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13IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette,

France

E-mail: eleonora.gregor@lnl.infn.it

Abstract. The first excited 3−1 level of 96Mo was investigated in a high-statistics

experiment using the 95Mo(n, γγ) cold neutron capture reaction. The measurements

used the high cold neutron flux from the research reactor at Institut Laue-Langevin

and employed the highly-efficient EXILL array to detect γ-ray coincidences. The

recorded statistics allow identification of decay branches with only a small relative
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intensity including the 3−1 → 0+gs E3 decay. With the knowledge of the newly measured

branching ratio and the known B(E3, 3−1 → 0+gs) transition probability, the lifetime of

the 3−1 level was determined and, subsequently, the B(E1) strength of the other decay

branches of the 3−1 octupole phonon were calculated. The extracted electromagnetic

decay strengths are compared to the systematics of the stable even-even molybdenum

isotopes and values calculated in a Skyrme-force based quasiparticle random phase

approximation and in a cluster approach. Additionally, the 3−1 → 2+iv decay branch to

the low-lying 2+iv quadrupole isovector level was observed.
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1. Introduction

The formation of low-lying collective excitations in the nuclear many-body quantum

system has remained a very interesting research topic throughout the history of nuclear

structure physics. Of particular interest is the formation of these collective excitations,

which can be described within the framework of the nuclear shell structure and the

associated residual forces. Gross features, such as level sequence patterns led to the

development of simple collective models such as the vibrational model for spherical nuclei

[1]. However, the observation of more details of these levels, especially electromagnetic

transition rates [2] and g factors [3], requires a refinement of these rather crude

approximations or even a complete rethinking. This necessitates the understanding

of the formation of collective structures on a microscopic basis.

Nuclei in the mass region of 96Mo exhibit several interesting features such as shape

(or at least configuration) coexistence [4]. In the zirconium isotopes 90−98Zr (N=50-58)

the ground state has a spherical configuration while from 100Zr (N=60) the ground state

starts having considerable quadrupole correlations. Recently, the observed behaviour

has been explained within the context of type-II shell evolution [5, 6]. This explanation

considers the change of subshell structure for excited states via the tensor force, due

to changed occupation probabilities of subshells. While observables such as the 2+1
excitation energy or theB(E2, 0+1 → 2+1 ) excitation probability in the Zr isotopes (Z=40)

show a sudden change at N=60, the situation in the molybdenum (Z=42) isotopic chain

is different. The observables exhibit a smooth shape transition, which corresponds

to spherical and γ-soft quadrupole deformed structures. The mean-field part of the

calculations in Refs. [7, 8] indicate a spherical minimum for 94Mo, which becomes more

shallow for 96Mo and allows for a degree of γ-softness. For 98Mo, the minimum is already

found at a pronounced deformation in the β and γ degrees of freedom. This γ softness

is noticeable in the sequence of low-lying levels below the pairing gap. In particular, the

first excited 0+2 level provides an indication for the emerging γ softness. While for 94Mo

this level is found near the vibrational limit of about twice the energy of the first excited

2+1 level, for 96Mo it is found at 1148 keV, which is just less than 1.5 times the energy

of the 2+ level (778 keV). In 98Mo, the 0+2 level (735 keV) is found even below the 2+1
level (788 keV). Furthermore, in comparison to 94Mo, 96Mo exhibits an additional 2+2
(1497 keV) level and a 3+1 (1978 keV) level, which form a band-like structure with the

4+3 level at 2219 keV [9]. Interestingly, a recent study using available data from particle-

transfer experiments indicated that 96Mo and 98Mo have a similar subshell structure

[10]. However, the latter study suffers from considerable systematic errors.

Another very interesting feature of the nuclei in this mass region is their enhanced

octupole collectivity. In particular, 96Zr exhibits a large B(E3, 0+ → 3−) excitation

strength [11]. Inspite that a recent experiment [12] provided evidence that the B(E3)

strength is less than given in the compilation, it still remains comparably strong.

Together with the excitation energy of the first excited 3−1 , this E3 strength is the

key indicator for octupole collectivity [13]. On a microscopic level, enhanced octupole
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collectivity is associated with the Fermi level for protons as well as neutrons that are

situated between subshell combinations with a difference of total angular momentum

∆j = 3 and orbital angular momentum ∆l = 3. For 96Mo these are the neutron

(ν) [ν2d5/2+ , ν1h11/2− ]Jπ=3− configuration involving the partially occupied 2d5/2+ and

empty 1h11/2− neutron subshells and the proton (π) [π2p3/2− , π1g9/2+ ]Jπ=3− configuration

involving a hole in the fully occupied 2p3/2− and a particle excitation into the partially

occupied 1g9/2+ subshells. Of course, these are just the major components; in the valence

shell the ∆j = 3,∆l = 1 neutron particle-particle [ν1g7/2+ , ν1h11/2− ]Jπ=3− and proton

particle-hole [π2f5/2− , π1g9/2+ ]Jπ=3− excitations can also contribute. Additionally, a

large number of particle-hole excitations across major shell gaps contribute to the

wavefunction of the 3−1 octupole phonon. Despite the amplitudes of the cross oscillator

shell gap excitations being small, the total contribution to the E3 excitation strength

is significant [14].

A very sensitive test of the nuclear wavefunctions is the experimental observation

of electromagnetic transition rate between two levels. The decay rate is linked to the

reduced transition matrix elements ⟨Ψf ||T̂ (ΠL)||Ψi⟩ provided by theory. Since the

electromagnetic transition operators T̂ (ΠL), for electric or magnetic character Π of a

given transition of multipole order L, are well known, this approach represents a direct

test of the wavefunctions of the initial ψi and final ψf states. In particular, electric

dipole (E1) transitions are very sensitive to fine details of the nuclear wavefunctions

(e.g., see Ref. [15]). For a pure transition, the transition matrix element entering the

reduced transition probability B(ΠL, Jπi
i → J

πf

f ) for a given transition multipolarity

ΠL is connected to the experimental quantities via

B(ΠL, Jπ
i → Jπ

f ) =
1

2Ji + 1
|⟨Ψf ||T̂ (ΠL)||Ψi⟩|2 = CΠL

Irel
τ · E2L+1

γ

. (1)

The factor 1/(2Ji + 1) considers the number of magnetic substates of the initial level,

CΠL is a transition multipolarity dependent proportionality factor, and Irel is the relative

intensity of the transition. If only the γ-ray intensity is measured, it must be corrected

for internal conversion. The set of required experimental observables is complemented

by the lifetime τ of the initial level and the γ-ray energy Eγ to the power 2L+ 1.

In terms of transition rates, the decay of a 3−1 level is usually dominated by fast

E1 transitions to lower-lying 2+ and, if present below the 3−1 level, 3+ and 4+ levels.

Hence, the observation of the extremely weak ground-state E3 transition requires very

significant statistics. Consequently, the standard method of extracting B(E3) strengths

is Coulomb excitation [16], in which the E3-excitation mechanism and the E1-decay

paths are decoupled. Exceptions are the doubly-magic 208Pb nucleus [17] and the semi-

magic 146Gd nucleus [18], for which the 3−1 level is the first excited level. In these cases,

the E3 decay is the exclusive path for depopulation of the 3−1 level. 96Zr is another special

case. The first excited 2+1 level is found astonishingly high in energy at 1750 keV, while

the 3−1 level at 1897 keV is comparably low. Here the 1/E2L+1
γ energy factor results in

a sizable intensity for the E3-decay branch. However, for the vast majority of nuclei,

the observation of the E3-decay branch to the ground state remains a challenge.
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For spherical nuclei, the B(E1, 3−1 → 2+1 ) strength has been shown to set the scale

for the B(E1, 0+ → 1−1 ) strength connecting the ground state and the spin-1 member

[19] of the quadrupole-octupole coupled (QOC) [2+1 ⊗ 3−1 ]J− quintuplet [2]. Apart from

doubly-magic nuclei, the QOC level is the lowest-lying 1− excitation in a given nucleus.

In a 96Mo(γ⃗, γ′) inelastic photon scattering experiment using fully polarised γ⃗ rays in

the entrance channel, the 2795-keV candidate for a QOC 1− level [20] has been shown

to have positive parity [21]. The next lowest-lying firmly identified 1− level (3599 keV)

shows an unusal anharmonicity A:

A =
E1−1

E2+1
+ E3−1

=
3599 keV

778 keV + 2234 keV
≈ 1.2. (2)

Except for nuclei near doubly-magic shell closures, it is found that A ≤ 1 [20]. Indeed,

two close-lying 1− levels (3599 keV and 3895 keV) are observed in 96Mo. From energy

considerations, both are found at the sum of the 3−1 octupole phonon (2234 keV) and

the second excited 2+2 level (1497 keV; A = 0.96) and third excited 2+3 level (1625 keV;

A = 1.01) level, respectively.

Furthermore, in the mass region of interest, in the language of the Interacting Boson

Model (IBM) [22], strong F-vector B(E1, 3−1 → 2+iv) transitions between the 3−1 level and

the 2+iv mixed symmetry state were observed [23]. Mixed-symmetry states represent a

class of excitations for which at least one proton or neutron component in the complex

wavefunction of the collective excitations is out of phase relative to the other components

[24, 25, 26]. In the IBM-2, where the 2 denotes the separate treatment of proton and

neutron degrees of freedom, proton and neutron bosons (pairs of two likewise nucleons)

are distinguished by the F-spin quantum number. Hence, this quantum number is

the boson analogue to isospin for fermions. Excitations with the maximum F-spin,

Fmax, are symmetric under the exchange of protons and neutrons, while excitations

with F = Fmax − 1 are no longer invariant and represent mixed-symmetry excitations.

In a simple two-component shell-model approach [27], it has been shown that mixed-

symmetry states represent the antisymmetric and, therefore, isovector combination of

the wavefunctions of the two subsystems. Due to the isovector nature, this class of

states allows conclusions about the proton-neutron residual interaction. Interestingly,

the above mentioned study reported an enhancement of the E1 transitions connecting

the 3−1 level and the 2+iv level in comparison to the decay to the isoscalar (fully-symmetric)

2+1 level.

For spherical nuclei the properties of E1 transitions connecting low-lying levels were

well explained in a microscopic study [28] using a RPA-based microscopic Q-Phonon

approach [29, 30].

Prior to this work, only an upper limit of τ3−1 > 400 fs was known for the lifetime of

the 3−1 level in 96Mo [31]. This limit was determined using the Doppler-shift attenuation

method in an inelastic neutron scattering experiment [32]. From Coulomb excitation a

value of B(E3, 0+ → 3−1 ) = 0.092(12) e2b3 [33, 11] was extracted for the E3-excitation

strength, corresponding to a decay strength of B(E3) ↓= 24(3) W.u. For the decay
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paths, four γ-ray decays as shown in Fig. 1 were known. Remarkably, the decays to the

2+2 and 2+3 levels are stronger by two orders of magnitude than the decay to the 2+1 level.
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Figure 1. Partial level scheme of 96Mo including the 3−1 level and the decays as known

prior to the present work. The numbers above the arrows indicate the relative γ-ray

intensity as given in the NNDC database [31].

In the present work, the results of a high-statistics 95Mo(n, γγ)96Mo neutron-

capture experiment are reported. The new spectroscopic data links the existing

experimental information and allows the lifetime of the 3−1 level to be extracted. Hence,

absolute E1 transition rates for the decays to lower-lying excited states are determined.

2. Experiment: Setup and data analysis

The experiment was conducted at the end of the PF1B neutron guide at the high-

flux reactor at the Institut Laue-Langevin (ILL), Grenoble. The available flux of

cold neutrons at the target position corresponds to a thermal neutron flux of 5 × 107

neutrons/(cm2· s) [34]. The target consisted of 17 mg of isotopically enriched (96.47 %)
95Mo (σcapture,nth

= 13.56 b). The experience acquired in a previous (n, γγ) experiment

[35] has shown that for the available flux of cold neutrons a combination of neutron-

capture cross section and target mass of (250 mg·b) results in a count rate of ≈
5000 counts/s. For this count rate the low pile-up probability is low. The detector setup

was part of the EXILL (EXogam at ILL) [34] (n, γ) campaign [36]. For the experiment,

eight Exogam HPGe Clover detectors were available. Each Clover detector consists of

four Ge crystals and was equipped with an active anti-Compton suppression shield. The

detectors were mounted at a distance of 14.5 cm from the target sample at polar angles of

θ = 90◦ with respect to the direction of the incident neutrons. An octagonal symmetry

of the Clover detectors was realised for the azimuthal angles. Therefore, it was possible

to have detectors at four angular groups with ∆ϕ = 45◦, 90◦, 135◦, and 180◦. In order

to recover Compton-scattered events or events for which a 511-keV γ ray escaped into a

neighboring crystal of the same Clover detector, an add-back procedure was applied. In

the 20 hours of measuring time, a total of 3.8× 109γγ-coincidence events was recorded.

The events were sorted into a total γγ matrix and matrices corresponding to the four
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possible angular groups. In order to reduce the background events in the matrices, a

second matrix was constructed for events that were not recorded within the coincidence-

time window. This background matrix was subtracted from the corresponding matrix

containing events registered within the coincidence-time window.

The energy calibration was made using the published results from the 96Mo(n, γ)

reaction [37]. Therefore, only transitions which were present as intense peaks in the

spectra were employed. The low-energy part of the relative γ-ray detection efficiency

ϵ(Eγ) was measured using a 152Eu source. For the high-energy part the well-known lines

emitted in the 35Cl(n, γ) reaction were used [38].

In the cold neutron capture reaction, the energy of the neutron capture state (NCS)

is given by the sum of the neutron separation energy of 96Mo (En = 9154.32 keV [31])

and the negligible kinetic energy of the incident neutron. The angular momentum

and parity Jπ
NCS of the NCS is given by the 5/2+ ground-state spin of 95Mo and the

intrinsic 1/2+ spin of the incident s-wave capture neutron. Therefore, it can be expected

that Jπ
NCS = 2+ or 3+. If Jπ

NCS = 2+, the known Jπ = 1− levels should be strongly

populated by the preferred E1 transitions. However, in the γγ matrices there is no

noticeable direct population of these levels from the NCS. Hence, the spin assignment

of Jπ
NCS = 3+ happens to be more likely. In any case, the 3− level of interest is linked to

the NCS via an E1 transition. Indeed, as evident in Fig. 2, the projection of the total

γγ matrix, the transition to the 3−1 level is the strongest decay of the NCS.

90007000500030001000

1E6

1E5

1E4

1E3

1E7

1E8

NCS         31
−

C
ou

nt
s/

ke
V

Energy [keV]

Figure 2. Projection of the total γγ matrix recorded in the 95Mo(n, γγ) reaction using

the EXILL array. The transition connecting the neutron capture state at 9154 keV

and the first excited 3−1 level at 2234 keV is indicated. Note the log-scale of the y-axis.

The decay of the capture state to the first excited 3−1 level has an intensity of

Nc = 2.6× 106 counts in the total γγ matrix. This intense transition in turn provides a
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Figure 3. Spectrum gated on the 6919-keV transition populating the 3−1 level directly

from the neutron capture state. Peaks associated with transitions depopulating the 3−1
level are labelled. The two transitions labeled with asteriks are * the 1387-keV (609

and 778 keV) and ** the 1515-keV (737 and 778 keV) sum peaks. The insert shows (in

linear scale) the peak corresponding to the decay of the 3−1 level to the 2+4,iv quadrupole

isovector level. Unlabelled peaks correspond to the depopulation of lower-lying levels,

which are fed by decays of the 3−1 level or subsequent decays. Note the log-scale of the

y-axis.

formidable gate in a study of the depopulating transitions of the 3−1 level. A spectrum

resulting from this gate is shown in Fig. 3. Besides the previously known transitions

from the 3−1 level, two hitherto unobserved transitions are visible in the gated spectrum.

The 2234-keV E3 transition, connecting the 3−1 level and the ground state and the 138-

keV transition to the 2+4,iv level (shown in the insert) are observed here for the first

time. Two peaks that do not correspond to physical transitions are present in the gated

spectrum at 1387 keV and 1525 keV. These peaks have their origin in ’true’ coincidence

summing due to the finite probability of two γ rays in a γγ cascade interacting with

the same detector and the summing of two γ rays detected in two neighboring detector

crystals in the add-back procedure. Hence, peaks, such as the one corresponding to

the 3−1 E3 ground-state decay, must be corrected for this summing. The probability

Psum(Eγ1 , Eγ2) for summing of an E1 − E2 cascade as present for the 1387-keV peak

(3−1 → 2+3 , Eγ1 = 609 keV and 2+1 → 0+, Eγ2 = 778 keV) and the 1525-keV peak
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(3−1 → 2+2 , Eγ1 = 737 keV and 2+1 → 0+, Eγ2 = 778 keV) is estimated as:

Psum(Eγ1 , Eγ2) =

Nsum
1
2(ϵ(Eγ1 )+ϵ(Eγ2 ))
NEγ1

ϵ(Eγ1 )
· NEγ2

ϵ(Eγ2 )

· Z, (3)

where the number of counts for the summed peak, Nsum, the peak intensity of γ-ray

transition γ1, Nγ1 , and γ-ray transition γ2, Nγ2 , and the relative efficiency ϵ(Eγi) for

γ-ray detection at the respective energy enter. The factor Z

Z =
W (θ, Ji → J → Jf )

W (θ, Ji → J → J ′ → Jf )
(4)

considers the attenuation of the angular distribution [39] due to the disregarded J → J ′

transition in the Ji → J → J ′ → Jf three-step cascade. This procedure yields

Psum(609, 778) = 2.1(9)×10−7 and Psum(737, 778) = 2.0(11)×10−7. In the following the

error-weighted average Psum = 2.06(70)× 10−7 was used. The 3−1 level decays via three

two-step cascades with a sizeable intensity (609 and 1626 keV, 737 and 1497 keV, and

1456 and 778 keV). The contribution of these cascades to the 2234-keV peak must be

considered. In this analysis, the additional contribution from summing γ-ray cascades

of three γ-rays was neglected. In order to calculate the amount of counts Nsum,2234, for

which the 2234-keV peak needs to be corrected, the formula:

Nsum,2234 = P (Eγ1 , Eγ2)
∑
k

[
1

2
(ϵ(Eγ1) + ϵ(Eγ2))

Nγ1

ϵ(Eγ1)
· Nγ2

ϵ(Eγ2)

]
, (5)

was applied. The index k numbers the considered two-step cascades. This procedure

resulted in 15 % reduction of the intensity of the 2234-keV peak. Since the contribution

of the summing to the other far more intense peaks is negligible their intensities were

not corrected.

The γ-ray intensities extracted from the present work are given in Table 1. Using

the experimental branching ratio for the 3−1 → 0+gs E3 transition and the known

B(E3, 3−1 → 0+) value of 24(3) W.u. [11], the half-life T1/2(3
−
1 ) of the 3

−
1 level is extracted

as T1/2(3
−
1 ) = 2.1(5)× 10−12 s. Using this lifetime, the B(E1) ↓ values of the E1-decay

branches given in Table 1 were calculated.

3. Discussion

3.1. Experimental results

The decay scheme for the 3−1 level observed in the present work is shown in Fig. 4.

While the decays to the higher-lying 2+2 , 2
+
3 , and 4+2 levels exhibit E1-decay strengths

of the order of 10−3 W.u., the decay to the 2+1 level is of the order of 10−6 W.u. and

is consequently extremely weak. The evolution of the 3−1 → 2+1 decay strength in

the stable even-even Mo isotopes is shown in Fig. 5(b). While this decay in the two

near-spherical isotopes 92,94Mo has an E1 transition rate in the order of 10−3 W.u.,

the rate drops by nearly three orders of magnitude in the three isotopes 96,98,100Mo.
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Figure 4. Decay scheme of the 3−1 level in 96Mo including the two newly observed

transitions to the ground state and the 2+4,ms quadrupole isovector level. The E3

ground-state decay transition is given as a green arrow and the E1 decays to lower-

lying excited levels as red arrows. The numbers above or next to the arrows indicate

the decay strength in 10−6 W.u. for E1 transitions and W.u. for the E3 transition.

The data are presented in Table 1.

This decrease of the 3−1 → 2+1 E1 strength is in contrast to the B(E3, 3− → 0+)

strength (see Fig. 5(a)), which exhibits a comparably small variation. Hence, it can be

concluded that the structure of the 3− level changes only slightly, while the structure

of the 2+1 level undergoes a significant change when adding a neutron pair to 94Mo.

Indeed, an evaluation of the neutron effective single particle energies (see Fig. 4 (a) in

Ref. [10]) exhibits a significant reduction of the subshell gap between the isolated ν2d5/2

Table 1. Decay properties of the 3−1 level in 96Mo at 2234 keV as extracted from

the 95Mo(n, γγ) reaction. Given are the γ-ray energy Eγ , energy of the final level

Ef , spin of the final level Jf , relative γ-ray intensity Iγ already corrected for internal

conversion, the radiation character ΠL, and the reduced transition strength B(EL) ↓.

The B(E1) values were calculated using the half-life T1/2(3−1 ) = 2.1(5)×10−12 s, which

was calculated using the known B(E3) excitation strength.

Eγ Ef Jf Iγ ΠL B(EL) ↓
[keV ] [keV ] [%] [W.u.]

2234 0 0+ 1.38(10) E3 24(3) a

1456 778 2+ 12.0(6) E1 2.7(8) × 10−6

737 1497 2+ 97(4) E1 0.17(5) × 10−3

609 1625 2+ 100(3) E1 0.31(9) × 10−3

365 1869 4+ 9.3(4) E1 0.13(4) × 10−3

139 2095 2+ 1.00(7) E1 0.27(9) × 10−3

a Value taken from Ref. [11].
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Figure 5. Experimentally observed transition rates in the stable even-even Mo

isotopes. In part (a) the evolution of B(E3, 3−1 → 0+) strength is shown. In part (b)

the B(E1) ↓ strength for the 3−1 → 2+1 transition is given as a (red) triangle and

the 1−1 → 0+ is shown as a (blue) circle. The data are taken from this work and

Refs. [11, 31]. Note the logarithmic scale on the y-axis for part (b).

subshell and the other subshells of the valence space when moving from 94Mo to 96Mo.

While these additional neutron configurations in the wavefunction of the 2+1 level do not

contribute to the B(E2, 0+ → 2+) excitation probability (see Fig. 1 (b) in Ref. [10]),

they obviously contribute destructively to the 3−1 → 2+1 E1 strength.

For 92,94Mo the B(E1, 1−1 → 0+) reduced transition probability of the quadrupole-

octupole coupled 1− level is shown in Fig. 5(b). The ratio Ri:

Ri =
B(E1, 1−1 → 0+)

B(E1, 3−1 → 2+i )
(6)

for 92Mo is R1 = 3.4 ± 1.9 and for 94Mo 5 ± 3 and these values are within the large

quoted errors in agreement R1 = 7/3 expected in a simple bosonic phonon approach

[19]. Nevertheless, the two decays are of the same order of magnitude. In 96Mo using

the value of B(E1, 1−1 → 0+) = 0.52(12) × 10−3 W.u. [32] of the observed 1−1 level

at 3600 keV [21] and the newly determined B(E1, 3−1 → 2+1 ) value results in a value

of R1 = 192.5, which is far too high to qualify this level as a [2+1 ⊗ 3−1 ]1− quadrupole-

octupole coupled level. In Ref. [21] this level was already dismissed as a candidate for

this kind of excitation. However, the B(E1, 1−1 → 0+) strength is of the same order



Decay properties of the 3−1 level in 96Mo 12

of magnitude as that of the 3−1 → 2+2 decay and the ratio R2 = 3.1 ± 1.6 of these

decay strengths indicates that this level is indeed rather the 1− member of the [2+2 ×3−1 ]

quintuplet. Based on the newly determined B(E1, 3−1 → 2+1 ) strength, it is very likely

that in 96Mo the [2+1 ⊗ 3−1 ]1− quadrupole-octupole coupled level is too weakly excited

and, therefore, below the sensitivity limit in the previously conducted (γ, γ′) experiment.

In the following, the structure of the first 3− level in stable even-even Mo

isotopes is investigated within the theoretical frameworks of the Finite Rank Separable

Approximation and a Cluster approach. These approaches are tested against the

experimental energies of the first 3− level and the B(E3, 3−1 → 0+) and B(E1, 3−1 → 2+1 )

values.

3.2. Finite Rank Separable Approximation

3.2.1. Brief outline of the FRSA model The finite rank separable approxima-

tion (FRSA) has been discussed in detail in Refs. [40, 41, 42] and it is presented here

briefly for completeness. The Skyrme f− energy density functionals (EDF) [43] are

used for the Hartree–Fock-BCS (HF-BCS) calculations as well as for the particle-hole

channel. For the interaction in the particle-particle channel, the zero-range volume

force is used. The pairing strength is taken equal to −270 MeVfm3. This value of the

pairing strength is fitted to reproduce the experimental neutron pairing gaps of 90,92Zr

and 92,94Mo obtained by the three-point formula [41, 42]. To build the quasiparticle

random phase approximation (QRPA) equations on the basis of HF-BCS quasiparticle

states with the residual interactions is a standard procedure [44]. The dimensions of

the QRPA matrix grow rapidly with the size of the nucleus. Using the FRSA [40] for

the residual interactions, the eigenvalues of the QRPA equations can be obtained as

the roots of a relatively simple secular equation [41]. This procedure allows to perform

QRPA calculations in very large two-quasiparticle (2QP) spaces. The cutoff of the dis-

cretized continuous part of the single-particle spectra is at the energy of 100 MeV. This

is sufficient to exhaust practically the entire energy-weighted sum rule. The large con-

figurational space renders the need for effective charges for electric transitions obsolete.

Nevertheless, for E1 transition, the matrix elements are calculated with the effective

neutron, eeffν = −Z
A
e(1+χ), and proton, eeffπ = N

A
e(1+χ), charges. In the calculations

bare charges χ=0 as well as quenched charges χ=0.05 and χ=0.10 were used. However,

the variation of χ results in only small variations of the calculated E1 strength. Hence,

the furter discussion is restricted to the results with χ = 0.

3.2.2. QRPA Results Calculated energies, transition probabilities, and structures of

the QRPA quadrupole and octupole states of 92,94,96,98Mo are given in Table 2. A

satisfactory description of the isotopic dependence of the 2+1 energies near closed shells

is obtained. The closure of the neutron subshell ν1g9/2 in 92Mo leads to the vanishing

of the neutron pairing and as a result the energy of the first 2QP pole {1g9/2, 1g9/2}π
in 92Mo is larger than the energy of the first pole {2d5/2, 2d5/2}ν in 94Mo. This yields
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that the 2+1 state has a collective structure with the domination of the proton 2QP

configuration {1g9/2, 1g9/2}π for the case of 92Mo. On the other hand, in 94Mo the leading

neutron configuration {2d5/2, 2d5/2}ν gives a contribution of 66% that is aprroximately

three times larger than in 96Mo (five times when compared to 98Mo). The contribution

of the proton configuration {1g9/2, 1g9/2}π in 98Mo is almost a factor two larger than

in 94Mo. These structural peculiarities are reflected in the B(E2) values, as is shown

in Table 2. The B(E2) strength grows with increasing neutron number. The same

evolution is obtained for the B(E3) strength, but the energy of the first 2QP pole,

{1g9/2, 1f5/2}π, practically remains constant with increasing neutron number. The

proton 2QP-configurations exhaust about 85% of the wavefunction normalisation of

the 3−1 state in 92Mo, and the proton contribution to the normalization of 3−1 state

decreases towards the heavier isotopes (see Table 2). The calculated structures of the

QRPA quadrupole and octupole states of 92,94,96,98Mo represent important fingerprints

for the proton-neutron composition of the E1 transition between 3−1 and 2+1 states. For
92Mo, the main contribution to the B(E1) strength comes from the proton component.

The proton configurations give a contribution of B(E1) strength almost three times

as large than the neutron configurations. For 94Mo, this situation changes due to the

available neutron pair above the N=50 shell closure. The contribution of the neutron

and proton configurations to the B(E1) strength are almost equal. In heavier isotopes,

there is a slight predominance of proton components in the E1 transitions. This QRPA

analysis within the one-phonon approximation can help us to understand the evolution

of B(E1; 3−1 →2+1 ) values in
92,94,96,98Mo. However, it should be noted that the present

analysis has been made within the one-phonon approach and, consequently, represents

Table 2. Calculated energies, ground-state transition probabilities, and structures

of the QRPA quadrupole and octupole states of 92,94,96,98Mo. Only configurations

contribution to the phonon structure with an amplitude greater than 5% are given.

2+1 3−1
E2+1

B(E2) ↓ Structure 2+1,QRPA E3−1
B(E3) ↓ Structure 3−1

[MeV] [W.u.] %{n1l1j1, n2l2j2}τ [MeV] [W.u.] %{n1l1j1, n2l2j2}τ
92Mo 2.08 6.8 7%{2d5/2, 1g9/2}ν 3.42 25.6 70%{1g9/2, 2p3/2}π

89%{1g9/2, 1g9/2}π 12%{1g9/2, 1f5/2}π
94Mo 1.20 6.9 66%{2d5/2, 2d5/2}ν 3.19 30.1 9%{1h11/2, 2d5/2}ν

23%{1g9/2, 1g9/2}π 60%{1g9/2, 2p3/2}π
12%{1g9/2, 1f5/2}π

96Mo 1.22 9.2 45%{2d5/2, 2d5/2}ν 2.95 34.0 18%{1h11/2, 2d5/2}ν
10%{3s1/2, 2d5/2}ν 51%{1g9/2, 2p3/2}π
34%{1g9/2, 1g9/2}π 11%{1g9/2, 1f5/2}π

98Mo 1.27 10.8 14%{2d5/2, 2d5/2}ν 2.76 36.4 25%{1h11/2, 2d5/2}ν
17%{3s1/2, 2d5/2}ν 46%{1g9/2, 2p3/2}π
46%{1g9/2, 1g9/2}π 9%{1g9/2, 1f5/2}π
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only a rough estimate.

3.3. Cluster Approach

The behavior of the B(E1, 3−1 → 2+1 ) and B(E3, 3−1 → 0+gs) transition strengths in

the Mo isotopic chain can also be described in the cluster model of a di-nuclear

system [46, 47]. The model is based on the assumption that cluster-type shapes are

produced by the motion of the nucleus in the mass asymmetry degree of freedom. The

nuclear wavefunction can be thought of as a superposition of a mononucleus (spherical

or quadrupole-deformed) and various cluster components. The weight of the various

components is determined by solving the Schrödinger equation in the mass asymmetry

coordinate. The contribution of cluster configurations provides a source of reflection

asymmetric deformation and leads to an appearance of low-lying negative parity states.

The strength of both dipole and octupole transitions is also determined by the weights

of the cluster components in the wavefunctions. At the same time, the dipole transitions

are very sensitive to the proton-neutron (Z/N) ratios in the clusters [48]. Previously,

only the mass asymmetry was considered as an independent variable. The Z/N ratio

in the light fragment was set equal to unity, as encountered for an α particle. In order

to describe the peculiarities of the B(E1) strength along the isotopic chain one has to

introduce charge asymmetry as an independent degree of freedom as well. This work is

currently in progress.

Qualitatively, in the cluster approach the behavior of B(E1) and B(E3) can be

explained as follows. For 94Mo, the reflection asymmetric deformation originates mainly

from the contribution of the 90Zr+4He di-nuclear system, which consists of two doubly-

magic clusters. Adding neutrons while moving along the isotopic chain will lead to the

decrease of the energies of the cluster systems and thus to the increase of their weight

in the intrinsic wavefunction. As a result the energy of the 3− state decreases, while

the B(E3) strength increases from 94Mo to 100Mo. For A > 94, the cluster contribution

considered alone can be roughly represented as a core, which consists of 90Zr+4He,

and valence neutrons moving in a field created by this core. These neutrons will act

to equalize the Z/N ratio in the fragments. Therefore, although the weight of the

cluster components increases along the isotopic chain, the strength of dipole transition

decreases.

3.4. Comparison Experiment-Theory

In Fig. 6 the results of the calculations in the two above elucidated models are compared

to the experimental values. The overall agreement of the excitation energies for the first

3− level (part (a)) is quite satisfactory and the experimental trend is well reproduced.

For the values obtained using the FRSA one has to consider the influence of the neglected

coupling between one- and two-phonon states (see, e.g., in Refs. [42, 45]), which, if

considered, would lower the energies of the 3− levels. Another point to highlight

is the validity of the FRSA for the QRPA calculations. The latter is determined
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Figure 6. Comparison of experimental and calculated excitation energies and decay

strengths of the first excited 3− level in the stable even-even Mo isotopes. Experimental

values (see Fig. 5) are given as (blue) squares, values calculated within the Quasiparticle

Random Phase Approximation (QRPA) framework as (green) circles, and values

calculated within the Cluster approach (CM) as (red) stars. The excitation energies

E3−1
are shown in part (a). Part (b) contains the evolution of B(E3, 3−1 → 0+) strength

and in part (c) the B(E1) strength for the 3−1 → 2+1 transition is shown in a logarithmic

scale. Please note, for clarity of the presentation, the theoretical values are slightly

offset from their true x-axis values.

by the spherical symmetry that is imposed on the quasiparticle wavefunctions and

this assumption is not exactly valid for the heavier Mo isotopes. In terms of the
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B(E3, 3 → 0+) strength again both models reproduce the upsloping trend. However,

despite that both models reproduce the reduction in B(E1, 3−1 → 2+1 ) strength, they

fail to reproduce the drastic decrease observed for 96Mo. The variation of the effective

charges in the QRPA results only in minor changes for the E1 strength, which allows

the conclusion that the observed reduction of E1 strength has its origin in the structure

of the wavefunctions. As mentioned earlier, the smooth evolution of the E3−1
and

B(E3) observable indicate a rather gradual change for the ground state as well as

the 3− level. The same is indicated by the E2+1
and B(E2) values (e.g., see Fig. 1 in

Ref. [10]). However, the drastic reduction in E1 strength for this particular transition

connecting these basic building blocks of nuclear structure demonstrates the sensitivity

of E1 transitions for small parts of the involved wavefunctions. The drastic reduction

from 94Mo to 96Mo and near constance of this particular E1 value for the heavier stable

isotopes highlights the difference in the involved wavefunctions of 96Mo and the near-

spherical 94Mo but also the similarities of 96Mo and 98Mo. This finding indicates the

similar structure of 96Mo and 98Mo as claimed in Refs. [7, 10]. Very likely it is the

emerging γ softness in these nuclei that causes the 3−1 → 2+1 E1 strength to drop that

drastically. At present both employed models don’t consider this degree of freedom and

future work is demanded. In order to clarify the degree of γ softness in 96Mo a Coulomb-

excitation analysis of excited levels as done for 100Mo [49] employing the Kumar-Cline

sum rules [50] is necessary.

3.5. Decay to the low-lying quadrupole isovector level

The 2+4 level has been identified [32] as the low-lying quadrupole isovector (mixed-

symmetry) 2+iv state. In this work, the 3−1 → 2+4 decay has been observed and its

strength determined to be B(E1, 3−1 → 2+iv) = 0.27(9) × 10−3 W.u. In comparison to
94Mo (B(E1, 3−1 → 2+iv) = 1.31(21)×10−3 W.u.) [23] this value is a factor of five weaker.

For 98Mo the 2+iv → 3−1 decay from the isovector 2+iv level at 2206 keV [51] to the 3−1 level

at 2107-keV has not been observed. Nevertheless, for 96Mo the ratio RE1:

RE1 =
B(E1, 3−1 → 2+iv)

B(E1, 3−1 → 2+1 )
(7)

of RE1 = 98(12) is far more pronounced than the RE1 = 26.0(7) for 94Mo. Both previous

values were calculated from the experimental branching ratio. As outlined in Ref. [23],

in the IBM-2, the observed ratio RE1 can be linked to the ratio rα = αν/απ of effective

neutron αν and proton απ boson charges:

rα =
1−

√
RE1(Nπ/Nν)

1 +
√
RE1(Nν/Nπ)

. (8)

Here, Nν is the number of neutron bosons and Nπ is the number of proton bosons.

Considering 100Sn as an inert core the boson numbers are Nν = 2 and Nπ = 4,

respectively. Therefore, rα is calculated to rα = −1.65(21), which is comparable to
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the values given in Table II in Ref. [23]. The negative sign between the effective charges

reflects the isovector nature of the E1 operator. Assuming that the decrease of 3− → 2+1
strength is due to the emerging γ softness, the evolution of the RE1 ratio in the Mo

isotopic chain, which are at least in the same order of magnitude, indicates that the

isovector level is less affected by the γ softness than the isoscalar first 2+1 level.

4. Summary

In this contribution the lifetime of the 3−1 level in 96Mo was extracted from the known

B(E3, 3−1 → 0+) strength and the newly measured ground-state branching ratio of the

3−1 level. This lifetime was used to calculate the E1 decay rates, which were compared

to the E1 decay rates of the 3−1 levels in the other stable even-even Mo isotopes. A

drastic reduction of the B(E1, 3−1 → 2+1 ) strength is obvious.

Both employed theoretical models, the QRPA based FRSA as well as the cluster

model reproduce the drop in the B(E1, 3−1 → 2+1 ) strength along the Mo isotopic chain.

However, the QRPA approach deviates significantly for the heavier isotopes and the

cluster approach reproduces the drop, but for 98Mo and not as experimentally observed

for 96Mo. Furthermore, the isovector E1 strength is reduced compared to the near-

spherical neighboring isotope 94Mo. However, the ratio B(E1, 3−1 → 2+iv)/B(E1, 3−1 →
2+1 ) of the E1 decay strength to the low-lying quadrupole isovector (mixed-symmetry)

level and the E1 decay strength to the first excited 2+1 level is the strongest ever observed.

The observations point towards a pronounced softness in the γ degree of freedom, which

wasn’t considered in the calculations.
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[11] Kibédi T and Spears R H 2002 At. Data and Nucl. Data Tables 80 35

[12] Iskra  L W et al 2018 Phys. Lett. 788B 396

[13] Butler P A and Nazarejewicz W 1996 Rev. Mod. Phys. 68 349

[14] Walz C et al 2011 Phys. Rev. Lett. 106 062501

[15] Ponomarev V et al 1998 Nucl. Phys. A635 470

[16] Alder K and Winther A 1966 Coulomb Excitation (New York Academic)

[17] Martin M J 2007 Nucl. Data Sheets 108 1583

[18] Khazov Yu, Rodionov A, and Shulyak G 2016 Nucl. Data Sheets 136 163

[19] Pietralla N 1999 Phys. Rev. C 59 2941

[20] Andrejtscheff W et al 2001 Phys. Lett. 506B 239

[21] Fransen C et al 2004 Phys. Rev. C 70 044317

[22] Iachello F and Arima A The Interacting Boson Model, (Cambridge: Cambridge University Press)

[23] Pietralla N et al 2003 Phys. Rev. C 68 031305

[24] Kneissl U, Pietralla N, and Zilges A 2006 J. Phys. G 32 R217

[25] Pietralla N, von Brentano P, and Lisetskiy A F 2008 Prog. Part. Nucl. Phys. 60 225

[26] Heyde K, von Neumann Cosel P, Richter A 2010 Rev. Mod. Phys. 82 2365

[27] Heyde K and Sau J 1986 Phys. Rev. C 33 1050

[28] Jolos R V, Shirikova N Yu, and Voronov V V 2004 Phys. Rev. C 70 054303

[29] Pietralla N et al 1994 Phys. Rev. Lett. 73 2962

[30] Pietralla N et al 1995 Phys. Lett. B 349 1

[31] Abriola D and Sonzogni A A 2008 Nucl. Data Sheets 109 2501

[32] Lesher S R et al 2007 Phys. Rev. C 75 034318

[33] Barette J et al 1972 Phys. Rev. C 6 1339

[34] Jentschel M et al 2017 JINST 12 P11003

[35] Bernards C et al 2011 Phys. Rev. C 84 047304

[36] Jolie J et al 2015 EPJ Web of Conferences 93 01014

[37] Heck D et al 1970 Nucl. Phys. A159 49

[38] Nica N, Cameron J, and Singh B 2012 Nucl. Data Sheets 113 1

[39] Fagg L W and Hanna S S 1959 Rev. Mod. Phys. 31 711

[40] Van Giai N, Stoyanov Ch, and Voronov V V, 1998 Phys. Rev. C 57 1204

[41] Severyukhin A P, Voronov V V, and Van Giai N 2008 Phys. Rev. C 77 024322

[42] Severyukhin A P, Arsenyev N N, and Pietralla N 2012 Phys. Rev. C 86 024311

[43] Lesinski T, Bennaceur K, Duguet T, and Meyer J 2006 Phys. Rev. C 74 044315

[44] Terasaki J et al 2005 Phys. Rev. C 71 034310

[45] Severyukhin A P, Voronov V V, and Van Giai N 2004 Eur. Phys. J. A 22 397

[46] Shneidman T M et al 2003 Phys. Rev. C 67 014313

[47] Shneidman T M at al 2011 Eur. Phys. J. A 47 34

[48] Shneidman T M et al 2015 Phys. Rev. C 92 034302

[49] Wrzosek-Lipska K et al 2012 Phys. Rev. C 86 064305

[50] Cline D 1986 Annu. Rev. Nucl. Part. Sci. 36 683

[51] Thomas T et al 2013 Phys. Rev. C 88 044305


