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Low-lying 0+ states, close in energy to the first excited 2+ state, have
been observed in even–even molybdenum isotopes, indicating shape coexis-
tence in these nuclei. Results of our previous Coulomb excitation measure-
ments of 96Mo and 98Mo supported the shape coexistence scenario. A series
of Coulomb excitation experiments to study the neighboring stable 100Mo
isotope was performed on beams of the Warsaw Cyclotron. During the re-
cent experiment with 100Mo target the new dedicated set-up for Coulomb
excitation measurements was used at HIL. First results are presented. The
performance of the new detection system opens promising possibilities for
future Coulomb excitation experiments.

PACS numbers: 25.70.De, 21.10.Ky

1. Introduction

The competition of single-particle and collective excitation modes, char-
acteristic for transitional nuclei (A ≈ 100), results in a variety of phenom-
ena, making this region of nuclear chart an ideal testing ground for modern
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nuclear structure theories. For the Sr and Zr isotopes a dramatic change of
the ground state structure is observed at N = 58, 60 [1]. This effect is less
pronounced in molybdenum isotopes, but still the rapidity of shape change
gives rise to shape coexistence in these nuclei.

Isotopes of molybdenum with neutron number close to 50 have spherical
shape and their properties can be well described by the shell model [2]. As
the number of neutrons increases from N = 54 for 96Mo to N = 58 for
100Mo, the influence of collective motion on the electromagnetic structure
gets stronger, resulting in unusual features of these nuclei.

An experimental indication of shape coexistence in an even–even nucleus
is observation of an excited 0+ state at energy close to the first excited 2+

state. Such low-lying 0+ states have been observed for all the molybdenum
isotopes in question. In 98Mo the energy of the 0+

2 state is even so low that
it becomes the first excited state. Such a peculiar feature is observed only
for four stable even–even nuclei with Z > 20.

Multiple Coulomb excitation is one of the most important experimental
methods to study nuclear shape in excited states. While lifetime measur-
ments allow to determine reduced transition probabilities, Coulomb excita-
tion experiments can also bring information on the static quadrupole mo-
ments (in both ground and excited states) as well as relative signs of the
matrix elements, which are essential to determine the nuclear shape using
the Quadrupole Sum Rules method [3, 4].

2. Shape coexistence in molybdenum isotopes

A series of experiments [5–7] was performed to investigate the electro-
magnetic structure of 96Mo, 98Mo and 100Mo both at the Heavy Ion Labo-
ratory (HIL) in Warsaw and at the Japan Atomic Energy Agency (JAEA)
in Tokai. Large number of electromagnetic matrix elements for the low-spin
states in even–even molybdenum isotopes was found by a global fit of cal-
culated to measured (or previously known) observables: γ-ray yields, level
lifetimes, branching ratios and mixing ratios. The fit and the error calcu-
lation were performed using the Coulomb Excitation Least Squares Fitting
code GOSIA [3,8]. The Quadrupole Sum Rules method was used to express
parameters of charge distribution in a model-independent way. Quadrupole
deformation parameters were deduced for the ground and the first excited 0+

states in 96,98,100Mo using E2 matrix elements extracted from data collected
in previous experiments [5–7]. Fig. 1 shows the deformation parameter 〈Q2〉
calculated for both states in 96,98,100Mo, compared to available data from se-
lected Ge isotopes, which also have low-lying 0+

2 levels. The Q parameter is
a measure of an overall deformation and is analogous to Bohr’s β parameter,
but related rather to the charge than to the mass distribution.
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Fig. 1. Mean values of the quadrupole deformation parameter 〈Q2〉 found for the
two first 0+ states in 96,98,100Mo and 72,74,76Ge.

Cases of 96Mo and Ge isotopes are similar — their ground states are
deformed and the first excited states are almost spherical. For 98Mo its
overall deformation is equal within uncertainty limits for both 0+ states.
A similar trend is observed also in the 100Mo isotope with the expectation
value of 〈Q2〉 being almost the same for both 0+ states. On the other hand,
their deformation is larger as compared to the other Mo isotopes.

It was possible to determine the triaxiality parameter δ (equivalent to
Bohr’s γ) for 96Mo and 98Mo nuclei. Expectation values of 〈cos(3δ)〉 calcu-
lated for both 0+ states in molybdenum and germanium isotopes are pre-
sented in Fig. 2.
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Fig. 2. Mean values of the triaxiality parameter 〈cos(3δ)〉 found for the two first
0+ states in 96,98Mo and 72,74Ge.

The 0+ ground state of 98Mo is triaxial, while the first excited 0+ state
has a prolate shape [5,6]. On the contrary, the triaxiality remains the same
for each of the Ge isotopes. For 96Mo both ground and excited state have
prolate shapes. However, since the 〈Q2〉 value is quite low for 0+

2 state, the
triaxiality parameter for this level was deduced with a large uncertainty,
making it difficult to draw further conclusions.
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In the case of 100Mo the data collected so far are not sufficient to extract
the triaxiality parameters for the low-lying 0+ states. Further measurements
using the upgraded γ-particle detection array are needed.

3. New dedicated set-up for Coulomb excitation experiments

The 32S + 100Mo on-beam test run, performed in January 2006, was
the third one in the series of measurements of Coulomb excitation of 100Mo
and the first one to use the new γ-particle detection set-up dedicated for
Coulomb excitation experiments at HIL in Warsaw. The γ rays depopulating
Coulomb-excited states were detected in the OSIRIS-II array in coincidence
with scattered particles. OSIRIS-II is a multi-detector system intended for
γ spectroscopy with heavy ion beams. It consists of 12 HPGe detectors
equipped with anti-compton BGO shields. The scattered projectiles were
detected by silicon PiN-diodes, placed inside a spherical chamber of 5 cm
radius. The active area of a single PiN-diode is 0.5 × 0.5 cm2. Each diode
can be placed in any of 110 different positions inside the chamber. Scat-
tering angle coverage extends from 110◦ to 170◦ with respect to the beam
direction. Particle detector system was constructed in LMU Munich by the
German–Polish collaboration and successfully used with NORDBALL set-
up at Tandem Accelerator Laboratory of Niels Bohr Institute, University of
Copenhagen, Risø, Denmark [9–11].

The results of the test run, as well as of several tests using calibration
sources, are encouraging. The new particle detection system was succesfully
integrated into the OSIRIS-II set-up, allowing for a coincidence γ-particle
measurement. The quality of the collected data improved significantly in
comparison to measurements performed with the previous Coulomb exci-
tation set-up CUDAC (Coulex Universal Detector Array Chamber) [12],
where three HPGe detectors without anti-compton BGO shields were used.
Fig. 3 presents a part of the background subtracted γ-ray spectrum of the
Coulomb-excited 100Mo collected by a single germanium detector of the
OSIRIS-II array compared to a similar spectrum measured by a HPGe de-
tector used previously with the CUDAC set-up.

Although during the test run the time of measurement was 1.5 times
shorter compared to the experiment performed using the CUDAC set-up,
the collected statistics are of the same order. Future Coulomb excitation ex-
periments at HIL will profit from the higher γ-ray detection efficiency of the
OSIRIS-II set-up, as well as from the better peak-to-total ratio in collected
spectra. A remarkable improvement of coincidence time measurements was
observed as well. New set-up timing performance allows to achieve higher
true-to-random coincidence ratio (see Fig. 4).
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Fig. 3. Gray: γ rays detected in coincidence with 20Ne ions scattered on a 100Mo
target, collected by a single HPGe detector coupled to the CUDAC particle detec-
tion set-up. Black: γ rays detected in coincidence with 32S ions backscattered on
a 100Mo target, collected by a single BGO-shielded HPGe detector of the OSIRIS-II
set-up.

Fig. 4. (a) γ–particle coincidence time spectrum measured by a single Ge detector
of the OSIRIS-II array during the 32S + 100Mo test run. (b) γ–particle coincidence
time spectrum measured by a single Ge detector coupled to the CUDAC array
during the 20Ne + 100Mo experiment.
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4. Summary

Our previous Coulomb excitation experiments allowed to deduce the
quadrupole deformation parameters 〈Q2〉 for both low-lying 0+ states in
96,98,100Mo. In the case of 100Mo the data collected so far were not sufficient
to extract the triaxiality parameter, pointing out the necessity of upgrading
the existing COULEX set-up at HIL. The results of the on-beam test run
with new scattering chamber coupled with the OSIRIS-II set-up are encour-
aging. The Coulomb excitation experiment with 100Mo target and 32S beam
using the new γ and particle detection array is scheduled at HIL UW for
December 2007.
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sions. This work was partly supported by the Polish State Committee for
Scientific Research (KBN) under the contract No. 2 P03B 007 25.
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