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Abstract. 99,101,103 Ru were populated in (α,nγ) reactions. Half-lives in the
sub-nanosecond range were measured by using the ROSPHERE γ ray array. Results for the first 3/2+ states in 99,101 Ru and the first 7/2+ states in 99,101,103 Ru
were obtained and are discussed within the Rigid-Triaxial-Rotor-plus-Particle
model. Calculated level energies are in good agreement with the experimental
level scheme but the model fails in reproduction of some of the reduced transition probabilities. This is, most probably, due to wave function admixtures
which are outside the model space.
PACS codes: 21.10.Hw, 21.10.Tg, 23.20.Lv, 27.60.+j
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Introduction

In the last years a number of fast-timing experiments were performed at IFINHH (Romania) aiming to study the structure of the low-lying excited states in the
medium-mass odd-A nuclei. In the focus of the present work are the ruthenium
isotopes 99,101,103 Ru [1–3], placed in between the N = 50 and N = 82 shell
closures. The Ru nuclei are also situated between the Z = 50 shell gap and
the Z = 40 subshell closure. As such, a large number of valence particles are
1310–0157 c 2015 Heron Press Ltd.
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available which gives rise to the onset of the quadrupole deformation in this
region [4]. In the odd-mass nuclei a fingerprint of this change in the collectivity
can be found in the enhanced level densities at low energy when moving towards
the neutron mid-shell [5].
In the past, these nuclei were extensively studied via neutron stripping and
pick-up reactions and large spectroscopic factors were observed for some of
the low-energy states. This suggests that the respective states have well pronounced single-particle structure. Other low-lying states have much smaller
spectroscopic factors, suggesting that they have more fragmented single-particle
strengths. The appearance of these additional low-lying states is believed to be
due to the rise of low-lying seniority v = 3 states and the emerging of the collectivity in the mass region A ∼100 [6].
In the present work the ruthenium nuclei were studied via lifetime measurements. Given that the nuclear lifetimes are directly related to the reduced transition probabilities, the lifetime data can indicate the underlying structure of the
levels involved in the respective transition. It is interesting to note that the majority of those low-lying states are having sub-nanosecond half-lives [7], which
is an excellent opportunity to apply the in-beam fast-timing method recently developed [8, 9].
2

Experimental Setup and Data Analysis

In 99,101,103 Ru, the half-lives were measured by using the in-beam fast-timing
technique [8]. The states of interest were populated in (α,nγ) reactions performed at the IFIN-HH Tandem accelerator. Three targets, enriched in 96 Mo,
98
Mo and 100 Mo, with thickness of 10 mg/cm2 , 1.3 mg/cm2 and 4 mg/cm2 , respectively, were used. The thin targets where deposited on 28 mg/cm2 thick Pb
backings in order to stop the recoils. Three different beams with energies in the
range from 15 to 18 MeV were used to maximize the yield of 99,101,103 Ru. The
typical beam intensity was of the order of 15 nA. In addition to 99,101,103 Ru,
98,100,102
Ru were also produced in the (α,2nγ) reaction channels. The evenmass nuclei were used to check the timing properties of the system, given that
their yrast states have half-lives which are just on the edge of applicability of
the present method. The prompt γ rays were detected by the ROSPHERE array
comprising 14 HPGe and 11 LaBr3 :Ce detectors.
The data acquisition was triggered by events where one HPGe and two LaBr3 :Ce
detectors (2LaBr3 :Ce+1HPGe) or three HPGe detectors (3HPGe) fired in coincidence. This logic was used to enhance the statistics in the (EγLaBr − EγLaBr −
∆T LaBr ) matrices, constructed from the LaBr3 :Ce energy and time signals, as
well as in the (EγHPGe − EγHPGe − EγHPGe ) matrices constructed from the HPGe
energy signals. The LaBr3 :Ce TAC ranges were set to 50 ns.
The experimental data were analyzed with the GASPware package [8]. Three584
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Figure 1. Partial level schemes of 99,101,103 Ru. The values for the half-lives are from the
present work.

dimensional (EγLaBr − EγLaBr − ∆T LaBr ) matrices were sorted. For each event
matrix elements (Eγi , Eγj , ∆Tij ) with ∆Tij = T0 + (ti − tj ) and (Eγj , Eγi ,
∆Tji ) with ∆Tji = T0 − (ti − tj ) were implemented. Here, T0 is an arbitrary
offset and ti and tj are the moments in which the Eγi and Eγj were detected by
the LaBr3 :Ce detectors. The matrices were additionally gated on γ rays detected
by any of the HPGe detectors.
A more detailed description of the analysis procedures is given in Refs. [8, 10].
Here we shall remind only that an important part of the data analysis is the
evaluation of the prompt response position (PRP). Due to the walk effect, the
constant fraction discriminator (CFD) time response would depend on the γ ray
energy. Hence, the centroids of the prompt time distributions might appear at
positions displaced with respect to the arbitrary offset T0 , which would cause
an apparent half-life different from the half-life of the level. As such, the PRP
corrections has to be made. The CFDs used in the present work, have a walk-free
response in a wide energy range, as guaranteed by the producer [11] where the
level of confidence is better than 25 ps. In order to fine tune the timing response
a 60 Co source and in-beam data were used.
The quality of the ROSPHERE timing data is illustrated by a measurement of the
half-life of the first 2+ state in 102 Ru. In the present work a half-life of 20 (8) ps
was obtained by using the centroid shift method, which is in agreement with
the literature value T1/2 = 18.4 (3) ps [3]. Similar results were obtained for
99,101,103
Ru. Partial level schemes of 99,101,103 Ru are shown in Figure 1.
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Figure 2. (Color online) Time spectra from the present work for the 7/2+ states in: (a)
Ru; (b) 101 Ru; (c) 103 Ru.

99

2.1

99

Ru

99
Prior to our study, the 3/2+
1 half-life in Ru was measured in six different experiments [1] leading to T1/2 = 20.47 (9) ns, obtained as a weighted average of all
six values. In the present study, T1/2 = 20.5 (6) ns was obtained from the slope
of the decay curve gated on the 486 and 89-keV lines. The 3/2+
1 state decays via
an 89.50-keV M1+E2 γ ray with a mixing ratio δ = -1.56 (2) [1] and α = 1.50 (3)
which leads to B(M 1) = 0.000175 (4) W.u. and B(E2) = 50.2 (10) W.u. Here,
and in the calculations below, the electron conversion coefficients α are calculated with BrIcc [12].

The half-life of the 7/2+
1 level is measured for the first time in the present study.
It was obtained with a 971-keV gate set on the HPGe detectors and 709-keV and
340-keV gates imposed on the LaBr3 :Ce detectors. Two symmetric time spectra,
obtained for the 7/2+
1 level, are shown in Figure 2 (a). T1/2 = 49 (19) ps was obtained from the centroid shift method. The state decays via two transitions, i.e. a
340.81-keV M1+E2 transition having a mixing ratio of δ = -0.020 (5) and a total
electron conversion coefficient α = 0.01188 (17) and via a 251.0-keV E2 transition with α = 0.0492 (7). The reduced transition probabilities for the 340.81-keV
transition are B(M 1) = 0.011 (5) W.u. and B(E2) = 0.036 (23) W.u., while for
the 251.0-keV transition B(E2) = 3.0 (12) W.u.
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2.2

101

Ru

101
Prior to our study [2], the half-life of the 3/2+
Ru was measured
1 state in
in four different experiments resulting in T1/2 = 0.649 (13) ns, obtained as a
weighted average of all experimental data points. The level decays via 127.226keV M1+E2 transition with δ = +0.148 (9) [2] and α = 0.167 (3), which leads to
B(M 1) = 0.0138 (3) W.u. and B(E2) = 17.2 (21) W.u. T1/2 = 0.56 (10) ns is
obtained from our study with gates set on the feeding 184-keV and the deexciting
127-keV transitions. The time spectrum is cleaned with a gate on the 234-keV
γ ray detected in HPGe detectors.

Prior to our study, the value of T1/2 = 53 (14) ps for the half-life of 7/2+
1 in
101
Ru was measured [13]. In the present work time spectra for this state were
obtained with energy conditions set with the HPGe detectors on the prompt transitions feeding the 11/2− isomeric state. The gates in the LaBr3 :Ce detectors
were set on the feeding 222-keV and deexciting 306-keV transitions. The two
symmetric spectra are present in Figure 2 (b). The half-life measured prior this
study was used in establishing the prompt response function, thus providing important information for the CFD walk effect at low γ ray energies.
2.3

103

Ru

Prior to the present study, only an upper limit of 15 ns was assigned for the half103
life of 7/2+
Ru [3]. In the present work, a value for the half-life of this state
1 in
was estimated based on the time spectra shown in Figure 2 (c). The distributions
represent the delayed coincidences between LaBr3 :Ce detectors detecting 560keV and 211-keV transitions, which feed and de-excite the 7/2+
1 state. The
time spectrum is cleaned with a coincidence condition on the 669-keV γ rays
detected by the HPGe detectors of ROSPHERE. The low energy of 211 keV
for the deexciting transition was problematic when fixing the prompt response
position. At low energies the CFD function trend is more ambiguous due to
insufficient data. The CFD walk correction for this transition is based on data
101
for the 7/2+
Ru. Thus, only a tentative value of T1/2 = 44 (18) ps was
1 state in
+
attributed to the 7/21 level in 103 Ru.
The state decays via a branch of three transitions: a 213.17-keV E2 transition,
feeding the 3/2+
1 ground state, a 210.64-keV transition feeding the first excited
5/2+ state and a 77.5-keV transition, feeding the second 5/2+ . Reduced transition probabilities were calculated for the three transitions, taking into account
the conversion electron coefficients calculated with BrIcc. The E2 transition to
the ground state is strongly enhanced with respect to the Weisskopf estimates,
suggesting that the ground state and the first excited 7/2+ state belong to the
same collective band. Also, the M 1 decay branches to the 5/2+ states are hindered by two orders of magnitude with respect to the Weisskopf estimates. This
resembles to the 105 Ru case [6], where the 5/2+
1 state decays via a hindered M 1
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transition to the ground state, suggesting an `-forbidden transition and hence
the two states involve different single-particle states. This interpretation is consistent with the large spectroscopic factors S = 1.44 and 1.35, measured from
(d, p) reactions for the ground state of 103 Ru and for its first excited state. It is
interesting to note that the spectroscopic factor, measured for the second 5/2+
state at 136 keV is 0.012, which is analogous to the second 5/2+ at 108 keV in
105
Ru [6].
3

Discussion

The 99−103 Ru isotopes are placed in a region of the Segre diagram where a
spherical to deformed shape transition occurs. Figure 3 shows indications for
such a shape change, given that it resembles the trend of the 2+ states in the
even-even neighboring nuclei.
In 95 Ru51 , which has only one valence neutron outside the closed N = 50 shell,
(+)
the 5/2+ is the ground state and the 7/21 is at 941 keV [5]. In the gap between
these two states only a 1/2+ state arises at 788 keV in 95 Ru. Already in 97 Ru
+
a number of positive-parity states appear, among which are the 3/2+
2 , 5/22 and
+
7/22 . Given that they are not present in the semi-magic 95
44 Ru, this suggests
a more complex nature of their structure, which could involve collectivity and
three-particle clusters.
To study the structure of the low-lying states in these medium-mass Ru isotopes Rigid-Triaxial-Rotor-plus-Particle model (RTRPM) calculations were performed.
The model calculations were performed with the GAMPN, ASYRMO and

Figure 3. (Color online) Evolution of the low-lying positive-parity states in the Ru nuclei.
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Figure 4. Rigid-Triaxial-Rotor-plus-Particle model calculations for
pared to the experimental data.

99,101,103

Ru com-

PROBAMO codes [14], which calculate the particle-rotor level energies and
reduced transition probabilities in a strong coupling basis. The single-particle
energies in a triaxially deformed modified harmonic oscillator potential were
calculated with the GAMPN program [14]. The standard Nilsson parameters
κ4 = 0.070 and µ4 = 0.39 and κ5 = 0.062, µ5 = 0.43 [15, 16] were used for the
fourth and fifth oscillator shell, respectively. The initial values of the deformation parameters 2 and 4 parameters were
p adopted from [17]. The parameters of
triaxial deformation γ = (1/3) arcsin (9/8)(1 − (X − 1)2 /(X + 1)2 ) were
deduced from the level energy ratio X = E2+ /E2+ calculated from data for
2
1
the neighboring even-even cores. Also, pairing parameters g0 = 22.0 MeV and
g1 = 8.0 MeV, standard for the Z ≤ 60 nuclei [15] were used.
The core moment-of-inertia parameters were calculated from the 2+
1 level energies in the neighboring even-even nuclei [7]. The particle-rotor level energies
were calculated with the ASYRMO code [14]. A Coriolis attenuation parameter
χ =0.8 was used. The parameters were varied around the initial values in order
to obtain a better fit to the experimental level energies. The final values are listed
in Table 1. Calculated level schemes are compared to the experimental data in
Figure 4.

Table 1. Model parameters in the RTRPM calculations.
nucleus
99

Ru
101
Ru
103
Ru

2

4

γ

E2+

+0.149
+0.187
+0.230

-0.04
-0.04
-0.04

28.0
26.0
26.0

0.60
0.60
0.39
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0
214

0
127
127
306

0
89
89
340

Eiexp
(keV)

5/2+
3/2+
5/2+
5/2+
3/2+

5/2+
3/2+
5/2+
5/2+
3/2+

Jfπ

0
0
3
136

0
127
0
0
127

0
89
0
0
89

Efexp
(keV)

0
214
211
78

0
0
127
306
179

0
0
89
340
251

Eγexp
(keV)

B(M 1)exp
(W.u.)

0.000175 (4)
0.011 (5)

0.0138 (3)
0.014 (4)

0.048 (20)
0.017 (8)

B(M 1)th
(W.u.)

0.024
0.0008

0.001
0.002

0.007
0.002

B(E2)exp
(W.u.)

50.2 (10)
0.036 (23)
3.0 (12)

17.2 (21)
1.4 (14)
13 (4)

46 (19)

B(E2)th
(W.u.)

22.4
0.12
2.4

48.9
0.02
0.16

13

+0.200 (7)

-0.719 (6)
-0.210 (5)

-0.641 (5)
-0.284 (6)

µexp
µN

+0.414

-0.801
-0.272

-0.954
+0.001

µth
µN

(+)0.62 (2)

+0.46 (2)

+0.079 (4)
+0.231 (12)

Qexp
(b)

+0.491

+0.109

-0.008
+0.123

Qth
(eb)

Table 2. Experimental and calculated reduced transition probabilities and dipole and quadrupole moments in 99,101,103 Ru. Model parameters are
the same as in Table 1.
Jiπ
99
44 Ru

5/2+
3/2+
3/2+
7/2+
101
44 Ru

5/2+
3/2+
3/2+
7/2+
103
44 Ru

3/2+
7/2+

3/2+
3/2+
5/2+
5/2+
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The transition probabilities in 99,101,103 Ru were calculated with the PROBAMO
[14] code, which uses the particle-core wave functions calculated with
ASYRMO. The results are listed in Table 2.
Generally, the theoretical level energies are in good agreement with the experimental data. The ground state spin/parity assignments are correctly reproduced
as well as the sequence of states placed on top of them. A relatively good description of the experimental magnetic moments is achieved for several states.
For example, the sign and the magnitude of the magnetic moments for the 5/2+
ground state in 99 Ru are well reproduced as well as for the ground state in 101 Ru.
The experimental B(M 1; 3/2+ → 5/2+ ) value in 99 Ru is hindered with respect
to the Weisskopf estimates by four orders of magnitude, while the respective
transitions in 101,103 Ru are hindered only by two orders of magnitude. The
spectroscopic factor, measured for the 3/2+ state from (d, p) reaction, is rather
small. This observation, together with experimental µexp = -0.284 (6), leads to
the suggestion that a νd35/2 configuration is involved in the structure of the 3/2+
state in 99,101 Ru. In 103 Ru, the spectroscopic information for the 3/2+ ground
state cannot be easily obtained, given the vicinity of the 3-keV excited state.
Such an effect can not be reproduced by the RTRPM calculations that use model
space containing only one valence particle.
+
101
The B(M 1; 3/2+
Ru is less hindered than the respective tran1 → 5/21 ) in
99
sition in Ru. Given that a large spectroscopic factor is measured for this state
from (d, p) reaction and µexp = -0.210 (5), we interpret this state as νd3/2 .
Again, the RTRPM model does not correctly reproduce the strength of the transition.
+
Ru, the B(M 1; 5/2+
1 → 3/21 ) is similar to the respective transition in
Ru, suggesting that a νd5/2 → νd5/2 transition takes place. This is supported
by the high spectroscopic factors observed for the two states as well as by the
magnitude of the experimental magnetic moments.

In

103

101

Finally, the B(E2; 7/2+ → 3/2+ ) in 99 Ru is rather close to the single-particle
estimates, which is correctly reproduced by the model. The strength of the respective transition in 101,103 Ru increases with the neutron number and in 103 Ru
it reaches the value of the B(E2; 2+ → 0+ ) = 57.9 (11) W.u. in the neighboring
even-even 104 Ru. A similar effect was observed in the odd-Cd isotopes [10].
4

Conclusion

The low-lying excited states in 99,101,103 Ru were studied from in-beam data.
The half-lives were measured by using the fast-timing methods applied with a
hybrid γ-array. The shortest and the longest half-lives, 20 (8) ps and 20.5 (6) ns
respectively, were measured in the present study by using the same setup.
The new experimental data were analyzed within theoretical calculations per591
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formed with the Rigid-Triaxial-Rotor-plus-Particle model. A good overall description was achieved for the level energies. The RTRPM calculations for the
magnetic moments of the 5/2+ and 3/2+ states are in agreement with the experimental data. The theoretical description of reduced transition probabilities,
however, reveal a bizarre behavior for the 3/2+ states. In particular, this is well
99
pronounced for the 3/2+
Ru. This hints at a more complex structure of
1 in
these states, which possibly involve wave function admixtures outside of the
RTRP model.
In the present work, also experimental magnetic moments and spectroscopic
factors data obtained prior the present study are used to interpret the structure
of the low-lying states in the odd-A Ru isotopes, which shows the richness of
nuclear structure effects even in this low-energy regime.
5
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