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One- and two-phonon γ -vibrational bands in neutron-rich 107Mo
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Neutron-rich 107Mo has been reinvestigated by analyzing the large statistics γ -γ -γ and γ -γ -γ -γ coincidence
data from the spontaneous fission of 252Cf at the Gammasphere detector array. Two new bands have been
identified. The potential-energy surface calculations of this nucleus have been performed. The calculations
show evidence for the 5/2+[413] configuration of the ground-state band and 7/2−[523] configuration for the
348-keV excited band, as assigned in previous work. The two bands newly established are proposed to be one-
and two-phonon γ -vibrational bands built on the 7/2−[523] Nilsson orbital, respectively, in the current paper.
Triaxial projected shell-model (TPSM) calculations have been performed to explain the level structure and are
found in fair agreement with experimental data. In particular, the TPSM study confirms the γ - and γ γ -vibrational
structure for the two observed excited band structures. Systematics of the one- and two-phonon γ -vibrational
bands in the A ∼ 100 Mo series is also discussed.

DOI: 10.1103/PhysRevC.96.034319

I. INTRODUCTION

In deformed nuclear structure, γ vibrations are a typical
collective motion. The multiphonon γ -vibrational bands are
one of the important aspects in deformed nuclei. The one-
and two-phonon γ -vibrational bands in the A ∼ 100 region
were reported in many even-even nuclei, e.g., 102,104,106,108Mo
[1–7], 108,110,112,114Ru [8–11], and 114Pd [12]. However, few
such multiphonon γ -vibrational bands have been observed
for odd-A nuclei. These bands were identified in odd-A
103,105Mo [13,14], and then in odd-A 103,105Nb [15,16] and
107,109Tc [17,18]. Moreover, recent theoretical calculations
support three-phonon γ -vibrational bands in 103,105Nb [19].
The 107Mo nucleus lies between even-even 106,108Mo with
one- and two-phonon γ -vibrational bands reported for both
the nuclei. Thus, it is likely that 107Mo would have such bands.

In the previous study, the high spin states and energy levels
of 107Mo have been established via 248Cm [20–22] and 252Cf
[23,24] spontaneous fission (SF) experiments and 238U(α,fγ )
reaction [3]. The ground state of 107Mo was tentatively
assigned as 5/2+[413] [20,21]. Two excited bands based on 66-
and 348-keV levels were also established from those reports.
The γ -γ angular correlation measurements have been used to
determine Iπ , mixing ratios (δ), and g factors [20–22,24].
Triaxiality is also proposed in this nucleus. However, no
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γ -vibrational bands have been reported in this nucleus. In the
present paper, we reinvestigated the high spin states of 107Mo
with our large statistics 252Cf spontaneous fission data. New
transitions and levels observed in the current paper suggest
the existence of 1γ and 2γ bands in 107Mo. Potential-energy
surface (PES) and triaxial projected shell-model (TPSM)
calculations have been carried out and the results support
the configuration assignment. Triaxial projected shell-model
calculations well reproduced the levels of 107Mo.

II. EXPERIMENTAL METHOD

The present experiment was done at the Lawrence Berkeley
National Laboratory with the Gammasphere detector array.
A 62-μCi 252Cf source was sandwiched between two iron
foils of 10 mg/cm2, which were used to stop the fission
fragments and eliminate the need for a Doppler correction.
A 7.62-cm-diameter plastic (CH) ball surrounding the source
was used to absorb β rays and conversion electrons, as
well as to partially moderate and absorb fission neutrons.
A total of 5.7 × 1011 γ -γ -γ and higher-fold γ events, and
1.9 × 1011 γ -γ -γ -γ and higher-fold γ coincident events, were
recorded. These γ coincident data were analyzed by the
RADWARE software package [25]. More details about the
experimental setup can be found in Refs. [26,27].

III. EXPERIMENTAL RESULTS

The new level scheme of 107Mo is shown in Fig. 1. The
result contains four band structures. The relative intensities of
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FIG. 1. The new level scheme of 107Mo obtained in the present paper. The four bands are labeled 1–4. Band 1 is the ground-state band. The
948.5-keV transition in band 2 and all the transitions in bands 3 and 4 are newly identified. These new transitions are labeled in red (online).
Note that only part of the ground-state band is shown.

the γ transitions and their energies are listed in Table I. The
values have been normalized to the 348.3-keV transition that
feeds the ground state. The ground-state band 1 and the 7/2−

band 2 were identified previously in 248Cm [20–22] SF, 252Cf
SF [23,24], and 238U(α,Fγ ) reaction [3]. Note that only the first
two excited levels in band 1 are drawn in the present paper. In

TABLE I. The relative intensities (Iγ ) of the γ -ray transitions in 107Mo, where Ei is the initial level energy and Eγ is the γ -ray energy.
Here only the transitions in the current level scheme are listed.

Eγ Iγ Ei Eγ Iγ Ei Eγ Iγ Ei

(keV) (%) (keV) (keV) (%) (keV) (keV) (%) (keV)

110.2 39(2) 458.5 379.5 20(1) 838.0 655.0 <0.5 2117.5
123.4 46(2) 581.9 405.2 4.1(4) 1393.0 671.6 <0.3 1802.8
149.8 10(1) 987.8 405.9 44(3) 987.8 672.7 3.4(4) 1131.2
152.1 94(5) 152.1 416.0 1.0(2) 1802.8 674.9 2.9(4) 1662.7
152.3 0.54(1) 1545.3 436.9 4.2(2) 1386.7 681.9 2.1(3) 2344.6
188.9 7.9(4) 341.0 491.3 3.9(2) 949.8 699.1 6.7(6) 2244.4
233.6 22(1) 581.9 512.7 1.7(2) 1462.5 708.9 2.9(5) 2101.9
240.9 7.7(4) 581.9 531.5 4.5(7) 1662.7 745.6 1.0(1) 2740.6
255.5 2.3(5) 1386.7 548.7 4.4(5) 1386.7 799.3 0.42(6) 2344.6
256.1 26(1) 838.0 549.3 9.4(6) 1131.2 804.8 1.6(1) 1386.7
276.0 0.30(8) 1662.7 555.0 11(1) 1393.0 814.0 0.61(1) 3158.6
306.4 37(2) 458.5 556.6 1.1(1) 2101.9 828.1 1.0(1) 3072.5
331.3 0.69(13) 1462.5 557.5 23(2) 1545.3 843.2 0.50(9) 2945.1
332.3 1.7(3) 1995.0 601.5 8.5(6) 949.8 914.2 0.19(3) 3158.6
341.0 55(3) 341.0 602.0 0.4(1) 1995.0 943.2 0.18(2) 4015.7
348.3 100 348.3 608.3 2.3(5) 1995.0 948.5 0.06(1) 3893.6
349.6 <0.5 2344.6 638.7 ∼0.1 2740.6
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FIG. 2. Part (a) and (b) show the different energy regions of the partial γ -ray coincidence spectra by gating on 436.9- (new) and 348.3-keV
transitions. New transitions are labeled with an asterisk.

Ref. [3], the negative parity 7/2− band was established up to
35/2−. We have confirmed levels of this band (2) up to 31/2−
and added one more 948.5-keV transition (29/2−) to this band.

Some γ -ray coincidence spectra are shown below. They are
three examples of many coincidence spectra to cross-check and
confirm the γ rays and level energies. The evidence of some
strong new transitions is shown in Fig. 2. The coincidence
spectra shown in Fig. 2 as well as the the spectra in Figs. 3
and 4 are background subtracted. In Fig. 2, part (a) and (b)
denote different energy regions of the 436.9-keV transition
in band 3 and 348.3-keV transition in double gated spectra.
This gate shows evidence for the transitions in band 3. The
coincident 276.0-, 332.3-, (416.0)-, 491.3-, 601.5-, 608.3-,
681.9-, 745.6-, and 814.0-keV γ transitions can be seen.
The 141,142,143Ba fission partner transitions are also seen in
the spectra. The 416.0-keV transition is not very clear in this
double gate. More evidence will be shown later. The 388.1-,
534.4-, 560.3-, 682.2-, and 747.9-keV strong contamination
transitions in 112Pd come from the coincidence of the first E2
348.8-keV transition in 112Pd and the background.

Some of the weak transitions are not clearly seen in the gate
with low-lying transitions, as shown in Fig. 2. However, they
can be identified by gating on appropriate transitions at a higher
level. Such evidence is shown in Figs. 3 and 4. Figure 3(a)
denotes a partial γ -ray coincidence spectrum by double gating
on the 348.3-, 123.4-, and 110.2-keV transitions. In this gate,
the new transitions of 416.0-, 512.7-, 531.5-, 548.7-, 549.3-,
and 608.3-keV transitions and the previously identified 149.8-,
152.3-, 256.1-, 405.2-, 555.0-, 556.6-, 557.5-, 699.1-, and
708.9-keV transitions in band 2 [3,20,23] can be seen. The
fission partner transitions from 141,142,143Ba are also seen. Part
(b) of Fig. 3 depicts a double gated spectrum on the 549.3-

and 233.6-keV transitions. The 255.5-keV (M1) transitions in
band 3 and 331.3-keV transition linking bands 3 and 4 can
be seen. The 416.0-, 531.5-, and 608.3-keV transitions are
also seen. In part (c) of Fig. 3, the partial γ -ray coincidence
spectrum by gating on 557.5- and 405.9-keV transitions is
shown. The new weak 416.0- and 608.3-keV transitions can
be seen. The fission partner transitions from Ba are also seen.
In Fig. 4, a γ -ray coincidence spectrum double gated on the
557.5- and 405.9-keV transitions in band 2 is shown. One can
see the previously identified transitions in band 2 and the new
linking transitions at 799.3 keV. The intensity of this transition
is comparable with the 828.1-keV stretched E2 transitions in
band 2.

IV. DISCUSSION

New PES calculations have been undertaken for the
107Mo nucleus to address the configurations of the bands in
107Mo. The configuration-constrained potential-energy surface
method [28] is employed. The nonaxial deformed Woods-
Saxon potential [29] with universal parameters has been used
to generate single-particle levels. The Lipkin-Nogami method
[30] is employed to avoid the spurious transition encountered
in the BCS approach. The total energy of a nucleus can
be decomposed into a macroscopic part obtained from the
standard liquid-drop model and a microscopic part computed
with the shell-correction approach including blocking effects.
The deformation, excitation energy, and pairing property of a
given state are determined by minimizing the obtained PES.

Table II shows PES calculated results of excitations and
shape parameters for the quasiparticle states of configurations
near the Fermi energy. From this table, the ground level is
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FIG. 3. Partial γ -ray coincidence spectrum by gating on (a) 348.3-, 123.4-, and 110.2-; (b) 549.3- and 233.6-; and (c) 548.7- and 379.5-keV
transitions. New transitions are labeled with an asterisk.

assigned as ν5/2+[413] configuration, which has β2 = 0.331,
β4 = 0.002, and γ = −17◦. This assignment is consistent
with the quasiparticle-phonon coupling plus rotor model
calculations in Ref. [21]. For the excited band 2 with a
348.3-keV bandhead, the angular correlation measurement in
Ref. [20] confirmed �I = 1 E1 for the 348.3-keV transition.
Our calculation suggests a β2 = 0.328, β4 = −0.003, and
γ = −19◦ triaxial deformation. Furthermore, the contour
plot in Fig. 5 shows some softness of this configuration.
The calculated excitation energy of this bandhead is also
reasonably close to the experimental data.

The levels in new band 3 strongly decay to band 2 while
the other new band 4 is only observed to decay to the new
band 3. These two bands are not proposed to be single-particle
bands, for the reason that the configurations listed in Table II
have relative lower spins and are less likely to be populated
in 252Cf SF decay at such high energy. Furthermore, the
proton and neutron pairing gaps at this region are about
2�p ∼ 1.7 MeV and 2�n ∼ 2.1 MeV, respectively [1]. Thus,
the bands (3) and (4) with bandhead levels much less than
those energies should not be three-quasiparticle bands. In

the present paper, the new bands (3) and (4) are assigned
as one- and two-phonon γ -vibrational bands, respectively,
and band 2 belongs to the zero-phonon γ -vibrational band.
They originate from the 7/2−[523] Nilsson orbital. Figure 6
shows systematical comparison of the levels of the 0γ -, 1γ -,
and 2γ -vibrational bands in 103−108Mo nuclei. Data are taken
from Refs. [1–3,5–7,13] and the present paper. The level
patterns of 107Mo resemble the neighboring A ∼ 100 Mo
nuclei. The 0γ , 1γ , and 2γ bandhead energies and the (E2γ −
E0γ )/(E1γ − E0γ ) ratios for some Nb, Mo, Tc, and Ru nuclei
are compared in Table 3 of Ref. [13]. The harmonic value of
this ratio should be 2, while the (E2γ − E0γ )/(E1γ − E0γ )
ratio in 107Mo is somewhat smaller (1.85). For the odd-A
Mo nuclei, the (E2γ − E0γ )/(E1γ − E0γ ) ratios increase from
103Mo (1.55) [13] to 105Mo (1.76) [7] to 107Mo (1.85) (present
paper), which shows a harmonic trend with increasing neutron
numbers of the multiphonon γ -vibrational bands coupling to
the νh11/2 orbital. These values are all smaller than those
in the even-even Mo nuclei, e.g., nearly harmonic 1.96 in
102Mo, 1.95 in 104Mo, 2.02 in 106Mo, and large 2.43 in 108Mo
[13].
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FIG. 4. Partial γ -ray coincidence spectrum by gating on 557.5- and 405.9-keV transitions. New transitions are labeled with an asterisk.

V. TRIAXIAL PROJECTED SHELL MODEL

It has been demonstrated [31] that the TPSM approach
provides a unified description of the single-particle, vi-
brational, and rotational degrees of freedom. This model
employs the deformed triaxial Nilsson wave functions as
the basis states, which are the optimum basis to study
deformed nuclei. The deformed bases are generated with the
expected deformation of the nucleus under investigation. In
this way, it is required to choose only a subset of the basis
configurations that are close to the Fermi surface [32,33].
The axial deformation value is adopted from the measured
quadrupole deformation, if available, otherwise from other
theoretical approaches. The nonaxial deformation is chosen
in such a manner that the bandhead energy of the γ band is
reproduced.

TABLE II. Excited quasiparticle states of 107Mo from PES calcu-
lation. Configurations, shape parameters, and excitation energies are
indicated in the table.

Configuration β2 γ (deg) β4 Eexc (keV)

ν5/2+[413] 0.331 −17 0.002 0
ν5/2−[532] 0.315 −19 − 0.003 88
ν7/2−[523] 0.328 −19 − 0.003 597
ν3/2+[411] 0.349 0 − 0.002 684
ν9/2−[514] 0.306 −23 − 0.006 2227

TPSM calculations have been performed to obtain the
excitation energies of the levels in 107Mo. For 107Mo, triaxial

0.28 0.32 0.36

X = β2cos(γ+30°)
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0.08
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Y
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 β
2s

in
(γ

+
30
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FIG. 5. A example of PES calculation for the ν7/2−[523] config-
uration in 107Mo at h̄ω = 0. The minimum is located at a deformation
with β2 = 0.328, γ = −19◦, β4 = −0.003. The calculated excitation
energy is Eexc=597 keV relative to the ν5/2+[413] ground state. The
energy difference between each contour is 200 keV.
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FIG. 6. Systematic comparisons of the 0γ -, 1γ -, and 2γ -
vibrational bands in 103−108Mo.

bases have been obtained with the deformation values ε =
0.300 and ε′ = 0.17 [31]. In the second stage, the deformed
bases are projected onto states with good angular momentum
by employing the three-dimensional angular momentum pro-
jection formalism [34–36]. The projected energies obtained
from the quasiparticle configurations in the vicinity of the
Fermi surface are displayed in Fig. 7. This figure, referred
to as the band diagram, is quite useful in ascertaining the
nature of the observed band structures. The lowest band
structure corresponds to projected states from the K = 7/2
one-neutron quasiparticle state with energy −1.4743 MeV.
The second lowest band is formed from the projection
of the K = 11/2 one-neutron quasiparticle state with the
same quasiparticle energy as that of the ground-state band.
Therefore, this band structure is simply the γ band based on the
K = 7/2 configuration. The third band structure results from
the projection of the K = 15/2 configuration with the same
quasiparticle energy as that of the 7/2− configuration and,
therefore, is the γ γ band based on the K = 7/2 configuration.

In the final stage, the projected bases are used to diagonal-
ize the shell-model Hamiltonian consisting of pairing plus
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quadrupole-quadrupole interaction terms. TPSM calculated
energies after diagonalization of the shell-model Hamiltonian
are compared with the observed data in Fig. 8. It is evident from
the figure that the TPSM approach reproduces the experimental
data, in particular the 7/2− band, quite well. Some deviations
are noted for high spin states in the γ band and also for γ γ
bandhead energy. These differences have also been observed
in our earlier studies [31,37,38] and are, primarily, due to
the assumed fixed mean field (angular momentum projection
after variation) in the TPSM calculations. In a more realistic
treatment, projection ought to be performed before variation.

VI. CONCLUSION

In the present paper, a new high spin level scheme of 107Mo
has been established by analyzing the triple and fourfold γ -ray
coincidence data from 252Cf with Gammasphere. The two new
observed bands are very similar to the one- and two-phonon
γ -vibrational bands in neighboring Mo isotopes, respectively.
We propose the bands to be such multiphonon γ -vibrational
bands in 107Mo. The PES calculation was used to interpret
the shape of the ground-state band and the 348.3-keV excited
band. TPSM calculation has been performed and is found to
be in good agreement with the energy levels of the observed
band structures in 107Mo.
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