [29] and Nγ (2+

1 → 0+
1 )

is the expected number of counts for the 2+
1 → 0+

1 γ line. This 
latter value was calculated by taking into account the relative in-
tensity [27] of the 2+

1 → 0+
1 transition to the (1, 2+) → 0+

3 (at 
2130 keV) and 4+

1 → 2+
1 (at 728 keV) ones, visible in the γ –ray 

spectrum. Since the first is populated only in the β-decay of the 
ground state of 74Br and the other in the decay of the isomeric 
Jπ = 4(+) level, the two contributions have been added to obtain 
the total yield of the 2+

1 → 0+
1 transition. The αK (2+

2 → 2+
1 ) value 

has been evaluated using Eqs. (1), (2). The extracted αK (2+
2 → 2+

1 )

value, large with respect to the calculated one even for a pure E2
transition (see Table 1), suggests the presence of a strong E0 com-
ponent in this transition. From Table 1, all the other measured 
values are in agreement with the calculations for the expected 
multipolarities. For the state at 2563 keV, tentatively assigned as 
(2+, 3, 4+) in Ref. [27], we firmly establish the positive parity.

The key quantities q2(E0/E2; 2+
2 → 2+

1 ), which represents the 
ratio between the experimental E0 yield for the indicated elec-
tron transition and the E2 yield for the electron transition from 
the initial state to the first excited 2+ state [31], obtained in this 
work are reported in Table 2. The ratio q2(E0/E2; 2+

2 → 2+
1 ) and 

the monopole strength ρ2(E0; 2+
2 → 2+

1 ) were calculated from the 
measured αK (2+

2 → 2+
1 ) value, together with the already known 

lifetime τ (2+
2 ) ps [27], the 2+

2 → 2+
1 to 2+

2 → 0+
1 γ branching ra-

tio [27], and the weighted average of the two δ(E2/M1) values 
reported by Coban et al. (δ = −5.6(16)) [32] and by Cambiaggio 
et al. (δ = −2.6(2)) [33]. A large value ρ2(E0; 2+

2 → 2+
1 ) · 103 =

210(130), compatible with those reported in Ref. [7,8] for the Ni 
isotopes, is obtained for 74Se. This result is not in agreement with 
a simple vibrational picture for this nucleus with the 2+

2 state 
as member of the two-phonon multiplet, and not even with the 
interpretation of the state as the head of a γ -band in an axially-
symmetric deformed nucleus. It is also worth noticing how the 
weak B(E2; 2+

2 → 0+
2 ) = 3.5(11) W.u. value [13] seems to exclude 

the 2+
2 state as part of a shape-coexisting band built on the 0+

2
state. The 0+

3 → 0+
2 transition was not visible in our electron spec-

tra, thus, an upper limit for the intensity of this transition was 
extracted as q2(E0/E2) < 15 (99.7% confidence level). From this 
3

result, it is possible to deduce a limit for the ρ2(E0; 0+
3 → 0+

2 )

value assuming a B(E2; 0+
3 → 2+

1 ) value, using the expression

ρ2(E0;0+
3 → 0+

2 ) · 103 =3.28 · 10−3q2(E0/E2)·
· B(E2;0+

3 → 2+
1 )

(3)

where 3.28 · 10−3 refers to known properties of the nucleus and 
the transitions of interest (see Ref. [31]) and the B(E2) value is 
in Weisskopf units. Even by assuming an unrealistically large value 
B(E2; 0+

3 → 2+
1 ) = 100 W.u., the corresponding ρ2(E0; 0+

3 → 0+
2 )

would be less than 5. This result disagrees with the hypothesis 
suggested in Ref. [13] of a spherical 0+

2 state strongly mixed with 
a well-deformed, prolate 0+

3 state.

4. Theoretical analysis

The low-lying states in 74Se were further investigated with BMF 
calculations using the Symmetry Conserving Configuration Mixing 
(SCCM) framework [34] with the Gogny D1S [35] as the underly-
ing nuclear interaction. Within this method, the intrinsic states are 
described as Hartree-Fock-Bogoliubov (HFB) -like wave functions 
obtained self-consistently through Particle-Number Variation After 
Projection (PN-VAP) [36]. The level energies obtained from these 
calculations are shown in Fig. 2 together with the experimental 
ones. The predicted energies agree well with the experimental val-
ues. A set of reduced E2 electromagnetic matrix elements was 
extracted within the BMF framework. The resulting B(E2) values 
normalized to that of the 2+

1 → 0+
1 transition are compared to the 

experimental ones in Table 3. The general agreement is good. In 
the same table, the B(E2) ratios are also compared to those cal-
culated for the harmonic spherical-vibrator limit and with recently 
published calculations by Nomura et al. [37]. These authors used a 
theoretical framework based on the nuclear density functional the-
ory and the interacting boson model to describe shape coexistence 
and quadrupole and octupole collective excitations in some transi-
tional nuclei, including 74Se. The comparison shows how both our 
BMF and the Nomura et al. calculations succeed in reproducing the 
relative B(E2) values for the 4+

1 → 2+
1 , and 6+

1 → 4+
1 transitions. 

As for the levels of interest for the present work, the decay from 
the 2+

2 level is better reproduced by the BMF calculations while 
the B(E2; 0+

2 → 2+
1 ) value is better reproduced by the Nomura 

et al. calculations. Table 3 also reports the comparison between 
the experimental and calculated ρ2(E0) values for the different 
models. We note that Nomura et al. adjusted the E0 boson charge 
to reproduce the ρ2(E0; 0+

2 → 0+
1 ) value. The BMF calculations 

seem to overestimate the configuration mixing between the two 
0+ states, as indicated by the high value obtained for this quan-
tity. As for the large ρ2(E0; 2+

2 → 2+
1 ) value, it is not reproduced 

by the calculations. In both cases, the prediction is around one fifth 
that of the corresponding ρ2(E0; 0+

2 → 0+
1 ) value whereas exper-

imentally the ρ2(E0; 2+
2 → 2+

1 ) value is 5 times larger than the 
ρ2(E0; 0+

2 → 0+
1 ) one.

The 74Se PN-VAP energy calculated with the BMF approach in 
the (β2, γ ) plane is shown in Fig. 3. Three minima are visible: 
oblate (0.25, 60◦), triaxial (0.40, 20◦), and spherical, all below 2-
MeV excitation energy. This result indicates the possible presence 
of shape coexistence. Once the shape mixing is included in the 
calculations, it becomes possible to describe the state’s intrinsic 
shape through Collective Wave Functions (CWF) obtained within 
the SCCM framework, which represent the weights of (β2, γ ) de-
formation for each considered state (Fig. 4). Considering the CWFs 
of the different states, the level scheme has been organized into 
bands. Four distinctive structures are predicted: (i) the ground-
state band built on top of the triaxial minimum, characterized by 
mixing with an oblate configuration in the ground state, which dis-
appears at larger angular momentum, (ii) a band built on top of 
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Fig. 2. Comparison between experimental level energies in 74Se and corresponding 
BMF calculations. The labelling follows the band structure suggested in the present 
paper (see Fig. 4). A ‘γ γ band’ and a band built on the 0+

3 state are also suggested 
by the calculations (green and orange, respectively).

Table 3
Comparison of experimental relative B(E2) and ρ2(E0) values with different the-
oretical calculations. The experimental data are taken from the present work and 
from Ref. [13]. The calculated values are from the harmonic spherical vibrational 
limit, the present BMF calculations, and the Nomura et al. calculations [37]. The 
relative B(E2) values are normalized to the B(E2; 2+

1 → 0+
1 ) values, which are re-

ported in Weisskopf units in the first row.

Observable Exp. Vibr. BMF Nomura et al.

B(E2;2+
1 → 0+

1 ) [W.u.] 42.0(6) 68 42
Brel(E2;4+

1 → 2+
1 ) 1.90(2) 2 1.69 1.88

Brel(E2;0+
2 → 2+

1 ) 1.83(2) 2 0.94 1.50
Brel(E2;2+

2 → 2+
1 ) 1.12(10) 2 1.47 0.16

Brel(E2;2+
2 → 0+

2 ) 0.08(11) 0 0.19 0.52
Brel(E2;6+

1 → 4+
1 ) 1.71(6) 3 2.27 2.14

ρ2(E0;0+
2 → 0+

1 ) · 103 25(3) 0 154 23
ρ2(E0;2+

2 → 2+
1 ) · 103 210(130) 0 26 4.9

Fig. 3. Potential energy surface for 74Se resulting from deformation-constrained 
Hartree-Fock calculations with the particle number projection method (PN-VAP) and 
the Gogny D1S interaction.

the triaxial 2+
2 state, associated with the ground-state band, (iii) 

the band built on the 0+
2 state with strong mixing of the oblate 

and triaxial configurations, (iv) the band built on the 0+
3 state 

with strong mixing of the prolate and triaxial configurations. Be-
cause of the emerging triaxiality in the calculations, the band (ii) 
does not follow the requirements of a γ band as defined for an 
axially-symmetric rotor. Indeed, the calculated wavefunction of the 
2+
2 state is 49% K = 0 and 51% |K | = 2. In the band built on the 

0+
2 state, the degree of mixing changes with angular momentum, 

with the 0+ , 2+ , 4+ states more oblate than triaxial, and the 6+
state more triaxial than oblate. A remarkable aspect of the BMF 
4

calculations is that they do not support a spherical vibrational in-
terpretation for the low-lying states of 74Se. All the states show 
significant deformation and none of them have vibrational wave 
functions.

Concerning the ρ2(E0) values, it is visible from Fig. 4 that 
the configurations of the 0+

2 and 0+
3 states are different, support-

ing the interpretation of small mixing and resulting in a small 
ρ2(E0; 0+

3 → 0+
2 ) value. For the ρ2(E0; 2+

2 → 2+
1 ) value, it is in-

teresting how our BMF calculations allow for a quite strong E0
transition. This is due to the triaxiality of the 2+

2 and 2+
1 states 

and their mixed K values.

5. Conclusion

A set of internal K-conversion coefficients and electric monopole 
transition strengths in the 74Se isotope has been deduced. The 
obtained ρ2(E0; 2+

2 → 2+
1 ) value points out another enhanced 

electric monopole transition between the 2+
1 and 2+

2 states, sim-
ilar to those recently observed in the close Ni isotopes. Also, the 
upper limit deduced for the electron intensity of the 0+

3 → 0+
2

transition is not in agreement with the previous explanation of 
the low energy of the 0+

2 state given in Ref. [13], i.e., a spherical 
state strongly mixed with a well-deformed, prolate 0+

3 state. Our 
BMF calculations generally reproduce the experimental quantities, 
except for the ρ2(E0) values. In particular, the ρ2(E0; 2+

2 → 2+
1 )

value is underestimated by a factor of ≈ 7. The present SCCM 
can be extended by including additional collective and single-
particle degrees of freedom that could produce a larger overlap 
between the states. However, this is still highly demanding from 
the computational point of view. Interestingly, though, the calcu-
lated ρ2(E0; 2+

2 → 2+
1 ) value is large, contrary to what is expected 

for a simpler structure of 74Se. The 0+
2 state is interpreted as a 

shape coexisting state in the calculations, and the 2+
2 state is the 

head of another band at low excitation energy. However, the struc-
ture of this latter band does not follow the requirements of a pure 
γ band. A more complex shape coexistence and mixing scenario 
is pictured for 74Se at low-excitation energy. Noteworthy, both the 
experimental results and the theoretical calculations agree with 
removing another isotope from the list of candidate vibrators. In-
stead, triaxiality and multiple-shape coexistence are suggested, two 
phenomena traditionally thought to be rare that recently seem to 
appear in more and more mid-mass nuclei. Further measurements 
of B(E2) and ρ2(E0) values, and ultimately the determination of 
quadrupole invariants via low-energy Coulomb excitation, are en-
visaged for this mass region.
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Fig. 4. Collective wave functions (CWT) calculated for low-lying states in 74Se. The γ deformation parameter is given in degrees. The states are organized in bands: the 
ground state band (black), the band based on the 2+

2 state (red), a band built on the 0+
2 state (blue), and a band built on the 0+

3 state (orange).
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