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The nuclear structure of 66Se, nucleus beyond the N=Z line on the proton-rich side of the valley of 
stability, was investigated by the neutron knock-out reaction 67Se(12C,X)66Se using a 12C target. The 
analysis of the singles spectrum of the γ -rays emitted during the de-excitation of the populated low-lying 
excited states revealed two previously detected (927(4) keV, 1460(32) keV) and three new (744(6) keV, 
1210(17) keV, 1661(23) keV) transitions. The 744-keV, the 1210-keV, and the 1460-keV transitions 
were found to be in coincidence with the one at 927 keV. The spectrum coincident with the 927-keV 
transition showed a further possible transition at 299(35) keV, which was obscured by significant atomic 
background in the singles spectrum. This transition might correspond to a peak previously reported at 
273(5) keV that could not be assigned to 66Se unambiguously. Based on a comparison of the experimental 
data to theoretical calculations, four new excited states are proposed which suggest that 66Se exhibits 
shape coexistence.
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1. Introduction

The term shape coexistence is usually used in nuclear physics to 
describe the phenomenon that distinct collective properties (e.g., 
states or bands of states) of a single nucleus appear at low excita-
tion energy in a narrow energy range, which can be associated 
with different intrinsic shapes [1]. Since the first experimental 
hints on shape coexistence [2] several decades have passed, and, 
as a consequence of growing data, this peculiarity has become 
an ordinary attribute of the nuclear landscape (see e.g., recent re-
views [3,4]). The neutron-deficient region extending from the line 
of stability to the proton dripline bounded by germanium and zir-
conium isotopes was targeted by many experiments and proved to 
be a rich ground of important results for shape coexistence (see 
[4] and references therein).

In particular for selenium isotopes, low-lying 0+
2 states in 

72,74,76Se were firmly established [5–9] while tentatively proposed 
in 70Se [10]. A recent neutron inelastic scattering experiment 
on 76Se [11] confirmed coexisting spherical and γ -soft struc-
tures, while β-decay studies on 72,74Se [8,12] revealed coexisting 
near-spherical and prolate bands in these selenium isotopes. Life-
time measurements of the ground state bands in 70,72Se [13] and 
fusion-evaporation experiments [6,14] at high-spin also suggested 
such shape coexistence for both nuclei. Furthermore, an intrigu-
ing shape change between the mirror-nuclei 70Se (oblate) and 70Kr 
(prolate) was observed recently [15]. Reaching to the N = Z line, 
two distinct bands (built on 0+

1 and 2+
2 ) were discovered in 68Se. 

The properties of these bands were found to be consistent with 
collective oblate (for the 0+

1 band) and prolate (for the 2+
2 band) 

rotations.
Moving towards the dripline data are scarce. A γ -ray spectro-

scopic study of 66Se found a low-energy transition assigned to the 
decay of the first 2+ state [16], and two additional transitions were 
discovered using β − γ tagging of fusion-evaporation recoils, ten-
tatively establishing the ground state band 0+

1 −2+
1 −4+

1 −6+
1 [17]. 

In an effort to investigate if shape coexistence exists in this mass 
region between the N = Z and driplines, the neutron knock-out re-
action from 67Se was used to populate the low-lying states in 66Se 
and to uncover transitions between them by γ -ray spectroscopy.

2. Experiment

The experiment was performed at the Radioactive Isotope Beam 
Factory operated by the RIKEN Nishina Center and by the Cen-
ter for Nuclear Study of the University of Tokyo. A stable primary 
beam of 78Kr ions at an energy of 345 MeV/u and at an inten-
sity of 400 pnA hit a 2-mm-thick 9Be production target placed at 
the entrance of the BigRIPS separator [18]. A detailed description of 
the separator and the identification methods was given earlier [19]
thus we recall here only some important points. The radioactive 
nuclei were formed by the fragmentation process, and the ions 
of interest were selected by the Bρ − �E − T O F method (Bρ: 
magnetic rigidity, �E: energy loss, TOF: time of flight) [20] using 
slits and an aluminum wedged degrader at the first focal plane F1, 
located between the two dipole magnets D1 and D2 of BigRIPS. 
During the tuning with reduced primary beam intensity (40 pnA), 
the isotopes in the radioactive cocktail beam were identified be-
tween the focal planes F3 and F7 by time-of-flight, energy-loss, 
and magnetic-rigidity measurements. Plastic scintillators at F3 and 
F7 were used to determine the TOF, while �E was measured by 
a gas ionization chamber at F7 [21]. Several sets of parallel plate 
avalanche counters (PPAC) at F3, F5, and F7 [22,23] were applied to 
monitor the trajectory of the particles. For the high-intensity runs, 
the BigRIPS settings were left unchanged, and the ionization cham-
ber was removed because it could not handle such a high rate. 
However, the separation of 67Se ions from the other constituents 
2

was completely ensured by the information from the TOF and Bρ
with a 7.5σ in A/Q . The secondary beam was transported down-
stream of the focal plane F13 to a 2-mm-thick 12C target where the 
excited states of 66Se were populated via the neutron knock-out 
reaction.

The prompt γ rays were detected by the CATANA array [24]
consisting of 100 CsI(Na) scintillator crystals packed in five cylin-
drical layers of 20 units each around the carbon target. This ar-
rangement provided coverage of polar angles between 38° and 
90°. The detectors in the array were calibrated for energy using 
22Na, 60Co, 137Cs and 152Eu radioactive sources with peak ener-
gies of 344.3 keV, 661.7 keV, 778.9 keV, 964.1 keV, 1112.1 keV, 
1173.2 keV, 1274.5 keV, 1332.5 keV and 1408.0 keV. The linear-
ity of the detectors found to be excellent with linear correlation 
coefficient R2 smaller than 0.9995. The beam-like fragments leav-
ing the target were analyzed by the SAMURAI spectrometer [25]
based on Bρ , �E , and TOF measurements. The Bρ values were 
derived via trajectory determination by multiwire drift chambers 
located upstream (FDC0, FDC1) and downstream (FDC2, FDC3) of 
the magnet operated at a central magnetic field of 1.56 T, using 
the multidimensional fit procedure of the ROOT framework [26]. 
Downstream of the FDC3 a plastic scintillator wall consisting of 7 
bars yielded the �E and the TOF relative to a plastic detector at 
F13. The �E and the trajectory of the beam-like fragments down-
stream of the target and upstream of the magnet were also mon-
itored by two pairs of strip silicon detectors placed about 30 cm 
from each other while the distance between the first pair and the 
target was 60 cm [27–29]. The pairs consisted of identical units 
with sensitive areal dimensions of 87.6×87.6 mm2, thicknesses of 
325 μm, and readout-pitch sizes of 684 μm. For the determina-
tion of the hit positions x and y, the second units in the pairs 
were rotated by 90° with respect to the first ones. The unambigu-
ous identification of 66Se fragments was ensured by the obtained 
4.1σ separation in Z and 3.2σ separation in A/Q . The total beam 
intensity was approximately 104 particle/s, and 103particle/s 67Se 
ions hit the carbon target every second. The kinetic energy of the 
67Se particles was around 250 MeV/u at the entrance of the target 
and the energy loss amounted to about 80 MeV/u while passing 
through the carbon sheet. 29000 events associated with detected 
γ rays were counted in the neutron knock-out reaction channel.

3. Results

Radioactive sources of 22Na, 60Co, 137Cs, and 152Eu were used to 
calibrate the CATANA detectors for energy. A low-energy-detection 
threshold of 100 keV was achieved in the laboratory system. The 
photopeak efficiency of the CATANA array was increased by merg-
ing the hits in the adjacent units (<10 cm) originating from a 
single γ ray undergoing Compton-scattering and/or pair produc-
tion. The energy of the γ rays emitted by the fast-moving ions 
was Doppler-corrected using the position information of the de-
tectors relative to the carbon target and the velocity of the ions in 
the middle of the target. In the Doppler-corrected energy range of 
500-1500 keV, the FWHM resolution and the addback efficiency of 
the array were around 13% and 15%, respectively.

Fig. 1 shows the Doppler-corrected singles spectrum for 66Se 
from the 67Se(12C,X)66Se reaction channel. It includes a back-
ground coming from two components: the low-energy part can 
be connected to atomic processes, and the high-energy part arises 
from other sources mainly the reactions of the scattered parti-
cles on the materials surrounding the target [30,31]. This com-
posite background was modeled by a double-exponential func-
tion with four free parameters which proved to be success-
ful in earlier experiments with a similar scintillator array (e.g., 
[32–35]). The spectrum clearly shows two strong peaks between 
700 keV and 1000 keV, and some other candidates in the range 
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Fig. 1. Doppler-corrected singles γ -ray spectrum for 66Se using addback proce-
dure for the 67Se(12C,X)66Se reaction channel. The data with error bars and shaded 
area represent the experimental spectrum, the red line is the simulation plus a 
double-exponential background, and the latter function (exponential background) 
is also plotted separately as a blue line.

Table 1
Properties of γ rays determined by fitting the 
singles spectrum of the 67Se(12C,X)66Se reac-
tion channel. Eγ is the energy, Iγ is the rel-
ative intensity, C is the statistical confidence, 
and σγ is the γ -ray-production cross section.

Eγ

(keV)
Iγ C σγ

(mb)

744(6) 50(5) 11.0σ 2.09(19)
927(4) 100 20.7σ 4.19(26)
1210(17) 20(4) 4.6σ 0.85(17)
1460(32) 10(4) 3.3σ 0.41(16)
1661(23) 21(4) 4.3σ 0.87(17)

of 1000-2000 keV. The statistical confidence, the energy, and the 
intensity of these peaks were deduced by using our Geant4 appli-
cation which could provide the response function of the CATANA 
array for a γ ray emitted by the fast-moving projectile taking 
into account the intrinsic experimental resolution of the CsI(Na) 
crystals. The resulting response functions were added together 
with individual scaling parameters plus the double-exponential 
background function to fit the spectrum using the likelihood 
method [36] of the ROOT framework [37], which gives more reli-
able results for fitting spectra with low statistics [38,32]. The total 
fit with a reduced χ2 (χ2

ν
) of 1.34 is presented by a red line in 

Fig. 1 while the background is shown by the blue line. Table 1
lists the properties of the observed five γ rays. The quoted uncer-
tainties for the energy of the γ rays originated from the statistics, 
the energy calibration (4 keV), and the background estimation. The 
statistical confidence of the peaks was also checked with bin sizes 
of 25 keV and 40 keV, and proved to stay above the 3σ limit of 
unambiguous existence. Two of the transitions at 927 keV and at 
1460 keV correspond to the transition reported at 929(7) keV and 
929(2) keV and at 1456(2) keV in previous works [16,17].

The statistics also allowed us to prepare a γ γ matrix with 
a multiplicity of 2 for the CATANA array to discover the rela-
tion between the γ rays. The coincidence spectra are plotted in 
Fig. 2 where the grey shaded spectra result from the coincidence 
with a γ ray of the indicated energy and the blue (background) 
spectra from a gate just displaced in energy from the energy of 
that γ ray. The panels A, B, and C show that the transitions at 
744 keV, 1210 keV, and 1460 keV are in coincidence with the one 
3

at 927 keV. Owing to the reduction of the background in the coin-
cidence spectra, the plot for the low-energy events in coincidence 
with the 927-keV transition (shown in panel D), indicates an ad-
ditional transition at 299(31) keV. Due to the low statistics, the 
existence of this peak is questionable, however, it is in accordance 
with the simulated response of the CATANA array plotted by the 
red line. This transition might correspond to the one at 273(5) keV 
proposed earlier based on the singles spectrum of the two-neutron 
removal channel [16] but could not, in this previous study, be con-
firmed as a transition in 66Se.

4. Discussion and interpretation of the results

In order to interpret the observed data a shell-model calcula-
tion was performed using JUN45 interaction which was developed 
to describe spectroscopy of nuclei comprised in the pf5/2 g9/2 va-
lence space [39]. We note that the same interaction was also used 
in the earlier study of 66Se [16] although with a few modifications 
to account for the mirror energy differences. The shell-model codes 
ANTOINE and NATHAN [40,41] were employed to obtain the energy 
spectra, spectroscopic factors and electromagnetic transition rates. 
As recommended in the original publication for the JUN45 interac-
tion [39], we used effective charges of ep = 1.5e and en = 1.1e to 
evaluate the E2 transitions.

The calculated level scheme, the γ -ray branching ratios and the 
spectroscopic factors are plotted in Fig. 3 denoted as “shell mod-
el” together with the information from the mirror nucleus 66Ge. 
The proton separation energy (S p ) is not known for 66Se but the 
mass systematics suggests a value of 2.01(22) MeV [42]. Therefore 
the levels are shown up to 2.5 MeV since we do not expect to ob-
serve higher-lying states by γ -ray spectroscopy. The experimental 
927-keV transition was proposed to connect the 2+

1 state and the 
ground state earlier [16,17], which is also supported by the facts 
that it is the strongest transition in our singles spectrum and close 
in energy to the value for same state in the mirror nucleus. The 
observed 744-keV transition was found to be in coincidence with 
the 927-keV transition, which establishes a state at 1671 keV. This 
state is feasibly connected to the ground state by the experimen-
tal 1661(23)-keV transition because it is not in coincidence with 
the 927-keV transition. Furthermore, this state is a good candidate 
for the 2+

2 state because its energy and decay pattern are close to 
that of the 2+

2 state in the mirror nucleus. This assignment is sup-
ported by the fact that the first excited state in the shell-model 
calculation with relatively large spectroscopic factor is the 2+

2 , and 
the calculated branching ratios resemble the experimental ones. 
The observed 1210-keV and the 1460-keV transitions, being coin-
cident with the 927-keV transition, places levels at 2137-keV and 
2387-keV, respectively. The counterparts of these states in the shell 
model are likely the 2+

3 and the 2+
4 states due to their high calcu-

lated spectroscopic factors. The 299-keV transition observed only 
in the spectrum coincident with the 927-keV transition can be 
tentatively placed to connect the 0+

2 and the 2+
1 levels, as was 

hypothesized earlier [16].
Such a low-lying excited 0+ state suggests shape coexistence 

in the nucleus. The intrinsic shape associated to the calculated 
shell-model states can be estimated from the E2 matrix elements 
following the same method which is applied in multipole Coulomb 
excitation formalism. The model-independent n-body quadrupole 
moments introduced in Ref. [43] were thus calculated to extract β2
and γ parameters. The β2 deformation deduced from the 2-body 
moments is similar for both 0+ states: 0.26 and 0.27, respectively. 
The nucleus, however, appears to be non-axial with γ = 31° in 
the ground state and γ = 22° in the 0+

2 state. More interestingly, 
the 3-body moments have opposite signs, which results in intrin-
sic quadrupole moments corresponding to an oblate ground state 
and prolate 0+ state.
2
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Fig. 2. Doppler-corrected coincidence γ -ray spectra for 66Se using addback procedure for the 67Se(12C,X)66Se reaction channel. The data with a grey shaded area represent 
the experimental spectrum by selecting events in the γ γ matrices in coincidence with a prompt γ ray, while the blue background spectrum was created by selecting a gate 
right beside the prompt γ ray in question. A: events coincident with the 744-keV transition, B: events coincident with the 1210-keV transition, C: events coincident with 
the 1460-keV transition, D: low-energy events coincident with the 927-keV transition; the red line is the simulation plus a double-exponential background.

Fig. 3. The 66Se level schemes, below the proton separation energy of 2.01(22) MeV [42], from the symmetry conserving configuration mixing model (SCCM), shell model, 
the present data, as well as that for the mirror nucleus are shown.
4
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Fig. 4. The particle-number projected energy surface with JUN45 interaction (a) and Gogny D1S energy density functional (f). (b-c): Collective wave functions for the lowest 
states of the ground state band with JUN45 interaction. (d-e): Collective wave functions for the lowest states of the ground state band with Gogny D1S energy density 
functional. (g-h): Collective wave functions for the lowest states of the first excited band with JUN45 interaction. (i-j): Collective wave functions for the lowest states of the 
first excited state band with Gogny D1S energy density functional.
To get further insight into intrinsic shapes of 66Se, calculations 
were performed with the projected generator coordinate method 
(PGCM) using the same interaction and valence space (JUN45) us-
ing the suite TAURUS [44,45]. Such a method aims at obtaining 
variational approximations to the exact wave functions. Its practi-
cal implementation can be divided in three steps: (a) the definition 
of a set of Hartree-Fock-Bogolyubov (HFB) intrinsic states; (b) the 
symmetry restoration by particle-number and angular-momentum 
projection of such HFB states; and, (c) the linear combination of 
the projected-HFB states to obtain the final results. In the present 
case, the intrinsic HFB states were obtained by minimizing the 
particle-number projected (PNP) energy for different values of the 
quadrupole deformation parameters, β2. Because JUN45 interaction 
is defined in a restricted valence space with a core, the defor-
mations that could be attained within this model was limited. In 
addition, bare quadrupole operators were multiplied by a factor of 
2.6 to account for the particles in the core through an “effective 
mass”, producing an effective deformation parameter β2. This fac-
tor was chosen to be compatible with the effective charges used in 
the evaluation of electromagnetic properties [46]. A first interpre-
tation of the collective character of the nucleus was obtained with 
the PNP energy surface shown in Fig. 4(a). Here, two minima at 
(β2, γ ) = (0.26, 60°) (oblate) and (0.22, 0°) (prolate) connected by 
a rather flat energy in the γ direction were obtained. Therefore, 
both shape coexistence and shape mixing could be relevant in the 
description of the states of 66Se with JUN45. The resulting PGCM 
spectrum (not shown) were very similar to the exact result labeled 
as “shell model” in Fig. 3. The collective wave functions (c.w.f.’s) for 
the lowest states of the ground-state (first-excited) band, built on 
top of the 0+

1 (0+
2 ) state are plotted in Fig. 4(b)-(c) (Fig. 4(d)-(e)). 

These c.w.f.’s represent the weights of the different intrinsic de-
formations in the construction of each individual state. Hence, the 
states in the ground state band are built with oblate configurations 
located on top of the energy well found in the PNP energy surface. 
On the other hand, the 0+

2 state shows shape mixing. Hence, its 
c.w.f. has a main peak around the prolate minimum obtained in 
the energy surface, and a smaller peak around the oblate deforma-
tions where the maximum of the ground-state c.w.f. is found. The 
c.w.f. of the 2+

2 state also has its maximum at a prolate deforma-
tion with some extension towards the triaxial degree of freedom. 
The PGCM analysis predicts slightly smaller and less triaxial de-
5

formations than the values deduced with the method of Ref. [43]
but the overall behavior is consistent with those values. These re-
sults indicate that the nucleus 66Se computed with JUN45 shows 
a shape coexistent pattern with two distinctive configurations, an 
oblate ground state and a mostly prolate (and slightly more de-
formed) excited configurations.

Finally, we also performed PGCM calculations of the same kind 
as those described above but with the Gogny D1S energy density 
functional (EDF). This implementation is also known as symmetry 
conserving configuration mixing (SCCM) method [47,48]. In this 
case, since they are no-core calculations, no effective quadrupole 
operators were needed to define (β2, γ ) and the nucleus could 
be deformed with almost no restrictions. The PNP energy surface, 
0+

1 , 2+
1 , 0+

2 and 2+
2 c.w.f.’s are represented in Fig. 4(f)-(j), respec-

tively. The EDF energy surface also shows two minima at β2 = 0.3, 
one more oblate and another more prolate, that are connected 
through the triaxial degree of freedom. After symmetry restoration 
and configuration mixing, the ground state c.w.f. shows a notice-
able shape mixing from γ = 10° to 60° at β2 ≈ 0.3. The 2+

1 state 
also presents such a mixing but the peak is shifted from γ = 20°
towards 45°. Similar to the JUN45 case, the 0+

2 c.w.f. shows two 
maxima at the position of the two energy wells, being the more 
prolate one the larger, and the 0+

2 c.w.f. is extended in the γ di-
rection from its maximum at a more prolate configuration. Hence, 
Gogny-SCCM calculations also predict two distinctive structures at 
low excitation energy but with larger mixing along the γ degree 
of freedom, and slightly larger intrinsic deformation. The energy 
spectrum obtained with the present Gogny EDF is labeled as “SC-
CM” in Fig. 3 where the 2+

1 excitation energy is in good agree-
ment with both the experimental value and the JUN45 calcula-
tions but the 2+

2 state is below the 0+
2 , contrary to shell model 

calculations. Previous calculations using the five-dimensional col-
lective Hamiltonian with Gogny D1S also showed this inversion 
of the states [16] although in the present SCCM implementation 
these two levels are very close in energy. Nevertheless, both SCCM 
calculations predict large overlaps between the 0+

2 and the 2+
2

collective wave functions that produce large B(E2, 2+
2 → 0+

2 ) val-
ues, namely, 324 e2fm4 and 227 e2fm4 for Gogny D1S and JUN45 
(with 1.5 and 0.5 proton and neutron effective charges), respec-
tively.
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5. Summary

The low-lying bound excited states of 66Se were investigated 
by the neutron knock-out reaction using a thin 12C target. Four 
new and two known transitions were observed. Using their en-
ergy and coincidence relations compared to our shell-model cal-
culation based on the JUN45 interaction and the mirror nucleus 
66Ge, the level scheme was successfully constructed. The 2+

2 state 
was unambiguously identified and the 0+

2 state was also tenta-
tively placed in the level scheme. These states belong to the same 
band according to our SCCM calculations which, in accordance 
with the shell model, predict coexisting triaxial-deformed configu-
rations (more oblate in the ground state band and more prolate in 
the first excited state band).
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