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8 Grand Accélérateur National d’Ions Lourds (GANIL), CEA/DSM - CNRS/IN2P3, Bd Henri Becquerel, BP 55027, F-14076
Caen Cedex 5, France

9 UGC-DAE Consortium for Scientific Research, Kolkata Centre, Kolkata 700098, India
10 Instituto de F́ısica Corpuscular, CSIC-Universidad de Valencia, E-46980 Valencia, Spain
11 Dipartimento di Fisica e Astronomia, Università di Padova, Padova, Italy
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Abstract. Lifetimes of high-spin states have been measured in the semi-magic (N=50) nucleus 94Ru.
Excited states in 94Ru were populated in the 58Ni(40Ca, 4p)94Ru∗ fusion-evaporation reaction at the Grand
Accélérateur National d’Ions Lourds (GANIL) accelerator complex. DSAM lifetime analysis was performed
on the Doppler broadened line shapes in energy spectra obtained from γ-rays emitted while the residual
nuclei were slowing down in a thick 6 mg/cm2 metallic 58Ni target. In total eight excited-state lifetimes
in the angular momentum range I = (13 − 20)h̄ have been measured, five of which were determined for
the first time. The corresponding B(M1) and B(E2) reduced transition strengths are discussed within
the framework of large-scale shell model calculations to study the contribution of different particle-hole
configurations, in particular for analyzing contributions from core-excited configurations.

PACS. PACS-key discribing text of that key – PACS-key discribing text of that key

1 Introduction

The level structure of 94Ru and other semi-magic nuclei
with neutron or proton numbers equal to 50 are of special
importance for testing state-of-the-art theory, in partic-
ular within the configuration interaction (“shell model”)
framework. The main structural features of low-lying states
in nuclei just below the N = Z = 50 shell closures can

a e-mail: ertoprak@kth.se

within this framework be well described by the relatively
isolated 0g9/2 and 1p1/2 subshells. Of particular interest
is the competition between the neutron-proton pair cou-
pling scheme that is expected to dominate in the N = Z

nuclei (see Refs. [1,2] and Refs. therein) and the “nor-
mal” seniority structure of the N = 50 isotones. For ex-
ample, the low-lying yrast states of 96Pd and 94Ru show
similar yrast structures, reflecting an approximate con-
servation of seniority symmetry up to seniority ν = 4.
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More “realistic” descriptions of the structures of these
nuclei may be obtained through large-scale shell-model
(LSSM) calculations by including the neighboring 1p3/2
and 0f5/2 orbitals [3], as well as core-excited configura-
tions involving the excitation of nucleons across the N =
Z = 50 shell gap [4]. Lifetime measurements provide pow-
erful tools to test such model descriptions, going signifi-
cantly beyond the constraints made by energy level mea-
surements. In particular, the reduced magnetic dipole and
electric quadrupole transition probabilities, B(M1) and
B(E2), respectively, directly probe the nuclear wave func-
tions. In this work, such measurements are employed in
order to probe the structure of intermediate to high-spin
states in 94Ru where core-excited states, based on neutron
excitations across N = 50 shell closure, are expected to
play a key role.

2 Experimental Set-up

High-spin states in 94Ru have been populated via the
58Ni(40Ca, 4p)94Ru∗ fusion-evaporation reaction at the
Grand Accélérateur National d’Ions Lourds (GANIL), Caen,
France. The 40Ca ions were accelerated to an energy of
150 MeV, degraded to 128 MeV in a thin Ta foil, and
used to bombard target foils consisting of 99.9% isotopi-
cally enriched 58Ni with areal density of 6 mg/cm2, which
is sufficient to stop the fusion products of interest. The
beam intensity varied between 5 - 10 pnA with and aver-
age of 7 pnA during 14 days of irradiation time. Prompt
γ-rays emitted in the reactions were detected by the EX-
OGAM spectrometer array [5], consisting of 11 Compton-
suppressed segmented HPGe clover detectors placed in
two rings, at angles 90◦ and 135◦ relative to the direction
of the beam. EXOGAM was used in a close-packed con-
figuration with the front part of each BGO Compton sup-
pression shield removed from the clover detectors. Emis-
sion of light charged particles and neutrons was detected
in prompt coincidence with the γ-rays by the nearly 4π
solid angle charged particle detector array DIAMANT [6,
7], consisting of 80 CsI(Tl) scintillators and the Neutron
Wall [8], an array of 50 organic liquid-scintillator detec-
tors covering a 1π solid angle in the forward direction. The
Neutron Wall detection efficiency is typically 25% while
the proton- and α-particle efficiencies are around 55%
and 48%, respectively. The hardware trigger condition for
recording events for subsequent off-line analysis was one
escape-suppressed γ-ray registered in any of the Ge clover
detectors and one neutron-like event detected in the Neu-
tron Wall. The condition for the neutron-like events was
determined by a hardware threshold on the zero-crossing
time of the signals from the Neutron Wall shaping ampli-
fiers and was sufficiently relaxed to allow also a sizeable
fraction of γ-ray induced signals. As a result, the major-
ity of the events collected were due to the most prolific
pure charged particle evaporation reactions, such as the
58Ni(40Ca, 4p)94Ru∗ reaction studied in the present work.
In addition, no charged-particle selection was needed for
the γ-ray energy spectra used in the DSAM analysis of ex-
cited states in 94Ru. The final discrimination between neu-

trons and γ-rays in Neutron Wall was performed off-line
by setting two-dimensional gates on the neutron time-of-
flight versus the zero-cross-over time in the shaping ampli-
fiers. For the off-line charged particle selection, individual
two-dimensional gates on the “particle identification” and
“energy” parameters of the DIAMANT detectors enabled
the identification of γ-rays as belonging to specific charged
particle evaporation channels. A 50 ns wide time gate was
applied to the time-aligned Ge detector timing signals in
order to select prompt γ-ray emission. The energy cali-
bration of the germanium detectors was performed using
standard radioactive sources (60Co and 152Eu). Lifetimes
of excited states in 94Ru were deduced from an analysis
of the Doppler broadened line shapes resulting from the
emission of the γ-rays while the residual nuclei were slow-
ing down in the thick (6 mg/cm2) metallic 58Ni target.

3 Data Analysis and Results

The off-line analysis of selected γ-ray coincidence matrices
and spectra was performed using the RADWARE software
package [9]. The observation of Doppler-broadened line
shapes enabled the determination of level lifetimes using
the Doppler Shift Attenuation Method (DSAM) [10]. In
standard DSAM measurements a thin target coupled with
a thick backing material normally ensures that the produc-
tion cross section for the fusion-evaporation residues can
be assumed to be constant across the target. Here, the
use of a thick homogeneous production target resulted in
a substantial decrease in the energy of the incident pro-
jectiles as they traversed the target with an associated
change in the production cross section of the residues as a
function of penetration depth. However, since the kinetic
energy of the 40Ca ions incident on the target, 128 MeV,
is close to the Coulomb barrier, the majority of the fusion
reactions were induced by the beam particles in only the
first thin (∼ 1 mg/cm2) layer of the target. The cross sec-
tion for production of the 94Ru residues varied strongly in
this layer and the remaining part of the target thickness
acted merely as a stopping medium, i.e. corresponding to
the “backing” used in conventional DSAM measurements.
The residue production rate as a function of target depth
and the associated effective target thickness follows from
the information on the reaction cross-section dependence
on the beam energy and the evolution of the latter along
the target thickness. The cross section for the production
of the fusion residues as a function of beam energy can
be obtained from experimental data and/or from statis-
tical model calculations using, e.g., the PACE4 code [11]
with varying accuracy. Here, due to the strong variation
of the fusion cross section as a function of beam particle
kinetic energy close to the Coulomb barrier, the DSAM
analysis is particularly challenging and we rely on the de-
tailed experimental cross section data obtained by Bour-
gin et al. [12]. The stopping powers used in the analysis
were calculated using the SRIM software package [13,14].
Doppler broadening lineshapes in the energy spectra due
to γ-rays emitted from short lived states while the fusion
products were slowing down in the target were observed.
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As an example, Doppler broadening in the lineshapes of
the 630 keV (17+1 → 16+1 ) and 543 keV (14+1 → 13+1 ) tran-
sitions in 94Ru are clearly visible in the spectra gated on
the moving components of the direct feeding transitions,
see Fig. 1.

The program LINESHAPE [15] in a modified version,
see Ref. [16], was used to calculate the expected Doppler
shape for a given γ-ray transition at a particular detector
angle and perform a least-square fit to the corresponding
experimental spectrum in order to extract the level life-
time (τ). Intrinsic lineshape effects due to, e.g., neutron-
induced defects in the germanium crystals were taken into
account in the fitting function. The intrinsic asymmetry of
the peak shapes was determined from a systematic study
of transitions for which the residual nuclei were completely
stopped and fitted to a superposition of Gaussian func-
tions given by

f(e) = N ·
1

σ
√
2π

(e−(e−c)2/2σ2

+a ·e−(e−c−k·2
√
2ln2σ)2/2σ2

)

(1)
where N is a normalization factor proportional to the total
peak area (i.e. intensity), c is the centroid of the symmet-
ric Gaussian component, k = 1.29 and a = 0.07 are con-
stants obtained from the fits, and σ is an energy depen-
dent width determined by fitting the full-width-at-half-
maximum, FWHM = 2

√
2ln2σ to several known stopped

Fig. 1. Experimental γ-ray energy spectra for the 630 keV
(17+1 → 16+1 ) and 543 keV (14+1 → 13+1 ) transitions gener-
ated by gates on the direct feeding transitions in the level
scheme. The top panels (a,c) show spectra produced by gating
on the Doppler-shifted components (left side) of the asymmet-
ric peaks, exhibiting clearly Doppler-broadened lineshapes. For
the spectra in the lower panels (b,d), which were produced by
gating on the stopped components of the peaks, no Doppler
broadening is visible. See text for details.

Table 1. Relative γ-ray intensities for 94Ru measured in the
present work.

Positive Parity Negative Parity

Iπi → Iπf Eγ (keV) Iγ Iπi → Iπf Eγ (keV) Iγ

14+1 → 13+1 543.4 45.3(9) 18−1 → 16−1 932 4.8(3)

15+1 → 14+1 615.6 28.2(7) 20−1 → 18−1 1113.5 6.1(2)

16+1 → 15+1 638.5 17.7(4) 17−2 → 15−2 1288 0.0030(7)

17+1 → 16+1 630.1 21.7(5) 15−2 → 14+1 1344 4.5(2)

18+1 → 17+1 486.0 13.6(4) 15−2 → 14+2 462 1.1(3)

19+1 → 18+1 394.5 9.9(3) 15−3 → 15+1 964 0.98(8)

15+1 → 13+1 1159 4.0(1) 16−2 → 15+2 1225 0.8(1)

16+1 → 14+1 1254 1.4(1) 18−1 → 18+1 402 < 0.001

15+2 → 13+1 1296 3.4(1) 16−3 → 15−4 610.6 0.028(4)

17+1 → 15+1 1269 1.5(1) 17−1 → 16−1 257.3 11.7(6)

18+1 → 16+1 1115 0.02 17−2 → 16−1 792.4 4.1(2)

19+1 → 17+1 880 2.3(1) 17−2 → 16−3 325 0.012(1)

15+2 → 14+1 753 9.2(3) 19−1 → 17−1 1190.4 0.029(2)

16+1 → 14+1 501 6.4(2) 20−1 → 19−1 597.5 1.39(9)

10+1 → 8+1 1347 100 16−2 → 15−3 398.1 1.6(1)

16−1 → 15−2 496 21.9(8)

16−2 → 15−4 281.6 1.1(1)

17−2 → 16−2 654 0.80(7)

18−1 → 17−1 674 1.7(1)

18−2 → 18−1 616.4 0.085(8)

19−1 → 18−1 515.6 3.2(3)

peaks using the function FWHM(e) =
√
A+B · e+ C · e2

in the standard RADWARE fashion [9]. This is illustrated
in Fig. 2.

Due to the intrinsic lineshape effects discussed above,
it was not possible to avoid that some fraction of the
fully stopped component was included in such gates, since
the Doppler-shifted component of the peaks overlay with
the left-side tail of the intrinsic lineshape due to charge
trapping in the Ge crystals. Therefore, lifetimes in 94Ru
were analyzed using the Narrow Gate on Transition Below
(NGTB) method [10].

Fig. 2. (Color online) Experimental γ-ray energy spectrum
for the completely stopped 1431 keV (2+1 → 0+1 ) transition
in 94Ru observed at 90◦ with respect to the beam direction.
The decomposition of the intrinsic lineshape into two Gaussian
peaks and their sum (magenta, green, and blue, respectively)
used for the lineshape analysis in this work is also shown. The
spectrum was produced by requiring prompt coincidences with
the 439 keV transition decaying from the 5−1 state at 2624 keV
excitation energy. See text for details.
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The procedure in which a gate on a lower transition
with respect to the transition of interest is made, devel-
oped by Brandolini and Ribas for the analysis of DSAM
measurements [10]. Therefore, the side feeding coming from
higher-lying excited states has been taken into account for
the lifetime determination. For this purpose, branching ra-
tios for the γ-decays into and out of the states of interest
were studied in detail in the present work, see Table 1 and
Fig. 3. In the present case the analysis is facilitated by
the fact that several lifetimes in 94Ru for the relevant spin
range have been determined previously using the recoil
distance Doppler shift technique [18] as discussed further
below.

Fig. 3. (Color online) Partial level scheme of 94Ru. Spins and
parities are taken from the work of Ghazi-Moradi et al. Ref.
[20]. The lifetimes of the levels which are highlighted in blue
have been measured in the present work.

The method used in this work has previously been val-
idated using the lifetime of the Iπ = 18+ state in the
94Ru nucleus [17] by comparing with the value obtained
in a previous measurement [18] using a different (RDDS)
technique.

Due to the low energy employed for the reaction, many
of the states of interest receive significant amounts of di-
rect feeding. For example, for the highest-lying states con-
sidered here; the 19+ excited state at 9921 keV and the
20− excited state at 11041 keV, the feeding transitions

that have previously been observed from states that are
situated at 1.9 - 3.8 MeV higher excitation energy [19],
were not observed in the present experiment, presum-
ably due to the significantly lower excitation energy in
the present reaction. It is therefore reasonable to assume
that the 19+ and 20− states receive direct, very fast feed-
ing. This conclusion is supported by the fact that the
previously known lifetimes of states measured by Jung-
claus et al. [18], which lie below the 19+ and 20− states,
are well reproduced in the present analysis with this as-
sumption. For the yrast positive-parity states in the spin
range I = (13− 18)h̄ analyzed in this work, the Bateman
equations, where the side feeding is included, have been
applied. In addition, an iterative process has been per-
formed in such a way that once the lifetime of a certain
state has been determined it has been used as an input
value for the next lower level in the γ-ray cascade, and
so on. Intermediate verifications could be obtained due to
the known values for the lifetimes of the 18+ and 14+ ex-
cited states, measured by Jungclaus et al. [18]. As can be
seen in Table 2, also the limits established for the 15+,
16+, and 17+ excited states in Ref. [18] are in agreement
with the values obtained in the present measurement.

The γ-ray spectra, detected at 90◦ and 135◦ with re-
spect to the beam direction, have been fitted simultane-
ously for the determination of each lifetime.

Fig. 4. (Color online) Experimental γ-ray energy spectra and
fits to the Doppler shifted shapes for the 1898 keV (13+1 → 12+1 )
transition. The spectra were produced by setting a narrow gate
on the stopped component of the 726 keV transition decaying
from the 12+1 state at 4717 keV excitation energy. The fitted to-
tal lineshape of the 1898 keV γ-ray transition is shown in blue.
Shown is also the decomposition of the intrinsic lineshape into
two gaussian peaks (magenta and green, respectively). See text
for details. The resulting lifetime obtained in the present work
τ
13

+

1

= 1.36(17) ps is in agreement with the value previously

obtained by Jungclaus et al. τlit = 1.26(17) ps [18].

As an example, for the determination of the lifetime
of the 18+ excited state, the lifetime value determined for
the 19+ excited state (3.08(69) ps) as well as the lifetime
value of the 18− excited state (5.04(34) ps) have been con-
sidered, giving a value of 0.55(7) ps in agreement with the
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Fig. 5. (Color online) Lineshape fits for the 543.4 keV
(14+1 → 13+1 ) transition. The spectra are shown for events de-
tected at 90◦ and 135◦ with respect to the beam direction (left
and right panel, respectively) and obtained by gating on the
726 keV (12+1 → 10+1 ) transition. The lifetime value of the 14+1
state obtained in the present work, 0.43(6) ps, is in agreement
with the previously obtained value (0.48(6) ps) reported by
Jungclaus et al. [18].

Fig. 6. (Color online) Fits to the observed lineshapes of the
486 keV (18+1 → 17+1 ) γ-ray transition. The spectra are shown
for events detected at 90◦ and 135◦ with respect to the beam
direction (left and right panel, respectively) and obtained by
gating on the 630 keV (17+1 → 16+1 ) transition. The resulting
lifetime obtained in the present work (τ

18
+

1

= 0.55(7) ps) is in

agreement with the previously reported value (τlit = 0.52(3)
ps) by Jungclaus et al. [18].

value 0.52(3) ps given in Ref [18]. This value has been used
as input, together with the lifetime value determined for
the 19+ excited state, for the determination of the lifetime
of the 17+ excited state, giving a value of 0.86(13) ps. The
results of the lifetime analysis are summarized in Table
2. The statistical uncertainties are quoted, and typically
around 10%. Additional, “systematic” uncertainties can
be expected primarily from the empirical stopping power
values employed. By changing between different stopping

Fig. 7. (Color online) Fits to the observed lineshapes of
the 394.5 keV (19+1 → 18+1 ) γ-ray transition. The spectra are
shown for events detected at 90◦ and 135◦ with respect to the
beam direction (left and right panel, respectively) and obtained
by gating on the 630 keV (17+1 → 16+1 ) transition. The lifetime
value of the 19+1 state obtained in the present work (3.08(69)
ps) is within the previuosly reported upper limit (< 4.9 ps)
[18].

Fig. 8. (Color online) Fits to the observed lineshapes of the
1113.5 keV (20−1 → 18−1 ) γ-ray transition. The spectra are
shown for events detected at 90◦ and 135◦ with respect to the
beam direction (left and right panel, respectively) and obtained
by gating on the 496 keV (16−1 → 15−1 ) transition. The lifetime
value of the 20−1 state obtained in the present work (2.20(31)
ps) is within the upper limit (< 2.6 ps) reported by Jungclaus
et al.[18].

power tables (Ziegler at al. [13,14] and Northcliffe and
Schilling [21], respectively) in the analysis, keeping other
fitting conditions the same, such potential systematic un-
certainties were investigated. The resulting variation in
the final lifetime results were within 10%, and a mean vari-
ation considerably less was found. Furthermore, we found
no systematic trend in these variations with respect to the
stopping power model used, suggesting that these varia-
tions might mainly be of a different, perhaps numerical,
nature. Hence, we believe that systematic uncertainties
due to the employed stopping power model can conserva-
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tively be set at 10%. Lifetime values and limits determined
in Ref. [18] are also included in Table 2 for comparison.
The lifetimes for the 13+ state at 6614 keV, the 14+ state
at 7157 keV, and the 18+ state at 9526 keV as well as
upper limits on the lifetimes of the 15+ state at 7773 keV,
the 16+ state at 8411 keV, the 17+ state at 9041 keV, the
19+ state at 9921 keV and the 20− state at 11041 keV
were previously reported [18]. The lifetimes of the latter
five states have been determined for the first time in the
present work.

4 Discussion

The structure of 94Ru has been interpreted as two main
even- and odd-parity groups of states built primarily on
proton single-particle structures from the g9/2 and p1/2
subshells [18,19,22]. The spin-parity assignments for some
of the strongest populated states that we have deduced
from linear polarization and angular correlation measure-
ments [20], confirm unambiguously this picture. The yrast
and near-yrast states with spin I ≤ 12 (including the 12+1
state) in the positive-parity structure and spin I ≤ 13 (in-
cluding the 13−1 state) in the negative-parity structure are
hence dominated by the π(g−6

9/2) and π(p−1
1/2g

−5
9/2) config-

urations, respectively. The agreement between calculated
and experimental level energies for these states is typi-
cally quite good, while for states above 6 MeV excitation
energy it is less perfect.

Several calculations using different shell model con-
figuration spaces have been performed [4,18,19,23,24] in
order to interpret the structure of high-lying states above
I ≥ 13h̄ of 94Ru, where core-excited configurations are
expected to become important. However, this introduces
formidable calculational challenges due to the large dimen-
sion of the model space and different truncation schemes
are imposed by the limitations of current computational
capabilities. The calculations presented in Ref. [23] were
done in the model space 1p1/20g9/2, including also an ex-
citation of one neutron or proton to the 1d5/2 shell, and

it was found that the neutron core excitations ν(d5/2g
−1
9/2)

play an important role. This is supported by the more re-
cent calculations presented in Refs. [18] and [4]. In Ref. [20],
we reported results of large-scale shell-model calculations
in different model spaces in order to address the struc-
ture of this semi-magic nucleus. In particular using the
π(1p1/2, p3/2, f5/2, g9/2) (denoted as fpg) model space rel-

ative to the 100
50 Sn50 core and in a further expanded model

space including one-proton or one-neutron (core) excita-
tions to the orbitals g7/2 and d5/2 (denoted as fpgd). We
assumed isospin symmetry in the Hamiltonian and treated
proton and neutron excitations on the same footing. We
did not consider the continuum effect in proton orbitals
above the Z = 50 shell closure which are not expected to
be important here. A number of moderate- and high-spin
states were suggested to be associated with a one-neutron
core excitation from the g9/2 to the d5/2 subshell, which
is consistent with earlier studies in, e.g., Ref. [19].

The M1 transition offers a special opportunity to test
the many-body wave function and cross orbital excita-
tions. In particular in relation to the fact that the mag-
netic dipole operator only links single-particle orbitals with
the same orbital angular momentum [25], i.e. spin-orbit
partners or states within the same single-j subshell. As a
result, in the particular case of 94Ru, the M1 transition
properties can be expected to be dominated by coupling
within the g9/2 subshell and the possible excitation of nu-
cleons from g9/2 to its g7/2 spin-orbit partner across the
N = 50 shell gap, taking into account the significantly
larger g-factor for states involving these orbitals compared
with those of p1/2 or p3/2.

In the present work, we have performed shell model
calculations for the M1 transitions in 94Ru in the fpgd
model space with the same Hamiltonian as described in
Ref. [20]. We have calculated the lowest three eigenstates
for each spin and parity and evaluated the reduced transi-
tion strengths for all possible M1 (and E2) transitions. For
the calculations of B(M1) reduced transition strengths, we
used both the bare and the effective spin gyromagnetic fac-
tors with gs = 0.7 · gs(free) while effective electric charges
eπ = 1.5e and eν = 0.8e were used for protons and neu-
trons, respectively, to calculate the E2 transition probabil-
ities. This set of effective charges reproduces rather well
the E2 transition properties of neighboring nuclei, both
“below” and “above” the 100Sn core. Fig. 9 shows the re-
sulting calculated B(M1) and B(E2) values together with
those reported by Jungclaus et al. [18] as “SM2”, which
were deduced from the work of Johnstone and Skouras [4],
in comparison with the experimental values deduced in the
present work.

While the yrast 12+ state is dominated by the coupling
within the g9/2 subshell in our shell model calculations, the

first 13+ state is predicted to be the lowest-lying neutron
core-excited state. The observed M1 transition between
these two states is strongly hindered. The calculation re-
produces reasonably well the observed hindrance, hence
also confirming that the lowest core-excited configuration
is based on the νg9/2 orbital. The transition between the

yrast 14+ and 13+ states and most other yrast M1 tran-
sitions are also relatively well reproduced by the calcula-
tions. The two magnetic transitions for which we find the
most significant difference between theory and the exper-
imental findings are those corresponding to 19+1 → 18+1
and 15+1 → 14+1 . We also notice that the shell model cal-
culation overestimates the excitation energy of the 19+1
state by nearly 600 keV. The discrepancies between ex-
periment and theory concerning the energy of and tran-
sitions from this state might be due to the possible ad-
mixture from states involving two-neutron excitations at
such high energy and possibly also proton excitations. On
the other hand, it should also be mentioned that the pre-
dicted transition strength between the 19+1 and 18+2 states
is quite large with B(M1) = 2.5µN . We found that even
a small mixture between the lowest two calculated 18+

states will lead to enhanced M1 transition strength and
better agreement with experiment. One may have a sim-
ilar problem with the predictions for the 14+ states. No
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Table 2. Lifetimes of excited states in 94Ru from the present work in comparison with previously reported values and limits.
The excitation energy, spin-parity assignments and γ-ray energies are given in the first, second, and third column, respectively.
Lifetimes, τ , determined using DSAM in the present work are given in column 4 while the lifetime results from Ref. [18] are
given in column 5. Uncertainties (statistical) are given within parenthesis. Relative systematic uncertainties due to the modeling
of stopping powers are estimated to be approximately 10% or less.

Positive Parity

Ex (keV) Iπi → Iπf Eγ (keV) τ(ps) τlit(ps)

6614 13+1 → 12+1 1898.2 1.36(17) 1.26(17)

7157 14+1 → 13+1 543.4 0.43(6) 0.48(6)

7773 15+1 → 14+1 615.6 0.32(4) < 0.4

8411 16+1 → 15+1 638.5 0.65(10) < 1.0

9041 17+1 → 16+1 630.1 0.86(13) < 2.0

9526 18+1 → 17+1 486.0 0.55(7) 0.52(3)

9921 19+1 → 18+1 394.5 3.08(69) < 4.9
Negative Parity

Ex (keV) Iπi → Iπf Eγ (keV) τ(ps) τlit(ps)

11041 20−1 → 18−1 1113.5 2.20(31) < 2.6

Table 3. The experimental transition probabilities B(M1) and B(E2) values which were deduced from the present measurements
are given in columns 6 and 7, respectively. Uncertainties (statistical) are given within parenthesis.

Positive Parity

Ex (keV) Iπi Eγ (keV) Iπf σL B(M1↓) (µN
2) B(E2↓) (e2fm4)

6614 13+1 1898.2 12+1 M1 0.0061(7)

7157 14+1 543.4 13+1 M1 0.82(11)

7773 15+1 615.6 14+1 M1 0.64(10)
1159.0 13+1 E2 178(22)

8411 16+1 638.5 15+1 M1 0.23(4)
1254.0 14+1 E2 34(5)

9041 17+1 630.1 16+1 M1 0.24(4)
1269.0 15+1 E2 31(5)

9526 18+1 486.0 17+1 M1 0.89(11)

9921 19+1 394.5 18+1 M1 0.24(5)
880 17+1 E2 99(22)

Negative Parity

Ex (keV) Iπi Eγ (keV) Iπf σL B(M1↓) (µN
2) B(E2↓) (e2fm4)

11041 20−1 597.5 19−1 M1 0.028(4)
1113.5 18−1 E2 166(23)

strong transition between the calculated lowest three 15+

states and the yrast 14+ state is expected, even though
the first two 15+ states lie very close to each other. On
the other hand, a strong M1 transition is expected be-
tween the 15+1 and 14+2 states whereas the transition be-
tween the 14+2 and 13+1 states tends to vanish in the cal-
culation. The agreement between theory and experiment
would be significantly better for both B(M1, 15+1 → 14+1 )
and B(M1, 14+1 → 13+1 ) if one assumes that the observed
14+1 state is actually a mixture between the first two cal-
culated 14+ states.

In Ref. [18] shell-model calculations were reported with
different effective interactions in two limited model spaces:
one in the p1/2g9/2,7/2d5/2,3/2s1/2 space by allowing single-
particle excitations across the N = Z = 50 shell closure
(see values labeled as “SM2” in Fig. 9) and the other
one in an extended model space consisting of protons in

f5/2p3/2,1/2g9/2 and neutrons in g9/2d5/2 and referred to
as “SM3” in Ref. [18]. Both calculations agree with the
shell-model calculation performed in the present work con-
cerning the dominance of νg9/2 → d5/2 cross-shell ex-
citation in the structure of the high-lying states above
13+. However, the SM2 and SM3 calculations presented in
Ref. [18] give quite different results for the M1 transitions
19+1 → 18+1 and 15+1 → 14+1 . The SM2 calculation per-
formed in the more limited space reproduces rather well
these transitions while the calculated B(M1) values are
significantly reduced when the calculations are extended
to include the f5/2 and p3/2 orbitals (SM3). In addition,
the calculated spectrum shows worse agreement with ex-
periment (c.f., Fig. 8 in Ref. [18]) in the latter case. These
findings indicate that the contributions from the p3/2 or-
bital to the M1 transitions may not have been properly
described in the extended calculation, However, it is note-
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Fig. 9. (Color online) Comparison between B(M1) and B(E2)
transition strengths and predictions by large-scale shell model
calculations (this work and those reported by Jungclaus et

al. [18] (“SM2”) which were deduced from the work of John-
stone and Skouras [4]) for 94Ru.

worthy that the SM2 and SM3 calculations presented in
Ref. [18] were performed using different interactions. In
order to clarify the contributions from different config-
urations to this effect, we have redone our calculations
in the same model space by excluding the excitations of
protons and neutrons out of the f5/2 and p3/2 orbitals.
No significant changes in the calculated B(M1) values are
seen. On the other hand, as mentioned above, one ex-
pects two 18+ (and 19+) states close to each other that
are dominated by the configuration ν(d5/2g

−1
9/2)⊗ π(g−6

9/2)

and ν(d5/2g
−1
9/2)⊗ π(p−2

1/2g
−4
9/2), respectively. Moreover, the

transition between the calculated 19+1 and 18+2 state is
very strong wheras the 19+1 → 18+1 transition is nearly
cancelled. If the gap between the p1/2 and g9/2 orbitals is
slightly reduced, around 600 keV, there will be a strong
mixture between the configurations ν(d5/2g

−1
9/2)⊗ π(g−6

9/2)

and ν(d5/2g
−1
9/2)⊗ π(p−2

1/2g
−4
9/2) with nearly equal contribu-

tions, leading to a B(M1) value that would agree quite
well with the experimental findings. The calculated 19+

states are not significantly influenced by this modifica-
tion. We thus suggest that the 19+ → 18+ M1 transition
is sensitive to the particle/hole nature of the proton g9/2
configuration.

In the lower panel of Fig. 9 the B(E2) values deduced in
this work are compared with both our shell-model calcula-
tions and those by Johnstone and Skouras [4], see Ref. [18].
Both calculations significantly overestimate the strengths
for the transitions 16+1 → 14+1 and 17+1 → 15+1 . All those
states are calculated to be dominated by the νg9/2 → d5/2
cross-shell excitation. Again, this result seems to indicate
that the observed 14+1 state corresponds to a mixture of
the first two calculated 14+ states. Similar admixtures
may also be present for the observed 15+1 state.

Although we do not observe excited states with I > 20h̄
in the present experiment due to the low excitation en-
ergy, it is clear that the yrast 20− state has a special
character, as can be seen from the level scheme of 94Ru
deduced in Ref. [19]. This state, which is predicted to
be dominated by the maximally spin-aligned state of the
π(p−1

1/2g
−5
9/2) ⊗ ν(d5/2g

−1
9/2) configuration (with more than

90% of the wave function) [19], lies more than 1 MeV
lower in energy (2 MeV in the shell-model calculation)
than the next I = 20h̄ state and receives virtually all of
the intensity flowing from the higher-lying states via mul-
tiple transitions of energies of around 2-4 MeV. Hence, the
higher-lying negative-parity states are most likely built
from configurations involving proton excitation from p3/2
(and f5/2) to p1/2 or even a second neutron excitation
across the N = 50 shell gap. The favored nature of this
state and neighboring high-spin states is enhanced by the
strong isoscalar πg−1

9/2⊗νg−1
9/2 interaction in its spin-aligned

coupling (see Refs. [1,2] and Refs. therein). The lifetime
deduced for the yrast 20− state in this work confirms its
character, as well as that of the 19− and 18− states as
belonging to the same π(p−1

1/2g
−5
9/2) ⊗ ν(d5/2g

−1
9/2) multi-

plet. It is noteworthy that Jungclaus et al. used signifi-
cantly larger effective charges; eπ = 1.77e and eν = 1.44e,
and achieve a better agreement with the data for the
20−1 → 18−1 transition. Again, one may notice that there is
a large difference between calculations in the two different
model spaces. Hence, it seems that some of its observed
strength is not accounted for by the calculations.

5 Summary

Lifetimes of high-spin states in the semi-magic 94
44Ru50 nu-

cleus have been measured using the DSAM technique, car-
ried out with a thick metallic 58Ni target. Lifetimes for the
15+, 16+, 17+, 19+ and 20− states have been determined
for the first time. The B(M1) and B(E2) strengths deduced
from these measurements have been compared with large-
scale shell-model calculations, confirming the importance
of neutron cross-shell excitations in the high-spin struc-
ture of 94Ru. The results highlight significant differences
between calculations using different model spaces and in-
teractions and indicate that further theory development
is needed in order to properly describe the structure of
nuclei in the vicinity of 100Sn.
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