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Nature of seniority symmetry breaking in the semimagic nucleus **Ru
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Direct lifetime measurements via y-y coincidences using a fast timing detector array consisting of LaBr;(Ce)
scintillators has been applied to determine the lifetime of low-lying states in the semimagic (N = 50) nucleus
%*Ru. The experiment was carried out as the first in a series of “FAIR-0” experiments with the DESPEC
experimental setup at the Facility for Antiproton and Ion Research (FAIR). Excited states in **Ru were populated
primarily via the B-delayed proton emission of **Pd nuclei, produced in the projectile fragmentation of an 850
MeV /nucleon **Xe beam impinging on a 4 g/cm? °Be target. While the deduced E2 strength for the 2+ — 0+
transition in the yrast cascade follows the expected behavior for conserved seniority symmetry, the intermediate
4t — 2% transition exhibits a drastic enhancement of transition strength in comparison with pure-seniority
model predictions as well as standard shell model predictions in the f pg proton hole space with respect to doubly
magic '%Sn. The anomalous behavior is ascribed to a subtle interference between the wave function of the lowest
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seniority v = 2, I = 47 state and that of a close-lying v = 4 state that exhibits partial dynamic symmetry. In
addition, the observed strongly prohibitive 6 — 4T transition can be attributed to the same mechanism but
with a destructive interference. It is noted that such effects may provide stringent tests of the nucleon-nucleon
interactions employed in state-of-the-art theoretical model calculations.

DOI: 10.1103/PhysRevC.105.L.031304

Introduction. For any fermionic system, seniority, v, is
defined as the number of particles not in pairs coupled to
angular momentum J = 0. It is a conserved quantum number
for a system with »n identical particles, each with angular mo-
mentum j, interacting through a pairing force [1]. Seniority
symmetry has also been shown to be valid for a wider class
of (short-range) empirical nucleon-nucleon interactions [2—4].
Seniority has a profound impact on nuclear structure near
closed shells, e.g., via the occurrence of two-particle multi-
plets [5,6] and nuclear isomers [7], so called seniority isomers.
Seniority can only be a strictly conserved quantum number
for systems with j < 7/2. However, it has been demonstrated
for a large number of different empirical interactions [8—12]
that the typical seniority-mixing matrix elements are very
small, of the order of tens of keV, even for systems with
large j values. This gives rise to a few approximate symmetry
rules, which can favorably be exploited in the interpretation of
nuclear structure near closed shells [13]. The most important
consequences of (approximate) seniority symmetry are (i) an
independence of excitation energies on shell occupation 7; (if)
Av = 0 matrix elements of even-tensor one- and two-particle
operators are symmetric with respect to midshell, n = (2 +
1)/2 (except for a change of sign), where they vanish, creating
long-lived isomers; (iii) Av =2 matrix elements of even-
tensor one-body operators are symmetric to particle-hole (ph)
conjugation with a maximum in midshell; and (iv) odd-tensor
one- and two-particle operators are diagonal in seniority [14].
Deviations from good seniority in semimagic nuclei may be a
result of mixing due to a seniority nonconserving interaction,
proton-neutron interactions leading to core excitation across
the shell gap, or by Landau-Zener mixing between close-lying
levels [15,16]. Nuclei such as 21Ru50 with valence particles
situated in the upper half of the N/Z = 28-50 major shell are
influenced by the relative isolation of the go/» subshell. The
J =9/2 system has received particular recent interest with
respect to the exotic partial conservation of seniority [17-24].
That is, the seniority symmetry is partially conserved even
for a general seniority nonconserving interaction even though
angular momentum j = 7/2 is the highest angular momen-
tum for which a single-j shell can exhibit exact seniority
symmetry. The partial symmetry restoration concerns, in par-
ticular, systems with four valence particles or holes isolated
in a j =9/2 system like giRuw. Additional interest arises
from the competition between seniority-conserving structures
and configurations built from isoscalar spin-aligned proton-
neutron pairs in self-conjugate spherical nuclei [25,26]

Experiment details and data analysis. The **Pd ions were
produced by projectile fragmentation of a **Xe beam im-
pinging on a 4 g/cm? °Be target after being accelerated to
850 MeV /nucleon by the SIS 18 synchroton at the FAIR-GSI

Helmbholtzzentrum fiir Schwerionenforschung accelerator fa-
cility, Darmstadt, Germany. Over a 3-5 second spill length
the average primary beam current was ~6 x 10® per sec-
ond. The reaction products were separated according to their
mass-to-charge ratio, A/Q, and the atomic number, Z, by
the FRagment Separator (FRS) [27] using the Bp-AE-Bp
and ToF-Bp-AE ion identification methods [28]. A total of
~1.4 x 107 *>Pd ions could be identified in this way over a
six day beam period. The ions were transported to the S4 focal
plane of the FRS and implanted in the Advanced Implanta-
tion Detector Array (AIDA) [29], composed of three double
sided silicon strip detectors (DSSSDs). AIDA is situated at
the center of the DEcay SPECtroscopy (DESPEC) setup [30],
for the present experiment comprising a hybrid array of six
triple cluster high-purity germanium (HPGe) detectors [31]
and 36 LaBr3(Ce) detectors of the FAst TIMing Array (FA-
TIMA) [32]. In addition to implant and decay energies and
positions, timing information was also obtained from AIDA
and registered using a 64-bit 1 ns clock, known as the White
Rabbit (WR) [33].

The 8 isomer in **Ru was populated primarily via the
B-delayed proton decay from the I™ = 21/2% isomeric state
in ®>Pd with a half-life of approximately 13 s [34]. Detection
of B-delayed proton decays occurring within 42 s of a *>Pd
ion implantation in the same DSSSD pixel was used to initiate
the measurement of time differences between y rays recorded
in FATIMA, as discussed in detail below. A time difference
spectrum between the WR clocks attached to the FATIMA
and the DSSSD setup, WRT, is shown in FIG. 1(a). By fur-
ther applying a time window 25 < WRT < 200 us, the states
populated following the 8-delayed proton feeding of the 71 s
half-life [35] 8* isomer in **Ru could be cleanly selected. The
1431 keV (2T — 07) coincidence condition on such events
reveals the corresponding y-ray cascade feeding the 27 state
as shown in Fig. 1.

The B-delayed proton-selected y-y events recorded in
FATIMA were used to extract the nuclear level lifetime in-
formation. To this end, all the FATIMA detectors were time
aligned using the 344-779 keV delayed time distributions
from 3?Eu source data, where the centroid of the time dis-
tribution [37],

[ tD(t)dt

D)= = D@yt

ey
for each pair of detectors was calculated and combined. The
aligned time difference spectra for all detectors can be seen
in Fig. 2(a). The centroid for the antidelayed time distribution
can be calculated in the same way to obtain the generalized
centroid difference [38], AC, between the delayed and an-
tidelayed time distributions. For a nuclear level with known
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FIG. 1. Energy spectra gated on the 1431 keV transition from the
B-delayed p-y-y events registered in the HPGe detectors (blue or
deep grey) and the LaBr;(Ce) detectors (red or light grey) are plotted
with dispersions of 1 keV /channel and 4 keV /channel, respectively.
The inset (a) shows the WR time correlation between AIDA and
FATIMA. Inset (b) shows the total projection for y-ray energies
detected in the FATIMA detectors in coincidence with 146 keV
registered in the HPGe detectors. The energies measured using the
HPGe detectors agree within 0.5 keV with the previously reported
values [36].

lifetime t, the centroid difference between the delayed and
antidelayed distributions contains the contribution from the
lifetime and the prompt response of the setup [37] according
to the expression

|AC| = PRD + 27, AE, >0,
(@)

=PRD - 27, AE, <0,

where AE), is the difference between the feeding and the de-
caying y-ray energies for the level of interest and the prompt
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FIG. 2. (a) The delayed and antidelayed time distribution for the
344-779 keV coincident transitions of '3 Gd obtained from the g
decay of a 'Eu y-ray source, (b) the PRD calibration curve, and
(c) the fit residuals.
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FIG. 3. (a) Background subtracted delayed time distribution for
the 146-311 keV coincident transitions. Delayed and anti-delayed
time distributions for 311-756 and 756-1431 keV coincidences are
shown in panels (b) and (c), respectively.

response difference (PRD) is the energy dependent calibration
to prompt radiation which was obtained using the various
coincident transition pairs from a standard '>?Eu radioactive
source. PRD values were adjusted to the reference energy
344 keV and fitted using the formula [39]

a
Vb+E,
where a, b, ¢, d, and e are the parameters for the fit depicted
in Fig. 2(b). The fit residuals in Fig. 2(c) help us to evaluate
the uncertainty of the PRD calibration.

The lifetime of the 6 state was obtained from the delayed
time distribution, D(t),,2, using the 146 keV 8t = 6M)
transition as the start signal and the 311 keV (67 — 47)
transition as the stop signal. The background contribution
to the time distribution was corrected using the formula [40]

D(t) = D(t)p1p2 — D) p1pgg — D )pgip2 + D()pginge,  (4)

where the subscripts p and bg represent the peak and back-
ground of the start and stop signals, with the start (stop)
signal indexed as 1 (2). The background corrected delayed
time distribution obtained in this way is shown in Fig. 3(a),
on which an exponential fit could be performed to obtain a
lifetime value of 7(67) = 91(3) ns. This result agrees well
with the previously reported value of T} »(6%) = 65(2) ns by
Hiusser et al. [41]. The lifetimes of the 4% and 2™ states were
measured using the generalized centroid difference (GCD)
method [38]. Delayed and antidelayed timing spectra for
(311,756) and (756,1431) keV coincidences are shown in
Figs. 3(b) and 3(c), respectively. Here, the uncertainty in the
experimentally obtained centroid difference, ACc,, due to the
background was corrected using the background correction
factor [42]

PRD(E,) = +CcE, +dE; +e, (3)

ACexp — ACsg

feor = P/B s (5)

where ACpg is the centroid difference for the peak-
background coincidence and P/B is the peak-to-background
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TABLE I. Experimental mean lifetimes and B(E?2) strengths in
%Ru in comparison with various shell model predictions. Experi-
mental data except for 8% — 67 [41,45] are from the present work.

T Bex(E2)  Bswis(E2)  Bspon(E2)
Ir— 17 (ps) (e*fm*) (e2fm*) (e*fm*)
8t — 6t 102(4) x106  0.09(1) 2.0 0.77
6t — 4+ 91(3)x10° 3.0(2) 6.1 17.3
4 o 2 32(11) 103(24) 6.8 85.2
2 - 0* <15 > 10 225 295

ratio. The correction term was calculated for the decay transi-
tion background as well as the feeding transition background,
to obtain a corrected centroid difference, ACggp [43],

ACrgp = ACexp + tcor(decay) + toor(feeder)].  (6)

Values of | ACggp| obtained in this way are 474(22) ps, and
334(20) ps for the 41 and 27 states respectively. The absolute
PRD values for the feeder-decay energy combination has been
obtained from the PRD curve, and are 410(5) and 327(6) ps
for the 4% and 2% states respectively. Finally using Eq. (2)
we obtain the lifetime values 7(47) = 32(11) psand T(21) =
4(11) ps. The latter value translates to T(21) < 15 ps,
the estimated experimental sensitivity limit. The results agree
with the upper limits for these lifetimes previously measured
by Mach et al. [20].

Discussion. While the energy spectrum of the ground-state
band in **Ru up to I™ = 8" [36] exhibits the characteristic
pattern of a seniority multiplet, the in-band E?2 transition
strengths reveal a somewhat different picture. Table I summa-
rizes the experimental findings in comparison with the results
of the shell model calculations reported by Mach et al. [20].
In this semimagic nucleus (number of neutrons N = 50) the
proton Fermi level is situated near the middle of the 7 go/»
subshell where the seniority conserving v =2 — v = 2 tran-
sitions 87 — 61, 67 — 4T, and 47 — 27 would be strongly
suppressed in a situation with preserved seniority symmetry
while the v =2 — v =0 2% — 07, transition should have
maximal strength. Interestingly, all the observed transition
strengths except B(E2 : 4t — 2%) follow this behavior. In
addition to those v =0 and v = 2 states, the four valence
protons can form two additional pairs of v=4, J =4,6
states within the partial seniority symmetry scheme men-
tioned above. The lowest-lying pair of these v = 4 states will
never mix with the v = 2 states for systems isolated in the g9 />
shell while the second pair of states is predicted to be much
higher in excitation energy and therefore without influence on
the observed spectrum. However, these v = 4 configurations
are connected with the v = 2, 2%, and 47 states with strong E2
transitions and, notably, B(E2 :4t,v =4 — 2% v =2) is
even larger than B(E2 : 2T, v =2 — O;S, v = 0) [22]. There
is no contribution from the g9/, diagonal matrix elements to
the seniority mixing, as discussed in Ref. [22]. On the other
hand, the mixing between the partially seniority-conserved
v = 4 configuration and the v = 2 configuration can be very
sensitive to the strength of nondiagonal two-body interaction

J 2 . .
matrix elements, €. g, I’3/2 3/289/2802° connecting the main gy /2

I T T T T T
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FIG. 4. Tllustration of the influence of the nondiagonal matrix
elements of the effective interaction on the B(E2) strengths for
transitions from the first (solid line) and second (dashed) 4™ states to
2+ %Ru in shell model calculations in the fpg space using the jun45
interaction [44]. The parameter A is a renormalization factor scaling
the effective interaction. A strong mixture between the v = 2 and 4
configurations, which can show drastically different constructive or
destructive interferences, is expected when the effective interaction
is slightly enhanced [22]. The result of a similar calculation for the
particle-hole mirror nucleus *°Pd is shown in Fig. 5 of Ref. [22]. See
text for details.

components of the wave function with p;,, [22]. This is il-
lustrated in Fig. 4 for the 4 — 27 transition in %Ru, where
we simply multiplied this nondiagonal matrix element by a
factor A (A = 1 corresponding to the original interaction). The
rescaling of this interaction matrix element has quite limited
influence on the energy spectra and wave functions of the low-
lying yrast states. However, the wave functions of the v = 4,
4%, and 67 states have been shown to be very sensitive to such
as renormalization due to the cancellation of the contribution
from the diagonal matrix elements which usually dominate
the nuclear properties. The renormalization effect leads to a
quantum phase transitional behavior in a small window of
the interaction strength and an enhancement of B(E2 : 4] —
2%) due to the resulting seniority mixing. A similar sensi-
tivity can be expected for the 6T — 47 transition as well
as the corresponding transitions in the particle-hole mirror
nucleus *°Pd.

One can see clearly from the observed B(E2 : 4] — 2%)
values that the **Ru nucleus demonstrates constructive inter-
ference between the v = 2 and v = 4 configurations while the
particle-hole mirror nucleus *°Pd (corresponding to a system
with four g9, proton holes instead of the six gg,> proton holes)
shows the opposite, destructive, behavior [20]. The amplitude
of the mixing in these cases can be determined from the ratio
between B(E2 : 4T, v =4 — 27) and B(E2:2",v=2 —
ng?). The same mechanism can therefore explain why the
neighboring N = 50 isotones, %Ru and %°Pd, which would
be expected to exhibit exactly the same B(E2) patterns if
seniority symmetry is conserved, show so distinctly different
E?2 transition properties. Differently from the case of B(E2 :
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4+ — 2%), the B(E2 : 67 — 47) in **Ru is noticeably sup-
pressed relative to standard model predictions (as represented
by the “SMLB” prediction in Table I) and corresponds to
a situation with destructive interference between the v = 2
and v =4 configurations. Again, the situation is opposite
for %°Pd with a significant enhancement of B(E2 : 67 — 4T)
compared with standard seniority conserving calculations.

In Ref. [20] it was noticed that shell model calculations
in two different model spaces using different Hamiltonians
gave very different predictions of the E2 transition strengths
of N = 50 isotones, and that a model space including core
excited states was able to explain the observed seniority
symmetry breaking effects. The sensitivity of the predicted
quantities to small differences in the nondiagonal matrix ele-
ments for the applied effective interactions, which are rather
unexpected, were then not considered. Contributions from
energetic, cross-shell excitations due to the proton-neutron
interactions are normally not expected to be significant for
low-lying states in **Ru and neighboring nuclei. It might
therefore be more natural to attribute the observed seniority
symmetry breaking effects in **Ru and °°Pd to the cross-
diagonal components of the interaction within the same major
shell rather than invoking excitations across the N = 50 shell
gap. Although beyond the scope of the present work, it is
noted that seniority symmetry breaking effects on E2 transi-
tion strengths could be used to test and to further develop the
effective nucleon-nucleon interactions used in state-of-the-art
nuclear models.

The E2 transition properties in nuclei >"*Ni observed
recently [24], which are the neutron number analogs of **Ru
and %°Pd, can exhibit a similar feature of partial dynamic
symmetry, though the ordering of the v = 2 and 4 states in the
spectra may be different. It was suggested that the observed
large deviations of experimental E2 transition rates from
seniority-conserving predictions may be due to either con-
figuration mixing with close-lying orbitals or to excitations
across the Z = 28 and N = 50 shell gaps [24]. It is, however,
likely that also the vgg,» system is subject to similar effects
of interference between the v = 2 and v = 4 configurations
as discussed for **Ru and *°Pd above. Further measurements
of the E2 transition properties of neutron rich nuclei near
the Z = 28 and N = 50 closed shells could therefore help in
pinning down details of, in particular, isospin dependent parts
of the effective interactions.

Conclusions. In summary, lifetimes of low-lying excited
states in **Ru have been measured using the fast timing

coincidence technique. The y rays from the deexcitation of
these states were detected in the FATIMA array of LaBr3(Ce)
scintillator detectors. The excited states in **Ru were pop-
ulated in the B-delayed proton decay from the I™ = 21/2%
isomeric state in *Pd [34], produced in the projectile frag-
mentation of a 850 MeV /nucleon '**Xe beam impinging on
a 4 g/cm? °Be target at the FAIR-GSI accelerator complex.
The results show a good agreement between the measured
lifetimes in the yrast cascade and the predictions of partial
seniority conservation in standard shell model calculations
within the fpg model space, with the notable exception of
the 4T state. This is interpreted as resulting from constructive
interference between the seniority v = 2 and v = 4 configu-
rations of the same spin due to a small degree of seniority
mixing induced by cross-orbital nondiagonal matrix elements
of the nucleon-nucleon interaction within the fpg model
space, i.e., without invoking cross-shell excitations. It is noted
that a similar effect is predicted to be present in the neigh-
boring N = 50 isotone and particle-hole mirror nucleus *°Pd,
although in that case the perturbation is caused by destructive
interference between v = 2 and v = 4 configurations of the
same spin. The results indicate that the observed phenomenon
may be generalized to include also other regions of the nuclear
chart and provide stringent tests of the nucleon-nucleon inter-
actions employed in state-of-the-art configuration interaction
models.
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