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Reevaluation of structures in 70Se from combined conversion-electron and γ-ray spectroscopy
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Background: In the selenium isotopes various shape phenomena are present, in particular, the emergence of a
dominant oblate deformation in the most neutron-deficient isotopes has been observed. The scenario of shape
coexisting oblate and prolate bands has been proposed across the isotopic chain, with the crossing point of such
bands being located near 70Se, where no coexistence has yet been identified.
Purpose: To determine the presence or absence of any low-lying 0+ state in 70Se, confirm the level structure,
and interpret the nuclear deformation with theoretical models.
Methods: A combined internal-conversion-electron and γ -ray spectroscopy study was undertaken with the
SPICE and TIGRESS spectrometers at the TRIUMF-ISAC-II facility. Nuclear models were provided by the
generalized triaxial rotor model (GTRM) and the collective generalised Bohr Hamiltonian (GBH).
Results: Despite a comprehensive search, no evidence was found for the existence of a 0+ state below 2 MeV
in 70Se. Significant discrepancies to the previously established positive-parity-level scheme were found. GBH
calculations using UNEDF1 mass parameters were found to reproduce the revised low-lying level structure well.
Conclusion:70Se does not have a well-defined axial shape. The 2+

2 state at 1601 keV resembles a quasi-γ
excitation rather than a member of a shape coexisting band; the presence of such a band is all but ruled out.
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I. INTRODUCTION

One of the key questions for nuclear physics is how do
the interactions of individual nucleons sum together to pro-
duce the collective behavior observed in nuclei. Shell model
theory tells us that the orbitals that appear at the Fermi surface
of a nucleus dominate its behavior. Energetically favorable
symmetry breaking of these orbitals can thus lead to nuclear
deformation. The occupation of different configurations of
orbitals, corresponding to different shapes, may be equally
favorable, leading to multiple shape minima, commonly re-
ferred to as shape coexistence.

However, matching such theoretical interpretation of nuclei
within the intrinsic frame to the experimentally observable
states is particularly challenging. In even-even nuclei, the
presence of a low-lying 0+ state is often taken as a fingerprint
of shape coexistence [1–6]. However, observables which are
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more fundamentally related to the shape of the nucleus, such
as quadrupole moments (Q2) and transition strengths [B(E2)],
as well as monopole transition strengths [ρ2(E0)], are needed
to accurately quantify both the deformation of these observed
states and, crucially, the degree of mixing between them.

In the neutron-deficient Ge, Se, and Kr isotopes, a picture
of shape coexistence has been formed over many years of
study. Initially long-lived low-lying 0+ shape-isomer states
were identified, and through progressive measurements the
picture of oblate-prolate coexistence in the region was rein-
forced [7–13].

Of particular interest have been the selenium isotopes, in
which the question has long been debated of a possible tran-
sition from prolate to oblate dominance in the ground state
as neutrons are removed approaching the N = Z line [14–17].
Experimental measurements initially led to calculations which
suggested a crossing point of these coexisting shapes at
72Se [12]. Recent Coulomb excitation (Coulex) measurements
of quadrupole moments suggest the ground state of this
nucleus has a dominant prolate deformation [18]; however,
the higher spin yrast states do display oblate characteristics,
suggesting strong mixing and near degeneracy of the two
shapes. Conversely, experimental measurements of 68Se in-
dicate a clearly oblate ground state [17]. The shape and nature
of 70Se remains ambiguous; past measurements suggested
an oblate shape but these were inconclusive [11,19]. More
recent measurements would seem to support an oblate assign-
ment [20,21].

While it remains of interest to answer at which point
in these isotopes the quadrupole moments of the nuclei
change sign, it is also important to understand if the label
of shape coexistence remains an accurate interpretation of
their structures, and if such a picture can explain macroscopic
observables. Indeed, it has become clear that a simple model
of coexisting symmetric rotor bands does not fit the region.
Significant triaxiality has been identified in germanium nuclei,
including coexistence of two distinct triaxial shapes identified
in experimental studies of 72Ge [22]. It has also been shown
through Coulex measurements of shape invariants of 76Se that
the lowest-lying states show significant triaxiality [23]. This
pattern is reinforced by theoretical calculations which show
that 72Se and 70Se are significantly γ soft, with 70Se leaning
more towards a vibrational-like structure than a rotor [24–26].
The latest calculations suggest 70Se is soft in both β and γ ,
having no “well-defined shape” [27].

Beyond quadrupole deformation, octupole correlations
have recently been demonstrated in 73Br [28]. In this region
the Fermi surface of both neutrons and protons are close
to the “octupole magic number” 34, where interactions
between the �l=� j=3 orbitals p3/2 and g9/2 can induce
octupole correlations. Recent experimental studies further de-
termined the presence of such correlations to some degree in
72Se [24,29].

Among the many conclusions presented in the region, the
shape and structure of 70Se remains in dispute. Is 70Se the
critical crossing point of an oblate-prolate shape coexistence
system, or perhaps a softly oblate triaxial vibrator? Under
the shape coexistence picture, a band structure built upon
a low-lying 0+ state is predicted but has yet to be clearly

identified. The 2+
2 state has been identified as a possible

member of such a band [30,31]. To conclusively identify
any possibly unobserved 0+ band head and further elucidate
the level structure of 70Se, an internal-conversion-electron and
γ -ray spectroscopy study was undertaken.

II. EXPERIMENT

States in 70Se were populated in the fusion-evaporation
reaction 40Ca(36Ar, α2p) 70Se. A beam of 36Ar at an energy
of 120 MeV was delivered to a target at the center of the
TRIUMF-ISAC Gamma-Ray Escape Suppressed Spectrome-
ter (TIGRESS) [32] by the TRIUMF-ISAC-II superconduct-
ing LINAC [33,34] at an average current of 0.8 pnA for a
period of 7 days. Results from this experiment related to
72Se have been published in Ref. [35], and a full description
of the experimental setup and calibrations is provided there.
A primary target of 0.5 mg/cm2 natural calcium was used,
backed by a 15.7-mg/cm2 silver layer to catch recoils. Fol-
lowing beam-target reactions, the emitted internal conversion
electrons (ICE) were detected by SPICE [36,37], a permanent-
magnet electron spectrometer, and γ rays were detected by the
TIGRESS HPGe array. A downstream annular silicon detector
recorded charged evaporation particles. Data were recorded to
disk for every event in which a SPICE trigger was detected or
for events in which a TIGRESS γ γ coincidence trigger was
detected. Data from the latter trigger condition were down-
scaled by a factor of 4 or 8, manually selected dependent
on the data rate. An analysis of the γ -ray data was under-
taken, leading to proposed changes to the previously assigned
positive-parity structures of 70Se. An analysis of ICE singles
and ICE-γ coincidence data was undertaken to identify the
presence of any 0+ state associated with the band of the
1601-keV 2+

2 state. Such a 0+ state, lying close to (or below)
the energy of the 2+

1 state at 945 keV, is expected to have a
significant (or exclusive) electric monopole (E0) decay to the
ground state, making it possible to identify by ICE emission
even in the case of minimal feeding from higher-lying states,
or of feeding γ rays that are obscured by other more intense
transitions.

III. RESULTS

A. Gamma-ray data

An analysis was undertaken of γ γ and γ γ γ matrices, and
for counterpart γ matrices obtained from events in prompt
coincidence with the detection of an α particle in the down-
stream silicon detector. This requirement preferentially selects
evaporation channels with products which include 70Se and
significantly suppresses background contaminants, which in-
cludes 72Se, 72,73Br, 70Ge, 197Au, and 107,109Ag. A selection
of the data is shown in Fig. 1. In addition to confirming much
of the structure previously reported, several new transitions
and levels were identified. Significant discrepancies in γ -ray
energies were found between the measured γ -ray dataset and
those previously reported in literature. As recoiling nuclei
came to rest in the stopper foil with a stopping time of
≈1 ps, this puts an effective lower limit on the lifetime of
observed states. States with a lifetime of the order of the recoil
stopping time have a significant Doppler broadening feature.
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FIG. 1. Gamma-ray spectra from the projection of α-particle-
coincident γ γ and γ γ γ matrices. Coincidence spectra are shown
for the 70Se 945-keV 2+

1 →0+
1 transition (top), the 1601-keV 2+

2 →0+
1

transition (middle), and for the double coincidence gate of 945-keV
2+

1 →0+
1 and 1094-keV 4+

1 →2+
1 γ rays (bottom). A continuum back-

ground subtraction has been applied to each of the spectra. Prominent
peaks are labeled with the measured transition energy; these are
underlined for transitions corresponding to contaminant 46Ti.

The yrast band of 70Se was populated up to the 14+ state. For
the higher-lying shorter-lived yrast states, it was possible to
isolated the in-flight contribution of peaks. This was achieved
by producing spectra gated on transitions feeding the yrast
band above a given state, in which the peak shape is dominated
by the stopped component, and comparing to spectra gated
on transitions from lower-lying yrast states. One such gating
comparison is shown in Fig. 2.

By fitting the stopped component of broadened peaks,
using constrained peak-shape parameters, accurate energies
and branching ratios were determined at the cost of absolute
intensity determination. Gamma-ray fitting parameters were
confirmed to reproduce the reported energies of known tran-
sitions of in-beam 72Se and 107,109Ag, and those of a 152Eu
calibration source. For transitions from the lowest-lying states
in 70Se, in which the stopped component is dominant, there is
agreement between newly measured and previously reported
γ -ray energies.

While the in-flight component largely forms a background
beneath the stopped peaks, the configuration of TIGRESS was
such that the mean γ -ray detection angle was ≈70◦, leading
to a positive mean Doppler shift. The exact shape of this back-
ground may cause an undue increase in fit centroid energies,
despite the adopted fitting procedure. Such a systematic effect
could not be experimentally confirmed or quantified without
giving unjustified credence to previous datasets. As such, we
report a complete set of measured γ -ray energies, intensities,
and an independently derived level scheme. Discussions use
the energies of this work.

FIG. 2. Figure demonstrating the Doppler broadened peak
shapes of short-lived yrast states in 70Se. A spectrum gated on
the 2+

1 →0+
1 transition is shown (black). An second spectrum was

produced by a sum of gates on 797-, 1305-, 1754-, and 1903-keV
transitions, which feed the yrast band above the 10+

1 state. Sections of
this feeding spectrum are scaled and overlain (red). For the 10+

1 →8+
1

and 8+
1 →6+

1 γ rays, a decreased in-flight component can clearly be
observed in the peak shapes of the spectrum gated on transitions from
above.

The level scheme determined for 70Se is shown in Fig. 3.
Spin and parity assignments are given as certain for states
which agree with existing datasets; the remaining tentative
assignments are based predominately on an assumption of E2
dominated band structures. Energies and spin assignments of
states, as well as energies and branching ratios of γ rays, are
given in Table I.

1. Non-yrast positive-parity structure

The nature of the 1601-keV 2+
2 state is particularly impor-

tant to this study, as we aim to determine if this state is a
member of a shape coexisting 0+ band or perhaps a band head
itself, i.e., for a K = 2 γ band. It is subsequently quite alarm-
ing to discover that the structure above the 1601-keV state is
far more complex than previously thought. Above the 4+

2 state
at 2384 keV, significant discrepancy is found from the previ-
ous experimental results of Ref. [38]. The previously reported
6+ state at 3218 keV is not observed, neither the depopulating
836- or 215-keV γ rays are identified, and none of the states
above this are identified. A state which strongly feeds the 4+

2
2384-keV state, as well as the yrast 6+

1 and 4+
1 states, is identi-

fied at 3505 keV. This state also has a strong decay branch to a
new state placed at 2725 keV, which circumvents the 4+

2 state.
The differences to Ref. [38], results from which are shown in
Fig. 3 for comparison, can largely be attributed to the presence
of several near degenerate transitions at around 1120 and 780
keV. These could not have been resolved with the resolution
of the previous dataset, leading to confusion in the relative
intensities and subsequent ordering of transitions. Whereas,
with the aid of the thick target employed in this work, which
removed any significant kinematic broadening from most of
the observed transitions, a significantly improved resolution
is achieved in the present data. Figure 4 demonstrates the
doublet γ rays separated by careful gating. Further states are
identified in this band at 4345 and 5320 keV, the placement
of which are confirmed by identification of transitions linking
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TABLE I. Levels populated in 70Se and their experimentally
observed depopulating γ rays. The γ -ray branching ratios are nor-
malized to the most intense transition for each state. State energies,
γ -ray energies, and branching ratios are determined exclusively from
the present dataset.

Ei (keV)
(
Iπ
i

)→ (Iπ
f ) Eγ (keV) Bγ Ef (keV)

945.29(1) 2+
1 → 0+

1 945.29(1) 100 0
1601.0(1) 2+

2 → 2+
1 655.7(1) 90(2) 945.29

2+
2 → 0+

1 1601.0(1) 100(2) 0
2011.1(2) (0+

2 ) → 2+
1 1065.8(2) 100 945.29

2039.08(3) 4+
1 → 2+

2 437.8(3) 0.6(2) 1601.0
4+

1 → 2+
1 1093.79(3) 100.0(4) 945.29

2384.0(1) 4+
2 → 2+

2 783.0(2) 100(6) 1601.0
4+

2 → 2+
1 1438.7(2) 70(5) 945.29

2518.2(1) 3− → 2+
1 1573.0(2) 100 945.29

2725.3(1) (3+
1 ) → 4+

1 686.0(4) 5(2) 2039.08
(3+

1 ) → 2+
2 1124.1(4) 100(5) 1601.0

(3+
1 ) → 2+

1 1780.1(2) 20(3) 945.29
2844.8(4) (2+

3 ) → (0+
2 ) 833.7(3) 100 2011.1

3003.5(1) 6+
1 → 4+

2 619.5(1) 4.4(3) 2384.0
6+

1 → 4+
1 964.41(4) 100.0(3) 2039.08

3388.4(1) 5− → 3− 870.2(2) 24(3) 2518.2
5− → 4+

1 1349.3(2) 100(3) 2039.08
3505.1(1) (5+

1 ) → 6+
1 501.3(5) 4(1) 3003.5

(5+
1 ) → (3+

1 ) 779.8(3) 100(4) 2725.3
(5+

1 ) → 4+
2 1121.4(5) 93(7) 2384.0

(5+
1 ) → 4+

1 1466.6(4) 45(4) 2039.08
3524.2(1) 5− → 3− 1006.0(1) 33(3) 2518.2

5− → 4+
2 1140.3(2) 18(4) 2384.0

5− → 4+
1 1485.1(1) 100(3) 2039.08

3648.7(1) 6+
2 → 4+

2 1264.7(2) 100(10) 2384.0
6+

2 → 4+
1 1609.7(2) 60(10) 2039.08

3788.7(1) 6− → 5− 264.6(1) 100 3524.2
3916.3(1) 7− → 6− 127.6(2) 7(2) 3788.7

7− → 5− 527.8(4) 16(2) 3388.4
7− → 6+

1 912.7(1) 100(3) 3003.5
3945.5(2) 6+

3 → 4+
2 1561.5(2) 100 2384.0

4037.8(1) 8+
1 → 6+

1 1034.30(5) 100 3003.5
4221.6(2)a (7−) → 6− 433.1(3) − 3788.7

(7−) → 5− 697.4(2) − 3524.2
4325.9(1) 7− → 5− 937.5(2) 100(6) 3388.4

7− → 6+
1 1322.2(2) 80(6) 3003.5

4345.2(1) (7+
1 ) → (5+

1 ) 840.1(1) 100(2) 3505.1
(7+

1 ) → 6+
1 1341.7(1) 37(2) 3003.5

4411.7(1) (7−) → 7− 495.4(1) 100(3) 3916.3
(7−) → 6− 623.1(2) 8(3) 3788.7

4576.6(2)a (8−) → 7− 660.4(2) − 3916.3
(8−) → 6− 787.9(2) − 3788.7

4607.1(1) 8+
2 → 8+

1 569.3(2) 96(6) 4037.8
8+

2 → 7− 690.7(2) 100(6) 3916.3
8+

2 → 6+
2 958.6(3) 85(12) 3648.7

4752.6(1) 8+
3 → 6+

3 807.2(3) 46(11) 3945.5
8+

3 → 6+
2 1103.8(2) 100(10) 3648.7

8+
3 → 6+

1 1749.2(2) 85(9) 3003.5
4900.1(1) (8−) → (7−) 488.3(1) 33(4) 4411.7

(8−) → 7− 984.0(2) 100(5) 3916.3
(8−) → 6− 1111.4(1) 20(4) 3788.7

5048.3(2)a (8−) → 6− 1259.4(3) − 3788.7

TABLE I. (Continued.)

Ei (keV)
(
Iπ
i

)→ (Iπ
f ) Eγ (keV) Bγ Ef (keV)

5145.4(2)a (9−) → (8−) 245.1(3) − 4900.1
(9−) → (8−) 569(1) − 4576.6
(9−) → (7−) 923.8(2) − 4221.6

5207.4(1) 10+
1 → 8+

1 1169.62(7) 100 4037.8
5210.0(1) 9− → 7− 884.0(2) 32(4) 4325.9

9− → 8+
1 1172.2(5) 11(4) 4037.8

9− → 7− 1293.8(1) 100(5) 3916.3
5288.0(2)a (9−) → (8−) 387.9(2) − 4900.1

(9−) → 7− 1371.7(2) − 3916.3
5294.4(2)a (9−) → (8−) 394.3(2) − 4900.1
5319.8(1) (9+

1 ) → (7+
1 ) 974.6(1) 100(4) 4345.2

(9+
1 ) → 8+

1 1282.0(1) 14(2) 4037.8
5695.8(2) 10+

2 → 8+
2 1088.4(4) 100(3) 4607.1

10+
2 → 8+

1 1658.0(2) 55(3) 4037.8
5866.9(2) (10+

3 ) → 10+
1 659.5(2) 26(6) 5207.4

(10+
3 ) → 8+

3 1114.4(5) 100(7) 4752.6
(10+

3 ) → 8+
1 1829.1(2) 40(6) 4037.8

6181.3(2)a (10−) → (9−) 886.9(3) − 5294.4
(10−) → (9−) 893.3(3) − 5288.0
(10−) → (9−) 1035.9(3) − 5145.4
(10−) → (8−) 1132.8(3) − 5048.3
(10−) → (8−) 1281.4(3) − 4900.1

6440.5(3)a (11+
1 ) → (9+

1 ) 1120.9(3) 100 5319.8
6491.7(2) 11− → 9− 1281.6(2) 100 5210.0
6512.3(1) 12+

1 → 10+
1 1304.94(7) 100 5207.4

6721.3(1)a (11+
2 ) → (9+

1 ) 1401.5(1) 100 5319.8
6961.1(2) 12+

2 → 10+
2 1265.0(5) 100(10) 5695.8

12+
2 → 10+

1 1753.7(5) 19(8) 5207.4
7110.0(2) (12+

3 ) →(10+
3 ) 1243.1(2) 100(4) 5866.9

(12+
3 ) → 10+

1 1902.6(8) 8(4) 5207.4
7251.5(4)a (12−) →(10−) 1070.2(3) − 6181.3
7309.5(2) 13− →(12+

3 ) 199.6(2) 21(2) 7110.0
13− → 12+

2 348.4(2) 28(2) 6961.1
13− → 12+

1 797.2(2) 100(3) 6512.3
13− → 11− 817.8(3) 16(2) 6491.7

7613.7(3) (13+
1 ) →(11+

2 ) 892.2(3) 53(9) 6721.3
(13+

1 ) →(11+
1 ) 1173.3(2) 100(9) 6440.5

7709.4(3) 13− → 11− 1217.7(2) 100 6491.7
7944.6(5) 14+

1 → 12+
1 1432.4(6) 100 6512.3

8162.2(5)a (14−) →(12−) 910.7(4) − 7251.5
8322.8(3) 14+

2 → 12+
2 1361.6(3) 100(5) 6961.1

14+
2 → 12+

1 1810.6(4) 25(5) 6512.3
8354.1(3) 15− → 13− 1044.6(2) 100 7309.5
8773.8(4) 15− → 13− 1064.4(3) 100 7709.4
9439.0(4) 16+ → 14+

2 1116.1(4) 100(15) 8322.8
16+ → 14+

1 1494.5(5) 63(15) 7944.6
9481.9(5) 17− → 15− 1127.8(4) 100 8354.1
10659(1) 18+ → 16+ 1220.0(5) 100 9439.0

aLevel tentative due to uncertain γ -ray placement.

to the yrast band. The 5320-keV state is fed by two parallel
cascades of 892 + 1420 keV and 1173 + 1121 keV, assumed
to be originating from a single state at 7614 keV. As the
order of the cascades cannot be confidently determined, the
intermediate states at 6721 and 6441 keV are uncertain. The
new band is assigned a positive parity, as it does not feed
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FIG. 4. Gamma-ray spectra from a γ γ matrix, in coincidence
with evaporated α particles in the downstream silicon detector. Two
precise gates on the ≈780-keV doublet of the 70Se (2+

2 ) band are
shown in red and black on the matrix projection (left). The resultant
gated spectra showing the partial separation of the ≈1120-keV triplet
are shown in red and black color matching the respective gate (right).

any of the previously identified negative-parity states. Further-
more, it is suggested that these new states form an odd-spin
band starting from the 2725-keV (3+) state. An alternative
assignment of 4+

3 for the 2725-keV state is allowable, but this
would leave 70Se without a clear 3+ candidate, as identified
in neighboring nuclei. Based on the branching ratio, the 3505-
keV state, and the states above it, are more strongly connected
to the 2725-keV state and do not form a band above the
2384-keV 4+

2 state. It was not possible to determine γ -ray an-
gular correlations to confirm this assignment with the present
data.

The 3649-keV 6+
2 state which feeds the 4+

2 state was
identified. An additional 1610-keV 6+

2 →4+
1 branch was con-

firmed, as previously reported in Ref. [40] and also observed
in [41,42] but erroneously assigned to a spurious 2553-
keV 4+ state. An additional 959-keV 8+

2 →6+
2 transition,

reported in [40,43,44], is also observed, connecting the 6+
2

to higher spin band members. It was not possible to ob-
serve the 661- and 1603-keV transitions from this 8+

2 state
which have been previously reported [39,40]. The determined
B(E2; 6+

2 →4+
2 )/B(E2; 6+

2 →4+
1 ) ratio is 5.6, supporting posi-

tioning the 4+
2 state, and subsequently the 2+

2 state, in a band
beneath the 3649-keV 6+

2 state.
We confirm an additional 6+

3 state at 3945 keV, which
depopulates via a 1562-keV transition to the 4+

2 state. When
first reported in Ref. [40], the exact placement of the 6+

3
state was uncertain, but it is now confirmed by the obser-
vation of an additional 807-keV feeding transition from the
8+

3 state at 4753 keV, which is also confirmed here. The
B(E2; 8+

3 →6+
3 )/B(E2; 8+

3 →6+
2 ) ratio of 2.2 shows the new

transition to the 6+
3 state to be favored with energy weighting

removed. In addition, a (10+
3 ) state at 5867 keV and a (12+

3 )
state at 7110 keV are newly reported, identified by both a
cascade to the 8+

3 state and decay branches to the yrast band.
The (12+

3 ) state is further verified by a new 200-keV transition
from the 7310-keV 13− state.

FIG. 5. Gamma-ray energy spectra showing the 1066 and 834
keV γ rays from 70Se, depopulating the 0+

2 and 2+
3 states, respec-

tively. Spectra are shown for a 945-keV gate on the γ γ (a) and the
α-coincident γ γ (b) matrices, a 945+1066 keV double gate on the
γ γ γ (c) and α-coincident γ γ γ (e) matrices, and a 945+834 keV
double gate on the γ γ γ (d) and α-coincident γ γ γ (f) matrices. The
continuity of the 834 and 1066 keV peaks in the relevant spectra is
highlight by bands to guide the eye.

In coincidence with an observed 1066-keV transition,
which originates from a 2011-keV state with a previous ten-
tative (0+) assignment [45], a new transition is identified at
834 keV, see Fig. 5, which is attributed to a (2+

3 ) state placed
at 2845 keV. No additional transitions linking either of these
states were identified.

2. Negative-parity states

The negative-parity yrast band based on the 2518-keV 3−
state was populated up to the 8774-keV 15− state. However,
based on the relative intensities observed in this study, the
ordering of the 15−→11− 1218- and 1064-keV cascade is
reversed from previous reports [41], placing the 13− state at
7709 keV. Two new γ -ray branches from the 5210-keV 9−
state were found, with energies 884 and 1172 keV.

Two additional transitions depopulating the 7310-keV 13−
state were identified feeding the new 7110-keV (12+

3 ) state
and the 6492-keV 11− state. Due to its lifetime of 2.3(3)
ns, the 7310-keV state was previously assigned as 13− [41],
despite only feeding 12+ states in previous level schemes.
The new transition to the 11− state further constrains the
spin parity; however, the E1 transitions to the 12+ states still
dominate. Using the previously reported lifetime the reduced
transition strengths for the 200-, 348-, 797- and 818-keV
transitions can be determined as B(E1) = 4.0(6) ×
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FIG. 6. Spectrum showing transitions depopulating the 1601-keV 2+
2 state in 70Se, from a gate on the 4+

2 →2+
2 γ ray. Known transitions

are labeled. An artefact resulting from Compton subtraction of the intense to 4+
1 →2+

1 transitions is marked with a cross. Remaining positive
features, which may correspond to unidentified transitions, are highlighted with triangles. Visibly oversubtracted peaks from 70Se and 46Ti are
produced as a result of the procedure described in Sec. III A 3, and are marked with open and closed circles, respectively.

10−6 W.u., B(E1) = 1.1(2) × 10−6 W.u., B(E1) = 3.0(4) ×
10−7 W.u., and B(E2) = 0.0055(9) W.u., respectively.

Two new feeding transitions to the 3789-keV 6− state are
identified from the states at 4412 and 4900 keV. As these
transitions would seem to contradict the previous 9− assign-
ment [38] for the higher-lying state, spins of 7− and 8− are
suggested, respectively.

An additional 17 new γ rays were identified feeding the
known negative-parity states. Due to the limited statistics, and
many parallel branches, the placement of additional states
associated with these transitions is extremely tentative and so
branching ratios are not reported. The previously reported [38]
band above the 4900-keV negative-parity state was not ob-
served in the present work. Two of the newly placed γ rays
(1070 and 911 keV) match the energy of previously reported
transitions, but with a different arrangement.

3. 2+
2 →0+ transitions in γ-ray data

Extensive γ -ray gating was performed specifically in or-
der to identify any γ rays feeding an unidentified 0+ state
in 70Se, particularly from the 1601-keV 2+

2 state. Figure 6
shows a spectrum of γ rays depopulating the 2+

2 state. To
produce this spectrum, α-particle coincidence was required to
preferentially select the channel of interest. A γ -ray spectrum
in coincidence with the 70Se 4+

2 →2+
2 783-keV transition was

then selected. From this initially gated spectrum, a subtraction
was performed in order to cleanly select only γ rays depop-
ulating the 2+

2 state, by removing those feeding the 4+
2 state.

The subtraction spectra of populating γ rays was produced by
gating on the 2+

2 →0+
1 1601-keV transition. This subtraction

was scaled suitably to remove the known 4+
2 state feeding

transitions from the resultant spectra, shown in Fig. 6. The
resultant spectrum contains three clearly identifiable peaks
corresponding to the 656-keV 2+

2 →2+
1 , 945-keV 2+

1 →0+
1 , and

1601-keV 2+
2 →0+

1 transitions in 70Se. Owing to a strong
1598-keV transition from the contaminant 46Ti [produced
in the 16O(36Ar, α2p) 46Ti reaction], which falls in the gate
for the subtraction spectrum, a series of peaks from 46Ti
appear over-subtracted in the final spectrum, in addition to
expected over-subtracted 70Se peaks. The spectrum contains
some artefacts from imperfect subtraction, including a notable
feature resulting from the intense 70Se 1094-keV 4+

1 →2+
1

peak, which is removed during standard Compton background
subtraction as part of the gating procedure. Following the
identification of known spectral elements, multiple small
positive features remain. While these do not have either a
sufficient width or size to be suitably identified above back-
ground as a spectroscopic peak, they could provide evidence
in concert with other observations (see Sec. III B 2) but are
insufficient to suggest an identification by themselves. Based
on B(E2) ratios in neighboring nuclei, it would be expected
that a 0+

2 state below 1200 keV would have feeding γ rays
of sufficient intensity to be clearly identified in this spectrum.
A transition which is degenerate with one of the observed (or
intentionally subtracted) peaks cannot be ruled out; however
the FWHM of the 656- and 945-keV peaks are 2.0(1) and
2.4(2) keV, respectively, which is consistent with a solitary
peak at those energies in this dataset.

B. Internal conversion electrons

A singles electron spectrum from the SPICE detector is
shown in Fig. 7. Broadened peaks from straggling in the
thick recoil-catcher foil, combined with many contributing
fusion-evaporation channels, result in a singles spectrum

FIG. 7. Raw energy spectrum from the SPICE Si(Li) detector,
resulting from SPICE singles trigger events with no coincidence
requirement. Notable features are labeled with their origin, see text
for details.
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where only the strongest features can be clearly identified.
ICE peaks can be identified resulting from Coulomb excita-
tion of the gold antioxidation coating of the target, alongside
known E0 transitions from 72Se and 72Ge, and three E2 tran-
sitions from the 72Se yrast band. The large feature at 341
keV is the Compton edge from 511-keV γ rays hitting the
Si(Li) detector. Buildup of β+ emitters in the target result
in the production of an appreciable quantity of β+ particles
which escape the target and annihilate in the chamber walls.
The annihilation photons produced away from the shielded
target position can subsequently reach the SPICE detector.
With the magnet configuration used in this experiment, the
ICE detection efficiency for SPICE drops off rapidly below
500 keV.

1. Isomeric sum-peak analysis

Due to the nature of the fusion-evaporation reaction used
to populate 70Se predominantly feeding high spin states, it is
anticipated that any 0+ states would be populated by γ -ray
feeding and not directly. While there is currently no clear
candidate for a new 0+

2 state in 70Se, one may propose the
existence of a 2+

2 →0+
2 →0+

1 cascade. It would follow to adopt
a procedure similar to Sec. III A 3 by gating on γ rays feed-
ing the 2+

2 state in order to identify coincident ICEs from
the depopulation cascade. Unfortunately, the spectral quality
resulting from such a selection is insufficient to identify an
unknown-energy transition. However, by considering a spec-
trum of Eγ + EICE , the sum of coincident γ rays and ICEs,
one can look for a peak at a known energy corresponding to
E2+

2
− EK Binding (for selenium EK Binding = 12.7 keV). Further-

more, due to the isomeric nature of low-lying 0+ states, the
time difference between the feeding γ -ray and depopulating
electron may be used to preferentially select sum peaks from
events of interest over background contributions. Figure 8
shows an isomerically gated sum-peak spectrum from this
work, selected on a time difference of 10–100 ns. A peak cor-
responding to the 2+

2 →0+
2 →0+

1 cascade, which would appear
at 1588 keV, is not observed above background. However,
by comparing an upper-limit measurement of the cascade
sum-peak area, N (eγ ), to the counts expected based on the
observed population of the 2+

2 state, N (γ γ ), further insight on
the probable presence of a low-lying 0+

2 state is gained. The
technique is demonstrated in Fig. 9 for the equivalent observ-
able sum peak in 72Se, where E (0+

2 ) is treated as unknown.
As detection efficiencies and τ (0+

2 ), detailed below, depends
on E (0+

2 ), the gating conditions and corrections applied result
in a sum-peak count N (eγ ) which varies with energy. The
location at which the two experimental bands of expected and
observed counts intersect provides the experimental result for
E (0+

2 ). In this case of 72Se the intersection agrees well with
the literature value of 937 keV, thus validating the power of
this analysis technique.

Figure 10 demonstrates the potential decay paths for the
depopulation of the 2+

2 state in 70Se and introduces the index
notation used in the following section. The lifetime of the 0+

2
state is given by

τ = 1

λγ (E2)(1 + αtot ) + λ(E0)
, (1)

FIG. 8. Sum spectrum of γ rays detected in TIGRESS and
ICE detected in SPICE, selected for a γ − e− time difference of
10–100 ns. A background subtraction of prompt events and of an
interpolated continuum background has been performed. The peaks
observed correspond to the combination of the 72Se 937-keV 0+

2 →0+
1

transition [τ (0+
2 ) = 27.6 (3) ns] summed with various γ rays, most

notably a 511-keV annihilation photon from the β decay of 72Br.
The inset shows an expanded view of the region corresponding to
a possible sum peak from depopulation of the 70Se 2+

2 state. A
constrained fit with uncertainty bands is shown; it is consistent with
zero counts within 1σ .

FIG. 9. Measured counts for the γ e− sum peak from 72Se
2+

2 →0+
2 →0+

1 cascade events N (eγ ) (blue dashed), plotted as a
function of E (0+

2 ), which is treated as unknown in this example.
The count varies with energy due to corrections for τ (0+

2 ) which
depend on E (0+

2 ). The number of expected γ e− cascade events,
calculated from the observed 2+

2 →2+
1 intensity and known ρ2(E0)

value, N (γ γ ), is overlain (red band). The location at which the
bands of expected and observed counts intersect agrees well with
the literature value of E (0+

2 ) = 937 keV, represented by the dotted
black line.
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FIG. 10. 70Se 2+
2 state hypothetical decay paths. The transitions

highlighted in red correspond to the expected sum peak.

in which the decay constants λγ (E2) and λ(E0), and αtot,
the γ4 total conversion coefficient, depend on the undefined
state energy. Additionally, to determine the decay constants,
reasonable values of transition strengths B(E2) and ρ2(E0)
must be assumed. We take the value of B(E2; 0+

2 →2+
1 ) =

148(5) W.u. from neighboring 72Se [35] and produce plots for
a range of ρ2(E0) values.

Each value of E (0+
2 ) will have a different time distribu-

tion due to changing τ (0+
2 ), and γ -ray tailing dependent on

Eγ3 . Subsequently, gates for isomeric events, as well as time-
random and prompt background subtraction spectra, must be
optimized, as demonstrated in Fig. 11. The amount of iso-
meric events falling within the gates will vary, and this must
be corrected. For example, of the time gates for τ = 100 ns,
shown in Fig. 11, 68% of isomeric events are within the
gating window. Also, while 18% of the isomeric distribution
falls within the prompt background gate, only 2.8% of the
prompt peak falls in the isomeric window. Hence, the prompt
subtraction scaling factor is very small (0.08). After adjusting
for counts removed by both background subtractions, the area
determined for this example would equate to 66.4% of the
total isomeric peak.1 This correction can be represented by
the formula

N (eγ )Corr. = N (eγ )Fit/
(
Fig − FpgRp − FrgRr

)
, (2)

where N (eγ )Fit is the area determined from a fit to the
background-subtracted spectrum, Fig, Fpg, and Frg are the
fractions of isomeric events falling in the isomeric, prompt,
and random time gates, respectively, while Rp and while Rr

are the ratios for the relative amounts of each background
falling inside the isomeric and respective background gates.
For the shortest lifetimes gates, in which a spectral subtrac-
tion of prompt background is not possible, the contribution

1The prompt background subtraction also removes some time
random background. This is accounted for when determining the
subtraction fraction for the time random background.

FIG. 11. Illustration of the components of the isomeric time
gating performed in ICE+γ ray sum-peak analysis. The main his-
togram shows the time difference between all coincident ICE and γ

rays from the experimental data, overlain with the time gates used
for sum-peak measurement when τ = 100 ns. The inset shows the
idealized distributions for different lifetimes; this does not include
the Eγ -dependent tail, which is determined from data and corrected
for in the analysis. The experimental acquisition window extends to
�t=1000 ns but is shown reduced here for illustrative purposes.

from internal conversion of the (γ1γ2) decay path was instead
calculated from the observed γ -ray intensity.

A comparison can then be made between N (eγ ) deter-
mined from sum-peak measurement and that expected from
the observed 2+

2 state population, N (γ γ ), which is given by

N (γ γ ) = Nγ1 B3,1/(1 + B4,0), (3)

in which B4,0 = Iγ4/Ie0 is the branching ratio for depopulation
of the 0+

2 state, which depends on the assumed decay strengths
determined for Eq. (1). Nγ1 is the efficiency-corrected counts
for the 2+

2 →2+
1 →0+

1 (γ1γ2) branch, which must be used to
determine population rather than the direct 2+

2 →0+
1 (γ5) de-

cay, due to the data acquisition system (DAQ) configuration
rejecting multiplicity 1 γ -ray events. The branching ratio
B3,1 = Iγ3/Iγ1 is determined by energy scaling an adopted
B(E2)γ3/B(E2)γ5 ratio and multiplying by the experimentally
measured 70Se Iγ5/Iγ1 ratio. The B(E2) ratio from neigh-
boring 72Se is 81(10) [35], and for neighboring 68Ge it is
150(70) [46]. The ratio may also be taken from 70Se itself by
assuming an equivalence of the �L = 2 inter- and intraband
matrix elements of 4+

2 and 2+
2 states, yielding a value of

30(3). An unweighted average value with inflated uncertainty
of 90(60) is used.

Figure 12 shows the expected counts for the 70Se sum
peaks, N (γ γ ), as a function of E (0+

2 ) for different values
of ρ2(E0). Overlain is the upper limit for the number of
counts in the sum peak deduced from the experimental sum
spectrum, N (eγ ), which has been corrected for lifetime and
detection efficiency at each point. Statistical error bands for
the expected counts are shown which include an inflated 50%
uncertainty on assumed B(E2) values.
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FIG. 12. The total number of 2+
2 →0+

2 →0+
1 cascade events ex-

pected for 70Se, based on the observed 2+
2 →2+

1 γ -ray intensity and
assumed branching ratios, N (γ γ ) (solid red), shown as a function of
E (0+

2 ) for various ρ2(E0) strengths in milliunits. The upper limit of
counts in the sum peak deduced directly from the experimental sum
spectrum, N (eγ ), is overlain (blue dashed).

It can clearly be seen that irrespective of E0 strength,
below ≈1000 keV the upper-limit measurement determined
from the experimental data ostensibly rules out any possible
0+ state. At higher energies, as the lifetime of the states

FIG. 13. (Top) Fit to the α-particle-coincident SPICE spectrum
constraining all known ICE peaks, relative to the observed counts of
their counterpart γ rays, through their respective internal conversion
coefficients and detection efficiencies. The ten largest contributions
are indicated with the isotope of origin and transition energy. (Bot-
tom) Residuals following subtraction of constrained fit shown in
top panel. Fits to two remaining positive features, using constrained
shape parameters, are shown.

becomes very short, the expected sum peak is overwhelmed
by prompt background contributions and no conclusions can
be drawn.

2. Evaporation particle-coincident ICE

In the case of a short-lived 0+ state (<20 ns), it may still
be possible to identify a 0+→0+ transition by coincidence
with an ejectile particle of the production reaction, even when
there is no feeding γ ray. In the case of 70Se and the reaction
40Ca(36Ar, α2p) 70Se, an α particle most cleanly selects the
nucleus of interest. Figure 13 shows the spectrum observed in
SPICE coincident with α particles. A subtraction of smooth
continuum background has been performed to highlight the
structures of interest. In order to separate any E0 peak of
interest from the internal conversion components of known
transitions, the α-coincident γ -ray spectrum was fit to deter-
mine the intensities of known transitions. Using the relative
detection efficiencies for γ rays and electrons, together with
the calculated ICC from BrIcc [47], the expected size of ICE
peaks from known transitions were calculated. A total of
60 transitions were included from 70Se, 67,69As, 71Br, 43Sc,
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46Ti, and 47V. The ICE peak shapes and shifted position,
due to energy loss in the thick target foil, were determined
from the γ -gated electron fits used in construction of the
in-beam efficiency curve [35]. By applying these constraints,
a fit was made to the α-coincident electron spectra, shown
in Fig. 13. The resultant curve was subtracted to leave only
unknown electron features. Two prominent features remain in
the residual spectrum. Fitting to these features, with the same
constrained electron peak-shape parameters, gave energies of
840(10) keV and 1010(10) keV. The fits yield a greater than
90% probability, using a Pearson’s chi-squared test, that these
additional features, which have not been accounted for by
known transitions observed in the γ -ray data, are real and not
background fluctuations. However, it cannot be conclusively
determined from this dataset that these are peaks from E0
transitions, or indeed originate from 70Se. The counterpart
2+

2 →0+
2 γ -ray energies of 750(10) and 580(10) keV do not

corresponding to any of features observed in Fig. 6.

3. Decay of 2011-keV (0+) state

Gamma rays depopulating the known (0+
2 ) state at 2011

keV were observed at 1066 keV, as expected for the (0+
2 )→2+

1
transition, following a coincidence requirement with the
2+

1 →0+
1 γ ray. To further clean the spectrum, a back-

ground from a 4+
1 →2+

1 gate was subtracted. A peak area of
1.3(3) × 103 was observed, corresponding to a population
level 0.018(5) times that of the 4+

1 state. Comparison to the
population of the 2+

1 state is not possible due to the DAQ trig-
gering conditions. Owing to the high energy of the state and
the competing γ -ray branch, an electron peak is not observed
for the (0+

2 )→0+
1 transition. An upper-limit fit to the electron

spectrum was performed, but due to the high background a
relatively meaningless q2

K (E0/E2) < 13 is determined; the
real value is estimated to be at least 1000 times smaller. Lack
of a known lifetime prevents comment on the possible ρ2(E0)
strength.

IV. DISCUSSION

In this work, highly tentative E0 transition candidates were
identified which would, after correction for electron bind-
ing energy, correspond to 0+ states in 70Se at 850(10) and
1020(10) keV. By assuming equivalent B(E2)s to neighboring
isotopes, as discussed in Sec. III B 1, a branching ratio of
γ rays I (2+

2 →0+
2 )/I (2+

2 →0+
1 ) of 1.8 and 0.5, respectively,

would be anticipated for feeding of a 0+ state at these ener-
gies. Such γ -ray transitions were not observed in the present
work. The present experiment is, however, insensitive to a
longer-lived 0+ state (>20 ns) which lacks γ -ray feeding.

In Ref. [40], Morales et al. found no γ rays within 800 ns
of the β decay of the 70Br T = 1 0+ state. It was assumed
this decay exclusively feeds the 70Se ground state. While
this does not rule out the presence of a very low-lying 0+
state decaying exclusively by internal conversion, it does
show that the known 2011-keV (0+

2 ) state in 70Se has little
overlap with the 70Br ground-state wave function, perhaps
indicating an intruder configuration of different shape. Fur-
thermore, in the recent report of population using a nucleon

FIG. 14. Moment of inertia plots for the identified bands in 70Se
using assumed K values.

removal reaction [21], there was no evidence found for a
low-lying 0+ state in 70Se. Such reactions would be expected
to be an effective means of populating multi-particle–multi-
hole excitations consistent with the shell-model picture of
shape coexistence. Recent Excited Vampir beyond-mean-field
model calculations [48] predict near maximally mixed coex-
isting oblate-prolate states in 70Se. The calculations reproduce
the energies of the 2+

1,2,3 states well and place the 0+
2 state at

approximately 1.6 MeV.
The combined experimental evidence strongly suggests

that the lowest-lying excited 0+ state in 70Se is the known
2011-keV state. In the case of the crossing of oblate and pro-
late coexisting bands, the crossing point of the bands, where
the lowest (0+

2 ) state is observed, would then be between
72Se and 74Se. This would imply a series of crossing points
located at decreasing values of N for successive elements;
with band crossings at ∼72

32Ge∼40, ∼73
34Se∼39, and ∼74

36Kr∼38.
Such an interpretation would appear to be in disagreement
with Coulomb excitation results [18], which found a negative
(prolate) spectroscopic quadrupole moment for the 72Se 2+

1
state, and suggest a crossing between 70Se and 72Se.

Upon considering the significant changes to the positive-
parity-level scheme of 70Se presented here, see Fig. 3, it is
prudent to examine the yrast and 2+

2 bands under the as-
sumption there is no missing 0+ state. Under this assumption,
the 2+

2 band is taken to be some form of quasi-γ band and
assigned a K = 2 spin. A moment of inertia plot for the
proposed bands is given in Fig. 14. For the lowest spins there
are strong discontinuities, particularly around the 2+

1 and 4+
2

states, indicating a rapidly changing moment of inertia. Above
J = 6 the bands show approximately linear trends consistent
with a fixed MOI rotor. Included in the plot is a speculative
calculation for the identified 0+

2 band, connected with the 6+
3

band, which could feasibly be a part of the same structure.
There is a significant inflection between the two parts indicat-
ing a poor agreement with such a supposition. A 4+ member
would be expected around ≈3300 keV, but there is presently
no candidate.
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TABLE II. Experimental transition rate and state energy ratios
compared to those determined from models.

Davydov
GBH-UNEDF1

Expt. Filippov GTRM Unscaled Scaled

γ (deg) 27.0
(4

6

)◦
21(9)◦

� (deg) −12(7)◦

B(E2;2+
2 →0+

1 )

B(E2;2+
1 →0+

1 )
0.026(7) 0.021

(8
5

)
0.080 0.12

B(E2;2+
2 →2+

1 )

B(E2;2+
1 →0+

1 )
0.7(2) 1.19

( 6
10

)
2.0 1.9

B(E2;3+
1 →2+

2 )

B(E2;3+
1 →2+

1 )
50(8) 48

(15
14

)
11 7.7

E (2+
2 )

E (2+
1 )

1.7 2.15
(8

4

)
1.9 2.0

E (3+
1 )

E (2+
1 )

2.8 3.15
(8

4

)
1.6 1.6

Recent measurements reported a large ρ2(E0; 2+
2 →2+

1 )
strength in 74Se [49]. It was determined that the 2+

2 state
appeared as a band head but was inconsistent with a typical
vibrational γ band, proposing instead a scenario of multiple
shape coexistence with triaxiality.

To consider the degree of static triaxiality in 70Se, the
low-lying 2+

1 , 2+
2 , and 3+

1 can be compared to nonaxial ro-
tor calculations of Davydov and Filippov [50]. A χ2 fit to
model-predicted ratios of state energies and B(E2) values was
performed as a function of the axial-asymmetry parameter γ ;
the results are shown in Table II. Energy uncertainties were in-
flated to 98 keV such that B(E2) and energy ratios contributed
equally to the final χ2, as the greater precision to which state
energies can be measured is not a reflection of the degree to
which the model describes the data. In order to determine
B(E2) values for the decay of the 2+

2 state, the half-life and
δ value from previous works are adopted [39], 3.3(9) ps and
−1.0(1

2), respectively. The branching ratio measured in the
present work is used, which differs significantly from previous
reports. Transition strengths of B(E2; 2+

2 →2+
1 ) = 14(4) W.u.

and B(E2; 2+
2 →0+

1 ) = 0.50(14) W.u. are deduced. Firstly, in
this model, under the assumption these three states are purely
rotational, the relationship E (2+

1 ) + E (2+
2 ) = E (3+

1 ) holds
true irrespective of the exact value of γ . The 70Se 3+

1 state
deviates 7% from this ideal value. The transition strength
ratios show a very good agreement with the model for a near
maximal degree of triaxiality of γ = 27.0(5)◦.

The reduced transition strengths of a triaxial nucleus may
be better considered in the basis of the generalized triaxial
rotor model (GTRM) [51], which improves upon historic
model limitations of irrotational flow moments of inertia
by treating the inertia tensor and electric quadrupole tensor
independently. Within the GTRM the relation of E2 matrix
elements may be expressed pictorially [52] as

in which γ is the usual “triaxiality angle,” while � is the “mix-
ing angle” of intrinsic 2+ states in the model. With a complete
set of matrix elements one can test the agreement with the
model. However, with the reduced set of 3 available, the
remaining parameters can be deduced exactly, without fitting,
under the assumption of agreement with the model. Doing so
yields a value of γ = 21(9)◦, in reasonable agreement with
the Davydov-Filippov model, and |Q0| = 1.32(9) eb, which is
equal to the value one calculates for an axial-symmetric rigid
rotor. For both triaxial models, produced results are symmetric
about γ = 30◦, only the prolate solutions are presented by
convention. Both triaxial calculations show good agreement
for a strongly triaxial ground state in 70Se; however, these
cannot reproduce the other features of the level scheme, for
instance, the 4+

2 state coming below the 3+
1 is inconsistent

with a pure rotational structure. Furthermore, our application
of these models is unable to comment on the softness of the
nuclear shape or to any vibrational contributions such soft-
ness brings. To fully explore every aspect of the quadrupole
deformation space, we turn to the collective generalised Bohr
Hamiltonian (GBH) [53]. Following the approach of [54]
and [55], the collective generalised Bohr Hamiltonian (GBH)
used is of the form

Ĥ = T̂vib + T̂rot + V̂ (β, γ ), (4)

where

T̂vib = − h̄2

2
√

wr

{
1

β4

[
∂β

(
β4

√
r

w
Bγ γ (β, γ )

)
∂β

− ∂β

(
β3

√
r

w
Bβγ (β, γ )

)
∂γ

]

+ 1

β sin 3γ

[
− ∂γ

(√
r

w
sin 3γ Bβγ (β, γ )

)
∂β

+ 1

β
∂γ

(√
r

w
sin3γ Bββ (β, γ )

)
∂γ

]}
, (5)

T̂rot = 1

2

3∑
k=1

I2
k /Jk, Jk = 4β2Bk (β, γ ) sin2(γ − 2kπ/3),

(6)

and

w = BββBγ γ − B2
βγ , r = B1B2B3. (7)

IK are the components of angular momentum in the intrinsic
frame, Jk are the moments of inertia, and the 6 B functions are
the deformation-dependent mass parameters (or inertial func-
tions). The mass parameters were computed by constrained
Hartree-Fock-Bogoliubov (HFB) calculations at points across
the βγ -deformation space from β = 0 − 1 and γ = 0◦ − 60◦
with a grid size of �β = 0.05 and �γ = 6◦. There are no free
parameters fit to the experimental data, and the calculations
are based solely on effective nucleon-nucleon interactions.
HFB calculations were conducted in HFODD [56] in 16 shells
for UNEDF0 [57], UNEDF1 [58], and UNEDF1SO [59]. Of
the results from the subsequent GBH calculations, UNEDF1
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FIG. 15. Comparison of 70Se positive-parity states from exper-
imental results and GBH-UNEDF1 calculations. Experimentally
determined energies are given by the solid lines. Calculations from
the unscaled Bohr Hamiltonian (BH) are shown as dotted lines, while
the BH calculations with scaled mass parameters (1.3) are shown as
dashed lines. Corresponding experimental and calculated states are
grouped by color.

shows the best agreement with the 70Se experimental data.
Mass parameters which enter the Bohr Hamiltonian were
calculated using the so-called cranking approximation to the
Adiabatic time-dependent HFB theory. In an attempt to ac-
count for the missing Thouless-Valatin terms, additional GBH
calculations were produced with mass parameters scaled uni-
formly by a factor of 1.3. The results are presented alongside
those using unscaled parameters. Figure 15 shows a com-
parison of GBH-UNEDF1 predictions and experimental data
for low-lying energy levels of 70Se. Remarkable agreement
is achieved, with the calculations accurately reproducing the
placement and ordering of the new 3+

1 and 5+
1 states, as well

as the previously known even-spin states. In comparing the
calculated and experimental B(E2) values, given in Table III,

TABLE III. Reduced transition strength comparison between ex-
periment and theory. Lifetimes for the calculation of experimental
values are taken from Ref. [39].

GBH-UNEDF1

Expt. Unscaled Scaled
(W.u.) (W.u.) (W.u.)

B(E2; 2+
1 →0+

1 ) 19.6(13) 27 23

B(E2; 2+
2 →0+

1 ) 0.50(14) 2.1 2.7

B(E2; 2+
2 →2+

1 ) 14(4) 54 44

B(E2; 4+
1 →2+

1 ) 22(2) 53 45

B(E2; 4+
1 →2+

2 ) 13(4) 6.8 3.1

B(E2; 6+
1 →4+

1 ) 29(5) 89 71

B(E2; 6+
1 →4+

2 ) 12(2) 20 21

there is less impressive agreement, but the qualitative trends
of magnitude and branching ratios are approximately repro-
duced. As the parameters of the model take no input from the
experimental data, the limited agreement may still be consid-
ered a success. We note that calculated yrast B(E2) values
show greater sequential growth, consistent with vibrational
behavior, than the experimental values, which show an ap-
proximately rotational trend. Calculated GBH wave function
probability density distributions for the first few 0+ and 2+
states are shown in Fig. 16. Several insights can be gleaned
from these calculations. Firstly, a highly triaxial shape is pre-
dicted for 70Se, or more accurately, the distribution is very
broad, with 70Se effectively having no well-defined shape and
showing no strong axial symmetry. This is in agreement with
the calculations of Ref. [27]. While the energy of the 0+

2 state
(≈1.5 MeV) does not closely reproduce experiment, it can
clearly be seen from the probability density distributions that
the 2+

3 state is the J = 2 state associated with that excitation,
while the 2+

2 state, the energy of which is well reproduced,
more closely resembles a γ excitation of the ground state.

V. CONCLUSION

In pursuit of a conclusive determination of the shape co-
existence situation in selenium isotopes, 70Se was studied
by combined γ -ray and internal-conversion-electron spec-
troscopy. A modified level scheme was constructed and
analyzed with comparison to Davydov-Filippov, GTRM, and
GBH-UNEDF1 model calculations.

From the γ -ray data, 27 new transitions and eight new
states were conclusively identified, alongside additional ten-
tative observations, and confirmation of much of the existing
literature. Significant discrepancies were found between the
present results and previously reported level schemes. Most
notably, the band built upon the 2+

2 state was found to have
been misidentified, and several new positive-parity states were
proposed, including odd-spin partners to the 2+

2 band. No
strong evidence for a low-lying 0+ state was found, despite
a careful and thorough search of the γ -ray and electron data.
A coexisting state with no significant γ -ray feeding from the
populated states could not be ruled out. If a low-lying 0+

isomer remains undiscovered, the lack of any feeding tran-
sitions would need to be explained with additional degrees of
freedom outside of the two-shape coexistence model, such as
the introduction of destructive interference through inclusion
of a third structure.

In an effort to explain the observed states, a compari-
son of transition strength ratios to triaxial rotor calculations
was performed which showed a strong agreement with a
near maximally triaxial deformation, within the limits of
the rudimentary model. More advanced analysis was pro-
vided by GBH-UNEDF1 calculations, which were shown
to successfully reproduce the new level scheme. These cal-
culations supported a significantly axial-asymmetric ground
state, though without a strongly defined shape. It was de-
termined that these calculations do not support the stance
that the 2+

2 state is part of a coexisting band. Presently
it is concluded that the 2+

2 state corresponds to a quasi-
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FIG. 16. Wave function probability distributions for the lowest three 0+ and 2+ states calculated with GBH-UNEDF1, shown as a function
of the quadrupole deformation parameters β and γ . In the first panel, deformation parameters determined for Davydov-Filippov and GTRM
are indicated with a plus and cross, respectively.

γ band built on the ground state and not to a coexisting
band. Furthermore, it is the conclusion of this work that
the present data do not support 70Se as being the crossing
point for prolate and oblate coexisting bands in the selenium
isotopic chain.
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