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Abstract. The 104,106,108Ru nuclei have been produced as fission fragments following the fusion reaction
28Si + 176Yb at 145 MeV bombarding energy; prompt gamma rays emitted in the reaction were detected
using the Eurogam II array. Their high-spin level schemes have been obtained, particularly several side
bands have been extended or newly observed. Experimental results are discussed in the framework of
both collective model and the rotating mean-field approach in which the Gogny force is the sole input.
These calculations provide very good descriptions of both low-spin and high-spin structures observed in
the neutron-rich even-A Ru isotopes.

PACS. 21.60.Ev Collective models – 21.60.Jz Hartree-Fock approximation – 23.20.Lv Gamma transitions
and level energies – 25.85.Ge Charged-particle-induced fission – 27.60.+j 90 ≤ A ≤ 149

1 Introduction

The existence of very deformed ground states (β2 ∼ 0.4)
has been well established experimentally in the A = 100
mass region for isotopes having Z ∼ 38–40 (see for in-
stance [1,2]). Many calculations have since attempted to
reproduce the sharp shape transition from sphericity to
prolate deformation observed when moving from the valley
of stability to more neutron-rich nuclei. This is not easily
achieved using the standard parameters of various models.
For instance, in order to describe equilibrium shapes of
several neutron-rich nuclei with A ∼ 100, the strength of
the spin-orbit potential had to be changed as compared
to the standard values of the Woods-Saxon potential [3].
Likewise, the shape change is predicted either too early
or too late from self-consistent mean-field calculations us-
ing the Skyrme effective forces SIII or SkP [4], while it
is correctly obtained with the SkM* parametrization [5].
This means that most of the predictions concerning the
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properties of neutron-rich nuclei with Z ≥ 42 will be ques-
tionable, and therefore it is extremely important that new
experimental evidence is obtained in order to validate or
reject the various calculations.

Nuclear ground-state masses and deformations have
been recently predicted using a macroscopic-microscopic
method based on the finite-range droplet model and
folded-Yukawa single-particle potentials restricted to axi-
ally symmetric shapes [6]. A prolate-to-oblate shape tran-
sition is obtained for N ∼ 65 in all the isotopic series with
Z = 44 to 48. Because this shape transition is predicted
to occur in neutron-rich nuclei, it could not be experimen-
tally verified until recently, when it has been possible to
use very efficient Ge detector arrays to study the products
of spontaneous and heavy-ion induced fission [7–9]. Such
reactions populate relatively high-spin states in neutron-
rich nuclei and have proved an efficient means to reach nu-
clei with a large N/Z ratio. Thus our recent study of the
46Pd isotopic series has shown that the shape transition
predicted at A = 111 does not occur [10]. Indeed, studies
of the heavier Pd isotopes [11,12] show no evidence for
any such transition in isotopes up to and including 118Pd.
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Furthermore, several facts have shown the importance
of triaxiality in the mass region with N ≥ 60 located be-
tween the very deformed axially symmetric isotopes hav-
ing Z ∼ 38–40 and the spherical 50Sn isotopes. First of
all, analysis of the ratios of reduced electric quadrupole
transition probabilities between states in the γ-vibrational
bands and in the ground-state bands has pointed out the
role of triaxiality in the ground state of even-A neutron-
rich 108−112

44Ru isotopes [13]. This feature also comes out
from several theoretical predictions of Ru isotopes, either
from self-consistent mean-field calculations using Skyrme
forces [14,15] or from collective-model calculations of the
low-lying collective excitations [16]. Moreover the struc-
ture of 112−118

46Pd nuclei has been successfully compared to
results of self-consistent microscopic models which give, in
those cases, triaxial nuclear shapes [17]. Finally, the high-
spin behaviour of 107,109

45Rh nuclei also strongly indicates
the importance of including triaxiality in a description of
these nuclei [15].

To enlarge our knowledge on the structure of the neu-
tron rich A = 100–110 nuclei, we have studied the even-A
100−108

44Ru isotopes, populated as fragments of binary fis-
sions induced by heavy ions [9]. Such a mechanism allows
us to populate several high-spin structures in neutron-rich
nuclei. Besides the yrast band (which is easily observed up
to around spin 16h̄), the population of many side bands
can be strong enough to allow precise studies to be made,
provided that sufficient data are collected corresponding
to a specific mass partition. Both collective model and ro-
tating mean-field theory are used for the interpretation of
our experimental results. Potential energy surfaces (PESs)
have been calculated for 100−108Ru nuclei through con-
strained Hartree-Fock-Bogoliubov (HFB) calculations us-
ing the D1S Gogny force [18,19]. Since the PESs exhibit
shallow minima with triaxial deformation, diagonalization
of the complete collective Hamiltonian for quadrupole mo-
tion has been performed. This provides information on
ground-state bands and positive-parity quadrupole vibra-
tional bands at low excitation energy and spin. On the
other hand, kinematic moments of inertia up to high spins
(or to high rotational frequencies) are obtained using the
cranked HFB theory [20] in which the Gogny force is again
the sole input.

2 Experimental procedures and analysis

The 100−108Ru isotopes have been produced as fission
fragments of the polonium isotopes obtained in the fu-
sion reaction 28Si+176Yb at a beam energy of 145 MeV.
The beam was provided by the Vivitron accelerator at
Strasbourg. A 1.5 mg/cm2 target of 176Yb was used, onto
which a backing of 15 mg/cm2 Au had been evaporated
in order to stop the recoiling nuclei. The prompt γ-rays
were detected with the Eurogam II array [21], consist-
ing of 54 escape-suppressed Ge detectors. Thirty of them
were large-volume coaxial detectors positioned at back-
ward and forward angles with respect to the beam axis.
The remaining 24 detectors, arranged in two rings close

to 90◦ to the beam direction, were four-element “clover”
detectors. The data were recorded in an event-by-event
mode with the requirement that a minimum of five un-
suppressed Ge detectors fired in prompt coincidence. A
total of 540 million coincidence events were collected, out
of which 135 million were three-fold, 270 million four-fold
and 108 million five-fold after off-line suppression.

The off-line analysis consisted of both gated γ-γ matri-
ces and multiple-gated spectra [22]. In addition, we anal-
ysed a three-dimensional “cube” built with the software of
[23]. The latter technique was useful to make fast inspec-
tion of the data, which contain γ-ray cascades emitted by
about 130 fission fragments as well as by the nuclei cor-
responding to the strong fusion-evaporation exit channels
[24,25].

The problem of obtaining correct relative intensities,
first exposed in ref. [22], has been solved by creating multi-
ple gated spectra directly from data on tapes with the code
Fantastic [22]. In fission experiments, spin values can be
assigned from angular correlation results [26]. The statis-
tics of our present data was unfortunately too poor to
perform such an analysis. Therefore, spin assignments are
based upon i) the already known spins of the band-head
states [27], ii) the assumption that in yrast decays, spin
values increase with excitation energy, and iii) analogy
with the level structures of the less neutron-rich Ru iso-
topes.

3 Experimental results

Many Ru isotopes are populated in the fusion-fission reac-
tion used in this work, from A = 100 to A = 108. As shown
in fig. 1, the Ru isotopes are located in the most produced
mass region reached in the reaction and the maximum of
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Fig. 1. Yields of the most produced even-even nuclei, obtained
as secondary fragments from the fusion reaction 28Si+176Yb
at 145 MeV beam energy. They have been normalized to the
yields of 98,100Mo and fitted using Gaussian functions.
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Fig. 2. Spectra of γ-rays in double coincidence with two transi-
tions of 104Ru (their energies are written in the top right corner
of each spectrum). The transitions marked with stars belong
to the complementary fragments, 94Zr (*) and 93Zr (**).

the Ru yields is obtained for A = 104 [28]. As prompt γ-
rays emitted by complementary fragments are detected in
coincidence [2,9], the spectra gated on transitions belong-
ing to Ru isotopes also contain gamma rays associated
with Zr nuclei, complementary partners of Ru nuclei in
the binary fission of Po.

This work has provided very few new results on high-
spin states of 100,102Ru, since they had been extensively
studied by means of fusion-evaporation reactions [29–31]:
only a new 999 keV transition was added above the (16+)
state of the yrast sequence of 102Ru, allowing us to pro-
pose the (18+) state at 6717 keV excitation energy. On
the other hand, the high spin structures of 104,106Ru are
now well developed from the analysis of spectra of γ-rays
in coincidence with known transitions between low levels.
Indeed these nuclei have benefited from the appropriate
choice of the fissioning nuclei, as compared to the works
using fissions of less neutron-rich Pb compound nuclei [9,
32] in which only the yrast positive-parity bands could
be identified. Examples of double-gated spectra showing
new transitions depopulating states belonging to negative-
parity bands in 104Ru are given in fig. 2. Typical spec-
tra obtained by double-gating on transitions of 106Ru are
shown in fig. 3.

The level scheme of 104Ru deduced from the present
measurement is shown in fig. 4. It mainly consists of three
structures. The yrast positive-parity band, which has been
observed up to spin (16+), is in agreement with previous
works [9,33,32], and the decay of the (12+) state towards
the (10+2 ) state at 3284 keV has been identified. The γ-
vibrational band is populated: the 751 keV transition de-
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Fig. 3. Spectra of γ-rays in double coincidence with two tran-
sitions of 106Ru (their energies are written in the top right
corner of each spectrum).

caying the (7+) state has been added to the structure
already known from Coulomb excitation [34]. The third
structure, drawn at the left side of fig. 4, comprises several
parallel cascades. The most intense is built on the 2232
keV state, which has been determined to have Iπ = 5−
from Coulomb excitation [34]. This band, already known
from a study using deep-inelastic reaction [33], has been
extended up to spin (13−). Even-spin values can be pro-
posed to the states of the cascade built on the new level
located at 2600 keV, since such a band is expected in this
energy range, as observed in the lighter isotopes [27].

The high-spin level scheme of the neutron-rich 106Ru
isotope obtained from this experiment (see fig. 5) looks
very similar to that of 104Ru. It has been extended as
compared to previous studies since only the positive-parity
yrast states were known up to spin (14+) [9,32] and the
first two states of the gamma-vibrational band had been
identified from the β-decay of 106Tc [27]. This latter band
is now identified up to spin (9+). Moreover we have ob-
served two new cascades decaying to the 6+ and 8+ yrast
states, which can form the expected negative-parity bands.
There exists no direct connection to the 4+ yrast state.
This implies that, in this reaction, the 5−1 state of 106Ru
is not populated with enough intensity to be identified. It
is worth noting that, already in 104Ru, the out-band decay
of the (7−) state located at 2613 keV is strongly favoured
as compared to the in-band decay populating the 5− state
at 2232 keV.

Despite the fact that the yield of 108Ru is very low
in this experiment, we have clearly observed the yrast
positive-parity band up to spin (12+), as well as the be-
ginning of a new side band, decaying towards the yrast
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Fig. 4. High-spin level scheme of 104Ru, obtained as a fission
fragment in the fusion reaction 28Si+176Yb at 145 MeV beam
energy.

positive-parity band by the 1444 and 1231 keV transitions
(see fig. 6). From such a decay, negative parity and spin
values, 5, 6, and 7, could be proposed for the three new
states. It is worth mentioning that the gamma-vibrational
band of this nucleus is known up to spin (9+) from prompt
γ-ray spectroscopy after spontaneous fission of 248Cm [13]
and 252Cf [35]. This band is very weakly populated in our
experiment, up to spin (7+), as reported in fig. 6.

4 Experimental alignments and structure of
the two-quasiparticle bands

The experimental alignments i (h̄) for the yrast positive-
parity bands in 102−108Ru are presented in fig. 7 as func-
tions of rotational frequency. They have been calculated
following the procedure described in ref. [36] with the
Harris parameters, �0=4h̄2/MeV, �1=40h̄4/MeV3, which
had been obtained in such a way that the alignment plot
of 102Ru exhibits flat behaviour after the first alignment
[30]. A band crossing is observed around the frequency of
0.35 MeV, with a gain in alignment of 10 h̄. These char-
acteristics have previously been interpreted as a (νh11/2)2
pair breaking [30]. One observes that before the crossing,
the values of alignments are increasing with A, reflect-
ing the known increase of deformation from N = 58 to
N = 64. On the other hand, after the crossing, the values
of alignments are closer to each other. This would mean
that the broken neutron pair leads the various isotopes to
a similar shape.
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Fig. 5. High-spin level scheme of 106Ru, obtained as a fission
fragment in the fusion reaction 28Si+176Yb at 145 MeV beam
energy.
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Fig. 6. High-spin level scheme of 108Ru, obtained as a fission
fragment in the fusion reaction 28Si+176Yb at 145 MeV beam
energy.

Negative-parity side bands are likely to stem from two-
neutron configurations: νh11/2⊗νg7/2 and νh11/2⊗νd5/2.
In this mass region these configurations are known to give
rise to semi-decoupled bands, the angular momentum of
the h11/2 quasineutron being rotation-aligned and that
of the positive-parity quasineutron being deformation-
aligned. This leads to band heads with lower spins than
would be obtained with the maximally aligned configura-
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tion, 9− and 8−, respectively. The alignments obtained for
the negative parity bands of Ru isotopes (shown in fig. 7)
are in agreement with such an interpretation: i) the value
of initial alignment is around 6 h̄, close to the 5.5 h̄ value
expected from a h11/2 neutron aligned along the rotational
axis, and ii) no crossing is seen near 0.35 MeV in contrast
to the yrast positive-parity bands, since one quasineutron
blocks the first crossing. Once more, the occupation of the
νh11/2 subshell induces a stabilization of the shape of the
different isotopes.

5 Theoretical calculations and discussion

The high-spin level schemes of the 102−108Ru isotopes are
now interpreted in the framework of two separate micro-
scopic models. The first one describes collective motion for
the quadrupole coordinates. The collective Hamiltonian,
Hcoll, is built using the Generator Coordinate Method
(GCM) and the Gaussian Overlap Approximation (GOA).
For more details on this GCM+GOA approach, see ref.
[37]. The cranked HFB theory, which describes nuclei in a
rotating frame, is used in order to describe the crossings
in the yrast positive-parity bands and the two-particle
excitation energies. Illustrations of the predictive power
of this method are given in ref. [20]. It is worth noting
that the sole input of the GCM+GOA and cranked HFB
calculations is the D1S Gogny force with the standard
parametrization [18,19].
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5.1 Potential Energy Surfaces

Figure 8 displays the potential energy surfaces calculated,
for the even-A 102−108Ru isotopes, as functions of the Bohr
coordinates, β and γ (the relations giving β and γ as
functions of the quadrupole coordinates used in the con-
strained calculations are those of equations (12) and (13)
of ref. [37]). These surfaces include zero-point energies, as
discussed in ref. [37]. All of them exhibit a triaxial mini-
mum, characterized by a value of the γ parameter around
25◦. The value of the elongation parameter of the min-
ima increases with the neutron number, from 0.2 to 0.3,
and the energy of the spherical shape increases by about
1 MeV from 102Ru to 108Ru. Moreover, these surfaces are
soft against triaxial deformation, especially for 106,108Ru.
This feature excludes the description of these nuclei in
terms of axially symmetric shapes.

5.2 Collective Hamiltonian

The collective masses entering Hcoll are calculated using
the perturbation theory given in ref. [38]. As for the three
moments of inertia, the so-called Thouless-Valatin dy-
namical rearrangement contributions [39] have been taken
into account. Hcoll is solved by using basis techniques
[40,37], thus providing collective levels and wave func-
tions with vibration and rotation components. From the
analysis of these components, it is possible to organize
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the eigenstates into collective bands, ground-state and γ-
vibrational band. The solutions for the four isotopes are
presented in fig. 9. They show a rather good agreement
with the experimental behaviour of the first excited states
of the even-even Ru isotopes: the increase of the elonga-
tion parameter results in the gradual lowering of all the
excited states. The location of the γ-vibrational band at
low energy is well calculated. Moreover the staggering in
energy observed in the γ-band (the energies of the 4+ and
6+ states are depressed in energy as compared to the ones
of the odd-spin states) is well reproduced. Such a stagger-
ing is due to the softness of the well in the γ direction.

5.3 Description of ground-state bands

Cranked HFB calculations have been performed for the
four even-even 102−108Ru isotopes in order to have a
deeper insight into the underlying microscopic structure
when the angular velocity increases. In these calculations,
the deformation parameters defining the shape of the nu-
cleus are not constrained to keep the value obtained for the
PES minimum. While the equilibrium shapes of 104−108Ru
do not vary very much with angular momentum, the case
of 102Ru is very spectacular, as illustated in fig. 10. Firstly,
the elongation parameter increases from 0.2 to 0.3 when
the spin value increases from 0 to 10h̄, and secondly it
decreases from 0.3 to 0.13 when the spin value increases
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Fig. 10. Calculated shape trajectory for the positive-parity
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from 10 to 30h̄. Simultaneously the asymmetry parame-
ter γ oscillates from positive value when the spin values
are lower than 10h̄ to negative value when the spin val-
ues are greater than 12h̄. Such a result shows that it is
very important not to constrain the shape of nuclei when
performing calculations at high spin.

The kinematic moments of inertia of 102−108Ru have
been obtained from the cranked HFB calculations. The
calculated values are higher than the experimental re-
sults: this systematic difference originates in the absence
of the correlation to the vibrational motion which plays a
key role in this mass region, as demonstrated by the re-
sults presented in the preceding section. Nevertheless in
all cases, the first backbending or upbending taking place
around 0.35 MeV rotational frequency is due to the align-
ment of a pair of h11/2 neutrons, as mentioned above (sect.
4). As typical examples, the kinematic moments of inertia
of 102,106Ru are displayed in fig. 11. The first backbending
observed in the yrast band of 102Ru is very well repro-
duced. Moreover the calculation predicts a second irregu-
larity at 0.5 MeV rotational frequency which is due to the
interplay of several concomitant facts: i) the sudden oc-
cupation of a proton orbit coming very close to the Fermi
level for a rotational frequency h̄ω = 0.5 MeV; this orbit
empties and goes away very rapidly when the rotational
frequency increases above 0.5 MeV (this can be consid-
ered as a sharp resonance), ii) the gradual disappearance
of the proton pairing between I = 14h̄ and I = 28h̄ (see
the upper pannel of fig. 11) which gives the global increase
of the moment of inertia (from 38 to 45 h̄2 MeV−1), and
iii) the continuous shape change between spin 18 and 28,
as shown in fig. 10. It is worth noting that the location of
the last experimental point, which is closer in rotational
frequency to the point corresponding to the spin value
16h̄ than expected from the extrapolation of the previ-
ous points, lends support to the existence of this second
anomaly.
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given explicitly. For 102Ru, the calculated values of neutron
and proton pairing energies are drawn as functions of rota-
tional frequency.

The description of the first alignment observed in the
heavier masses is not as good as in lighter masses (as
shown for 106Ru in the bottom pannel of fig. 11). This
is due to the greater influence of coupling between the
pairing field and the vibrational motion, not included in
the present calculations.

5.4 Description of two-quasiparticle states

When using blocking techniques [41], HFB calculations
breaking time-reversal symmetry provide information on
the two-quasiparticle (qp) states (for each couple of
blocked states: equilibrium deformation, energy, ...). The
results which have been obtained for 100−108Ru indicate
that the lowest two-proton and two-neutron states are ex-
pected at similar excitation energy. The lowest two-proton
qp state has Kπ = 3−, due to the coupling of π1/2−[301]
(from p1/2) and π5/2+[422] (from g9/2). Its excitation en-
ergy drops with increasing neutron number up to 104Ru
and increases for the heavier masses. As for the lowest two-
neutron qp states, they are predicted to be also located
at an excitation energy around 2 MeV. They involve the

low-K orbitals from the νh11/2 subshell (from K = 1/2 in
102Ru to K = 5/2 in 108Ru, as expected from the evolu-
tion of the neutron Fermi level) coupled to positive-parity
orbitals, K = 3/2+ (for the lighter masses) and 5/2+ (for
the heavier masses), coming from the two νd5/2 and νg7/2

spherical subshells.
The predictions concerning the rotational motion built

on these two-quasiparticle states obtained with blocking
techniques would need a further development, well be-
yond the calculations performed in this work. Neverthe-
less, qualitative comparison with the experimental results
can be done, showing the quality of the theoretical quasi-
particle states located around the Fermi surfaces in these
Ru isotopes.

Firstly, the negative-parity band heads observed in this
work and discussed in sect. 4 in terms of two-neutron
states find their theoretical counterparts. When the neu-
tron number increases, the semi-decoupled bands observed
in the lighter masses, evolve towards a strongly coupled
structure as the two unpaired neutrons are then predicted
to be located in the 5/2−[532] and 5/2+[413] states. The
first states of the side band, newly observed in 108Ru (see
fig. 6), are in agreement with such a prediction.

Secondly, the two-proton states calculated in the same
energy range can be related to other experimental levels.
Indeed the first excited state having negative parity in
the even-even Ru isotopes are 3− states; they have been
populated in previous studies using β decay [27]. Their en-
ergy decreases when the neutron number increases, from
E = 2167 keV in 100Ru to 1970 keV in 104Ru. Therefore,
following theoretical predictions, these 3− states could
originate from two-proton excitations. This would explain
why the negative-parity heads of the semi-decoupled band
corresponding to the two-neutron excitation do not decay
to these 3− states.

5.5 Prediction of superdeformation in 108Ru

The potential energy surface of 108Ru, shown in fig. 8, ex-
hibits a secondary minimum for very large axial deforma-
tion. The potential energy has been calculated as a func-
tion of the elongation deformation parameter β, imposing
axial symmetry (see the bottom pannel of fig. 12). While
the secondary minimum is not very deep, the cranked HFB
calculations gives a rotational band with a slowly varying
moment of inertia (shown in the upper pannel of fig. 12),
from J (1) ∼ 50h̄2 MeV−1 at the bottom of the band (spin
2) to J (1) ∼ 55h̄2 MeV−1 at the top of the calculated
band (spin 20). The value of the mass quadrupole mo-
ment of the rotational states is around 20.5 b, leading to
a major/minor axis ratio around 1.8, when analyzing the
shape in terms of an axial ellipsoid. Taking into account
that the excitation energy of the bottom of the SD band
above the ground state is of the order of 5 MeV, the SD
states are expected to be yrast above 30−36 h̄.
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Fig. 12. Bottom: Potential energy of 108Ru, calculated for
axial deformation, as a function of the elongation parameter,
showing a secondary minimum for large deformation (the zero-
point energy is not included in this calculation). Top: Kine-
matic moment of inertia of the predicted rotational band built
in the secondary minimum at large deformation, as a function
of rotational frequency.

6 Conclusion

The high efficiency of the new γ-ray detector arrays com-
bined with an original use of a fusion-fission reaction
mechanism is a very useful tool for reaching high spin
states of some neutron-rich nuclei, which cannot be pop-
ulated otherwise. In this work, new band stuctures have
been identified in the even-even 104−108Ru, allowing us
to discuss the shape evolution in this mass region. The
very shallow minima observed in the potential energy
surface for non-axial deformation give rise to low-energy
gamma-vibrational bands with a characteristic stagger-
ing in energy. This means that we cannot rely on pre-
dictions obtained for all these nuclei from calculations re-
stricted to axially symmetric shapes. Two self-consistent
models, having only one input, the D1S Gogny force with
the standard parametrization, have been used to describe,
respectively, the low-spin and high-spin structures ob-
served in the even-A 102−108Ru. These approaches repro-
duce very well the experimental results, not only in the
stability valley (102,104Ru) but also in the neutron-rich
isotopes 106,108Ru. Further experimental and theoretical
studies of neighbouring nuclei, particularly those having
odd-Z numbers, are in progress and will enlarge our un-

derstanding of the properties of the neutron-rich nuclei
with A ∼ 100.
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