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The reduced transition probabilities for the 47 — 2 and 2] — 0] transitions in ®*Mo and **Ru and for

the 47 — 27 and 6] — 4] transitions in **Zr have been determined in this experiment making use of a
multinucleon transfer reaction. These results have been interpreted on the basis of realistic shell-model
calculations in the fs/5, p3/2, pi/2, and g/ proton valence space. Only the combination of extensive
lifetime information and large scale shell-model calculations allowed the extent of the seniority
conservation in the N =50 gy, orbital to be understood. The conclusion is that seniority is largely

conserved in the first zgy/, orbital.

DOI: 10.1103/PhysRevLett.129.112501

Seniority was introduced by G. Racah, in the context of
the pairing interaction to classify states of n electrons in the
atom [1]. It was shown later that seniority symmetry is
applicable to any two-body interaction between identical
fermions [2,3]. This concept was extended within the
generalized seniority scheme for both degenerate and
nondegenerate configurations of several orbitals [4,5].
The eigenstates of the pairing interaction are characterized
by the seniority quantum number v, i.€., the number of alike
nucleons in every single j orbital that are not in J = 0 pairs
[6]. Seniority is conserved if the angular momentum j of
the fermions satisfies j<7/2. It has been suggested that the
seniority conservation is a consequence of a geometric
phase (the Berry phase) associated with the particle-hole
conjugation [7]. For orbitals with larger angular momenta,
J = 9/2, seniority breaking effects may be observed being
the eigenstates’ admixtures of states with different senior-
ities [6]. The first nuclear orbital where this may occur is
99/2 [8]. Nevertheless, in this orbital, seniority could still be
conserved for a subset of solvable eigenstates. This
property can be viewed as a partial dynamic symmetry
[9]. The first go/, orbital is found at the Fermi level in the
N = 50 isotones toward '°°Sn for protons and in the Z =
28 neutron-rich isotopes toward "®Ni for neutrons [10-12].
Nuclei in both chains have valence nucleons, protons or
neutrons, respectively, occupying the same orbitals and are
expected to present similarities in their structure. This
situation is known as valence-mirror symmetry [13].
Seniority conservation is a result of the underlying residual
interaction, which also plays a fundamental role in deter-
mining configuration mixing [6,9,13,14]. Therefore, the
study of the seniority conservation in N = 50 isotones with
valence protons filling the gy, orbital may supply a testing
ground for the residual interaction in the valence-mirror
symmetry partners (Z = 28, N ~50) that, being largely
neutron-rich nuclei, are expected to display sizeable
differences in the residual interaction with respect to the
neutron-deficient partners (Z ~ 50, N = 50). The main
reason for these differences is that the Z = 28 proton shell
gap is relatively weak as compared with the N =50
neutron shell gap, which leads to distinct core-polarization
effects [13].

In the (go/2)* or (go/»)™* configurations (with either
neutrons or protons), two special states with good seniority

v = 4 and total spins J = 4 and 6 exist for any interaction
(as shown from a purely algebraic analysis [6,15]). These
two v = 4 special states are expected to lie just above the
yrast seniority v = 2 J = 4 and 8 states, respectively [9]. In
addition, even for an interaction that does not preserve
seniority, Ap = 2 mixing with the yrast J = 4, 6 states is
strongly inhibited due to the large energy gap. This leads to
a structure that exhibits both v =2 and v = 4 levels and
shows the same spectra and electric quadrupole (E2)
transition properties that are obtained with a seniority-
conserving interaction.

Within a pure (gg/»)* or (go/2)™* configuration, the sequ-
ence of B(E2) values [relative to the B(E2;2{ — 0]) of
the two-particle system], shown in Refs. [9,16], follows a
pattern with hindered E2 transition probabilities between
v = 2 states, while the E2 transition probabilities between
the / =4 and 6 states with v =4 are sizable. The E2
transition probabilities with Av = 2 are also expected to be
large. It is important to remark that the seniority of the
underlying states influences the E2 transition probabilities,
as illustrated in Ref. [16]. Therefore, the seniority con-
servation hypothesis [6] should be experimentally tested
via the measurement of all the E2 reduced transition
probabilities along the yrast cascade to the maximum spin
alignment. Presently, the missing experimental information
on the E2 transition properties of the J* = 2%, 4" yrast
states, along the N =50 isotones, prevents one from
reaching a conclusion on the partial seniority conservation
in the go/, shell. Lifetime measurements for the yrast 4%

states exists only for Pd [17] and **Ru [18], while for the
yrast 27 states there is limited information, being available
only for Mo and °°Zr [19]. Moreover, several works
suggesting seniority conservation and nonseniority con-
servation in this region have been published over the years
[13,16,17,20,21].

In order to study the seniority conservation in the proton
go2 orbital for the semimagic N = 50 isotones, lifetimes of
several states in 2°Zr, Mo, and **Ru have been measured
for the first time at the Grand Accélérateur d’lons Lourds
(GANIL) laboratory, in Caen (France). The nuclei of
interest belong to the neutron-deficient region of the
nuclide chart, which is typically populated via fusion-
evaporation reactions. However, with such a mechanism,
medium- to high-spin states are usually reached, which
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increases the difficulty of the direct lifetime measurement
of the yrast states, especially in the presence of isomers. On
the other hand, multinucleon transfer (MNT) reactions,
broadly used to produce moderately neutron-rich nuclei,
are known to populate lower angular momentum, with
sizeable direct feeding [22,23]. In our Letter MNT reactions
were used to populate the states of interest [24,25]. A 2Mo
beam with an energy of 717 MeV, accelerated by the
GANIL cyclotron complex, impinged on an enriched *>Mo
target of thickness 0.775 mg/cm?. The target was mounted
on the IKP Cologne plunger [26], while a 1.9 mg/cm?
thick Mg foil was used to degrade the energy of the
reaction products to measure the lifetime with the Recoil
Distance Doppler Shift (RDDS) technique [26].

In this experiment, the Advanced GAmma Tracking
Array (AGATA) [27,28] was coupled to the VAriable
MOde Spectrometer (VAMOS + +) [29,30] permitting a
precise selection of the reaction products of interest and the
clean observation of the y rays emitted in coincidence. The
AGATA subarray was composed of 23 HPGe crystals
electrically 36-fold segmented, located 22.8 cm distance
from the target and positioned at backward angles with
respect to the beam direction. The digitally recorded signals
from the AGATA detectors were treated with pulse shape
analysis techniques [31] to extract the position of the y-ray
interaction points in the detector. This information was
used to reconstruct the y-ray path inside AGATA via
tracking algorithms [32]. The AGATA position sensitivity
is important in these experiments, in which the require-
ments of VAMOS + + for the reaction product identifi-
cation limits the difference between the velocity before
and after the degrader. The AGATA data sorting was
performed using the GRID computing resources as detailed
in Ref. [33].

The VAMOS + + spectrometer was positioned at 23°
with respect to the beam axis, i.e., the grazing angle where
the production cross section for the quasielastic channels is
largest. The detector system of VAMOS + + provides the
necessary information (energy, velocity, position, and
scattering angle) for the complete ion identification in
terms of the mass A, element Z, and charge state g, which is
performed via an event-by-event reconstruction of the
trajectory through the spectrometer [30,34,35]. Using
the velocity vector of the ions in combination with the
information provided by the y-ray tracking of AGATA, the
y rays in coincidence were Doppler corrected event by
event. In addition, the use of VAMOS + + allows one to
limit or reduce the contribution of the indirect feeding to the
state of interest by means of a condition in the detected ion,
total kinetic energy loss (TKEL) [22,36,37].

The plunger device was placed in the geometrical center
of the reaction chamber and perpendicular to the optical
axis of the spectrometer. Seven target-to-degrader dista-
nces [19.3(9), 25.2(15), 105.2(14), 505.1(22), 1000(10),
2000(20), and 4000(40) ym] were used in order to cover

the full lifetime range expected for the states in the isotones
of interest (from 1 ps up to hundreds of ps). The RDDS
technique is a well-established method for the determina-
tion of lifetimes in the range of picoseconds to hundreds of
picoseconds [26]. The degrader slowed down the reaction
products yielding two components in the y-ray spectrum
due to the different velocities (before and after the
degrader) of the emitted nuclei. The distributions of
velocities before and after the degrader were centered at
Poet ~ 12% and S ~ 11%, respectively. The lifetimes of
the excited states were determined by two different analysis
methods using the Bateman equations: fitting the decay
curve (DCM) and applying the Differential Decay Curve
Method (DDCM) in singles [26]. In both methods the
ratio (R, =1,/1, + I,,) of the intensities of the shifted I
(before the degrader) and unshifted 7, (after the degrader)
components as a function of the distance was evalu-
ated. The validity of our techniques was tested with the
lifetime measurement, via the two different methods
(DCM and DDCM), of the 25/2~ excited state in *Tc
[toem = 79(5) ps and tppey = 78.4(23) ps), 127 in *Ru
[tpem = 37(8) ps and tppey = 36(4) ps] and the first 4
state in Mo [tpey = 7.1(17) ps  and  Tppey =
7.1(10) ps] using a condition in the TKEL. The results
are in agreement with previously reported values [19].
Concerning the population of long-lived states in *>Mo [67,
E¢ =2612 keV, 14 =1.53(4) ns, and 5, Es- =
2526 keV, 15- = 1.55(4) ns] and *Ru [57, Es- =
2624 keV, 75- = 0.51(5) ns] [19], they contributed to bias
the feeding of both the shifted and unshifted components
due to the geometrical contribution to the line shape [38].
When necessary a subtraction of the contribution of long-
lived feeding to the intensities was performed. The two
procedures have been tested with the lifetime of the 4 state
in 2Mo (see Table I). Examples of the spectra as a function
of the distance, for various distances, and the corresponding
fit to the data for the de-excitation of the 4] state in Mo
(with a TKEL condition) and **Ru (with a subtraction of the
feeding contribution) are shown in the left panels of Figs. 1
and 2, respectively. The experimental curves for the DCM
and DDCM methods are represented together with their
corresponding fits in the right panel of Figs. 1 and 2.
The lifetimes determined in this Letter and the adopted
values are summarized in Table I. The corresponding
reduced transition probabilities B(E2),,, and previously
measured values B(E2),., are also reported. Most of the
B(E2) strengths are in good agreement with the values and
limits available from previous experiments. For the 4] state
in **Ru, the present lifetime measurement does not agree
with the previous limit [17] and the recent value [18]
measured with the ultrafast-timing technique. After the
publication of Ref. [18], stringent tests on the TKEL
condition and feeder subtraction correction have been
performed with the present data. These tests led to limits
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TABLE 1. Measured mean lifetimes 7 of the exited state J”
B(E2;J™ — J™ =2).

and reduced transition probabilities

Nucleus J* Tpem (PS) 7ppeMm (PS) Tadopted (PS) B(E2),,, (¢* fm*) B(E2),, (¢* fm*)
%0, 4fra 4.3(7) 4.2(4) 4.2(4) 304(29)
' 6/ 1878 1873 1873 122+ i
21 0.59(15) 0.59(15) 196(56) 206(12)[19]
Mo 41 35.5(24) 34.6(14)
41+b 36.6(13) 35.7(7) 35.5(6) 84.3(14) < 304 [19]
94R ZTb’C 0.8(4) 0.8(4) 165(80) > 10 [18]
u 41+b 89(16) 87(8) 87(8) 38(3) 103(24) [18]

“Lifetime determined using a TKEL condition.

Lifetime determined using subtraction (see text for details).
“Systematic errors have been taken into account when having contaminated transitions and for the short lifetimes.

between 72 ps and 95 ps for the lifetime of the 4] state in
%Ru, proving the robustness of the present result.

On the other hand, the large uncertainties in B(E2; 21+ -
07) of Mo and **Ru arises from the limitation of the
RDDS technique for the short lifetimes. In Fig. 3, the
experimental excitation energies of the yrast states [19]
(circles in top panels) and the experimental B(E2) strengths
of the yrast transitions from the present Letter and previous
experiments [17,19,39] (circles in bottom panels) are
reported for nuclei with N =50 and Z = 40. In order to
understand the extent of the seniority conservation in the
N =50 gy, orbital, the combination of extensive lifetime
information and shell-model calculations using a realistic
interaction in a large model space is crucial.

4
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FIG. 1. Left: experimental Doppler corrected y-ray spectra for

“Mo for three target-to-degrader distances. The solid lines

Shell-model calculations based on realistic effective
interactions, that go beyond the description in the single
9o/> shell [9], have been performed for the N = 50 isotones
within the f5/5, p3/2, p1/2, and go/, model space above the
56Nj core. The code ANTOINE has been used [42]. The
single proton and neutron energies are taken from the
experimental spectrum of °’Cu and 'Ni, respectively,
except for the gy/, proton orbital that is not yet observed,
and an estimated effective single particle energy of
3.2 MeV is used. It is worth noting that the presence of
neutrons, which completely fill the 28-50 shell, simply
affects the proton effective single particle energies. The
residual two-body interaction is obtained within the many-
body perturbation starting from the CD-Bonn NN potential
as described in Ref. [43]. The E2 transition probabilities are
calculated by using both empirical and microscopic effec-
tive charges. The first one uses a standard empirical
effective charge of e, = 1.5¢. The microscopic effective

T T T
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degrader. Right: lifetime determination of the 4] state in *>Mo.

See text for more details. FIG. 2. Same as Fig. 1, but for the 4] state in **Ru.
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Top: experimental and theoretical excitation energies of the 27, 4T, 61, and 8" yrast states for N = 50 isotones with A = 90.

The black circles are the experimental energy values [19]. The green solid lines are the shell-model predictions made for this Letter.
Bottom: experimental and theoretical B(E2;2] — 0f), B(E2;4] — 2{), B(E2;6] — 47), and B(E2;8] — 6]) values for N = 50
isotones with A = 90. The red circles are the experimental results of this Letter. The black circles are the experimental values from
previous experiments, B(E2;2{ — 07) [19], B(E2;4] — 27) [17], B(E2;6] — 4]) [17,19,40], and B(E2;8; — 6) [19.41]. The
green dashed (solid) lines show the shell-model calculations performed using empirical effective charges (microscopic effective

charges). See text for details.

proton charges are calculated consistently with the shell-
model Hamiltonian by following the Suzuki-Okamoto
formalism [44,45], and their values are state dependent
ranging from 1.8 to 1.3e. Both theoretical results of our
shell-model calculations are depicted in green in Fig. 3.
The theoretical results account very well for all the exci-
tation energies of the yrast states and for most of the E?2 re-
duced transition probabilities in the N = 50 isotonic chain.
The theoretical B(E2;2{ — 0} ) and B(E2;4] — 2{) pro-
babilities, as confirmed by the experimental values
obtained for the first time in this Letter, exhibit, respec-
tively, a maximum and a minimum located around the half
filled proton gy, orbital. The former is the typical behavior
for transitions with Av = 2 in single-j systems while the
latter accounts for transitions that conserve seniority
(Av =0). The same latter pattern is observed in the
systematics for the 6; — 47 and 8] — 6] transitions.
Indeed, for the N = 50 isotones above °*Zr, where the
proton gy, orbital is being filled, calculations predict that
the 27,47, 6/, and 8] states essentially conserve seniority.
The percentage of the v = 0 component in the ground states
is larger than 98%, while the percentage of the v =2
component in excited states is between 88% and 90% in
“Mo and beyond 96% in *Ru, °°Pd, and *3Cd. The
deviations between theory and experiment observed for
the 4] — 2 transition in **Ru and **Pd may indicate that a
seniority mixing larger than that resulting from our calcu-
lations is required to explain the nature of the 4 state in
these nuclei. As discussed in Ref. [16], slight variations of

the cross orbital nondiagonal interaction matrix elements
may induce quite relevant changes in the wave function
structure. On the other hand, some deficiencies in our
calculations might originate from the limitations of the
adopted model space. However, the solution adopted in
Ref. [17], reducing the model space below N = 50 to the
go/o orbital and adding N = Z = 50 cross shell excita-
tions disagrees not only with our B(E2;2] — 0/) and
B(E2;4] — 2{) measurements in **Ru but also with the
B(E2;6] — 4) measurement reported for this nucleus
[19]. Nevertheless, the overall picture that emerges from the
present Letter is that the yrast states in °’Mo, **Ru, *Pd, and
%Cd may be considered within a good approximation as
v = 2 states. In particular, the dominant v = 2 nature of
the 4] and 6] states in *Ru and *°Pd may be a direct
consequence of the partial seniority conservation in orbitals
with j > 7/2, such as the gy, orbital, which prevents the
mixing with the v = 4 even if they predicted to be just
400 keV apart. This situation is quite different in the
valence-mirror symmetry partners (neutron-rich Ni iso-
topes), which are less known. Although theoretical calcu-
lations in this region predicted that there was an inversion
of the seniority [6,13,14,46], recent measurements [11]
suggest that the normal seniority ordering is recovered for
74Ni up to spin J = 4.

In summary, the experimental B(E2) values along the
yrast cascade to the maximum alignment follow the
expected pattern for Av = 0 transitions. The involved wave
functions are almost pure v = 2 states, and they do not mix
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with nearby states with v = 4, as expected even in a simple
single-shell gg/, model. Therefore, it can be concluded that
the seniority is a good quantum number, i.e., is largely
conserved, along the (zgy/,)" yrast states at N = 50. The
experimental evidence of the seniority conservation is
direct evidence of the validity of the short-range pairing
interaction, with far-reaching implications for nuclear
structure in the validity of BCS theory and therefore of
the quasiparticle representation of the atomic nucleus [47].
Moreover, our realistic shell-model study within the proton
fs/25 P> g9j» model space may give grounds to compare the
seniority properties of the valence-mirror symmetry part-
ners "®Ni—1%Sn N = 50 isotones and ~7®Ni Z = 28
isotopes. Indeed, shell-model predictions for the Ni iso-
topic chain indicate that seniority might not be preserved
[6,9,13,14].
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