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Low-spin collective behavior in the transitional nuclei 86,88Mo
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Low-spin structures in 86,88Mo were populated using the 58Ni(36Ar, xαyp) heavy-ion fusion-evaporation
reaction at a beam energy of 111 MeV. Charged particles and γ rays were emitted in the reactions and detected
by the DIAMANT CsI ball and the EXOGAM Ge array, respectively. In addition to the previously reported
low-to-medium spin states in these nuclei, new low-spin structures were observed. Angular correlation and
linear polarization measurements were performed in order to unambiguously determine the spins and parities
of intensely populated states in 88Mo. Quasiparticle Random Phase Approximation (QRPA) calculations were
performed for the first and second excited 2+ states in 86Mo and 88Mo. The results are in qualitative agreement with
the experimental results, supporting a collective interpretation of the low-spin states for these transitional nuclei.
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I. INTRODUCTION

Neutron deficient nuclei with proton numbers Z > 40 and
neutron numbers near the closed neutron shell at N = 50
have been the targets of extensive research in the past; see
for instance [1]. These isotopes lie in the transitional region
between the well deformed nuclei at Z ≈ 38, N ≈ 38,
exhibiting collective excitation modes, and the nuclei with
N > 46, which are well described by the spherical nuclear
shell model. The degree of collectivity changes dramatically
with changing nucleon numbers in this mass region of the
nuclear chart. For example, the low-lying yrast states of even-
even neutron deficient molybdenum isotopes with N < 46 have
been described within the collective rotational model, as in
the case of 86Mo [2], whereas the more neutron-rich isotopes
90,92Mo in the vicinity of the N = 50 shell closure can be de-
scribed by spherical shell-model calculations [3]. A systematic
study by Gross et al. [4] of the neutron-deficient molybdenum
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isotopes indicates that 88Mo is best described as a transitional
nucleus with a combination of collective and single-particle
excitations. Weiszflog et al. [5] confirmed the interpretation of
the low-lying states in this nucleus as being built on a spherical
ground state with the excited states well explained within the
spherical shell model. Another systematic study of the N = 46
isotones by Galindo et al. [6] also supports the shell-model
description of 88Mo. However, reduced transition probabilities
derived from measured lifetimes of the yrast low-spin states in
this nucleus [7] indicate a collective nature for the 4+ and the
2+ levels. These findings suggest that the low-lying structures
of 88Mo are highly complex and it is therefore of interest to
search for other low-spin states in this nucleus, which may
give additional information on its excitation modes and shed
light on the transitional behavior of this nucleus.

II. EXPERIMENT

Low-spin states in 86,88Mo were studied via 58Ni(36Ar,
xαyp)86,88Mo fusion-evaporation reactions. The 36Ar beam
was delivered by the GANIL CIME cyclotron at a beam
energy of 111 MeV and with an intensity of 5 particle nA. The
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target consisted of a 99.9% isotopically enriched 58Ni foil. The
target thickness was 6.0 mg/cm2, which was enough to stop
the fusion products. Charged-particle emission following the
decay of the 94Pd compound nucleus was detected using the
DIAMANT [8,9] detector system which consisted of 80 CsI
scintillators. The Neutron Wall, comprising 45 liquid scintil-
lator detectors [10] and covering a solid angle of 1π in the
forward direction, was used for the detection of evaporated
neutrons. Gamma rays emitted from the reaction products were
detected using the EXOGAM [11–13] Ge detector system. At
the time of the experiment, six segmented clover detectors
were placed at an angle of 90◦ and four detectors at an
angle of 135◦ relative to the beam direction, leaving room
for the Neutron Wall at forward angles. EXOGAM was used
in a close-packed configuration with the front part of the
BGO Compton suppression shields removed from the clover
detectors. The trigger condition was fulfilled if either two or
more γ rays were detected in coincidence in the Ge detectors
or if one or more γ rays were registered together with at least
one neutron in the Neutron Wall.

In the off-line analysis, the selected events contained two
detected alpha particles (corresponding to the production of
86Mo) or one detected alpha particle together with two detected
protons (corresponding to 88Mo). The α particle and proton
detection efficiencies were estimated to 48(2)% and 55(2)%,
respectively. The efficiency for detecting protons was smaller
than usual in this experiment, since the backward DIAMANT
detectors could not be used for particle selection due to noise
induced by back-scattered ions. This did not significantly
affect the detection efficiency for α particles, since these are
mainly emitted in the forward directions due to the kinematical
focusing. The particle condition of 2α was fulfilled by 1.3×106

events, and the condition of 1α2p by 2.1 × 107 events. In the
events selected with the condition of two detected α particles,
approximately 85% belonged to 44Ti produced via reactions of
36Ar on 16O. The oxygen contamination is present, since the
“vacuum” in the beam line and the target chamber is not ideal.
In the events where one α particle was detected together with
two protons, approximately 20% belonged to 46Ti produced via
reactions on 16O. Based on the experimental information, the
cross section for the reactions producing 88Mo was estimated
to be of the order of one mb and the cross section for producing
86Mo was 8% relative to that of 88Mo.

III. DATA ANALYSIS

The events satisfying the trigger condition were written
to magnetic tape and analyzed off-line. For the detected
charged particles the CsI detectors give three parameters:
the energy, the time, and the “particle identification”. The
“particle identification” (pid) spectra are obtained from the
pulse shape using the rise time combined with the zero-
crossover method [14]. Prompt protons and alpha particles
were chosen by simultaneous selection criteria for the pid and
the time parameters. Conditions for the energy and the pid
parameters were also applied in order to differentiate between
protons and alpha particles. Gamma rays were required to
be escape-suppressed and detected in prompt coincidence
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FIG. 1. The upper spectrum shows the total projection of the
Eγ -Eγ matrix, sorted with the condition of two detected alpha
particles together and zero detected protons. The lower panel shows
a background subtracted spectrum of γ rays detected in coincidence
with the 574 keV γ ray, corresponding to the transition that
depopulates the 2+

2 state in 86Mo.

with the RF-pulse from the cyclotron. To further reduce the
background originating from Compton scattered photons, the
energies extracted from individual coincident pulses from
the four crystals belonging to one clover were added. The
resulting γ -ray energies recorded by the Ge clover detectors
were then sorted into Eγ -Eγ coincidence matrices for 86Mo
and 88Mo, with the appropriate particle conditions, and an
Eγ -Eγ -Eγ cube was constructed for 88Mo. The matrices and
the cube were analyzed using the software programs ESCL8R
and LEVIT8R [15,16]. Figure 1 shows the total projection
of the 2α-selected matrix, as well as the projection spectrum
when γ rays coincident with the 574 keV transition in 86Mo
are selected (see Sec. IV A for the level scheme). Figure 2
shows the corresponding total projection of the matrix with the
charged particle condition of 1α2p together with the projection

FIG. 2. The upper spectrum shows the total projection of the
Eγ -Eγ matrix sorted with the condition of two detected protons and
one detected alpha particle. The lower panel shows a background
subtracted spectrum of γ rays detected in coincidence with the
755 keV γ ray, corresponding to the transition that depopulates the
2+

2 state in 88Mo.

014307-2



LOW-SPIN COLLECTIVE BEHAVIOR IN THE . . . PHYSICAL REVIEW C 76, 014307 (2007)

TABLE I. Spin assignments, level energies, γ -ray
energies, and intensities relative to the 2+

1 → 0+

567 keV transition, of transitions observed for the
first time in 86Mo.

Iπ
i (h̄) Iπ

f (h̄) Ex (keV) Eγ (keV) Irel %

(2+
2 ) 2+

1 1141.6(1) 574.3(1) 11(1)
(3+) (2+

2 ) 1587.8(3) 446.2(2) 7(1)
(4+

2 ) (2+
2 ) 1924.1(4) 782.5(3)a ≈5

(5+) (3+) 2373.5(4) 785.7(3)a ≈5

aDoublet character.

spectrum when γ rays coincident with the 755 keV transition
in 88Mo are selected (see Sec. IV B for the level scheme).

The relative intensities (as noted in the Tables I, II,
and III) of the γ rays were obtained from the total projection
spectra of the matrices. If the peak-to-background ratio in
the total projection spectra was too low, or if there was
contamination in the peak from other γ -ray transitions, the
relevant transition energies were selected in the coincidence
matrices and the obtained projection spectra was used to fit
the relative intensities. The energies of the transitions were
also measured in the total projection spectra in the matrices.
The energy uncertainties presented in the tables are a sum of
statistical, calibration and background errors.

Coincident γ rays may accidentally be summed up when
using the clover detectors in add-back mode. In order to check
for the contribution of such events in the spectra, the intensity
of the 1655 keV peak (indicated in Fig. 2) in the projection
sorted with the selection criterion of 1α2p corresponding to
88Mo was analyzed and compared to the intensities of the
741 (2+

1 → 0+) and the 914 keV (4+ → 2+
1 ) transitions

of 88Mo. The 1655 keV peak was not seen in coincidence
with the 741 or the 914 keV transition, however, the peak
was in coincidence with the 972 and the 992 keV transitions
confirming that it is indeed most probably caused by summing.

An upper limit for the contribution from energy summing to
the reported intensities could thus be estimated to 0.9%.

In order to assign spins to the energy levels, the ratios of
directional correlation of oriented states (DCO ratios) [17] for
the transitions were deduced according to

RDCO = I (γ1at135◦; gated by γ2 at 90◦)

I (γ1 at 90◦; gated by γ2 at 135◦)
. (1)

The data were sorted into a particle-gated matrix with the
γ rays detected in the four clover detectors at 135◦ on one
axis and the γ rays detected in the six clover detectors at 90◦
on the other axis. The detection efficiency as a function of
photon energy had similar shape for the two detector angles
for transition energies above 250 keV. Since all transition
energies of interest for this analysis were larger than 250 keV,
no efficiency correction of the measured intensities was needed
in order to obtain the correct DCO ratios.

A. Polarization measurements

Angular distribution (or correlation) measurements of the
emitted γ rays are often used when assigning spins and
parities to excited levels. Such measurements can distinguish
between transitions of different multipole orders, but do not
provide information on whether a transition is of electric or
magnetic type. This information can, if the experimental setup
allows, be obtained through linear polarization measurements
as described in Ref. [18]. The Ge clover detectors of the
EXOGAM array are suitable as Compton polarimeters. For
example, the 2647 keV level in 88Mo has previously been
assigned a spin-parity of Iπ = 5− [5,7], which agrees well
with predictions from the spherical shell model. However, the
experimental assignment is based only on DCO ratios and
angular distribution measurements, which indicate a stretched
dipole character for the depopulating 992 keV transition. This
would be consistent with a spin assignment of 5+ in addition
to 5− for this state. We have determined the spin and parity

TABLE II. Spin assignments, level energies, γ -ray energies, intensities relative to the 2+
1 → 0+ 741 keV

transition, DCO ratios, and scattering asymmetries [as defined by Eq. (2)] of previously reported transitions in
88Mo. The gates used for determination of the DCO ratios and the asymmetries are indicated in the table.

Iπ
i (h̄) Iπ

f (h̄) Ex (keV) Eγ (keV) Irel % RDCO GateDCO (keV) Asymmetry GateAsymmetry
a

2+
1 0+ 740.6(1) 740.6(1) 100 1.12(3) 840+899b +0.07(1) A

4+ 2+
1 1655.1(1) 914.5(1) 90.5(11) 1.00(1) 741 +0.08(1) A

6+ 4+ 2627.1(2) 972.1(1) 48.1(8) 1.00(1) 741 +0.09(1) A
8+

1 6+ 3213.4(2) 586.3(1) 39.8(7) 1.04(1) 741 +0.10(2) A
8+

2 8+
1 3484.9(2) 271.5(1) 6.3(10) 1.09(4) 741 +0.2(1) A

10+
1 8+

1 4195.8(2) 982.4(1) 24.2(5) 0.92(2) 741 +0.07(2) A
10+

2 8+
2 4358.6(3) 873.7(3) 3.6(8) 1.09(5) 741+586 +0.15(7) A

12+
1 10+

1 5053.2(2) 857.5(1) 13.0(5) 0.98(3) 741 +0.09(4) A
5− 4+ 2646.8(1) 991.7(1) 35.9(7) 0.68(1) 741 +0.05(1) A
7− 5− 3350.3(1) 703.5(1) 21(1) 0.98(2) 741 +0.08(2) A
9− 7− 4314.4(2) 964.2(1) 14.2(4) 1.14(3) 741 +0.06(2) A

11− 9− 5154.1(4) 839.7(3) 12.0(4) 1.00(4) 741 +0.13(3) A

aA: 741 + 914 keV.
b15− → 13− transition from the 6868 keV state.

014307-3



K. ANDGREN et al. PHYSICAL REVIEW C 76, 014307 (2007)

TABLE III. Spin assignments, level energies, γ -ray energies, intensities relative to the 2+
1 → 0+ 741 keV transition,

DCO ratios, and scattering asymmetries [as defined by Eq. (2)] of not previously reported transitions in 88Mo. The gates
used for determination of the DCO ratios and the asymmetries are indicated in the table.

Iπ
i (h̄) Iπ

f (h̄) Ex (keV) Eγ (keV) Irel % RDCO GateDCO (keV) Asymmetry GateAsymmetry
a

2+
2 2+

1 1495.1(1) 754.5(1) 4.4(3) 1.0(1) 741
2+

2 0+ 1495.1(1) 1495.0(6) 0.6(2)
3+ 2+

2 2092.0(2) 596.9(2) 2.6(3) 1.3(2) 741 −0.06(5) A
3+ 2+

1 2092.0(2) 1351.2(4) 1.6(3) 0.9(1) 741
2+

2 2402.2(2) 907.1(1)2b 0.8(1)
(5+) 3+ 2672.1(3) 580.1(2) 2.3(3) 1.0(1) 741

3+ 3047.0(3) 955.0(2)2b 0.9(1)
(6−

1 ) 5− 3188.0(2) 541.2(1) 6.2(4) 0.5(1) 914 <0.05 B

(6−
2 ) 5− 3213.7(2) 567.0(2) 2.0(3) 0.7(1) 914 <0.06 B

(6−
1 ) 3642.8(3) 454.8(3) 0.5(1)

(8−) (6−
2 ) 4064.0(5) 850.2(4) 0.5(1)

(8−) (6−
1 ) 4064.0(4) 876.1(2) 1.1(2)

(10−) (8−) 4989.1(5) 925.0(3) 0.9(1)
9− 7− 3663.3(2) 313.1(1) 2.6(5) 1.07(10) 741 +0.2(1) C

(9−) 5270.6(4) 956.2(3)2b 0.6(1)

aA: 741 + 755 + 597 + 580 keV, B: 741 + 914 + 992 + 877 + 850 + 455 + 925 keV, C: 741 + 914 + 704 keV.
bDoublet character.

of this state to 5− by measuring the linear polarization of the
992 keV transition.

The asymmetry of Compton-scattered polarised photons is
given by

A = Iv − Ih

Iv + Ih

, (2)

where Iv is the intensity of vertically Compton-scattered
photons and Ih is the intensity of horizontally Compton-
scattered photons. The reference plane determining the scatter-
ing direction is spanned by the beam direction and the direction
of the emitted γ ray. The polarization, P , is given by the ratio
between the asymmetry and the polarization sensitivity, Q. The
value of Q depends on the geometry of the experimental setup
and it also decreases with increasing energy of the γ ray. The
absolute value of the asymmetry is typically � 0.1. Because
this technique requires relatively high statistics, no conclusive
polarization measurements were possible for 86Mo. The clover
detectors situated at 90◦ relative to the beam axis were used
when measuring Iv and Ih, since they are the most sensitive to
the asymmetry [18]. The γ rays were sorted into two matrices
with photons producing a signal in only one of the four crystals
belonging to the same clover on the x-axis and vertically or
horizontally scattered photons (producing signals in two out
of the four clover crystals) on the y-axis. The γ ray energies on
the x-axis had been detected in the clover detectors both at 90◦
and 135◦ in order to increase the statistics. The asymmetry,
defined in Eq. (2), is negative for stretched, purely magnetic
transitions, while it is positive for stretched, purely electric
transitions. The inset in Fig. 3 illustrates this method applied
to the strongest reaction channel in the present experiment,
the 3p channel leading to 91Tc [19], which has previously
established transitions of both electric and magnetic type.

IV. RESULTS

A. 86Mo

New γ rays assigned to 86Mo are listed in Table I. Poor
statistics precluded angular correlation and polarization mea-
surements for the γ rays of this reaction channel. Spin-parity
assignments for the new levels are based on the systematics
in the neighboring isotopes. A partial level scheme of 86Mo
as obtained from this work, together with the systematics of
low-lying states in 88,90Mo, is shown in Fig. 4.

FIG. 3. The projection containing the vertically scattered γ rays
subtracted by the projection containing the horizontally scattered
γ rays. These γ rays were detected in coincidence with one α particle
and two protons. The spectrum for 91Tc (inset) clearly shows both
positive and negative peaks in the subtracted spectra, corresponding
to stretched electric and magnetic transitions, respectively.
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FIG. 4. The first three transitions in
the ground state bands and the second
excited 2+

2 states in 86,88,90Mo. The states
in 90Mo have been observed previously
[20,21]. The side structures in 86,88Mo
have been observed for the first time in
this work.

B. 88Mo

New γ rays assigned to 88Mo are listed in Table III, and the
known γ rays whose asymmetry have been measured in this
work are listed in Table II. The partial level scheme, which
is shown in Fig. 5, was obtained by combining the results
from the analysis of the Eγ -Eγ coincidence matrix and the
Eγ -Eγ -Eγ cube. The spin assignments, when permitted by
statistics, are based on measured Compton asymmetries and
DCO ratios for the transitions.

All previously reported γ ray transitions have positive
asymmetry, which means they have a stretched electric
character or a nonstretched magnetic character. Most DCO
ratios are close to unity, implying that the transitions have
a stretched E2 character or a nonstretched M1 character.
The exception is the 992 keV transition, for which the DCO
ratio points toward a stretched dipole character. Together
with the results from the polarization measurements, this leads
to the unambiguous assignment of 5− for the 2647 keV level.
The DCO ratio of the 992 keV transition of 0.68(1) is hence
the expected ratio for a pure stretched dipole transition, since
Ii → Ii − 1 parity-changing transitions have a very small
contribution from higher multipole orders.

In the case of the new 2+
2 state at an excitation energy of

1495 keV, a gate was set in the DCO matrix on the stretched
741 keV E2 transition to the ground state. The DCO ratio
of 1.0(1) for the 755 keV transition following the decay of
the 2+

2 state is consistent with both a nonstretched dipole
transition and a stretched quadrupole transition. The 1495 keV
transition to the ground state, however, confirms the spin-parity
assignment: if the state had a negative parity (Iπ = 2−), or if
the spin-parity of the state were 4+, the 1495 keV transition
would be expected to be significantly weaker. For the state
at 2092 keV, which decays via a 597 keV transition to the
2+

2 state or via a 1351 keV transition to the 2+
1 state, the

measured DCO ratio for the 597 keV transition indicates a
mixed M1/E2 transition. The scattering asymmetry is also
consistent with this and we therefore assign the spin and parity
3+ to this state. The 580 keV γ ray feeding the 3+ state has
a DCO ratio consistent with a stretched quadrupole character,
although the possibility of a mixed M1/E2 transition cannot
be ruled out. The polarization measurement for this γ ray is

inconclusive and the assignment of 5+ to this level is therefore
tentative. The spin assignments of the positive-parity states
are consistent with the systematics of the N = 46 isotones, as
displayed in Fig. 6. The spin and parity of the two remaining
observed positive parity states, decaying via 907 and 955 keV
transitions to the 2+

2 and the 3+ states, could not be determined
due to lack of statistics. The gates used for the asymmetries
and DCO ratios are indicated in Tables II and III.

The two new transitions (541 and 567 keV) feeding into
the 5− level have DCO ratios that indicate a stretched dipole
character. Unfortunately the sign of the asymmetry for these
γ rays could not be determined due to insufficient statistics.
However, the absolute value of the asymmetry can be used
to differentiate between dipole and quadrupole transitions.
The measured asymmetry of the 586 keV 8+ → 6+ E2
transition of 0.10(2) makes it possible to evaluate the expected
asymmetry for dipole transitions from Ii = 6h̄ to If = 5h̄ at
this energy [22,23]. Assuming a spin alignment of σ/J = 0.3
leads to an asymmetry value of 0.03 for pure stretched
dipole transitions. The asymmetry of the 541 and the 567 keV
transitions of < 0.06 supports a dipole character for these
transitions. We suggest a tentative spin and parity Iπ = 6−
for the two states decaying with 541 keV and 567 keV, based
on the systematics in this region [2,24,25]. The statistics were
insufficient for DCO ratios and polarization measurements for
the γ -ray transitions between the higher-lying states in this
structure, for which spin assignments are tentative.

V. DISCUSSION

A. Positive parity states in 86,88Mo

Several new nonyrast low-energy positive-parity states have
been identified in 86Mo and 88Mo. The low-energy levels
have been grouped into positive-parity structures. The new
structures are interpreted as being built on a γ -vibrational 2+
state at 1142 and 1495 keV in the two isotopes. For 86Mo,
the spin-parity assignment of the second excited 2+ state is
based solely on the systematics of the N = 44, 46 isotones.
The spin-parity assignment of the states in 88Mo is based on
the measured DCO ratios and the polarization measurements
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FIG. 5. Partial level scheme of 88Mo as obtained from the present experiment. The new transitions are marked by stars.

from this experiment. The second 2+ state has not been
observed before in any molybdenum isotope with N � 46.
However, positive-parity states similar to the sequences in
86,88Mo have been observed in the N = 44 isotones 80Kr [26],
82Sr [27], and 84Zr [25], as well as in the N = 46 isotones
82Kr [28], 84Sr [29], and 86Zr [24,30]. Although the Mo
isotopes show great similarities to each other, the resemblance
to the N = 44, 46 isotonic chains with different proton
numbers is even more striking. For the neutron-deficient N =
44 isotones, the excitation mode of the low-spin states is clearly
of a collective character with relatively low energies of the
2+ states, ≈ 600 keV (compared with ≈ 750 keV for the
N = 46 isotones), and large B(E2 : I → I − 2) values for
the same states (39.5(25), 48(2) and 33(3) W.u. for 80Kr [31],
82Sr [27], and 84Zr [32], respectively) compared with the values
for the N = 46 isotones. However, for the N = 46 isotones,
with two neutron holes fewer in the g9/2 shell, the theoretical
interpretation of the low-energy levels is not straightforward.
Both shell model calculations and collective models have been
used to explain the structures of these isotones. A comparison
between the low-lying positive-parity states and their decay
patterns in the N = 46 nuclei are shown in Fig. 6.

The levels built on the second 2+ state in 88Mo show
a pattern similar to the nuclei with lower proton numbers,
suggesting that the proton number does not affect these
structures significantly.

Information on the reduced transition probabilities, B(E2)
values, is important for determination of the nuclear excitation
mode. An increase of the angular momentum due to single-
particle excitations typically gives a B(E2) value of a few

Weisskopf units (W.u.), whereas a B(E2) value larger than
10 W.u. indicates a collective excitation mode. The change
in reduced transition probability as a function of spin can
be used to differentiate between vibrational and rotational
collective excitations. Rotational nuclei show large and close
to constant B(E2) values as a function of spin, whereas
vibrational nuclei have increasing B(E2) values as a function
of spin. The yrast 2+ and 4+ states built on the ground state
in 82Kr have been interpreted as rotational excited levels
because of their large B(E2 : I → I − 2) values [21(1)
and 11–42 W.u., respectively [28]. As the angular momentum
increases the influence of single-particle excitations becomes
more important. The ground-state band up to spin 6+ and the
γ -vibrational band in 84Sr have furthermore been interpreted
in terms of collective rotational excitations (with some mixing
of two quasiparticle states) due to the large and almost constant
B(E2) values for the 2+, 4+, and 6+ states [26(3), 17(2), and
21(3) W.u. [29]. The reduced transition probabilities of the
yrast 2+, 4+, and 6+ states in 86Zr have been deduced to 14(3),
7(3), and 3(2) W.u. and the states have been interpreted as
single-particle shell-model excitations with some softness to
vibration for the 2+ state [24,33]. The B(E2) values for the
low-spin yrast states, 2+, 4+, and 6+ in 88Mo were deduced
to 15(1), 40(6), and 3(1) W.u. [7]. The B(E2) value for the
6+ state is indicating a single-particle excitation for this state,
whereas the large increase in the B(E2) value from the 2+
to the 4+ state supports a collective quadrupole vibrational
description of these states. Also the E(4+)/E(2+) ratio of
≈ 2.2 supports an interpretation of these levels in terms of
near-harmonic vibration.
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FIG. 6. The ground-state band and the states built on the second excited 2+
2 state in the N = 46 isotones.

B. QRPA calculations

Quasiparticle random phase approximation (QRPA) [34]
calculations were performed for the first and the second
excited 2+ states in 86,88,90Mo. QRPA calculations have proved
to sensitively describe low-lying vibrational excitations in
the harmonic approximation. They are hence very useful to
indicate changes from collective excitations to single-particle
excitations as well as the onset of static deformation. In this
study, we compare the calculated excitation energies to the
measured values in Fig. 7. In our calculations [35], the QRPA
solutions are based on the deformation values obtained from
the mean field solution of the Woods-Saxon single particle
potential [36] and the Strutinsky shell correction approach
[37]. The calculated pairing gaps from the QRPA solution
were adjusted to the experimental pairing gaps as an initial
check of the chosen pairing strength parameters. When solving
the QRPA equations, many symmetries such as translational
invariance, isospin symmetry and rotational invariance are
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FIG. 7. Calculated level energies, using the QRPA model, of the
first and the second excited 2+ states in 86,88,90Mo. The first 2+ state
corresponds to a β vibration and the second 2+ state corresponds
to a γ vibration in the calculations. Calculated level energies using
the spherical shell model are also shown, the values are taken from
Refs. [6,7]. The theoretical predictions are compared to experimental
data based on this work.

broken by the Hartree-Fock solution. The broken symmetries
give rise to a spurious 1+ state that does not correspond
to any physical excitations [38]. The spurious mode was
adjusted to zero energy by correction of the residual interaction
strength [39]. The model predicts the energy of the first
excited vibrational states, normally associated with β- and
γ vibrations.

Figure 7 shows that the model qualitatively describes the
trend of increasing excitation energies of the first excited 2+
states in the Mo chain. For 86Mo there is also a good quan-
titative agreement between the calculated and the measured
excitation energies of the 2+

1 and the 2+
2 states. However, with

increasing neutron number, N , the agreement between the
theoretical predictions and the experimental values becomes
gradually worse and the calculations fail to reproduce the
trend of the second 2+ state. The previously reported shell
model calculations of the 2+

1 state in 88Mo [6] and the two
lowest-lying 2+ states in 90Mo [7] are also presented in
Fig. 7. The results of these calculations show a fairly good
agreement for the N = 48 nucleus 90Mo, whereas the QRPA
model works better for the transitional nucleus 88Mo. Total
Routhian surface calculations at a rotational frequency of h̄ω ≈
0.3 MeV for 86,88Mo have been performed by Gross [4]. The
results give soft surfaces for both isotopes, with a triaxial
minimum at (β2 = 0.27, γ = −30◦) for 86Mo and a spherical
minimum for 88Mo. The low-spin states of the γ -soft deformed
nucleus 86Mo are easily explained using collective models,
such as the QRPA model. However, as the neutron number is
approaching the N = 50 shell closure the nuclear shape is
predicted to become spherical, and for the transitional nucleus
88Mo it has not been clear whether the low-spin states can
best be described as vibrations around a spherical minimum
or as single-particle excitations within a shell-model context.
The agreement between our QRPA calculations and the
experiment for 88Mo indicates that the 2+ states in this nucleus
can be described using a collective quadrupole vibrational
model.
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C. Negative parity states in 88Mo

Low-lying negative parity states in 88Mo can be con-
structed as two quasi-particle configurations of the type
(2p1/21f5/2, 1g9/2). Indeed, low-lying Iπ = 5− states have
been observed in the neutron-deficient isotopes 86,88,90Mo
[2,3,5]. The lowest negative-parity state with an even spin
is low in energy (the 6− state is only 242 keV above the
5− state) in 86Mo [2]. This might reflect the larger number of
valence neutrons compared with 90Mo, with only four valence
particles, where the energies of the even-spin negative-parity
states are further away from the yrast line and the lowest
confirmed even-spin state above the 5− state has a value
of I = 10h̄. States with a spin-parity assignment of 6−,
have been observed in the N = 46 isotones 82Kr, 84Sr, and
86Zr [24,28,29], and the energy of these states are 500–600 keV
above the 5− states. The new even-spin states, tentatively
assigned as 6− states, observed in 88Mo lie at 541 and 569
keV above the 5− state and are presumed to consist of neutron
and proton (1f5/2, 1g9/2) two-quasiparticle configurations.

VI. CONCLUSIONS

Excited levels in 86Mo and 88Mo were populated via
the reactions 58Ni(36Ar, xαyp)86,88Mo at a beam energy of
111 MeV. New low-lying energy levels with positive parity
were observed in both nuclei and for 88Mo negative-parity

even-spin states were tentatively observed for the first time.
Where permitted by statistics, spins and parities were assigned
to the new levels and for previously reported levels in 88Mo,
by measuring the DCO ratios and the linear polarisations of
the γ rays. The new low-spin positive-parity structures in
86Mo and in 88Mo are interpreted as excitation modes built on
γ -vibrational 2+ states. The presence of these new vibrational
states, which are interpreted within the QRPA model, together
with the large and increasing B(E2) values of the yrast
low-spin states in 88Mo establish the low-energy excitation
modes in both nuclei as being of a collective character.

ACKNOWLEDGMENTS

The authors would like to thank Lars Einarsson for
providing some of the targets used in this experiment and
the operators of the GANIL Cyclotrons for providing the
36Ar beam. We would also like to thank N. Alahari and
other members of the E403aS collaboration for setting up
and optimising the EXOGAM and the Neutron Wall system
at GANIL. Further support for this work has been provided
by the Swedish Research Council, the U.K. Engineering and
Physical Sciences Research Programme “Interacting Infras-
tructure Initiative—Transnational Access”, Contract No. RII3-
CT-2004-506065 (EURONS), project no. OTKA T046901,
and the Spanish Ministerio de Educación y Ciencia, Contract
No. FPA2005-00696.

[1] D. Rudolph, K. P. Lieb, and H. Grawe, Nucl. Phys. A597, 298
(1996).

[2] D. Rudolph, C. J. Gross, Y. A. Akovali, C. Baktash, J. Döring,
F. E. Durham, P.-F. Hua, G. D. Johns, M. Korolija, D. R. LaFosse,
I. Y. Lee, A. O. Macchiavelli, W. Rathbun, D. G. Sarantites,
D. W. Stracener, S. L. Tabor, A. V. Afanasjev, and I. Ragnarsson,
Phys. Rev. C 54, 117 (1996).

[3] P. Singh, R. G. Pillay, J. A. Sheikh, and H. G. Devare, Phys.
Rev. C 45, 2161 (1992).

[4] C. J. Gross, W. Gelletly, M. A. Bentley, H. G. Price,
J. Simpson, K. P. Lieb, D. Rudolph, J. L. Durell, B. J. Varley, and
S. Rastikerdar, Phys. Rev. C 44, R2253 (1991).

[5] M. Weiszflog, K. P. Lieb, F. Christancho, C. J. Gross,
A. Jungclaus, D. Rudolph, H. Grawe, J. Heese, K.-H. Maier,
R. Schubart, J. Eberth, and S. Skoda, Z. Phys. A 342, 257 (1992).

[6] E. Galindo, A. Jungclaus, and K. P. Lieb, Eur. Phys. J. A 9, 439
(2000).

[7] M. K. Kabadiyski, C. J. Gross, A. Harder, K. P. Lieb, D. Rudolph,
M. Weiszflog, J. Altmann, A. Dewald, J. Eberth, T. Mylaeus,
H. Grawe, J. Heese, and K.-H. Maier, Phys. Rev. C 50, 110
(1994).

[8] J. N. Scheurer, M. Aiche, M. M. Aleonard, G. Barreau,
F. Bourgine, D. Boivin, D. Cabaussel, J. F. Chemin, T. P. Doan,
J. P. Goudour, M. Harston, A. Brondi, G. La Rana, R. Moro,
E. Vardaci, and D. Curien, Nucl. Instrum. Methods Phys. Res.
A 385, 501 (1997).

[9] J. Gál, G. Hegyesi, J. Molnár, B. M. Nyakó, G. Kalinka, J. N.
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[27] S. L. Tabor, J. Döring, J. W. Holcomb, G. D. Johns,
T. D. Johnson, T. J. Petters, M. A. Riley, and P. C. Womble,
Phys. Rev. C 49, 730 (1994).

[28] P. Kemnitz, P. Ojeda, J. Döring, L. Funke, L. K. Kostov,
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