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Lifetime measurements to investigate γ softness and shape coexistence in 102Mo
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Lifetimes of low-spin excited states in 102Mo populated in a 100Mo(18O, 16O) 102Mo two-neutron transfer
reaction were measured using the recoil-distance Doppler-shift technique at the Cologne FN Tandem accelerator.
Lifetimes of the 2+

1 , 4+
1 , 6+

1 , 0+
2 , 2+

γ , 3+
γ states and one upper limit for the lifetime of the 4+

γ state were obtained.
The energy levels and deduced electromagnetic transition probabilities are compared with those obtained within
the mapped interacting boson model framework with microscopic input from Gogny mean-field calculations.
With the newly obtained signatures a more detailed insight in the γ softness and shape coexistence in 102Mo is
possible and discussed in the context of the Z ≈ 40 and N ≈ 60 region. The nucleus of 102Mo follows the γ soft
trend of the Mo isotopes. The properties of the 0+

2 state indicate, in contrast with the microscopic predictions,
shape coexistence which also occurs in other N = 60 isotones.

DOI: 10.1103/PhysRevC.104.064314

I. INTRODUCTION

Nuclei with proton or neutron number close to the magic
numbers tend to exhibit a spherical ground state. Moving
away from a closed shell results in an increase of collectivity.
Compared with the usual gradual process, this development
is strictly different in the A ≈ 100 region, especially for the
neutron-rich Zr and Sr isotopes [1,2]. They undergo a rapid
change from spherical to a deformed type of structure going
from N = 58 to N = 60 (see Fig. 1). The proton subshell
closures at Z = 38, 40 (π p3/2 and π p1/2) as well as the
neutron subshell closures at N = 50, 56, 58 (νg9/2, νd5/2,
and νs1/2) lead to a low-energy structure of a semimagic
nucleus for the N = 50–58 (88–96Sr) strontium and (90–98Zr)
zirconium isotopes. The ruthenium isotopes (Z = 44) show
a rather smooth transition from a more spherical shape to
a deformed one. The more neutron-rich ruthenium isotopes
show a triaxial behavior, where the maximum triaxiality is
reached around neutron number N = 66 and 68 (110,112Ru)
[3–6]. The molybdenum isotopes are centered between the
ruthenium, with some degree of γ softness, and the zirco-
nium isotopes, showing a rapid change from a spherical to
a deformed structure. This creates a challenge for theoretical
models to accurately describe the interplay of different nuclear
structure phenomena dominant in this region. The semimagic
92Mo (N = 50) is spherical [7], where the low-energy excited
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states are formed by the interaction between protons in the
πg9/2 orbital and the neutrons in the νg7/2 orbital. The energy
of the first-excited 2+

1 state decreases with increasing neutron
numbers after N = 56, while the B(E2; 2+

1 → 0+
1 ) strengths

shows an opposite behavior (see Fig. 1). This suggests that,
with increasing neutron number, the influence of collective
motion becomes stronger [8]. Compared with the Sr and Zr
isotopes, the molybdenum isotopes show a less rapid shape
evolution where the emergence of triaxiality could play a
major role [23]. Different experimental evidence for triax-
iality in neutron-rich even-even molybdenum isotopes was
reported [8,22,24,25]. The γ band with its 2+

γ state band-
head is strongly related to the triaxial motion [26] where the
potential-energy surface minimum is located between γ = 0◦
(prolate shape) and γ = 60◦ (oblate shape). The relative po-
sition of the 2+

γ states with respect to the 4+
1 state changes at

N = 54 and again at N = 60 with the 2+
γ states being lower

in between. Two important models, that discuss this kind of
low-lying 2+

γ states and the triaxial shape, are the Davydov-
Filippov rigid triaxial rotor model [27–29] and the Wilets-Jean
γ unstable rotor model [30]. In the Wilets-Jean γ unstable
rotor model (hereafter γ soft model), the energies of the 4+

1
and 2+

γ states are degenerate, while the Davydov-Filippov
model predicts the 2+

γ at a lower energy than the 4+
1 state

at the maximum of triaxiality at γ = 30◦. The similarities of
the models require the use of further parameters to distinguish
between them. Therefore, the energy staggering of the γ -band
can be considered, which is opposite for both models [26,31].
In the prediction of the γ -soft model, the states corresponding

2469-9985/2021/104(6)/064314(10) 064314-1 ©2021 American Physical Society

https://orcid.org/0000-0003-0408-3774
https://orcid.org/0000-0001-7449-2480
https://orcid.org/0000-0002-7513-966X
https://orcid.org/0000-0001-7926-4639
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.104.064314&domain=pdf&date_stamp=2021-12-15
https://doi.org/10.1103/PhysRevC.104.064314


A. ESMAYLZADEH et al. PHYSICAL REVIEW C 104, 064314 (2021)

to the γ band are clustered as (2+
γ ), (3+

γ , 4+
γ ) and (5+

γ , 6+
γ ) in

comparison to a (2+
γ , 3+

γ ), (4+
γ , 5+

γ ) clustering structure in the
rigid triaxial rotor (Davydov-Filippov model) [32].

Further insights can be obtained by the observation of the
second 0+

2 state, which can be an indicator for β vibration
or a possible coexisting shape [33,34]. The 0+

2 state for the
molybdenum isotopes starts at 1.7 MeV in 94Mo, has its
minimum for 100,102Mo (with both almost at the same energy
around 700 keV), and increases its energy to 1 MeV for
106Mo. In 98Mo the 0+

2 state is the first-excited state and shape
coexistence has been confirmed by different works [35,36].

In the present study, low-lying states of 102Mo were ob-
served and lifetimes were determined to further investigate
the describe phenomena in this interesting region of the nu-
clear chart. The obtained lifetimes and the deduced transition
probabilities of these states are powerful tools to get a detailed
distinction of different models and their interpretation. The
results are compared with the proton-neutron version of the
interacting boson model (IBM-2) with microscopic input from
the self-consistent mean-field approximation based on the
Gogny-D1M energy density functional discussed in Ref. [37].

II. EXPERIMENT

The nucleus of interest was populated using a two-neutron
transfer reaction, i.e., 100Mo(18O, 16O) 102Mo. An average
beam current of ≈1 pnA with an energy of 52 MeV was
provided by the Cologne 10 MV FN-Tandem accelerator.
The highly enriched (99.7%) 100Mo target with a thickness
of 1 mg/cm2 and a 1.9 mg/cm2 thick natural magnesium
backing was stretched inside the Cologne Plunger device [38].
In addition, a natural magnesium stopper foil was stretched
in parallel to the target and acted as a stopper for the ejec-
tiles. To detect the γ rays produced in the reaction, eleven
high-purity germanium (HPGe) detectors were used forming
two rings (backward and forward) around the target chamber.
The six forward detectors were positioned at an angle of
45◦, whereas the five backward detectors were placed at an
angle of 142◦ with respect to the beam direction. Similar to
previous experiments using the same configuration [39–41],
six solar cells were installed at backward angles to detect the
backscattered light recoiling fragments. To apply the recoil
distance Doppler-shift (RDDS) technique, twelve target-to-
stopper distances (15, 29, 44, 64, 84, 114, 214, 414, 714, 1114,
1814, and 2414 μm) were measured in approximately 12 days
of beam time. The absolute values of these distances were
obtained by using the capacitive method which is described
in Refs. [38,42] and verified by different lifetimes of the
Coulomb excitation of 100Mo. The origin of the uncertainty
arises from the fit of the data points using the capacitive
method but also from the different used lifetimes of 100Mo,
where each lifetime obtains a different so-called zero point.
Therefore, the uncertainty of the zero-point determination was
calculated to be 5 μm. The velocity of the recoiling 102Mo
was determined using the shifted and unshifted components of
the most intensive transitions and results in v/c = 1.83(10)%.
A particle spectrum and a particle-gated γ spectrum of the
shortest distance is shown in Fig. 2. In addition, a partial level
scheme is shown that was built using the information given in

FIG. 1. The energies of the first-excited 2+
1 states (filled sym-

bols) for Sr (Z = 38), Zr (Z = 40), Mo (Z = 42), and Ru (Z =
44) isotopes with N = 52–64. Data are taken from the Nuclear
Data Sheets [9–18]. Also the B(E2; 2+

1 → 0+
1 ) for the Mo iso-

topes are shown (open symbols) where the values are taken from
Refs. [13–15,19–22].

the spectrum with spins and parities of the states taken from
the literature [15]. The dashed lines in Fig. 2(a) indicate γ -ray
transitions that were not observed due to their low intensity.
The observation limit is about 2% relative to the 2+

1 → 0+
1

transition and the intensities are summarized in Table I. The
strongest γ rays belong to 100Mo and 102Mo. An exclusion
of the Coulomb excitation channel (100Mo) with the particle
gate was not possible due to the energy and angular struggling
of the recoiling 18O and 16O particles as well as the angular
coverage of the solar cells.

III. ANALYSIS

The lifetimes of the 2+
1 , 4+

1 , 6+
1 , 0+

2 , 2+
γ , 3+

γ states and an
upper limit for the lifetime of the 4+

γ state have been deter-
mined using the Bateman equations [44] to analyze the recoil
distance Doppler-shift data. In addition, the well-established
differential decay curve method (DDCM) [45] has been used,
which has some advantages like the detection of certain sys-
tematic errors. It uses only experimental accessible values and
no assumption on the R(t ) curve shape are used. Another
advantages in contrast to the Bateman equations is the use
of relative distances, which eliminates the uncertainty of the
absolute distance determination. Only particle-gated single
γ -ray spectra were used to analyze the data, where γ -γ co-
incidences could not be employed due to lack of statistics. A
detailed description of both methods is given in Ref. [38]. Due
to the low statistics, for the 4+

γ state the method explained in
Refs. [40,46] was used to obtain the lifetime. The summed
spectra of all distances j was used in combination with the
following solution of the Bateman equations [40,46]:

Rsum =
∑

j Iu
j∑

j Iu
j + ∑

j I s
j

=
∑

j

n jR(t j ), (1)

where Iu
j and Is

j are the intensities of the unshifted and shifted
component, respectively. The normalization factor nj needs
to be obtained for each distance, and t j corresponds to the
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FIG. 2. (a) Partial level scheme of the observed states in 102Mo using the 100Mo(18O, 16O) 102Mo two-neutron transfer reaction. The width of
the transition arrows corresponds to the intensities (see Table I) and the dashed lines indicate known transitions not observed in this experiment.
(b) The solar cell spectrum of the 15 μm distance. The rectangle shows the gate that has been used for the analysis of 102Mo. (c) Particle gated
singles γ -ray spectrum of the backward HPGe detector ring for the shortest distance of 15 μm. The spectrum is shown for the energy range
from 120 keV up to 720 keV in which the observed transitions of 102Mo are indicated and colored in red. The transitions marked with # belong
to the Coulomb excitation of 100Mo and transitions marked with * stem from 104Ru, populated by the α-transfer reaction channel. Note that the
y scale is logarithmic. (d) Same for the energy range 680 up to 1450 keV with a linear y scale.

flight-time of each distance. As discussed in Refs. [39,40] a
top-to-bottom approach was used to determine the lifetimes
to adjust the feeding pattern for lower-lying states. The uncer-
tainties for the single measurements were determined using

TABLE I. Relative transition intensities observed in the two neu-
tron transfer 100Mo(18O, 16O) 102Mo reaction. The intensities were
normalized to the 2+

1 → 0+
1 transition and the energies are taken from

Ref. [15].

Transition Transition energy [keV] Intensity

2+
1 → 0+

1 296.6 100.0(7)
0+

2 → 2+
1 401.9 10.4(14)

4+
1 → 2+

1 447.1 40.3(8)
2+

γ → 2+
1 551.6 12.2(15)

6+
1 → 4+

1 584.2 11.5(11)
4+

γ → 4+
1 654.6 2.5(20)

3+
γ → 2+

1 948.9 5.0(24)

a Monte Carlo simulation were all parameters were varied
within their uncertainties. The adopted values are calculated
using the weighted average of the results. A systematic error
of 5% is added which can be caused by different sources,
like the opening angle of the detectors, slowing down ef-
fects within the target and deorientation effects, especially for
τ > 100 ps.

A. The analysis of the 4+
γ state

The highest observed state in this experiment is the 4+
γ

state. Due to the low population of the state only Eq. (1) could
be employed to obtain its lifetime. After the determination of
the normalization factors nj and Rsum, a Monte Carlo simula-
tion (with 106 iterations) was used to obtain the final lifetime.
All the input parameters (n j , Rsum, v/c and the distance)
used in the fit are independently varied within their corre-
sponding experimental uncertainty. The resulting lifetime of
τ4+

γ
= 3(1) ps has been obtained for which no feeding is

assumed. The small intensity is almost at the observation limit
and possible unobserved feeders can influence the resulting
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FIG. 3. The evolution of the shifted (blue) and unshifted (red) components in the backward ring for the 2+
1 → 0+

1 (left panel), 0+
2 → 2+

1

(middle panel), 4+
1 → 2+

1 (middle panel), 2+
γ → 2+

1 (right panel) and 6+
1 → 4+

1 (right panel) transitions for four distances, namely 15, 64, 214,
and 1114 μm. The solid line indicates the background level and different disturbing peaks were also fit (green). The disturbing transitions, i.e.,
at 536 and 600 keV with their shifted components belong to 100Mo.

lifetime. To account for these factors a simulation to account
for the feeding contribution was performed. A possible feeder
is the 6+

γ state which is indicated in Fig. 2(a). An assumption
for the maximum feeding from this state and possible other
but unobserved states can be extrapolated from the feeding of
the lower-lying states and by the fact that the population of
states in transfer reactions is decreasing with increasing spin
and excitation energy [39–41]. A realistic amount of feeding
contribution would in this case be 20%. In other words, 80%
is directly populated through the reaction. For the sake of sim-
plicity, the feeding is modeled by a single hypothetical state
with an effective lifetime of 100 ps which is sufficiently long
to be considered as a pure long-lived feeding [40,41]. After
including the feeding intensity and lifetime in the simulation,
a lifetime of τ4+

γ
= 1(1) ps was calculated. The lower limit of

the simulation is used as the lower limit of the lifetime [40,41].
This leads to a range of 0–4 ps for the lifetime of this state or
an upper limit of τ4+

γ
< 4 ps. Although this is only an upper

limit, it is important for the lower-lying states (2+
1 , 2+

γ , and
3+

γ ) to know the feeding contribution of this state.

B. The analysis of the 6+
1 and 3+

γ states

The lifetimes of the 6+
1 and 3+

γ states were analyzed
using the Bateman equations and the differential decay
curve method (DDCM) without taking into account unob-
served feeding. The mean average of the lifetimes result in

τ6+
1

= 6.7(7) ps and τ3+
γ

= 5.7(10) ps, respectively. The de-
cay curves and the evolution of the shifted and unshifted
component for the 6+

1 state are shown in Figs. 3–5. For the de-
termination of the lifetimes, the 6+

1 → 4+
1 transition with 584

keV and the 3+
γ → 2+

1 transition with 949 keV were used. To
investigate possible feeding contributions from higher-lying

R
(t

)

Time of flight [ps]

0.2

0.6

1

1 10 100

6 1
+ 4 1

+
3+ 2 1

+
2+ 2 1

+
4 1
+ 2 1

+ 0 2
+ 2 1

+
2 1
+ 0 1

+

FIG. 4. The decay curves for the lifetimes of the 6+
1 , 3+

γ , 2+
γ ,

4+
1 , 0+

2 , and 2+
1 states using the Bateman equations to fit the data

of the backward ring at 142◦. Note that the x scale is logarithmic.
The lifetimes are summarized in Table II.
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FIG. 5. The DDC method for the 6+
1 , 3+

γ , 2+
γ , 4+

1 , 0+
2 , and 2+

1 states using the program NAPATAU [43] for the backward angle. The upper
panel shows the individually obtained lifetimes. The lower panel the evolution of the shifted and unshifted component in addition with a fit
which is used to obtain the derivative d

dx Ri(x).

unobserved states (e.g., 8+
1 state as a feeder of the 6+

1 state)
and other unobserved feeding γ rays, a simulation similar as
explained in Sec. III A was performed to account for this. The
final results for these states with the inclusion of the feeding
contribution are given by τ6+

1
= 6.7+0.7

−3.1 ps and τ3+
γ

= 5.5+1.0
−3.5

ps.

C. The analysis of the 2+
1 , 4+

1 , 0+
2 , and 2+

γ states

After the determination of the lifetimes of the higher-lying
states, the lifetimes of the lower lying states can be obtained.
The shifted and unshifted components of these states are
shown in Fig. 3 for four representative distances. All lifetimes
have been obtained using the Bateman equations and the
DDCM. The decay curves of these states are shown in Fig. 4.

For the 2+
γ state, the 551.6 keV transition (2+

γ → 2+
1 ) was

used to determine the lifetime. The second decay transition
(848 keV) of this state could not be used due to the 3− →
2+

2 (845 keV) transition populated in Coulomb excitation of
100Mo. The evolution of the shifted and unshifted components
can be seen in the right panel of Fig. 3. The lifetime was
determined for the backward angle detectors but not for the
forward angle detectors due to the 2+

1 → 0+
1 transition with an

energy of 536 keV populated in Coulomb excitation of 100Mo.
A possible contamination could be the 550 keV (4+

γ → 2+
γ )

transition. However, according to the intensities (see Table I),
the population of the 4+

γ is very low. Furthermore, the lifetime
is short (τ < 4 ps) and therefore the effect of this state can
be neglected in the analysis procedure. After applying the
Bateman equations and the DDCM, the final lifetime is τ2+

γ
=

10.3(12) ps, which is the weighted average of both methods
(see Table II).

The 0+
2 → 2+

1 transition with 402 keV was used to obtain
the lifetime of the 0+

2 state. The increase of the shifted compo-
nent with increasing distance is shown in the middle panel of
Fig. 3. The weighted average of τ0+

2
= 33(4) ps is consistent

with a former RDDS lifetime measurement with a result of
40(16) ps [47] within the uncertainties.

The evolution of the intensities of the 447 keV (4+
1 → 2+

1 )
transition is also shown in the middle panel of Fig. 3. A
weighted average of τ4+

1
= 15.9(12) ps is consistent with a

former RDDS lifetime measurement [47] that has a result of
18(4) ps. Another lifetime measurement [48] with the result
of τ4+

1
= 27.8+10.5

−8.1 ps was obtained by the Doppler-shift-
attenuation method using a fragment separator in combination
with the PreSPEC-AGATA experimental setup [48]. Although
the uncertainty of this result is relatively large, it is not con-
sistent with the lifetime value of this work. A reason could
be the low statistics of the lifetime determination described in
Ref. [48] which makes it difficult to observe possible feeding
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TABLE II. Lifetimes measured in the experiment using the Bate-
man equation (BE), the DDCM method together with the adopted
values. The literature values from Refs. [21,47,48] are summarized
in the last column.

Lifetime [ps]
Backward ring Forward ring

State BE DDCM BE DDCM Adopted Lit.

2+
1 149(6) 156(3) 146(6) 147(3) 150(10) 164(19)a

180(6)b

186.9+18.3
−18.7

c

4+
1 18.3(14) 15.1(5) 18.3(20) 16.6(9) 15.9(12) 18(4)a

27.8+10.5
−8.3

c

6+
1 6.2(9) 6.8(7) 6.0(9) 7.1(7) 6.7+0.7

−3.1 3.2(7)c

0+
2 30(6) 34(3) 33(8) 34(3) 33(4) 40(16)a

2+
γ 9.9(13) 10.4(9) 10.3(12)

3+
γ 5.9(18) 6.5(18) 5.2(12) 5.1(11) 5.5+1.0

−3.5

4+
γ <4 <4

aFrom Ref. [47].
bFrom Ref. [21].
cFrom Ref. [48].

states of the 4+
1 other than the 6+

1 state. Therefore, the possible
lifetimes of feeder states could have a significant effect on
the lifetime and would possibly lower the value if taken into
account during the analysis. The lifetime determination in this
experiment benefits from the low level density populated from
transfer reactions and the higher statistics (see Fig. 3).

After obtaining the lifetimes of all states above the 2+
1 state,

the lifetime of this state is now accessible and the feeding
pattern can be included in its determination. The evolution
of the components is shown in the left panel of Fig. 3, and
the decay curve in Fig. 4. The lifetimes and intensities of the
feeding 0+

2 , 4+
1 , 2+

γ , 3+
γ , and 4+

γ states are included in the
calculation. The final lifetime τ2+

1
= 150(10) ps is obtained,

which is in agreement with a former lifetime measurement
with a result of 164(19) ps [47]. Two other lifetimes with
180(6) ps [21] and 186.9+18.3

−18.7 ps [48] are not consistent within
the 1σ range.

IV. CALCULATIONS

Calculations using the proton-neutron interacting boson
model (IBM-2), where a distinction between proton bosons
and neutron bosons is made [49], based on the microscopic
energy density functional (EDF), were performed. The param-
eters of the IBM-2 Hamiltonian are determined by mapping
the deformation-energy surface, which is provided by the
constrained Gogny-D1M SCMF calculations, onto the ex-
pectation value of the IBM Hamiltonian computed with the
boson condensate (intrinsic) wave function [37,50]. From the
resulting IBM Hamiltonian, energy levels and transition prob-
abilities can be calculated.

The potential-energy surface shown in left part of Fig. 6
exhibits a single minimum. Therefore, only a single config-
uration of the Hamiltonian in Eq. (2) of Ref. [37] is used.
Here only a short description is given and for a more detailed
description, the reader is referred to Ref. [37].

FIG. 6. Contour plot of the deformation-energy surface in the
(β, γ ) plane for 102Mo computed with the constrained HFB method
by using the Gogny functional D1M (left) and with the mapped IBM
(right). The red dot indicates the minimum of the energy surface plots
and the difference between two neighboring contours is 100 keV.

To describe 102Mo, the Hamiltonian ĤB is defined as

ĤB = εn̂d + κQ̂π · Q̂ν + κ ′ ∑

ρ ′ �=ρ

T̂ρρρ ′ , (2)

where n̂d = n̂dν + n̂dπ and n̂dρ = d†
ρ · d̃ρ (ρ = ν, π ) describe

the d-boson number operator. The quadrupole operator is de-
fined as Q̂ρ = s†

ρ d̃ρ + d†
ρ s̃ρ + χρ[d†

ρ × d̃ρ](2) (ρ = ν, π ) and
the third term is a specific three-boson interaction term with
T̂ρρρ ′ = ∑

L[d†
ρ × d†

ρ × d†
ρ ′ ](L) · [d̃ρ ′ × d̃ρ × d̃ρ](L) with L be-

ing the total angular momentum in the boson system. The
electromagnetic E2 transition rates are calculated via:

T̂ (E2) = eBQ̂, (3)

where eb and Q̂ are the effective charge and the quadrupole
operator, respectively.

The shell closures at Z = N = 50 were used to get the
boson numbers which are half of the valence protons and
neutrons. The 102Mo nucleus is eight protons and ten neutrons
away from the closed shell and hence the proton and neu-
tron valence numbers are Nπ = 4 and Nν = 5, respectively.
The adopted Hamiltonian parameters are ε = 0.66 MeV, κ =
−0.171 MeV, χπ = 0.15, χν = 0.35, and κ ′ = 0.1 MeV. The
effective E2 charge is eB = 0.141 eb and the effective g fac-
tors are gν = 0 for neutrons and gπ = 1 for protons in units
of μn.

The mean field and (mapped) IBM potential-energy sur-
faces (PESs) are shown in Fig. 6. As can be seen, the
Gogny-D1M PES displays an oblate minimum around β ≈
0.15 which was used to obtain the IBM parameters. Note that
the Gogny-D1M PES shows two minima in the case of 104,
106 Mo (see Fig. 1 in Ref. [37]). On the right-hand side,
the IBM PES shows a minimum around β ≈ 0.15 and a γ

deformation of γ ≈ 40◦. This can be interpreted as signatures
for γ softness in 102Mo, where the maximum γ softness has a
very broad minimum at γ = 30◦ spreading to γ = 0◦ (prolate)
and γ = 60◦ (oblate).
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FIG. 7. The level energies of the ground-state band up to the 8+
1 , the γ band up to the 6+

γ and the 0+
2 state which were observed in different

experiments (a) and the same level energies for the IBM calculations. The numbers (in red) close to the arrows indicate the B(E2) values in
Weisskopf units. The B(E2; 3+

γ → 2+
γ ) value indicated with an * is calculated using the limits of a pure E2 transition due to a lack of multipole

mixing ratios.

V. RESULTS AND DISCUSSION

A. Energy levels

In Fig. 7, the experimental and calculated level energies
and transition strengths are shown. The 2+

1 and 4+
1 states of

the ground-state band are well described by the calculation
with an accuracy of 10 keV or better. Although the energy
levels of 6+

1 and 8+
1 states differ by ≈50 and ≈150 keV,

respectively, the IBM is still able to give a reasonable de-
scription of these states. The 2+

γ bandhead and the 3+
γ are

described with a difference of less than 10 keV with respect
to the experimental observations. The energy level of higher
lying states of this band, namely, the 4+

γ and 6+
γ states, are

overestimated by the calculations. The calculations locate the
5+

γ state in between the 4+
γ and 6+

γ state. Three states with level
energies of 1617, 1748, and 1870 keV, respectively, could be
possible candidates for this proposed 5+

γ . These states have
no adopted spin and lie between the 4+

γ and 6+
γ . They were

observed by the β decay of the (4+) ground state of 102Nb [15]
which makes it an allowed β decay to a 5+ state according to
the β-decay selection rules. However, all three states decay
to at least one 2+ state, i.e., 1617 keV → 296 (1250) keV,
1748 keV → 296 keV and 1870 keV → 848 keV. These
transitions would imply an M3/E4 transition which makes
this assignment unlikely. In this case no clear assignment
of calculated states to experimental states can be made and
further experiments are needed to give a final conclusion.
The low-lying 0+

2 state differs from the calculations by a
wide margin, which makes it difficult to interpret this state
based on the IBM calculations. A possible explanation for the
difference might be that the PES in Fig. 6 shows a pronounced
deformation (minimum). This leads to a rotational-like energy
spectra with the result of a high 0+

2 energy level.

B. Reduced transition probabilities

In Fig. 7, the transitions and their respective reduced
transition probabilities B(E2) given in Weisskopf units are
shown. The corresponding B(E2) and B(M1) values can be
found in Table III. Using the microscopic interacting boson
approach explained in Sec. IV, the theoretically calculated
reduced transition strengths are compared with the experimen-
tally deduced ones. The B(E2; 2+

1 → 0+
1 ) fits exactly to the

experimental observed reduced transition probability. Going
up the yrast band the calculation overestimates the values
slightly for the 4+

1 → 2+
1 transition and by a factor of two

for the 6+
1 → 4+

1 . Although the experimental uncertainty of
the B(E2; 6+

1 → 4+
1 ) is high, the calculations are not able to

reproduce this value within the error.
The 2+

γ state has two decay branches to the 2+
1 and 0+

1

state. The 2+
γ → 0+

1 transition with an experimental reduced
transition probability of 2.3(3) W.u. is overestimated with
2.9 W.u. by the model. The second decay transition 2+

γ → 2+
1

with a multipole mixing ratio of δ = 7.0+1.8
−0.6 [51] has an over-

estimated B(E2) value and a B(M1) value that is in good
agreement with the calculations. The multipole mixing ratio
suggests a predominantly E2 type of transition with a more
collective nature, which is also supported by the calculation
although the value is two times larger with B(E2) = 63 W.u.

For the 3+
γ → 2+

1 transition, a multipole mixing ratio of
δ = −9+2

−3 [51] was used. The corresponding B(E2) value is
slightly overestimated whereas the B(M1) value is reproduced
by the model. For the decay of the 3+

γ to the 2+
γ state, the mul-

tipole mixing ratio is unknown and, therefore, the transition
rates are calculated in limits of a pure E2 or M1 transition.
The B(E2; 3+

γ → 2+
γ ) is reproduced by the model, while the

calculation underestimates the B(M1; 3+
γ → 2+

γ ) strength. A
multipole mixing ratio of δ ≈ |19| would fit to the calculations
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TABLE III. The reduced transition probabilities obtained from
the measured lifetimes. The branching ratios are taken from the Nu-
clear Data Sheets [15]. Due to a lack of M1/E2 mixing ratios of some
transitions the transition probabilities are calculated by assuming the
limits of a pure E2 and M1 transition, which are marked with *. The
B(E2) values are given in W.u. and the B(M1) values are given in
10−4μ2

N .

Jπ2 → Jπ1 Multipolarity B(σλ; Jπ2 → Jπ1) IBM

2+
1 → 0+

1 E2 82(6) 82
4+

1 → 2+
1 E2 101(8) 116

6+
1 → 4+

1 E2 63+49
−6 129

0+
2 → 2+

1 E2 83(11) 11
2+

γ → 2+
1 E2a 34(5) 63

M1a 4.2+3.4
−1.6 3.6

2+
γ → 0+

1 E2 2.3(3) 2.9
3+

γ → 2+
1 E2b 5.5+5.7

−1.0 4.6
M1b 1.4+1.8

−0.6 2.0
3+

γ → 2+
γ E2* 86+84

−26 101
M1* 270+260

−80 0.8
4+

γ → 2+
1 E2 >0.8 0.014

4+
γ → 2+

γ E2 >56 55
4+

γ → 4+
1 E2c >21 38

M1c >29 27
0+

2 → 0+
1 E0d 145(30)d

aAn M1/E2 mixing ratio of δ = 7.0+1.8
−0.6 was used [51].

bAn M1/E2 mixing ratio of δ = −9+2
−3 was used [51].

cAn M1/E2 mixing ratio of δ = 2+3
−1 was used [51].

dThe electric monopole transitions strength between 0+ state is given
in 103 × ρ2(E0) and were calculated using the method explained in
Ref. [52].

for both transitions rates, which would be a dominant E2
transition.

Lastly, the B(E2; 0+
2 → 2+

1 ) = 83(11) W.u. is underesti-
mated by almost one order of magnitude. The overprediction
of the energy level and the weak 0+

2 → 2+
1 transition strength

indicate that the 0+
2 might be of other origin.

C. Shape coexistence

The E0 transition probability obtained by the lifetime of
the 0+

2 state indicates shape coexistence, which is widely
spread in the A ≈ 100 region. The Z ≈ 40 and N ≈ 60 re-
gion is known for the coexistence and mixing of almost
spherical and strongly deformed shapes [1,34]. The ρ(E0)
values describe the mixing of two states and are indicators
for the exhibition of shape coexistence. In the case of small
or nonexistent ρ(E0) strengths, the mixing between the states
is minimal and sharp mean square radii variations �〈r2〉 are
seen. Large ρ(E0) strengths correspond to strong mixing
and more gradual mean square radii variations �〈r2〉 (see
Figs. 5 and 6 in Ref. [34]). Using the measured lifetime, the
obtained 103 × ρ(E0) = 145(30) given in Table III is one
of the largest values known along the nuclear chart where
the ground state is weakly deformed [34,52]. Similar large
values were observed in the corresponding isotones 100Zr and
98Sr with 103 × ρ(E0) = 51(5) [52,53] and 103 × ρ(E0) =
108(19) [52,54,55], respectively. For the higher-Z isotones,

×

FIG. 8. The energies of the 0+
2 state (filled symbols) for (Z =

38), Zr (Z = 40), Mo (Z = 42), and Ru (Z = 44) isotopes with N =
56–62. The data are taken from the Nuclear Data Sheets [11–17]. If
available, the 103 × ρ2(E0) are shown for the same isotopes (open
symbols), where the data are taken from Refs. [34,52] and for 102Mo
from this work. Note that the values are slightly shifted along the x
axis to have a better separation of the values.

namely 104Ru and 106Pd, this large ρ(E0) seems to diminish
[1]. However, static and dynamic quadrupole moments in
104Ru show that the shape coexistence still persists [1,56,57].
Going along the isotopic chain of molybdenum isotopes it
stands out that the energies of the 0+

2 states are almost constant
for the N = 56–62 isotopes, as can be seen in Fig. 8. The
same behavior holds for the ruthenium but not for strontium
and zirconium isotopes. The strontium and zirconium isotopes
show a “V-like” shape with its minimum at N = 60 where
the well-known shape coexistence is expected. However, the
investigation of E0 transition probabilities for the N = 60
isotones show a clear jump in ρ2(E0) values for 98Sr, 100Zr
and 102Mo (see Fig. 8). The sudden increase of ρ2(E0) values
in the molybdenum isotopes underlines the shape coexisting
structure [34]. With values around 103 × ρ2(E0) ≈ 30, the
N = 56, 58 molybdenum isotopes possess already relatively
large ρ2(E0) transition probabilities compared with their iso-
tonic partners in the Zr and Ru isotopes, which concentrate
in values around 10. The flat behavior of the 0+

2 energies
in molybdenum in combination with the sudden increase of
ρ2(E0) values might be a hint that the shape coexistence
is less pronounced. Or in other words that the change in
shape evolves more moderate and smooth compared with the
strontium and zirconium isotopes. Note that strong mixing is
also required to explain the strong B(E2; 0+

2 → 2+
1 ) transition

strength. Also different two-neutron reaction studies reveal
that 102Mo exhibits exhibits a coexisting character [1,58–61],
which leads to the assumptions of transfer strength to different
structures. This underlines the shape coexisting structures in
102Mo and general trend of the Z ≈ 40 and N = 60 isotones.

The IBM calculations could not reproduce the low-lying
0+

2 state and the strong 0+
2 → 2+

1 transition strength. The
experimental results of this work revealed that the inclusion
of shape coexistence should be taken into account to get a
more accurate description. A possible approach that has been
used for the Zr isotopes might might solve this issue [39,62].
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D. γ softness

As seen in Fig. 7, the 2+
γ level energy lies close to the 4+

1
state. In the Wilets-Jean γ soft rotor model [30], these states
are degenerate, while the Davydov-Filippov rigid triaxial rotor
model [27–29] predicts the 2+

γ state below the 4+
1 state. To

distinguish between those two extreme cases, the staggering
parameter is a good indicator and defined as [31]:

S(J ) = [E (J ) − 2E (J − 1) + E (J − 2)]

E (2+
1 )

, (4)

where E (J ) represents the energy of the level with spin J in
the γ band. The staggering parameter S(J ) is negative for
even-spin levels and positive for odd-spin levels for a γ -soft
nucleus and vice versa for a γ -rigid nucleus. Due to a lack
of levels in the γ band, only the S(4) = −0.83 is calculated,
which is clearly in favor of a γ -soft nucleus. The neighboring
100Mo isotope has S(4) = −0.91 and S(5) = 0.66 and the
104Mo isotope shows the typical even-odd staggering for a
γ -soft nucleus. The IBM calculations further support the γ

softness of 102Mo where the energies show the same clustering
behavior (see Fig. 7). The resulting potential-energy surface
(PES) shows a broad minimum around 40◦ which has a ten-
dency towards oblate deformation (see Fig. 6).

The deduced transition rates, where the B(E2; 2+
γ → 2+

1 )
is relatively large and the B(E2; 2+

γ → 0+
1 ) small, are similar

to the γ -soft model and IBM calculations. The transition
rates of the 3+

γ state are in agreement as well with a large
B(E2; 3+

γ → 2+
γ ) and small B(E2; 3+

γ → 2+
1 ). However, the

B(E2; 3+
γ → 2+

γ ) is calculated within the limits of a pure E2
transition. Once the multipole mixing ratio is known the value
could be lower.

VI. CONCLUSIONS

The lifetimes of the 2+
1 , 4+

1 , 6+
1 , 0+

2 , 2+
γ , 3+

γ , and 4+
γ states

in 102Mo were measured using the RDDS technique. The

results were compared with previous measurements and to
an IBM calculation which is based on a microscopic energy
density functional. All energy levels and transition strengths
of the ground state and γ band are described with reasonable
accuracy by the model calculation. The shape coexistence in
102Mo has been re-investigated by measuring the lifetime of
the 0+

2 state. The experimental results suggest two coexisting
structures which are mixed. Apparently, the microscopic PES
fails in 102Mo to predict this property, although it does for
104,106Mo. Furthermore, the deduced transition strengths of the
γ band in combination with the energy level reveal signatures
a γ -soft behavior. This is supported by the IBM calculation
which shows a broad minimum at γ ≈ 40◦ that spreads in
the γ degree of freedom. The staggering parameter underlines
the γ -soft behavior, although only the S(4) has been used.
The assignment of the 5+

γ and level energy of the 7+
γ would

further increase the information about the even-odd stagger-
ing. The results show that the description of 102Mo is challeng-
ing due to appearance of shape-coexistence and γ softness.
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