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Abstract

In this doctoral thesis, new experimental findings for lifetimes of excited states in the N = 50
isotones 'Nb, 22Mo, ?3Tc, “Ru, and ?Rh are presented. The new data are the result of three
experimental campaigns conducted at the Institute for Nuclear Physics at the University of
Cologne employing the well established -y fast-timing method using a hybrid setup of cerium-
doped lanthanum bromide scintillation and high-purity germanium detectors. The nuclei were
produced in fusion-evaporation reactions using the Cologne 10 MV FN Tandem accelerator and
the emitted v rays were detected using the HORUS spectrometer of the institute.

The newly acquired data are compared with known experimental values from the literature and
with shell-model calculation results. The data are also discussed in the context of potential
signatures of partial seniority conservation versus an abrupt breakdown of seniority. The lifetime
of the 4] state in 92Mo was measured with high precision to determine the B(E2;4] — 27)
transition strength with sufficiently low uncertainty. In particular this lifetime measurement
allows to use the B(E2) values from the entire yrast 8] — 6] — 47 — 27 — 045 cascade to
extract state-dependent effective charges with high accuracy. These effective charges are then
applied within a single-j approximation to predict B(E2) transition strengths for the (9/2)3,
(9/2)*, and (9/2)° systems in the 71gg/ shell, corresponding to the nuclei **Tc, **Ru, and *’Rh,
respectively. Furthermore, this ansatz enabled the extraction of admixture coefficients for the
mixing of states with the same angular momentum but different seniority, by minimizing the
deviation between the theoretical predictions based on the single-j approach and the experimental
data.
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1 Introduction

Nuclear structure physics deals with the arrangement and dynamics of protons and neutrons
within the atomic nucleus and the resulting properties. Describing nuclear structure is challenging
because nuclei are complex, many-body quantum systems that are governed by the strong nuclear
force, which is still not fully understood from first principles [1]|. Since solving the Schrodinger
equation for such systems is computationally not feasible for most nuclei, approximate models must
be used, each with its limitations. Collective models like the interacting boson model are most
useful to describe nuclei far away from shell closures that often have many valence nucleons [2].
The nuclear shell model on the other side, is especially useful in regions where nuclear structure is
dominated by the motion of individual nucleons in well-defined orbitals. This is typically the case
for nuclei near magic numbers with only few valence nucleons outside a closed shell. The region of
N = 50 isotones below '%°Sn is of great interest in nuclear physics, as it provides a unique testing
ground for nuclear shell model predictions near the doubly magic nucleus '°°Sn (Z = 50, N = 50).
One key element to study the nuclear structure is the measurement of lifetimes of excited nuclear
states. The lifetime of an excited state reflects how long a nucleus on average remains in that state
before decaying, typically by ~-ray emission, to a lower energy level. These measurements provide
direct insight into the transition probabilities between nuclear states, which are sensitive to the
underlying configuration and interactions between protons and neutrons. Precise measurements
to gain data for the lifetimes of excited states help to determine key nuclear structure properties
such as the reduced transition strengths B(o\), which give insights to nuclear deformation and
collectivity. Comparing these measurables with theoretical predictions, allows validation or
refinement of nuclear models and thus further improves our understanding of the nuclear structure.
Recently, the region of the N = 50 isotones between °Zr (Z = 40) and the doubly magic nucleus
10081 (Z = 50) became subject of new experimental studies regarding the conservation of seniority
for the low-lying excited spectrum, generated predominantly from valence configurations in the
mlgy /o orbital [3-10]. Advancements in lifetime measurement techniques [11-13], along with the
development of radioactive ion beams (RIBs), are significantly enhancing the accessibility of
lifetime measurements in this region. While experiments to measure lifetimes of isotones between
%Pd and '°°Sn usually require RIB facillities [4-6, 9, 10, 14], the nuclei from °Zr to “Rh are
also accessible through stable beam experiments using fusion-evaporation reactions. In the scope
of this work, the results of three experimental campaigns conducted to measure the lifetimes of
low-lying states in the N = 50 isotones “?Mo, Tc, “Ru, and *’Rh are presented. Due to the
isomers present in these nuclei, lifetime measurements using Doppler-shift based methods become
very difficult, especially when populating the nuclei within fusion-evaporation reactions. Since
the fast-timing technique is mostly independent of the presence of isomers, it was the applied

method in all three experimental campaigns.



1.1 Pairing and Seniority

The concept of seniority is a remarkably simple yet powerful tool in the study of the complex
many-body system of the atomic nucleus. The idea was first introduced by Giulio Racah in
the context of atomic physics for the coupling of electrons in an [ shell [15|. Although initially
developed for atomic systems, it was found to be more useful in nuclear physics [16, 17|, where jj
coupling between two nucleons plays a more significant role than LS coupling. The concept is
especially applicable to describe semi-magic nuclei, where only one type of valence nucleons are
present within a single-j orbital, while the other type fills a major shell, which can be regarded
as inert core that does less likely contribute to excitations of the low-lying spectrum. For such
a system of n identical valence particles, with the same angular momentum j, that do interact
through a pairing force, the quantum number seniority v is defined as the number of particles
that do not pairwise couple to angular momentum J = 0 [15]. The low-lying spectrum can
then be constructed by coupling of the remaining unpaired nucleons as schematically shown in

Fig. 1(a). Because the pairs that couple to J = 0 are not contributing to the excitation matrix

6(5 g+ b2 e B(E2;4f — 2) o B(E2; Av=0)
& Y Av=0 5 eB(E22 -0 , 0 B(EY Av=2)
Av=0 E 0% 5
&t +— =2 OO ggdle Tee =
Av=0 + 200 °§gseo°o°. =
&ff— v=2 ¢ [§lo 8el o
100 go °] B1
] 4
Av=2 & . - ol . »_o» ¢
5 8 9 105 115 0 05 1
o* Y =0 N .
-7 f=mn/(2j+1)

(a) (b) ()

Figure 1: (a) A schematic level scheme for the (j = 9/2)? configuration in a single-j shell
is shown for the two valence nucleon system. The energy levels are labeled with
the seniority quantum number v. The change in seniority Awv is indicated for each
transition. The figure is based on Fig. 1 from Ref. [18]. (b) Selection of experimental
yrast B(E2) strengths for the 62 < Z < 74 mid-shell region. According to Ref. [19]
few nuclei with known low-lying intruder states are omitted for better clarity. (c)
Schematic illustration of the characteristic pattern in B(E2) strengths for Av =0
and Av = 2 as a function of fractional orbital filling f =n/(2j + 1). Figure (b) and
(c) are based on Fig. 3 from Ref. [19].

elements between configurations in j”, the system can be reduced to those in j¥, which can lead
to a significant simplification of the many body problem, since the low-lying states of nuclei
near closed shells typically have low seniority [19]. The classification of nuclear states according
to their seniority leads to distinct spectroscopic features. One example is the energy spectrum
of the low-lying states. In nuclei where seniority is a proper quantum number the spectrum of
states with the same seniority (v multiplet) is independent of the particle number [20], leading

to a constancy of their excitation energy along the shell. This is particularly evident in the



excitation energy of the 21+ state in even-even nuclei. By contrast, the increased collectivity in
open-shell nuclei typically results in a progressive decrease of the 2f excitation energy [1]. Another
important observable is the characteristic trend in electric quadrupole transition probabilities
B(E2) as the valence shell is progressively filled. In general, transition probabilities, like the
B(E?2) strength, provide valuable insights into the nature of nuclear collectivity and how it evolves
with the number of neutrons and/or protons. In almost all even-even nuclei, the B(E2) values
connecting the lowest yrast states exhibit a simple and systematic pattern that generally increases
with the number of valence nucleons and with the spin, leading to a parabolic trend across a
major shell [19]. Figure 1(b) shows the trend of experimental values for the quadrupole-transition
propabilites of different nuclei with 62 < Z < 74 along a major shell. They maximize towards
the mid-shell and the B(E2;4] — 2{) are about ~1.5 times the B(E2;2]{ — 0f) [21]. This is
because the number of possible configurations to create a state usually increases with the number
of valence nucleons, leading to enhanced collectivity in most cases, as reflected in the high B(E2)
strengths [1]. A strongly deviating behavior can be seen in the previously mentioned regions
near closed shells where seniority is a good quantum number. The seniority changing transitions
Av # 0 also show the parabolic trend peaking when the single-j orbit is half filled. The seniority
conserving transitions Av = 0 within a seniority multiplet show an inverted parabola, where
the B(E2) strengths are strongly suppressed towards the mid-shell, leading to the formation of
seniority isomers [22, 23]. The seniority isomers are a special case of spin isomers, where the
transition is hindered because of seniority selection rules, although the difference AJ between the
angular momenta of the initial and final states is modest [24]. The seniority selection rules for
transition matrix elements follow from the unitary symplectic algebra USp(2j + 1) [16], that is
associated with the conservation of the seniority quantum number in a single-j orbital. The two
following selection rules are derived in Refs. |22, 23]. For E2 transitions between states with the

same seniority Av = 0 one finds

2j+1—2n
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and for E2 transitions that change seniority Av = 2

m—v+2)(2j+3—n—v)
2(2j + 3 — 20)

("0 = 2J|| T(B2) ||j"vJ]) = \/ (Vv =2 J||T(E2) ||j"v]) . (1.2)
Plotting the squared prefactor of the matrix element from Eq. 1.1 for given j and v against the
number of valence nucleons n yields a convex parabola like the one shown in Fig.1 (¢). Doing
the same with the prefactor from Eq. 1.2 yields a concave parabola similar to Fig.1 (c). The
two selection rules explain the different pattern in B(E2) strengths for Av = 0 and Av = 2
transitions along the filling f = n/(2j + 1) of the shell and the formation of seniority isomers
towards mid-shell. As shown in Fig. 2, the pronounced parabolic pattern associated with good
seniority is observed in a couple of regions on the nuclear chart. Although such pattern can be

observed for a variety of j orbitals, seniority is only strictly conserved for nucleons occupying
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Partial nuclear chart for even-even nuclei, showing regions proposed to exhibit good
seniority in red (known data), framed light red (assuming normal magic numbers).
Calculations assuming pure seniority (open circles), normalized to the leftmost point
in each case. The B(E2) data shown in the insets are given in Weisskopf units. Figure
adopted from Ref. [19], modified and colorized. It is worth noting that Ref. [19] dates
back to 2004, and more recent experimental data have become available since then. In
the inset for N = 50 the B(FE2) in %Cd is updated with the current literature value
from Ref. [25].



orbitals with j < 7/2 |26, 27|. For higher-j orbitals, such as j = 9/2, seniority is generally an
approximate quantum number due to the increased complexity of the residual interactions [19,
24|. Therefore, seniority breaking effects may be observed being admixtures of eigenstates with

different seniorities [28].

1.2 Seniority in the j =9/2 System

In general, deviations from good seniority is usually the result of mixing due to a seniority
non-conserving interaction like Landau-Zener mixing |29, 30| between close-lying levels or proton-
neutron interactions leading to core excitation across the shell gap [3, 19, 31|. However, even
when j > 9/2, it turned out that the strong interaction between nucleons of the same kind
conserves seniority to a certain extend, allowing the usage of seniority also for some cases where
j > 7/2 [24]. This includes also the possibility of partial seniority conservation [20, 28, 32-34]
when some eigenstates are mixed in seniority while others remain pure and solvable, which is
an example for the concept of partial dynamical symmetry [35, 36]. Since the first shell where
seniority violating effects are expected to occur is the j = 9/2 system, it has recently received
particular interest for experimental studies, especially with regard to the effect of partial seniority
conservation [4, 5, 7-10, 37-40]. In this context, two cases are particularly interesting for this
work. The mid-shell nucleus, where the j = 9/2 orbital is half filled with five valence nucleons
and the case near mid-shell with four or six valence nucleons (four holes) in the j = 9/2 orbital.
Figure 3 displays the energy spectra for both cases, calculated using a surface delta interaction that
conserves seniority [24|. For the mid-shell case it can be shown that states theoretically only mix
if Av = 0,44, as long as the interaction between the nucleons is of two-body character |20, 24, 41].
In Ref. [42] this mixing rule is also explained as a consequence of the geometric Berry phase [43]
associated with the particle-hole conjugation. The mixing rule has important implications for the
system of five identical valence nucleons in a j = 9/2 orbital (9/2)°. As can be seen in Fig. 3(a),
most states with an angular momentum J differ only by Av = 42 in seniority and therefore
would not mix. The only exception are the J = 9/2 ground state with seniority v = 1 and an
excited state J = 9/2 with v = 5 that possibly can mix, but because the states have a rather
large energy difference one would expect that the mixing remains rather small [24]. Therefore, it
is reasonable to expect that seniority is also preserved well at mid-shell in the j = 9/2 system. In
the case of four or six (four holes) identical valence nucleons in the j = 9/2 orbital, the previously
mentioned Av = 0,+4 rule for the mixing of two states does not apply anymore, since it is
only valid for the (9/2)° mid-shell system. Therefore, mixing of states that differ in seniority by
Av = £2 becomes possible [24].

However, those states that are unique in angular momentum J have a well-defined seniority
quantum number, whereas other states might mix in seniority. One can show that there are two
cases, the J =4 and J = 6 states with seniority v = 4, that still remain pure for any two body
interaction |20, 34]. Further examples of this type of partial seniority conservation for fermions

confined to a single-j orbital are not known [33].
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Figure 3: Spectra of identical nucleons in a j = 9/2 orbital. The spectrum is obtained with a
surface delta interaction that conserves seniority. States are labelled by their angular
momentum J and further characterized by seniority v, where black denotes the lowest
possible v in the respective system, blue the highest possible v and red in between.
Nucleons that couple pairwise to J = 0 are depicted in yellow. Energies are in units
of the isovector interaction strength. Solvable states with a well-defined seniority
quantum number r are indicated with v = r in contrast to those labelled with v = r.
(a) The optained energy spectrum for the (j = 9/2)% system. (b) The optained energy
spectrum for the (j = 9/2)** system. Both figures are adopted from Ref. [24] and
modified.

There are a couple of regions on the nuclear chart which are suitable for studying 7 = 9/2 systems.
One notable example is the region around the doubly magic 2°*Pb, where two j = 9/2 orbitals
are present, the mlhg/y, proton orbital above the doubly magic 208Ph and the 2vgq /2, neutron
orbital in lead isotopes east of 2°Pb. The N = 126 even-even nuclei in the 71hqg /2 region exhibit
characteristic ST seniority isomers [44-47|, which appear to persist even in certain non semi-magic
nuclei with neutron holes below the N = 126 shell closure. This effect is likely driven by the
differences in the principal quantum number AN and orbital angular momentum Al between the
respective proton and neutron orbitals, leading to a reduced radial overlap of their wave functions
and, consequently, a weak proton-neutron interaction. [48, 49]. However, new measurements in
the region showed signs of collectivity for the low-lying spectrum [50, 51].

Recently, lifetimes of the lower-lying excited states in the N' = 126 isotones have been measured |38,
39, 52, 53]. The data for lifetimes of lowest-lying yrast states in 2!2Rn, 213Fr, 214Ra, and 2!%Ac is
currently still incomplete [54]. The 8f isomers are also systematically observed for the v2gq s,
neutron orbital in 219721Ph isotopes east of 2°Pb [55]. Furthermore, an isomeric nature of the
21/2, state in the (9/2)5 mid-shell nucleus 2'3Pb was recently confirmed [42]. This isomere was
expected due to the hindrance originating from the Av = 2 E2 transition selection rule Eq. 1.2
and the Av = +4 mixing rule at mid-shell, which is interpreted as a manifestation of the Berry
phase connecting particle-hole conjugation and seniority conservation [42].

Another interesting case are the Ni isotopes between %Ni and the doubly magic "®Ni, where
neutrons (holes) occupy the v1gq /2 shell. An isomeric state with 8+ has been observed in °Ni and
T6Ni [56, 57]. In the four-valence particle system “2Ni, a level has been tentatively assigned J = 8,
but its half-life is below 20 ns [58, 59|, which is rather short compared to the 8 isomers in the



other isotopes. No 8% isomeric state has been identified in the four-hole system 74Ni so far [54].
This disappearance of the 8t seniority isomerism in the (9/2)% and (9/2)° can be explained due
to a lowering of the 6™ level with v = 4 below the 8% level with v = 2, allowing for a large
B(E2) strength which destroys the isomerism [40, 60, 61|. A very similar case, but with protons
occupying the same orbitals, is the w1gg/, orbital in the neutron deficient N = 50 isotones. It can
therefore be viewed as the valence mirror symmetric [62, 63] partner of the previous mentioned
v1lgg s region in the Ni isotopes. Since the 71gg/; region is the main subject of this thesis it is

discussed in more detail in the next section.

1.3 The mwlgg/, Orbital in the Neutron deficient N= 50 Isotones

The mlgg 5 orbital is situated below the doubly-magic nucleus 1008y (N = Z = 50) and the Z = 40
sub-shell closure. In Fig. 4 the shell structure for protons is shown for the region. Although
Z =40 is not a magic number in the traditional nuclear shell model, the Z = 40 sub-shell closure
in PZr (N = 50, Z = 40) separates the 7(p; o, [f5/2) orbitals from the w1gg/, orbital to a certain
degree [1]. When looking at the signs of seniority conservation, the behavior of the 8% isomers is
different compared to the situation in the above mentioned valence mirror symmetric case in the
Ni isotopes. In contrast, the 8 isomers in the (9/2)* and (9/2)¢ nuclei, namely **Ru and “°Pd
are preserved. The systematic trend of B(F2; 8f — Gf) strengths along the 71gg /5 shell follows
the expected seniority pattern [64—67|, although the symmetry around midshell is distorted,
which is explained due to a p;/y pair scattered to 1gg /o giving rise to premature filling of the
orbit, as pointed out in Ref [31]. For the lower-lying excited states, signs of significant deviations
from the regular seniority pattern were reported in [3], namely the increased B(E2;6] — 4])
in %Pd and an unexpected high lower limit for the B(FE2;4] — 2{) in “Ru. To reproduce the
discrepancies within a large-scale shell model calculation, particle-hole cross-shell excitations
were added in Ref. [3] and the model space was expanded below N = 50. For the mid-shell
nucleus %Rh a relatively short lifetime for the 21/2] state was measured [68-70] and therefore
an increased B(FE2) results. Since one would expect a strong inhibited B(E2) at mid-shell, this
can be seen as a hint for deviations from the pure single-j seniority. In 2022, new experimental
results on the lifetimes of low-lying states in ?°Zr, >Mo, and **Ru were published [4, 5]. In
particular, the lifetime of the 4f state in “*Ru was measured using two different techniques.
At the Facility for Antiproton and Ion Research (FAIR), the fast-timing technique yielded a
lifetime of 32(11) ps [5], while at the Grand Accélérateur d’Ions Lourds (GANIL), the Recoil
Distance Doppler-Shift (RDDS) method was applied, resulting in a significantly longer lifetime of
87(8) ps [4]. The notable discrepancy between these two measurements has raised questions about
whether seniority is partially conserved or broken in this nuclear system. In 2024, also new data
for the “Rh mid-shell nucleus was published [9]. The experiment was conducted at FAIR and
employed the fast-timing technique, yielding the previously unknown lifetime of the 13/ 2;’ state,
as well as an upper limit for the lifetime of the 17/2] state. Interestingly, the 13/2] lifetime

was much longer than expected from theoretical calculations. The upper limit for the 17/ 2fr
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Figure 4: The region of the N = 50 isotones between “°Zr and the doubly-magic 1°°Sn. The
shell structure is shown on the right, showing the neighboring orbitals. The major
shell closure at Z = 50, which separates the mlgg/, from the 7wlgy/; orbital, and the
partial shell closure at Z = 40, which separates the wlgg/, from the m2p; /5 orbital to
a certain extent.

lifetime on the other hand was much higher to be consistent with seniority conservation, leading
to the picture of a sudden breakdown of seniority in the mid-shell nucleus *Rh. In Ref. [9] it is
also pointed out, that reproducing the data would require theory to make major revision of the
nucleon-nucleon interactions in models or the inclusion of three-body forces. Since the picture
of a partial conservation of seniority versus a sudden breaking is not conclusive, one goal of the
experimental campaigns, presented in this thesis, is to verify the findings from Refs. [4, 5, 9] and
clarify the issue of discrepancies in the experimental data. A further motivation is subject of the

following chapter.

1.4 Single-j Approximation and State-dependent effective Charges

One of the key advantages of a shell-model description restricted to a single-j orbital is the
applicability of analytical predictions, which can be directly compared with experimentally
observed nuclear properties. For example, as described in Ref. [23] there is a relation between the
energy spectra of nuclei with two valence nucleons in a j orbital (j2 system) and the respective

system of three valence nucleons j2. Similar relations between the electric quadrupole strength

10



B(E?2) in the j2 and j" systems can be derived in general. Such relations become analytical if
seniority is conserved and therefore deviations from the analytical relations may provide important
information on the question of seniority conservation |7, 38]. Since the complete derivation is
complex, only the relevant results are shown here. A more detailed explanation can be found
in Ref. [7|, which is Chapter 2 of this work and in the appendix of Ref. [38]. In the single-j
approach the B(E2) transition probabilities in the 87 — 61 — 41 — 2{ — 0 sequence of the

42 two-nucleon system obey the purely geometric rule

. . . . 2
BlE2 T g2y = BEIFL= D@2 D)2+ DR+ 1+ ) 1)J(N+3 o2

128752(5 + 1)2(2J — 1)(2J + 1) 2 oft’

(1.3)
with N being the major oscillator quantum number associated with the j orbital, b the oscillator
length parameter that can be derived from the mass number A [71, 72|, and e.g the effective
charge of the nucleon. Purely geometric means in that context, that the relation Eq. 1.3 depends
only on the angular momenta involved and not on the interaction between the nucleons. The
effective charge e.g has to be obtained from experimental data like the quadrupole moment of
the ground state in the one valence nucleon system. If the B(E2) strength in the j2 two-nucleon
system cannot be reproduced using a constant effective charge, an alternative ansatz is the use of
state-dependent effective charges é.¢ instead. As pointed out in [38], using a relation between
et (J, J) and ée(J, J — 2) they can be derived from the experimental B(E2) data of the whole
8f — 6f — 4T — 2f — Ogs sequence and subsequently propagated from the j2 system to the j"
systems. The matrix elements of the one-body operator with state-dependent effective charges

can be expressed as

2j—1

GroeJel | TUHER) (|5 vnd) = > fr( vJondn)éen(J, T —2), (1.4)
J=24,...

with f;(j"viJiviJg) being numerical coefficients that can be derived for any n and appropriate
4 [73]. This ansatz was already applied for the case of 2'9Po and 2! At with protons in the w1hqg /2
orbital above the doubly magic 2°8Pb [38, 39], and also for the case of **Te and 3°I with protons
in the mlgy /o orbital above the doubly magic 132Gn [74]. Finally, the analytic formula for the
transition matix elements Eq. 1.4 allows to predict also B(FE?2) strengths for transitions between
states constructed as a mixture of two states with the same angular momentum J but different
seniorities @ and b. By assuming ad hoc mixing

[J7) = alJiza) + BT (1.5)
one can derive the admixture parameters (o, 3) by minimizing the x? function with respect
to the experimentally observed B(FE2) strengths. This procedure can provide insights into the

constructive or destructive interference between the two components.
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1.5 Lifetime Measurements using the Fast-Timing Method

The fast-timing method is a well-established technique used to measure mean lifetimes of excited
nuclear states. Using fast cerium-doped lanthanum bromide (LaBr) scintillators the method is
sensitive particularly in the picosecond to nanosecond range [12, 75]. The technique relies on the
measurement of time differences between events that indicate the population and depopulation of
a respective nuclear state. There are different types of observable events that can serve as such
indicators. Most commonly the detection of feeding and decaying ~ rays of the state, but also
B-particles, conversion electrons, X-rays, etc. can be used. In this work it is done by detecting
time differences between coincident «-ray emissions from a nuclear de-excitation cascade. In
Fig. 5(a) a minimal example for a modern fast-timing setup is shown. It consists of two LaBr
detectors and a fast 500 MHz digitizer to record energy and time information from the detector
signals. The time stamp information is determined with picosecond precision using the onboard
constant fraction discriminator (CFD) algorithm [13, 76]. Due to the limited time resolution of a
given setup, the spectrum of time differences is always a convolution of the exponential decay
term with the so called prompt response function (PRF), which is the time distribution one would
obtain if the lifetime was insignificantly small. The PRF is a Gaussian-like distribution and its
shape is dependent on the energies of the detected feeding and decaying ~ rays. For an idealized
case of no background contributions the formula for the resulting time distribution D(t) is given
by

by =Y / P o) x e K ay (1.6)

T o0

where 7 is the mean lifetime of the state, P(t — ty) is the above mentioned PRF, and N a
normalization factor. Depending on the time resolution of the setup and the lifetime of the
state of interest, two main techniques are used to obtain the lifetime from the time-difference
spectrum. If the lifetime is significantly larger than the time resolution of the setup, the lifetime
can be obtained by fitting the exponential tail of the distribution. This is shown schematically
in Fig. 5(c). If the lifetime is in the order of the time resolution of the setup or below, the
exponential term causes the distribution D(t) only to deform asymmetrically and to shift relative
to the position of the pure PRF. In this case the centroid-shift method is used [77]. The centroid

of a given time distribution is mathematically defined as its first moment

_ JtD(t)dt

¢(D) = [D(t)dt

(1.7)
and can be interpreted as its center of gravity. Because the PRF is dependent on the energies
of the feeding (FEfeeder) and decaying (Egecay) transitions, it has a non-negligible influence on
the obtained centroid. The energy dependence of the PRF is called the -y time walk (TW),
and to correct for its influence, it must be calibrated for each experimental detector setup using

well-known calibration standards. The lifetime can be deduced from the following equation

C=1+ TW(Efeedera Edecay) . (18>
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Figure 5: Schematic drawings to explain the fast-timing method. (a) The minimal example for
a digital fast-timing setup using two LaBr detectors and fast digitizers with digital
CFDs to determine timestamps for each individual detector signal. (b) The concept
of the centroid-shift method for the measurement of lifetimes smaller or in the range
of the time resolution of the setup. The centroid C (red) of the time distribution
can be decomposed into the two components time walk (green) and lifetime (blue),
allowing the measurement of lifetimes when the time walk is known. The prompt
response function is shown in yellow. (c) The determination of lifetimes by fitting the
exponential tail of the time distribution for lifetimes that are significantly longer than
the time resolution of the setup.

In Fig. 5(b) the different components involved in the centroid-shift method are schematically
shown. For a setup of more than two LaBr detectors the method can be extended analog to the
generalized centroid-shift method (GCD) with a superimposed time walk for the whole setup [13,
78, 79]. The time-walk calibration is usually conducted using a %2Eu source, because it covers
an energy range from 40-1408 keV and the lifetimes of excited states in the daughter nuclei
1528m and 1°2Gd are known with high accuracy [80, 81]. Additional sources like !33Ba or #26Ra
can be added to cover a wider energy range and increase the coverage of data points [82, 83].
Figure 6 shows an example for the fit to calibrate the ~-v time walk using combined data from
152Ky, 133Ba, 226Ra sources as well as in beam data from 2Mo populated in the **Nb(p,2n)%2Mo
reaction. A time walk of less than 20 ps for the energy range between 244 and 1510 keV can be
achieved by selecting suitable parameters for the digital CFD, which is described more detailed
in Ref. [13].
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Calibrated mean time-walk characteristic of the detector setup of the HORUS spec-
trometer in the fast-timing configuration. The data points shown are from '°2Eu,
133Ba, 226Ra sources and from ?Mo populated in-beam using the **Nb(p,2n)??Mo
reaction. The lower panel shows the residual of the fit and the 1o uncertainty interval.
The data was recorded during the experiments from April 2023, which is described in
more detail in Ref. [§].



Table 1.1: Estimated reaction cross sections o for the fusion-evaporation reactions at given beam
energies used during the experiments. The cross sections were calculated using the
program cascade [84].

reaction energy [MeV| estimated o [mb] beam time [d]
NZr(a, 2n)?2Mo 27 1050 4
93Nb(p, 2n)??Mo 18 800 1
07r(5Li, 3n)%Tc 33 410 4
2Mo(a, 2n)*Ru 27 500 4

92Mo(°Li, 3n)%Rh 36 60 12

1.6 Experimental Details

The experiments presented in this thesis were all conducted at the Institute for Nuclear Physics
at the University of Cologne. In the time period from March 2022 to December 2024, three
experimental campaigns have been conducted to measure lifetimes of excited states in different
N = 50 nuclei, namely Mo, ?Tc, “Ru, and “Rh. Additionally, an enhanced upper limit for a
lifetime in *Nb and lifetimes of excited states in 2?Ru have been measured. The excited nuclei
were produced using a variety of suitable fusion-evaporation reactions. Prior to each experiment,
estimates for the respective reaction cross sections were calculated using the program cascade [84]
in order to optimize the respective experiment. The particle beam for each experiment was provided
by the Cologne 10 MV FN Tandem accelerator. The sputter source and the duoplasmatron
(*He beam) were used to produce the negative ions. In Table 1.1 the reaction cross sections
at given beam energies according to cascasde are summarized for the reactions used for the
experiments.  The « rays emitted by the excited nuclei were detected using the HORUS (High
efficiency Observatory for v Ray Unique Spectroscopy) spectrometer [85, 86| in the fast-timing
configuration, consisting of a hybrid setup of eight high-purity germanium (HPGe) detectors
and up to ten 1.5" x 1.5" cerium-doped lanthanum bromide detectors with Hamamatsu R13435
photomultiplier tubes (PMTs) [87]. The high energy resolution of the HPGe detectors allows
precise selection of distinct coincident transitions and hence enables a fast-timing analysis in triple
coincidences. Without the precise HPGe gates it was not possible to analyze the in-beam data
for most of the fusion-evaporation reactions. The LaBr detectors were shielded either passively or
actively against neighboring detectors to avoid inter-detector Compton scattering. This leads to
a reduction of the Compton background in general, but is also particularly important to avoid
crosstalk effects between detectors, that can strongly affect the time-difference spectra, due to
the time of flight for scattered 7 rays between two adjacent detectors. An effect that also leads
to the appearance of ghost peaks within the LaBr-LaBr coincidence spectra [89, 90]. Six of
the LaBr detectors were actively shielded with bismuth germanium oxide (BGO) anti-Compton

shields and the remaining were shielded using lead sheathings. In Ref. [90] the application of the
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Figure 7: The HORUS spectrometer [85] in the fast-timing configuration. (a) Schematic drawing
of the setup, showing the positions of germanium (HPGe), LaBr detectors and LaBr
detecors with BGO shields for active Compton suppression. The beam axis is shown
in green and the target is shown as red dot in the center. The figure is adopted
from [88]. (b) Actual photograph of the HORUS spectrometer showing the above
described detectors and the target ladder on top of the target chamber. The beam
direction is from right to left in (a) and (b).

HORUS BGO shields in combination with LaBr detectors is discussed in detail. Figure 7 shows
the hybrid setup of LaBr and HPGe detectors mounted at the HORUS spectrometer. For each
experiment, the possibility of cross talk from opposing detectors was examined. This is especially
important when energies in the proximity of the ~200 keV backscatter peaks are involved. A
corresponding analysis, which excluded opposing LaBr detector pairs, revealed no significant
deviations relative to the analysis without excluded detector pairs. The signals from the LaBr
detectors were recorded with a V1730 [76] fast-sampling digitizer from CAEN S.p.A., which has a
sampling rate of 500 MHz and an analog-to-digital converter (ADC) resolution of 14 bits. This
module includes real-time interpolating digital CFDs, providing timestamp determination for the
fast LaBr detector signals with an accuracy down to picoseconds [13, 76]. The signals from the
HPGe detectors were processed using V1782 digitizers, synchronized with the V1730 digitizers.
The data acquisition and control software CoM PASS [91] was used for the recording. More
detailed information on the data acquisition system is given in Refs. [92, 93|. The raw data was
sorted using the software ftSOCO, an expanded version of the sorting code SOC'O-v2 to include
also digital fast timing [93-95].
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Excited states in the yrast and negative parity bands in **Mo were populated in two different experiments using
the °Zr(a, 2n) **Mo and **Nb(p, 2n) *>Mo fusion-evaporation reactions at the Cologne FN Tandem accelerator
and measured using a hybrid setup of high purity germanium and lanthanum bromide detectors. Lifetimes of the
excited 27, 4F, 67, 8, 57, 77, and 9; states were measured using the y-y fast-timing technique. The newly
measured lifetime of the 47 state differs from the recently published value measured using the recoil distance
Doppler shift method. Experimental B(E2) strengths of excited states in **Mo are used to predict theoretical
B(E2) values in the N = 50 isotones from **Tc up to **Rh using semiempirical calculations in the single-;

orbital Ogy,» for the protons.

DOI: 10.1103/PhysRevC.108.064313

I. INTRODUCTION

The semimagic N = 50 isotones between *°Zr and the
doubly magic '%Sn are of particular interest to test the nuclear
shell model (SM) since in this region the valence protons grad-
ually fill the Ogo» orbital above an energetically separated,
closed core. Consequently, the low energy nuclear structure in
this region can be assumed to originate from the interaction
of protons confined to the 0gg/, orbital. This implies the use
of the concept of seniority to describe the low-spin structure
(J < 8) of these nuclei. Seniority was first introduced by
Racah to describe pairing interaction of electrons in the atom
[1]. For a fermionic system of n identical particles, which all
have the same angular momentum j and interact through a
pairing force, seniority v is a conserved quantum number and
defined as the number of particles that do not pairwise couple
to angular momentum J = 0 [1]. In nuclear physics, the va-
lidity of seniority symmetry has also been demonstrated for a
broader class of empirical nucleon-nucleon interactions [2—5]
and is expected to provide a useful description for a variety of
regions of the nuclear chart [6]. Seniority is strictly conserved
for systems with j < 7/2 [7] but is usually relatively well
conserved among identical nucleons, even if j > 7/2 [8,9].
Recent studies found indications for a partial seniority con-
servation [10] as well as seniority-breaking behavior [11-13]
for protons in the 0go/, orbital. Seniority conservation and
breaking remains a topic of current interest in this region of
the nuclear chart.

The single-j approximation applied in this article uses
the experimentally determined quadrupole transition strength
from the two-nucleon j2 system (*Mo) to make analytical
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predictions for the quadrupole transition strength in the ;"
systems of the isotonic chain, up to > Rh. This ansatz already
proved to be successful in the similar case of protons in the
0Ohy > orbital in the region above 208pp, [14]. Relations between
B(E?2) values in the j? and j" systems can be derived in gen-
eral. Such relations become analytical if seniority is conserved
and therefore deviations from the analytical relations may
provide important information on the question of seniority
conservation.

In order to have an adequate basis for the single-j predic-
tion, lifetimes of the first excited states in *>Mo, especially
of the 4] state, were measured with high precision using the
fast-timing method with two independent experiments.

II. EXPERIMENT

The two independent experiments used different nuclear
reactions to populate excited states in °>Mo. In the first ex-
periment, the states were populated using a *°Zr(a, 2n) **Mo
fusion evaporation reaction, it will be referred to as EXP1 in
the following. The 5.3 mg/cm? thick target of 97.62% en-
riched *°Zr was irradiated with a beam of 27 MeV « particles
provided by the Cologne 10 MV FN Tandem accelerator with
an average current of 3 pnA. Due to a clean reaction channel,
almost no other nuclei were populated, and hence no major
contaminations are visible in the y-ray spectrum. The setup
consisted of eight high purity germanium (Ge) detectors and
nine LaBr;(Ce) detectors (hereafter denoted as LaBr). Six of
the LaBr detectors were actively shielded with bismuth ger-
manium oxide (BGO) anti-Compton shields. The remaining
LaBr detectors were passively shielded against scattered y
rays using lead sheaths. A 500 MHz digitizer, implementing
online interpolation constant fraction discrimination (CFD),
was used to record time and pulse height information from

©2023 American Physical Society
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the LaBr detectors photomultipliers (PM). A detailed investi-
gation of the digital CFDs for fast-timing experiments is given
in Ref. [15].

In the second experiment (EXP2), excited states in *>Mo
were populated using a *Nb(p, 2n) “>Mo reaction. The tar-
get was 5.4 mg/cm? of monoisotopic *>Nb and the proton
beam had an energy of 18 MeV. In both cases the targets
were solid and thick enough to stop all reaction residues.
The stopping times are much shorter than the lifetimes
measured with the fast-timing technique. Both experiments
were performed using the HORUS spectrometer fast-timing
configuration [16-19]. Notably, the second experiment was
performed almost one year later and the exact positions of the
detectors differ between the two configurations. The two data
sets yield strictly independent results.

Using the fast-timing method, lifetimes of excited states
are deduced by measuring the time difference between the
observation of events that indicates the population and depop-
ulation of the state. Here, these events are y rays populating
and depopulating the state of interest. The fast-timing method
is sensitive down to the range of picoseconds [20,21]. Life-
times that are significantly larger than the time resolution
of the fast-timing setup can be extracted by fitting the ex-
ponential tail of the time spectrum or using the convolution
method [20,22]. For lifetimes in the range of the setups time
resolution and smaller, the centroid shift method [23] is used.
The method is based on measuring the centroid of the time
distribution, mathematically also referred to as the first mo-
ment, to deduce the lifetime.

To extract the signals time information, a fast 500 MHz
digitizer with an implemented real-time interpolating CFD
algorithm was used to provide time stamps with picosec-
ond precision [15]. In this way the data are intrinsically
symmetrical with regard to the interchange of the start and
stop detectors and therefore, an easy creation of symmetrical
energy-energy-time-difference cubes for the analysis is possi-
ble. In the following, only aspects of the fast-timing method
that are relevant to the presented analysis will be discussed.
For more details on the fast-timing method in general, please
refer to Refs. [21,24] and for the analysis using symmetri-
cal fast-timing cubes as done in this study, please refer to
Refs. [15,25].

A time difference spectrum for a given feeder-decay cas-
cade is created by gating on the respective transitions. The
lifetime 7 results from the spectrum as the shift of the distri-
bution’s centroid C, corrected for the energy-dependent y-y
time walk (TW) of the respective feeder-decay combination

C=1+ TW(Efeederv Edecay)» (1)
TW(Efeedera Edecay) = TW(Efeeder) - TW(Edecay)- (2)

The energy dependence of the time walk was determined
experimentally using the standard calibration procedure with
a "2Eu source [15,26], which covers a wide range of suitable
transition energies and well-known lifetimes of intermediate
states. From the measured centroid of the time distribution,
for a given feeder-decay cascade with intermediate states in
152Gd or 152Sm with well-known lifetime, the time walk can
be derived according to Eq. (1). The lifetimes used within the
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FIG. 1. Calibrated mean time-walk characteristic of the setup
used for EXP1 (top). The residuum of the fit and the 1o uncertainty
interval (bottom).

time walk calibration procedure were taken from Ref. [27] and
the lifetime from the 2} in '"2Gd from Ref. [28]. Recently, the
lifetime of the first excited 27 state in '>2Gd was remeasure
with high precision, reducing its uncertainty by an order of
magnitude [28]. This significantly reduces the uncertainty of
the time walk calibration using a '>’Eu source as calibration
standard. Because the y-ray energies from the 330-773 keV
cascade in Mo are almost identical to the 344-779 keV
cascade in 'P2Gd, this optimization of the calibration standard
significantly reduced the contribution of the time walk to
the uncertainty for the lifetime of the 4] state in “Mo. The
resulting data points are fitted using the function

TW(E,) = +Ec+E,d+e. 3)

a
VE, +b
The resulting TW (E,,) curves for EXP1 and EXP2 are shown
in Figs. 1 and 2, respectively. For both experiments, the

residuum [ps]

l l l l l
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FIG. 2. Calibrated mean time-walk characteristic of the setup
used for EXP2 (top). The residuum of the fit and the 1o uncertainty

interval (bottom).
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FIG. 3. Coincidence spectra of both experiments for multiplicity
three data with Ge-LaBr-LaBr coincidences shown in black and
Ge-LaBr-Ge coincidences shown in red. Transitions that were used
within the analysis are labeled. The insets show a zoom of the low-
energy part.

maximum range of the time-walk curves amounts to less than
20 ps in the range between 244 and 1299 keV. Coincidence
spectra for both experiments are shown in Fig. 3. The spectra
are sorted with the coincidence multiplicity condition of one
Ge and two LaBr. In both experiments, no significant peaks
from nuclei other than °>Mo are visible. Transitions important
within the analysis are labeled and Fig. 4 displays a partial
level scheme of °*Mo showing the yrast and negative parity
bands.

III. ANALYSIS

The lifetimes were extracted from the data using the cen-
troid shift method or by fitting the exponential tail of the time
distribution. As an example the procedure for the latter case
is shown in Fig. 5 for the lifetimes of the first excited 6; and
57 states in **Mo. The lifetime of the 8/ state was determined
in the same way but using Ge-LaBr timing. In the following
the focus is on the analysis of the lifetime of the 4] state in
92Mo, which was performed using the centroid shift method.
The analyses of the 2], 7, and 9] states were performed
analogously. For the lifetime analysis of the 4] state the
data were sorted with a threefold coincidence multiplicity
condition. Different conditions on the detector types were
tested: triples of one Ge and two LaBr and triples of three
LaBr with a narrow coincidence window of 20 ns. Taking into
account background corrections, which will be discussed in
detail later in the text, led to consistent results in all cases.
The adopted analysis was done using a threefold multiplicity
condition with exactly one Ge and two LaBr detectors. As
an example, Figs. 6 and 7 show the resulting LaBr spectra
(black) after setting a Ge and a LaBr gate on the feeder (b) or

E...[keV]
11, —— 4486
17935
9 —f— 4251
628
71-+ 3624
g.+ 1097
v 2761
6+ 148
B 5. 5997
4.+ 244 !
! —L—r 2283
773
.
2 ; 1510
1510

0," i 0.0

FIG. 4. Partial level scheme showing important states and tran-
sitions used within the analysis. The transition energies are given
in keV. The arrows thickness approximately emphasize the relative
intensities of the transitions observed with the *°Zr(«, 2n) **Mo re-
action (EXP1). Adopted from Refs. [29,30].

decay (a) transition. To significantly reduce the influence of
random correlated y rays, an additional timing window was
placed for the LaBr-LaBr coincidences within the threefold
Ge-LaBr-LaBr coincidences. As shown in Ref. [15], for a
well-synchronized LaBr array a coincidence window of less

TT T T T T T T T T T T
_ +

3103 Te+ —2200(20) ps | 8ir LaBr(148)
% 9 [ | 61 LaBr(330)
EIO E I 41{ LaBr(773)
210! o
010 E
(] r
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2102 o
} ;7 LaBr(1097)
+ LaBr(244)
§101 3
o]
)

10°

time [ns]

FIG. 5. Time spectra used for the measurement of the lifetime of
the 61+ state (a) and for lifetime of the 5 state (b). The procedure is
shown for the data from EXP1. The term for the random distributed
background was set to a constant value, which was determined via
integration and also as parameter from a fit, leading to consistent
results. The data from EXP2 was processed in the same way.
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FIG. 6. Background correction procedure for the analysis of the
47 state measured in EXPI. (a) Resulting spectra after gating on
the 773 keV decay transition. (b) Respective spectra after gating
on the 330 keV feeder transition. The LaBr spectra are shown in
black and corresponding gated Ge spectra for monitoring in red.
(c) and (d) The corresponding background interpolation (black), the
uncorrected centroid Cey, is shown in red, the interpolated centroid
Cpg is marked with ®.

than 10 ns is sufficient for LaBr-LaBr timing. To still gain
sufficient coincidences with the Ge detector a large time win-
dow of 400 ns was combined with the short LaBr-LaBr timing
coincidence window of 10 ns. If such an additional LaBr-LaBr

x 100 EXP2
P/B = 16.8(2 -
15} / (2) P/B=208(2) | 0
v
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FIG. 7. Background correction procedure for the analysis of the
4} state measured in EXP2. (a) Resulting spectra after gating on
the 773 keV decay transition. (b) Respective spectra after gating
on the 244 keV feeder transition. The LaBr spectra are shown in
black and corresponding gated Ge spectra for monitoring in red.
(c) and (d) The corresponding background interpolation (black), the
uncorrected centroid Cey, is shown in red, the interpolated centroid
Cpg is marked with ®.
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FIG. 8. The resulting time distributions, centroids (dashed lines)
and gate information used to measure the 47 state for EXP1 (top)
and EXP2 (bottom). For the upper time distribution, matrices with
Ge gates on 148 keV and 1510 keV were added to increase the
statistic. Since the multiplicity condition was set to only validate
coincidences containing exactly two LaBr hits and one Ge hit the
two energy conditions are mutual excluding/exclusive and no risk of
double counting exists.

timing window is not applied, the P/B ratios measured in
the LaBr spectra will be smaller due to the continuum of
random coincidences within the large coincidence window.
To verify the absence of contaminating transitions within the
broad LaBr peaks, triple events with a coincidence condition
for two Ge and one LaBr detectors were built. Using the same
gates as before yielded the respective Ge spectra shown in red,
which shows no major contamination within the LaBr peaks
for the given cascade. The resulting time spectra after setting
the second LaBr gate are shown in Fig. 8 together with the
resulting centroid of the respective distribution.

The measured time spectra are always influenced by
Compton background beneath the peaks of interest and a
background correction procedure was applied. As described
in Ref. [26], the centroid of an experimental time-difference
distribution is a linear superposition of multiple centroid
components and for a proper lifetime determination, the com-
ponent of the pure peak vs. peak centroid Cpp is needed, which
was approached by using a background correction procedure
as shown in Ref. [26]. The correction is based on Eqs. (4)—(6):

Cpp = Cexp + fcors (4)
z P/B(Ef)tcor(Ei) + P/B(Ei)tcor(Ef) (5)
“or P/B(E;) + P/B(Ey) '
foor = M, (6)

P/B(E)

where Cgg is the centroid of the Compton background under
the peak and P/B(E) are the respective peak to background
ratios. The component Cgg is only accessible by interpo-
lating the Compton background in the vicinity of the peak.
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TABLE I. Summary of the measured mean lifetimes of the states J; and the respective reduced transition probabilities.

) Toner Toxrs Tadopted B(oxJ — J7) B(o JT = J7")
JT—J ff ps ps ps Multipolarity adopted literature
2f — 0f <3 <8 <3 E2 >35 &% fm* 207(12) €* fm* [30,31]
4 — 2f 22.5(11) 23(2)" 22.5(11) E2 13217 €* fm* 84.3(14) €* fm* [5]
67 — 4f 2900020 299070 1200120 E2P 81(2) ¢* fm* 80(3) ¢ fm* [30,32]
- 57 (20) (70) (20) E1P 5.3(6) x 107 e fm? 5.3(7) x107% e fm? [30]
87 — 67 310(3)x 10%¢ — 310(3)x10° E2 28.6(3) ¢ fm* 32(1) €* fm* [30,33-37]
. 4 2270030 225060 2270030 E1¢ >1.88(3)x 107 efm? 1.91(5)x 1073 efm? [30,38]
G (30) (60) (50) M2 <93 uN? fm* <98 uN? fm* [30]
77— 57 <5 <7 <5 E2 >101 €2 fm* -
9 — 77 37(11) 29(7) 31(6)° E2 27178 &2 fm* -

*Averaged value from feeder-decay cascades 244—773 and 330773 calculated using a Monte Carlo method.
°The branching ratio for the 6] level was derived using the intensities from Ref. [29].

‘Determined using Ge-LaBr timing.
dMixing ratio § < 0.05 from Ref. [39].
¢Weighted average from EXP1 and EXP2.

The interpolation of the Compton background is shown in
Figs. 6 and 7 (bottom). The results for both experiments are
listed in Table I alongside the respective reduced transition
probabilities B(o A), which were calculated using the adopted
values for the measured lifetimes, decay energies, and the to-
tal conversion coefficient calculated using the program Brlcc
[40]. The remeasured values for the lifetimes of the 27, 6],
57, and 81+ state fit well to the current literature values. The
lifetime of the 4] state is in significant disagreement with
the recently published literature value trpps = 35.5(6) ps [5],

|

B(E2; jJ — j2J —2) =

measured using the recoil distance Doppler shift method and
a radioactive beam.

IV. DISCUSSION

The present experimental work established another case
of a nucleus with two valence nucleons in a j=9/2
orbital, in which all B(E2) values in the sequence
87 — 6 — 4F — 2} — 0 are measured. In a single-j ap-
proach the E2 transition probabilities in this sequence obey
the following rule:

where N is the major oscillator quantum number associated
with the j orbital and e is the effective charge of the nucleon,
which usually is taken the same for all E2 transitions in a
given nucleus. In Eq. (7) also appears the oscillator length
parameter b, for which we use the estimate of Blomqvist and
Molinari [41] (see also the more recent discussion of Kirson

[42]):
41,46
b= \/45A1/3 — 25A-2/3 fm. ®

It should be stressed that the result (7) is purely geometric,
that is, it depends only on the angular momenta involved and
not on the interaction between the nucleons. In the column
labeled 7 (E2)’ of Table I, the single-; prediction is com-
pared with the B(E?2) values measured in Mo. The effective
charge in the one-body operator 7} (E2) is obtained from the
quadrupole moment of the 9/2% ground state of °'Nb, with the
experimental value and uncertainty Q(9/ ZT) = —25(3) efm?.
With an oscillator length parameter b &~ 2.18 fm this implies

152 + 1 = DQ@j +2 = NRj+H2j + 1+ U = 1) < 3>2b4e2
1287 2(j + 1)2(2J — 1)(2J + 1)

N + E off > @)

(

eeff ~ 1.32. This effective charge is essentially the same as
what is obtained from the B(E2;8t — 6T) value in “*Mo,
eef &~ 1.31. It is possible to obtain better results for 2Mo by
fitting the effective charge to the n = 1 and n = 2 data but that
would be problematic given the discrepant description of the
B(E2) values in *>Mo.

It is seen from Table II that there are significant devia-
tions from Eq. (7) for all transitions other than 8] — 6, in

TABLE II. Experimental and calculated B(E2) values in °*Mo.

B(E2;J7 — JT) (¢* fm*)

v JE ow T Exp T\(E2) T/(E2)
2 2 0 of 207(12) 89 207(12)
2 4 2 2f 132*7 103 132*]
2 6f 2 4 81(2) 71 81(2)
2 8 2 6 28.6(3) 28 28.6(3)
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particular for the 2] — 0 transition. The situation is rem-
iniscent of the one in the A =210 isotopes of lead and
polonium but, interestingly, whereas in the latter nuclei the
calculated B(E2;2{ — 07) is a factor two larger than the
measured value, in °>Mo the single-j prediction is more than
a factor two too small.

It is assumed that the correct B(E2) values can be obtained
by considering an appropriately large model space, which,
when reduced to a manageable model space, gives rise to
effective charges. The purpose of the present discussion is not
a microscopic derivation of an effective £2 operator in nuclei
with two valence nucleons but rather the use of effective
charges determined from the two-nucleon E2 data in nuclei
with n > 2 valence nucleons.

A. State-dependent effective charges

In this approach, the E2 operator remains of one-body
character but state-dependent effective charges are taken. To
distinguish this operator from the one with a constant effective
charge, T\(E2), it is denoted in the following as T{(E 2). The
ideais that, if the B(E2;J — J — 2) values in the two-nucleon
system cannot be explained with a constant effective charge,
these can be made J dependent so as to reproduce the data.
These effective charges are subsequently propagated to the
n-nucleon systems. In Refs. [14,43,44] this procedure was
applied to express B(E?2) values in the three-nucleon system
in terms of those in the two-nucleon system. This could be
achieved analytically under the assumption of conservation of
seniority. In this subsection, we outline the procedure for n
nucleons for a general interaction in a single-j orbital. In the
next subsection analytic results are presented for an interac-
tion that conserves seniority.

The matrix element of a one-body tensor of rank A between
n-body states can be calculated with the following recursive
formula [45,46]:

(T NT )N ")
n i y GR &'R
= m(_)W[J][J] > SRR,

GR&'R
y J J
" R

where [x] = +/2x 4 1. The label o denotes possible quantum
numbers needed to distinguish states of the j” configura-
tion with the same angular momentum J and ¢2%, is a
short-hand notation for the coefficient of fractional parentage
[j"~'(&R)jJ|}j"aJ]. Usually this recursion relation is applied
until one arrives on the right-hand side at a one-nucleon matrix
element, i.e., until n = 2. Therefore, for the operator ﬁ (E2)
with a constant effective charge e, all E2 matrix elements
between n-nucleon states can be expressed in terms of

GITUED ) = e (Il Yallj) = V5, (10)

where é.¢ is proportional to the effective charge, é.¢ =
fi(A)ecsr, with

;}<j"“o~/R’||fa(x)nj"—‘&m, ©)

z)bz[@j - D@j+ D)+ 3)}”2.

ff(A)Z_(N+2 647 + 1)

an

For the operator Tl’ (E2), with effective charges that depend on
the two-nucleon states | j2J), the recursive procedure is halted
when one arrives on the right-hand side of Eq. (9) at a two-
nucleon matrix element

(GFPINTE)N )
=—¢2_0[Jf][Ji]{J{, j i}éeﬁ(Ji,Jf). (12)

This recursive procedure can only be carried out if all
two-nucleon matrix elements, that is, all effective charges
éqir(Ji, Jr), are known. If these are to be obtained from mea-
sured E2 data, that is unlikely to be possible since it would
require the knowledge of the ‘moment’ effective charges
éett (Ji, Jr) with J; = J;. A possible strategy to circumvent this
problem was outlined in Ref. [14] and leads to the following
relation between éq¢:(J, J) and éqie(J, J — 2):

e (J,J)  [J] {j j ZHJ- j 2}—1
e, J—2) -2V J V-2 J j| -

13)

which allows to deduce all required effective charges from the
B(E2;J — J — 2) values in the nucleus with two nucleons in
the valence space.

B. Analytic results for seniority-conserving interactions

As shown many years ago by de-Shalit and Talmi [45,46],
the interaction between identical nucleons conserves seniority
to a good approximation. With this assumption it is possible
to derive analytic results for the matrix elements of T{(E 2)
between all states in a single-j orbital as long as j < 9/2,
that is, if all states are uniquely defined by their angular mo-
mentum and seniority. The matrix elements of the one-body
operator with state-dependent effective charges can be written
in generic form as

(ot N TUE2) | ™ vidi)
2j—1

= Z frG " vdivedp)ée (J, J — 2), (14)
J=24,..

where f;(j"viJiveJy) are numerical coefficients. Similar re-
sults relating the B(E?2) values in n = 3 and n = 2 nuclei were
derived in Refs. [14,43] for j =7/2,9/2. The coefficients
fr(j"uiJiveJr) can be derived for any n and are available on
request [47].

C. Application to N = 50 isotones

We apply the method outlined in the previous subsec-
tions to N = 50 isotones, making use of the complete set of
B(E?2) values for the sequence 8 — 6] — 47 — 21 — 0f
measured in °>Mo in order to fix an effective E2 operator.
Similarly, an effective Hamiltonian appropriate for the 0go/»
orbital can be derived from energy spectra. The two-body
interaction matrix elements are taken from °’Mo and from
%8Cd, corresponding to two valence particles and two valence
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TABLE III. Experimental and calculated B(E2) values in **Tc.

TABLE IV. Experimental and calculated B(E2) values in **Ru.

B(E2;J* — JT) (¢* fm*)

v JT w JE Exp Ti(E2) T/(E2)
3 3/28 3 5.2 - 212 25617
30328 30 772f - 31 35(1)
3528 3 T/2f - 17 9.07}3
30520 1 9/2f - 93 156(6)
30728 1 9/2f - 178 27815
3925 3 5.2 - 23 32(1)
30928 3 72 - 20 26(2)
309/25 1 9/2f - 11 16.0(5)
30925 3 11/2f - 85 99(1)
3925 3 132 - 33 4.8(3)
30112t 30 72 - 39 63(2)
301128 1 92f - 59 87(3)
301120 30 13/2f - 102 132(3)
301320 1 9/2f - 102 166(6)
301520 3 11/2f - 52 62(1)

30 15/27 3 1372} - 16 17.703
3017720 3 13/2f 88(18)* 99 114(3)
3017728 3 15/2f - 30 30.1(5)
3021720 3 1772 73(5)° 57 61(1)

2From Ref. [48].
YFrom Ref. [49].

holes in 0gy/», respectively, and an interpolated interaction
is taken for intermediate N = 50 isotones. This procedure
breaks particle-hole symmetry in the 0go,, orbital, akin to the
effect of a three-body interaction. However, the interaction
remains of two-body character and exhibits selection rules as-
sociated with the partial conservation of seniority, in particular
in the midshell nucleus **Rh.

In the following we compare the results obtained with the
operator T1(E2) with a constant effective charge with those
of the operator f"l’(E 2) with state-dependent effective charges,
and with the data when available. The input data depend on the
assumed character of the E2 operator, as is explained below.

Results obtained with the two different E2 operators are
summarised in Tables II-V for *2Mo, *Tc, **Ru, and *°Rh,
respectively. Note that the method allows to estimate the
uncertainty on a given B(E2) value. For example, in the cal-
culation with the operator fl’(E 2), one obtains information on
how the uncertainties on the experimental values in the n = 2
nucleus °>Mo propagate into the results for nuclei with n > 2.

We now comment on the results obtained with the two E2
operators.

1. The E2 operator with a constant effective charge

The effective charge derived from the quadrupole moment
of the ground state of 9INb, e = 1.32(16), is assumed to
be normally, and therefore symmetrically, distributed around

B(E2;J7 — JT) (¢* fm*)

v JT O ou JE Exp Ti(E2) T/ (E2)
4 0f 2 2f - 30 37(1)
4 0f 4 2f - 128 164(4)
2 2f 0 of 165(80) 136 186(4)
4 25 0 of - 7x107%  0.071%%
4 37 2 2f - 9x 107  0.0473%
4 3 4 2f - 66 79(1)
4 3 2 4 - 55 73(2)
4 3 4 4 - 12 14(1)
2 47 2 2f  38(3)% 103(24)° 12 7.8(7)
2 4 4 2f - 25 35(1)
4 4f 2 2f - 165 224(5)
4 4F 4 2 - 95 15(1)
4 57 4 3f - 16 22(1)
4 57 2 4 - 124 173(4)
4 55 4 4 - 8.3 5.4104
4 55 2 6 - 26 38(1)
4 57 4 6 - 16 23(1)
2 67 2 4 3.02)° 8.0 3.9703
2 6F 4 4 - 60 80(2)
4 65 2 4 - 25 36(1)
4 65 4 45 - 107 13013
2 8 2 6 0.09(1)° 3.2 1.0(2)
2 8 4 6f - 98 137(3)
4 8 2 6 - 61 82(2)
4 8 4 6 - 21 27(1)
4 10 2 8 - 105 147(3)
4 10 4 8 - 22 23.3(4)

2From Ref. [5].
"From Ref. [13].

a central value. As a result all calculated B(E2) values have
asymmetric uncertainties—a property of the squared normal
distribution. In this example it leads to an upper uncertainty
of about 27% and a lower uncertainty that is somewhat
smaller, 22%, uncertainties not indicated in the column la-
beled ‘73 (E2)’ of Tables I to V.

Although calculations have been performed with a general
two-body interaction, which in principle can break seniority
symmetry for a j = 9/2 orbital, it is found that the v quantum
number is conserved to a very good approximation and for
many states this conservation of seniority is rigorously valid.
Specifically, in the midshell nucleus ®>Rh no mixing can occur
between levels that differ by Av =2 [7,51] and therefore
all levels carry an exact seniority quantum number with the
exception of 9/2%, which is dominantly v = 1 but does carry
asmall v = 5 component, and 9/ 2%, which is orthogonal to it.
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TABLE V. Experimental and calculated B(E2) values in %Rh.

B(E2;J7 — JF) (&2 fm*)

v JT v JF Exp T(E2) T/ (E2)
5 1/2f 3 32 - 161 205(4)

5 1725 1 572f - 0 0.98702
5 12 3 5/2f - 231 294(5)

3 3/2f 1 5.2 - 10 13.12)
3 328 3 572f - 0 1.5%03
3328 3 7/2f - 0 0.6170
1528 3 72 - 328 41748
15728 1 972 - 0 0.04+0:9
35125 1 5/2f - 205 260(5)
3525 30 7/2f - 0 0.7870:1
35/25 1 9/2f - 125 1593)
3772 1 972 - 238 303*¢
301128 30 7/72f - 0 0.02+0:93
301120 1 9/2f - 78 100(2)

5 1125 30 7/2f - 97 123(2)

5 11725 1 972 - 0.0570%
3013720 1 9/2f - 137 174(3)

30 13/27 3 11/2f - 0.3870:97
31527 3 13/2F - <0.02

5 15,28 3 13/2f - 15 18.9(3)
317727 3 13/2f - 0 0.87+522
30 17/2f 3 15/2f - 0 0.3610 0
5 17/28 3 13/2f - 168 213(4)

5 17728 3 15/2f - 62 79(1)
3021727 3 17/2F 24(2) 0 1.0(2)

30 21/2F 5 17725 113(13)? 138 176(3)

5 252 3 21/2f - 86 109(2)

2From Ref. [50].

In **Ru, 45 and 2] are solvable states and carry exact v = 4
for any two-body interaction [52—54]. Furthermore, the usual
selection rules hold for the one-body operator 7} (E2), namely
the seniorities of the initial and final states cannot differ by
more than 2, Av < 2, and E2 transitions with Av = 0 are
suppressed toward, and exactly forbidden in, the middle of the
orbital. As a result many E2 transitions in >Rh are therefore
characterized by an exact ‘0O’ in the column ‘Ti(E2) of
Table V. In the n = 4 nucleus **Ru the Av = 0 E2 transitions
are not exactly zero but rather suppressed. The only Av =4
transition in this nucleus is between 23 and 0, which is
forbidden if seniority is conserved. The calculated result for
the 2 — O transition in Table IV indicates that a very
small breaking of seniority occurs in **Ru. Another transition
with a tiny B(E2) value is 37 — 2. The latter transition

is forbidden if seniority is conserved due to a summation
property of coefficients of fractional parentage.

2. The E2 operator with state-dependent effective charges

The state-dependent effective charges needed to repro-
duce the B(E2;J — J —2) values in Mo are ee(J,J —
2) =1.99(6), 1.48(4), 1.39(2), and 1.31(1) for J =2, 4, 6,
and 8, respectively. These are obtained from &g (J, J — 2) =
fiAeer(J, J — 2), where f;(A) is the proportionality factor
defined in Eq. (11), together with the expressions

B(E2;2%

b= ) = e (2,00,

B(E2;4]_, — 2%_,) = Scerr(4,2)%,

B(E2;6]_, — 41_,) = 32&.(6,4)%,

B(E2;8/_, — 67_,)) = Zé(8,6)%. (15)

The different values of the effective charge could also be an
indication that there is more collectivity in the lowest transi-
tion, which could come from components with more than one
89,2 pair, effectively coming from the excitations from pj,
[11,12] leading to mixing of configurations with different even
number of protons in gy/», especially for the 0] state.

The E2 transition properties of the N = 50 isotones cal-
culated with an E2 operator with state-dependent effective
charges are shown in the column ‘T{(E 2)’ of Tables II to
V. All B(E2) values in nuclei with n > 3 valence protons in
the Ogo/» orbital are expressed in terms of the two-nucleon
effective charges é.¢(J, J — 2) and do not depend on the one-
nucleon effective charge é.;. Understandably, the effective
charges &5 (J, J — 2) for J = 6 and 8 are close to &5 derived
from the quadrupole moment of the ground state of °'Nb
but é.¢(2, 0) is considerably and é.(4, 2) somewhat larger
than &.¢. This reflects the deviations for the B(E?2; 21+ — Of)
and B(E2;47 — 2]) values in ®*Mo obtained with the op-
erator Tj(E2) with a constant effective charge. As a result,
most B(E?2) values calculated with state-dependent effective
charges are larger than the corresponding ones obtained with
a single effective charge. However, the differences cannot be
represented by a simple scale factor. Generally, the E2 tran-
sitions between high angular momentum states do not change
much while B(E?2) values between states of low angular mo-
mentum states do.

Two B(E2) values have been measured to date in *>Tc.
The B(E2;21/2] — 17/2]) value essentially depends only
on the effective charges &.¢ (6, 4) and é.(8, 6) (see Table IV
of Ref. [14]) and therefore is rather close to the value obtained
with the T} (E2) operator with a constant effective charge. The
B(E2;17/2 — 13/2]) value depends additionally on the ef-
fective charge é.¢:(4, 2), which leads to an increase compared
with the result obtained with 7} (E2).

To obtain an understanding of the results for the nucleus
%Ru in Table IV, we note that, under the assumption of
seniority conservation, the relevant expressions for the B(E?2)
values of the 67 — 41 and 8] — 6] transitions can be
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derived from the matrix elements

1 40 2422

44+ 6T ~
47 T/(E2 6, )=zl — == 2,0) + ——
(Jra LT EDN 6 ) = \/5< 33eeff( ,0)+ 51909

(6T L IT/(EDN*8T_,) = —Zer(2,0) +

119 526
55 \ 1485

The calculated B(E2) values in **Ru are obtained by in-
serting the state-dependent effective charges obtained from
92Mo. Compared with the calculation with a constant effective
charge a somewhat better agreement with the measured B(E2)
values is found but the improvement is marginal.

On the other hand, a disagreement is seen to occur for
the 47 — 2 transition in **Ru. While the two experimental
B(E2;4] — 2{) values are discrepant, both are significantly
larger than the theoretical prediction. To obtain an understand-
ing of this disagreement, it is essential to consider two 4%
levels, which for four particles or four holes in a j =9/2
orbital occur close in energy. For a one-body E2 operator
with a constant effective charge the B(E2) valuesina j = 9/2
orbital, under the assumption of conservation of seniority, are

B(E2;4}_, — 2]_,) = 252

1782 Ceft»
B(E2;4+ 4 2 )= 246‘(6)(2)8526 (17)
|
7 (442
oyt agt
27 T/(E2 47 =,/ — —
(2 LT EDN 4, = 286(165 (2, 0)

G2 T EDIA) = e (520,02, 0) 4 o (4, 2) oo 506, 4) +
2 J 3181 eett 363 Ceff 5445 Coff

If one makes the association 4] =47_, and 2] =27_,,
one finds, with the effective charges obtained in *>Mo,
B(E2;4} — 2{)=7.8(7) ¢*fm®, more than an order of
magnitude smaller than observed in **Ru. In fact, with state-
dependent effective charges the disagreement increases as
compared to the result obtained with a constant effective
charge.

While a single-j calculation cannot reproduce the observed
47 — 2} E2 transition in **Ru, at least not with reasonable
effective charges, it can give insight into the problem by
assuming an ad hoc mixed structure of the 4T state,

147) = aal4i_,) + Baldl_y) 19)

witha? + B2 = 1. Alarge B(E2;4] — 2) value, as in **Ru,
is obtained through a constructive interference between the

two components, which happens if o4 and B4 have the op-
posite sign. The corresponding transition in *°Pd is much

s S, BI6 N
Ceff (4, 51909eeff s 1573eeff
21046 31604 13513
4, OO0 (6.4 8.6 16
7078514 2) = 1061775 e (6 D + 37175 8 3, )) (16)

(

In **Ru (as well as *°Pd) the dominant component of the 4T
(4;) state has seniority v = 2 (v = 4). Given that the Av =
2 transition is ~14 times faster than the one with Av =0,
a small admixture of v = 4 in the 4] state can considerably
alter the B(E2; 4f — 21+) value. However, as has been shown
in Refs. [52,53], the 4;; 4 state is solvable for any interaction
ina j = 9/2 orbital, which means that it cannot mix with other
4% states. A proper description of the 47 — 2| transition in
%4Ru and *°Pd therefore necessarily must involve components
outside the 0go,, orbital.

The use of a one-body E?2 operator with state-dependent
effective charges does not alter this conclusion. Under the
assumption of seniority conservation, the matrix elements of
the operator T,/(E 2) for 4 — 2% transitions in **Ru are

2369 _ 12392 476
_Seeff(  2) — ———&.(6,4) —

25 5(8.6)).
9075 75 err (8, ))

1156

165 —Ceir (8, 6)) (18)

(

slower [B(E2; 4T — ZT) = 3.8(4) ¢*fm*] because of de-
structive interference: the Av = 0 matrix elements change
sign under particle-hole conjugation while those with Av = 2
do not. This is the essence of the argument presented in
Ref. [13], which therefore can be understood from a simple
perspective.

It should be emphasized that, due to the dominance of the
Av = 2 over the Av = 0 E2 transitions in **Ru, results are
extremely dependent on the admixture B4. In addition, since
6,_, is also a solvable state [52,53], the same type of mixing
should be assumed for the 6]L state,

161) = a6l6,_5) + Bsl6,_y) (20)

with o 4+ B2 = 1. The three E2 transitions, 47 — 2}, 6] —
47 and 8 — 6, depend on the 4™ or 67 mixing, or on both.
The B(E2) values between the mixed 41 and 6" states can
be calculated with the help of Egs. (16) and (18) together
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with

AT EDI ) = 9256 _ 0.0+ 66608 2 371744 6.4+ 28832 5.6).

S Tu=s J - V 6123 \ 5425 % 19965 " 299475 <!t 9075 °ff
2261 2 160228 4

44t .4 + ~

& ITHE)61_,) = 2.0 4,2 8,6

(AT LT/ (E2)NI) 33 ( 5445 eff( )+ 25954Seeff( ) — 773635 e (6,4) — 23595€eff( ))
2470 [ 952 1149253 18704 6881

A4l EDN 6T ) =/ - - 8,6

(J 4 4TV (ED|j76,_y) = 141 1089€etr( 0)+ 311454 eir(4,2) + 11979€ett( 4)+ 1573€eff( ) ),

_ 19 /556 12104 _ 315992 15776

(U6 _ T/ (E2)|j*81_,) = m(geeﬁ( 0)+ ﬁeeff(‘k 2)+ Weeff( 4)+ —— 5 ——— & (8, 6)) (21

With the state-dependent effective charges fixed from **Mo
all experimental E2 transitions in **Ru can be exactly re-
produced with the admixtures (a4, B4) = (0.854, —0.520)
and (ag, Bs) = (0.994, —0.111) if the the experimental
B(E2;4] — 2{) value of 103(24) is adopted. If the exper-
imental B(E2;4fr — ZT) value is taken as 38(3), reason-
able agreement is obtained with the admixtures (a4, B4) =
(0.980, —0.204) and (e, Bs) = (0.994, —0.113). It can
therefore be concluded that the currently known E2 data in
%Ru are consistent with moderate to strong seniority mixing
of the 47 levels and 67 states that are rather pure in seniority.

Also for “Rh the known B(E2) values for the states of
interest are scarce (see Table V) due to the fact that only the
lifetime of the 21/2 state is known, yielding B(E2) values
to the first two 17/27 states. The prediction for the seniority
forbidden transition to the first 17/2% state is clearly not in
agreement with the experimental findings. Also here a mixing
between both states could be considered provided more is
known on the decay of both 17/27" states.

V. CONCLUSION

Lifetimes of excited states in *Mo were measured using
the y-y fast-timing technique in two independent experi-
ments. The lifetime of the first excited 4™ state was measured

(

with high accuracy. The experimental B(E2) values calcu-
lated with the measured lifetimes were used to obtain state
dependent effective charges for the single-j calculation with
j = 9/2. Comparing the predicted B(E2) values for >*Tc with
the scarce experimental data, one finds that the single-; pre-
diction qualitatively reproduces the experimental data within
30 of the experimental uncertainties. The discrepancy from
the B(E2) for B(E 2;4?r — 2}*) in **Ru to the experimental
value is quantitatively discussed in terms of an ad hoc mixing
between v = 2 and v = 4 states, with the result that in this
way the experimental data in **Ru is exactly reproduced using
state-dependent effective charges. Since the data on lifetimes
in PTc, 94Ru, and “°Rh is yet to be completed, further ex-
periments are planned to probe the results from the single-;
calculation.
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Low-lying excited states in “*Tc and **Ru were populated using the two fusion-evaporation reactions
D7r(°Li, 3n) **Tc and **Mo(a, 2n) **Ru at the Cologne FN Tandem accelerator and their lifetimes were mea-
sured using a hybrid setup of high-purity germanium and fast cerium doped lanthanum bromide detectors for y-y
fast-timing. The measured lifetimes fill gaps in the experimental data for electromagnetic transition probabilities
B(oA) along the N = 50 isotonic chain and provide more insight for ambiguous cases, such as the lifetime
of the 47 state in %Ru. The experimental data are compared with theoretical B(E2) values from a single-
approximation, with state-dependent effective charges derived from °>Mo and with the results from shell-model
calculations performed using the SR88MHIM interaction in the 7 (1p;/2, 0go/2) model space.

DOI: 10.1103/PhysRevC.110.034320

I. INTRODUCTION

The region of semimagic N = 50 isotones between *°Zr
and '°Sn has become of particular interest to studies re-
garding the question of seniority conservation [1-5]. For a
fermionic system of » identical particles with angular momen-
tum j, seniority v is defined as the number of particles that do
not pairwise couple to angular momentum J = 0 [6]. Since
seniority is only strictly conserved for shells with j < 7/2
[7], the first shell where seniority-violating effects can occur
is 0gg 2. Between 97r and '°Sn the Ogo /2 orbit gradually fills
with protons, while distortions from the 1p; > orbit may be as-
sumed to be small. However, experimental findings indicated
a breakdown of seniority as a good quantum number in **Ru
and *°Pd, which can be attributed to cross-shell proton-hole
excitation leading to significant mixing of v =2 and v =4
states [5]. Recently, the shorter lifetimes of the low-lying
states in the region became accessible in experiments applying
the fast-timing method with LaBr;(Ce) detectors [8,9] or the
recoil distance Doppler shift method [10].

In a previous work [9], experimentally determined tran-
sition probabilities from the complete yrast cascade 8 —
6 — 47 — 2 in ®*Mo were used to extract state-dependent
effective charges, which were used in a semiempirical
single-j approximation to predict theoretical electromagnetic
quadrupole (E2) transition probabilities for the nuclei *>Tc,
%Ru, and *’Rh. This ansatz was successfully applied in a
similar case of protons in the Ohg,, orbital in the trans-lead
region [11]. However, experimental results showed a devia-
tion from the expected seniority pattern of B(E2) values in
%Ru when approaching the half-filled Ogy/> orbital [5,8-10].

*Contact author: mley @ikp.uni-koeln.de
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This deviation was explained by the mixing between seniority
v =2 and v = 4 states [8,12].

Since the analytical predictions from the single-j approxi-
mation assume seniority conservation, they cannot reproduce
all transition probabilities in 94Ru, but they do allow us to
derive ad hoc admixtures for the mixing of the respective
v = 2 and v = 4 states, to fit the experimental data. The aim
of this work is to provide more experimental data on the
electromagnetic transition probabilities in **Ru and **Tc to
fill gaps and try to clarify ambiguous cases, especially for the
lifetime of the 4] state in %Ru. Additionally, the limit for the
lifetime of the 17/2 state in °INb was improved.

II. EXPERIMENT

Two nuclear reactions were used to populate excited states
in ?3Tc and **Ru. The first was the “>Mo(«, 2n) **Ru fusion-
evaporation reaction. A 5.5 mg/cm? thick target of 99.93%
highly enriched °>Mo was irradiated with a beam of 27 MeV
o particles provided by the Cologne 10 MV FN Tandem
accelerator with an average current of 3 pnA. The second
was the °Zr(°Li, 3n) > Tc fusion-evaporation reaction, using
a 5.3 mg/cm? thick target of 97.62% enriched *°Zr and a
®Li beam with an energy of 33 MeV and an average cur-
rent of 1 pnA. In both cases the targets were thick enough
to stop all reaction residues and the stopping times were
much shorter than the lifetimes measured with the fast-timing
technique. The experiment was performed using the HORUS
spectrometer in the fast-timing configuration [13-16]. The
detector setup consisted of eight high-purity germanium de-
tectors and ten cerium-doped lanthanum bromide detectors
(hereafter referred to as Ge and LaBr). Six of the LaBr
detectors were actively shielded with bismuth germanium
oxide (BGO) anti-Compton shields. The remaining LaBr

©2024 American Physical Society
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FIG. 1. Coincidence spectra and partial level schemes for **Ru (a) and *Tc (b) showing important states and transitions used in the analysis.
The transition energies in the level schemes are given in keV. The black spectra display Ge-LaBr-LaBr coincidences with a Ge cleaning gate
on a suitable ground state transition and the red spectra show Ge-Ge-LaBr coincidences with the same Ge cleaning gates. In (a) the Ge gate
was set on the 1431 keV and in (b) on the 1434 keV transition. Level scheme partially adopted from Refs. [18,19].

detectors were passively shielded against scattered y rays us-
ing lead sheaths. To record time and pulse height information
from the LaBr detectors’ photomultiplier tubes, a 500 MHz
digitizer, implementing online interpolation constant fraction
discrimination (CFD), was used. The use of this digitizer for
fast-timing application was extensively studied in Ref. [17].
Figure 1 displays projections of triple-y coincidences from
the Ge and LaBr detector setup for the 2Mo(a, 2n) **Ru
and the *°Zr(°Li, 3n) **Tc reaction alongside the respective
low-energy level schemes for **Ru and **Tc. The lifetimes
were measured using the fast-timing method, which is based
on the direct measurement of the time difference between
the population and depopulation of an excited state. In this
case, it is done by measuring the time difference between the
feeding and decaying y rays. This allows the measurement
of lifetimes down to the range of picoseconds [20,21]. For a
detailed description of the analysis procedure using the fast-
timing method with a similar setup, please refer to Ref. [9],
and for the fast-timing method in general please refer to
Refs. [17,21-23]. If the lifetime is much longer than the time
resolution of the detector setup, the lifetime is obtained by
fitting the exponential tail of the time distribution. An example
is shown in Fig. 3(b). Shorter lifetimes are determined using
the centroid shift method [24], where the lifetime is deduced
from the first moment of the time distribution. The centroid
of a time difference spectrum from a particular feeding-decay
cascade consists of the lifetime and the energy-dependent y -y

time walk (TW) of the setup

C =1+ TW(Efeeders Edecay)’ (1)
TW(Efeeders Edecay) = TW(Efeeder) - TW(Edecay)~ (2)

To obtain the lifetime, the energy dependence of the time walk
has to be calibrated by measuring well-known calibration
standards. In order to have an optimal coverage of energies,
several sources were measured before the experiment. A °>Eu
source was used to cover the mid-energy range from 244
to 1299 keV and a !**Ba source was used for the mid-to-
low-energy part [25]. To measure lifetimes in both nuclei, a
reliable time-walk calibration for energies up to 1434 keV
in *Ru and 1516 keV in **Tc was required. Since the 1>*Eu
source is not sufficient for this case, two new potential sources
for the time-walk calibration were used. The first one is y
rays from >'*Po coming from a standard ?*°Ra source. The
recently measured lifetime of the 2;” in 2'“Po [26] allows the
use of this source for the time-walk calibration in the range of
609-1509 keV. The other standard was an in-beam time-walk
calibration using y rays from the decay of excited states in
2Mo. The y rays from **Mo are well suited for this purpose,
since their energies 244, 330, 773, and 1510 keV match with
the most prominent y rays from the '>*Eu source, but extend
the range up to 1510 keV. Furthermore, the relevant lifetimes
of the first excited 2* and 4" are known with sufficiently low
uncertainties [9]. The states in °>Mo were populated using the
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FIG. 2. Calibrated mean time-walk characteristic of the detector
setup. Data from '"2Eu, '3*Ba, **Ra sources and from *>Mo popu-
lated in-beam using the *Nb(p, 2n) ®>Mo reaction. The lower panel
shows the residual of the fit and the 1o uncertainty interval.

93Nb(p, 2n) Mo reaction, with a beam energy of 17 MeV
and a 5.4 mg/cm? thick target of natural Nb. This reaction has
some significant advantages in comparison to others. Beam
and target are easy to obtain, since natural Nb is monoisotopic.
The estimated reaction cross section at this energy is 800
mbarn [27] with no significant other reaction channels, and
since **Mo is stable, the spectrum is free from contamination
caused by potential decay products. Because the population
of high-spin states is less likely in the reaction, the 244 keV
transition in °*Mo is not disturbed by the 235 keV 117 — 9,
transition. The resulting data points are fitted using the func-
tion

TW(E,) = +Ec+E,d+e. A3)

a
VE, +b

In Fig. 2 the combined time walk from the 12y, 226Ra,
and '**Ba source measurements and the °>Mo in-beam data is
shown for the relevant energy region. The maximum range of

the time-walk curve amounts to less than 20 ps in the range
between 244 and 1516 keV.

III. ANALYSIS

In the following, the measurement of the first excited 4;
state in **Ru is shown exemplarily for the analysis procedure
using the centroid shift method. If not explicitly marked in
Table I, the analysis of further states was performed analo-
gously. Similarly to the procedure in Ref. [9], the analysis
was done using a threefold multiplicity condition with exactly
two LaBr detectors and one Ge detector within a coincidence
window of 400 ns. By requiring an additional coincidence
window of 10 ns explicit for the LaBr-LaBr timing the data
can be improved and the peak-to-background ratios (P/B) are
optimized, because the amount of disturbing random coinci-
dences, which occur in the 400 ns window, are minimized.
Figure 3(a) shows the resulting time difference spectrum after
gating on the 311 keV feeder and 756 keV decay transi-
tions in the LaBr spectrum combined with a narrow Ge gate

on the 1431 keV transition. The time spectrum has almost
no random background and the centroid was determined to
be 70.7(17) ps. Figures 4(a) and 4(b) display the peak-to-
background ratios from feeder and decay transitions. The
respective Ge-Ge-LaBr coincidence spectra (red) in Figs. 4(a)
and 4(b) confirm the absence of contaminating transitions
within the LaBr peaks. To correct the influence of the Comp-
ton background beneath the peaks of interest, a background
correction procedure was applied, as described in Ref. [25].
The pure peak versus peak centroid Cpp is obtained from the
uncorrected centroid Cexp, the interpolated centroids of the
Compton background under the peaks Cgg, and the respective
peak-to-background ratios P/B(E) using Eqs. (4)—(6):

CPP = Cexpt + fcora (4)
P P/B(Ed)tcor(Ef)+P/B(Ef)tcor(Ed) (5)
P/B(Ey) + P/B(Ey) ’
foor = M’ (6)

P/B(E)

with E; and E; being the energies of feeder and decay
transitions. The P/B from feeder and decay transitions are
obtained from the energy projections after gating on the de-
cay or feeder transition, respectively. Since there is currently
no way to distinguish between the full energy events and
Compton-scattered events with the same energy deposition in
the detector, the centroid of the Compton background under
the peak Cpg cannot be measured directly, but is estimated
via interpolation of the peak versus background time response
in the proximity of the respective full energy peaks. Fig-
ure 4 shows the background correction procedure exemplarily
for the 41 state in **Ru using the 311-756 keV cascade.
In Figs. 4(a) and 4(b) the energy projections for the deter-
mination of the P/B are shown. In Figs. 4(c) and 4(d) the
interpolation procedure used to obtain the Cgg components
from feeder and decay transitions are shown. This results in a
lifetime of 74+ = 66(2) ps, which was also confirmed by using
the 438 keV feeding transition from the 5| state resulting in
the lifetime 74+ = 65(4) ps. The adopted lifetime is located
between the two currently known literature values of 32(11)
ps from Ref. [8] and 87(8) ps from Ref. [10].

The results from all measured lifetimes in **Ru, *Tc,
and *'Nb are listed in Table I. The remeasured lifetimes for
the first excited 2], 6], and 10} states match the previous
known literature values well within the 1o uncertainty. The
measurement of the first excited 5] state deviates from the
literature value by a factor of almost 2. The lifetime was
determined by fitting the exponential slope, which is shown
in Fig. 3(b) for the 1033126 keV cascade. To increase the
statistics, matrices with multiple Ge gates have been added,
which is analogous to applying a logical OR condition for
the Ge gates on the 311, 756, and 1431 keV transitions. The
lifetime was also measured using the 1033—438 keV cascade.
The two values overlap within a 20 interval and since they
are obtained from strictly independent events the weighted
average 75~ = 1240(30) ps was chosen as the adopted value.
The previously unknown lifetimes of the 7, and 9| states
were measured to be an upper limit of <5 ps and 139(8) ps,
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TABLE I. Summary of the measured mean lifetimes of states J™ in the N = 50 isotones. The italic numbers in the table are used to

emphasize adopted values.

State Estate Cascade Ge gate P / B Texpt Tadopted Tliterature
Nucleus J7 (keV) (keV) (keV) (feeder — decay) (ps) (ps) (ps)
%“Ru 2fr 1431  756-1431 311 60.1(2) — 67.2(2) <2 <2 0.8(4) [10]
311-756 24.2(2) —41.8(4) 66(2) 32(11) [8]
+ a
4 2187 438-756 1431 10.3(3) — 10.4(2) 65(4) 06(2) 87(8) [10]
6fr 2498 146-311 756, 1431° 5.58(3) — 7.24(4)  95.5(6) x 10°°  95.5(6) x 10° 94(3) x 10° [18]
107 3991  498-1347 1079 12(1) — 11(1) <13¢ <13 <5 [28]
1033438 756, 1431° 2.05(5) — 3.05(7) 1170(40)¢
T 2624 1240(30)* 731(67) [2
3 6 1033-126 311,756, 1431°  2.32(5) — 1.96(4) 1300(40)° (50) 31(67) [28]
T 3658  540-1033 438,756, 1431° 5.2(2) —5.7(2) <5 <5 -
97 4197 292-540 438, 1033° 2.42(7) — 3.42(9) 139(8) 139(8) -
117 4489 1079498 1347 4.5(4)—2.922) 900(100)¢ 900(100) 1097(50) [28]
BT 1/2)f 1516 629-1516 - 2.17(2) — 3.45(2) 2(2) <4 -
350 15.0(4) — 12.8(3) 2(4)
+ _ < 3
(13/2); 1434 750-1434 B 6.38(4) — 6.85(4) o) <6 <14 x 10° [29]
a7/2)f 2185 350-750 1434 13.003) - 13Q2) 30(4) 28(1) 39(7) [30]
- 5.20(2) —4.33(2) 28(1)
1/2)f 2535  1722-350 750, 1434° 1.31(4) — 4.1(1) 2310(90)¢ 2310(90) 2320(80)* [31-33]
(21/27); 3281 608-1096 - 2.84(2) — 3.16(2) <6 <6 <2 [32]
9INb (17/2)f 3110  357-819 2291 5.5(4) —4.5(3) 3(15)¢ <48 <290 [34]
*Weighted average.

®Matrices with multiple Ge gates have been added to increase the statistic.

‘Determined by fitting the exponential slope.
dWithout background correction.

respectively. The lifetime of the 117 state overlaps with the
previously known literature value within a 2o interval. In
9Tc the previously unknown lifetime of the (11 /2)] state
was measured to have an upper limit of < 4 ps and for the
(13/2)] state the upper limit was lowered from the previous
limit of <14 x 10 ps down to <6 ps. The lifetime of the
17/ 2);r state was measured with LaBr-LaBr-Ge triples and
with LaBr-LaBr doubles. The values overlap within the lo
interval and the result from the LaBr-LaBr doubles is taken
as the adopted value. Figure 5 shows the time spectra for the
measurements of the (17/2); and (13/2)] states. The lifetime
of the (21/2)] state was measured by fitting the exponential
slope and the resulting value confirms the previously known
literature value. The lifetime of the (21/2); state confirms the
previously known upper limit.

The *°Zr(°Li, nar) °'Nb reaction channel was also observed
but with a much lower cross section than the 3n channel.
Therefore, the statistic was only sufficient to measure an upper
limit for the (17/ 2);r state in ' Nb. Due to the low statistic an
uncertainty of 30 was taken for the adopted upper limit.

IV. DISCUSSION

The measured lifetimes are used to calculate the reduced
transition probabilities B(o ) for the known transitions. The
results for **Ru, **Tc, and *'Nb are listed in Table II. The tran-
sition energies were taken from Refs. [18,19,36] and the total
conversion coefficients were calculated using the program
Brlcc [40]. Table II also shows the theoretical predictions
from the single-;j approximation from Ref. [9]. Two values
are given for the single-;j approximation. The first one was
obtained using a constant effective charge for the one-body
transition operator, derived from the quadrupole moment of
the 9/2% ground state of *'Nb, and the second is obtained
using state-dependent effective charges, derived from fitting
the experimental data of the two-nucleon system, namely
92Mo. The values that use a constant effective charge are la-
beled 77 (E2) and the values that use state-dependent effective
charges are labeled 7} (E2). Also shown in Table II are the re-
sults of shell-model calculations performed using the program
NuShellX@MSU [41], with the SR88MHIM [1,42] interac-
tion and a 7 (1p1,2, 0g9/2) model space for the protons. The
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TABLE II. Reduced transition probabilities B(o 1) calculated from the adopted experimental values, literature values for experimental
B(o )), theoretical predictions from the single-j approximation using a one-body transition operator with constant effective charge 7} (E2) or
state-dependent effective charges 77 (E2), and results from shell-model calculations using a 7w (1p; 2, 0g9/2) model space. All B(E2) transition
probabilities are given in units of ¢? fm* and B(E1) in ¢? fm?. The branching ratios were derived using intensities from Refs. [18,35,36].

Transition E, BomJT — Iy BlorJ[—J)  B(E2)single-j [9] Shell-model B(E2)
Nucleus J'— J;Tf (keV) oA adopted literature T(E2) | Tl/ (E2) SR8SMHIM
*Ru 2+ — 0F 1431 (E2) >68 165(80) [10] 136 | 186(4) 177
4+ > 2F 756 (E2) 50(2) 38(3), 103(24) [10], [8] 12 7.8(7) 7.4
6F — 4f 311 E2 2.85(2) 3.0(2) [8] 80| 3.9 4.6
8F — 6F 146 E2 - 0.09(1) [37,38] 321 1.02) 1.5
(10)F — 8F 1347 E2 >14 >37° 105 | 147(3) 134
57— 67 126  El 7.7(3) x 1073 13.3(15) x 1075 [18] - -
57 — 4t 438 El 4.05(12) x 1076 6.9(8) x 1070 [18] - -
(7)) — 57 1033 (E2) >139 - - 178
9);7 — 8%, 267 (El) 2.4(2) x 1075¢ - - -
©); = (T 540  (E2) 98(6)° - - 7% 1078
), — 8 1553 (El) 1.5(1) x 1077¢ - - -
(11);7 = (9); 151 E2 128+% 107(18) [18] - 182
(117 = )] 292 E2 134417 111(5) [18] - 6x 107
(11); = (10)7 498 El 3.8(5) x 107 3.1(3) x 1070 [18] - -
STe (11/2)F - (7/2%), 836  (E2) >19 - 39 63(2) 39
(11/2)f = 9/2F 1516 MI+E2 >249 - 59187(3) 78
(13/2)f - 9/2F 1434  E2 >22 >0.009 [35] 102 | 166(6) 140
(17/2)f - (13/2)f 750  E2 122(5) 88(18) [30] 99 | 114(3) 99
Q1/2)f - (17/2f 350  E2 66(3) 66(2)° 571 61(1) 57
(21/27) — (21/2)f 745 (El) >2.7 x 107% - - -
(21/27) — (17/2); 109  E2 >84 >250 [35] - 136
*'Nb (17/2)f — (15/27), 450  (El) >2 x 1076 >2 x 107° [36] - -
(17/2)F = (13/2)F 819 E2 >50 >7 [36] - 130

4Calculated using upper limit from Ref. [28].

Limit assuming a pure E2 transition; this is also taken into account for the B(o')) calculation of further decays from the same state.
‘Limit assuming a pure E 1 transition; this is also taken into account for the B(o A) calculation of further decays from the same state.

dMixing ratio § = —16.673) from Ref. [39].
¢Calculated using the weighted average from Table 1.

shell-model calculations were performed using the effective
proton charge eZ;; = 1.5e. The choice for the effective charge
was motivated by the findings of Ref. [43]. In contrast to
the single-j approximation, the shell-model calculations also
make predictions for transitions between states of negative
parity, though in this shell-model space E'1 transition strengths
cannot be calculated.

A. "Tc

In the following the theoretical predictions from the
single-j and shell-model calculation are compared with

the experimental findings. For the (11/2)] — (7/2%), and
(11/2)] — 9/2{ transitions the newly measured upper limit
for the lifetime of (11/2)] leads to lower limits for the
reduced transition probabilities. The theoretical predictions
from the single-j and shell-model calculations agree with the
experimental limits. For the (13/2)] — 9/2 transition the
previously known limit of > 0.009 ¢? fm* was significantly
enhanced to > 22 ¢ fm* and the theoretical calculations agree
with it. Since all theoretical calculations match the limits, it is
not possible to make any statement about the pertinence of
using state-dependent effective charges. The newly measured
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FIG. 3. Time spectra for the lifetime measurement of the 4]
state (a) and for the 57 state (b) in %Ru. The 47 state is measured
using the centroid shift method using a cleaning Ge gate on the
1431 keV ground state transition and LaBr gates on the 311 keV
feeder and 756 keV decay transitions. The centroid of the resulting
time spectrum is displayed with a dashed line. The 5] state is mea-
sured by fitting the exponential tail. In order to increase the statistics,
several Ge cleaning gates with a logical OR condition were used,
which is indicated in the level scheme by the gray color.
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FIG. 4. The background correction procedure for the analysis of
the first excited 47 state in **Ru. (a) Resulting spectra after gating
on the 756 keV decay transition. (b) Respective spectra after gating
on the 311 keV feeder transition. The LaBr spectra are shown in
black and corresponding gated Ge spectra for monitoring in red.
Time response of the Compton background in the proximity of the
feeder transition with respect to the decay (c) and vice versa (d).
Data from the respective background interpolation (black); the un-
corrected centroid Ceyp is shown in red, and the interpolated centroid
Cyg 1s marked with the symbol ®.
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FIG. 5. The resulting time distributions used to measure the life-
times of the (13/2)] (a) and (17/2)] (b) states. The respective
centroid of the distributions is indicated by a dashed line. The re-
duced level schemes show information on the applied gates.

B(E2) value for the (17/2)] — (13/2%); transition is 122(5)
% fm*, which is consistent with the single- j calculation using
state-dependent effective charges. The best prediction for the
(21/2)] — (17/2%); transition is obtained for the single-;
calculation with state-dependent effective charges. For the
(21/2)7 — (17/27), transition the shell-model calculation is
consistent with the newly measured limit of > 84 ¢? fm*.

B. *Ru

The lower limit for the transition probability of the
27 — 07 transition is in agreement with the literature value.
The theoretical predictions from single-j and shell-model cal-
culations generally agree with the experimental values with
some exceptions. Due to the large experimental uncertainty
no statement can be made about the choice of different ef-
fective charges. The newly measured transition probability
of the 47 — 2} transition is 50(2) € fm*. This value is in
between the recent experimental findings of 103(24) ¢? fm*
[8] and 38(3) ¢* fm* [10]. The theoretical predictions cannot
reproduce any of these experimental values and will be dis-
cussed in more detail later in the text. For the 67 — 4] the
single-j and shell-model calculations only slightly overesti-
mate the measured transition probability. The predicted B(E2)
values for the (10)] — 8/ and the (7); — 5] transitions are
in agreement with the experimental limits. The shell-model
transition strengths from (11); to (COp and from (9);, to 7y
are not matching the experimental results. While the (11)] —
(9)] is calculated to be nearly zero, the (11); — (9), E2
is nearly equal to the sum of the experimental E2 strengths
from (11)] to (9)] and to (9),. This suggests that the
calculated pure configurations of shell-model (SM) (9); and
(9), should be mixed with roughly equal amounts to repro-
duce the experimental (11); to (9);, strengths. The same
conclusion is suggested when compafing the experimentally
measured B(E2) for the (9); — 7| state with the SM cal-
culations. The SM E2 strength for (9)] to 7, is calculated
to be practically zero, while for (9); to 7, SM predicts
B(E2) = 221 ¢ fm*. Again, a mixed SM (9); state with
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FIG. 6. Surface plot showing the two minima in the x> min-
imization. For illustrative purposes the heat map color is in
logarithmic scale. The minima are marked with crosses. See text for
further details.

about half of the original configuration should carry about half
of the SM B(E?2) strength, i.e., about B(E2) = 110 ¢ fm*,
which is nearly equal to the experimentally observed B(E2) =
98(6) ¢ fm*. As also observed in Refs. [5,8,10] the re-
duced transition probabilities for the 2] — 0f, 6] — 4],
and 87 — 6] transitions follow the pattern expected from a
single-j system when the proton Fermi level approaches the
middle of the 7 gg/> subshell. The seniority-changing transi-
tion 2] — 0] with Av =2 is relatively enhanced and the
Av = 0 transitions are largely suppressed. For the single-j
calculation, the best agreement with the experimental data
is obtained using state-dependent effective charges and the
shell-model calculation with the effective charge e7; = 1.5
produces similar results. The newly measured B(E2;4] —
21 =50(2) ¢ fm* deviates strongly from the prediction,
however. Other experimental findings are 103(24) ¢* fm* [8]
and 38(3) ¢*fm* [10]. All values are significantly larger
than the theoretical predictions in Table II. In Refs. [8,12]
this behavior is explained due to mixing of v =2 and
v = 4 states, which is induced by cross-orbital nondiagonal
matrix elements of the two-body interaction. The single-;
calculation cannot reproduce any of the three experimental
B(E2;4{ — 2{) values in %Ru, but it allows us to derive
v =2 and v =4 admixtures for the 47 and 6] states by
assuming ad hoc mixing:

147) = aal4i_y) + Baldl_y),
161) = a616,_,) + Bsl6,_,). )

with o? + B2 = 1. In Ref. [9] the admixtures («;, B;) are
adjusted to minimize a X2 cost function, which is the devi-
ation between the calculated and experimental B(E2) values
inthe 8] — 6] — 4] — 2 cascade. Reasonable agreement
is obtained when using the previously known B(E2) val-
ues [8,10]. Proceeding in the same way using B(E2;4] —
27) =50(2) e fm* and B(E2;6 — 47) = 2.85(2) ¢ fm*,
one finds that the x 2 function has two minima. Figure 6 illus-
trates the two minima &, and &, in the x2 plot, with £, being
the minimum with the smallest x2. The first minimum & is
obtained with the admixtures (ctg, B4) = (0.992, —0.126) and

TABLE III. Resulting B(E2) values in units of ¢’ fm* for the two
minima &; , and results from a large-scale shell model calculation in
the (Og, 1d, 2s) proton-neutron model space [5].

Transition & & Expt. B(E2) SM B(E2) [5]
4f —2f 2172 8610 50(2) 85.2
67 — 47 28%3 2.8%0 2.85(2) 17.3
8F — 67 0.117¢%  0.127917 0.09(1) 0.77

(a6, Bs) = (0.994, —0.113), which reproduces the ST — 6;“
and 6/ — 47 transition in good agreement while underes-
timating the 4/ — 2| transition with B(E2) = 2173 ¢? fm*.
The second minimum &, corresponds to the admixtures
(a4, Bs) = (0.892, —0.452) and (as, Bs) = (0.998, —0.056),
which also reproduces the 87 — 6 — 4] transition in good
agreement, but overestimates the 4] — 2] transition with
B(E2) = 86f;5 2 fm*. The uncertainties have been estimated
by taking the extremal B(E2) when using o4 and o combi-
nations having a x* lower than X, + Xpqr» With xy being
the x? per degree of freedom. Since for both minima ngf is

larger than 1, this was chosen instead of x2, + 1 to include
the external error and thus quality of the fit. In Fig. 6 both
Xemin T Xpar levels are displayed with the thick contour lines
around the minima. In Table III the B(E2) values for both
minima are listed together with the results from a large-scale
shell model calculation presented in Ref. [5]. One can see
that the second minimum &, of the mixing gives the same
B(E2; 4T — 2?) as the calculation from Ref. [5]. However,
the ad hoc mixing cannot reproduce all experimental B(E2)
values in the 8 — 6] — 4 — 27 cascade simultaneously.

V. CONCLUSION

Lifetimes of excited states in **Ru, *Tc, and *'Nb were
measured and used to calculate reduced transition probabili-
ties. The data are compared with the results from a single-;
approximation using state-dependent effective charges ob-
tained from Mo and with shell-model calculations in the
7 (1pi1y2,089/2) space. For BTc the theoretical predictions
match the experimental findings to a reasonable degree, but
the lifetimes of the (11/2)], (13/2){, and (21/27), states are
below the sensitivity limit of the applied fast-timing method.
Assuming that the theoretical predictions are approximately
adequate, one can make an estimate for the expected lifetimes.
For the (11/2)] and (13/2) states these are of the order of 1
ps, which should be reachable using the Doppler-shift attenua-
tion method. For **Ru, the lifetime for the 4 — 2 transition
was measured with high statistics and large P/B, leading to
a high degree of confidence in the new experimental value.
However, since the result is in the middle between two other
recent experimental results [8,10], it should be confirmed by
another independent experiment to clarify the issue.
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Excited states in ®Rh and °°Ru have been populated in fusion-evaporation reactions and their
lifetimes have been measured using the fast-timing technique with a setup consisting of LaBr scin-
tillators and high-purity germanium detectors. The resulting lifetimes are used to calculate reduced
quadrupole transition probabilities and discussed within the context of seniority conservation in the
1mgg 2 orbital. In contrast to the latest experimental findings, the new experimental data indicate

that seniority symmetry is partially conserved in the mid-shell nucleus *°Rh.

I. INTRODUCTION

The concept of seniority plays an important role in un-
derstanding nuclear structure, particularly in semi-magic
nuclei, where pairing forces dominate and seniority re-
mains approximately conserved. The number of nucle-
ons not coupled into pairs with total angular momentum
J =0 is called the quantum number of seniority v. The
conservation of seniority is associated with selection rules
that lead to characteristic patterns of the quadrupole
transition probabilities and to the formation of senior-
ity isomers. Seniority is strictly conserved only in shells
where j < 7/2 but can be partially conserved for j > 7/2.
Especially the case of the j = 9/2 orbital became subject
of recent experimental studies regarding the conserva-
tion of seniority [1-8]. In the semi-magic N = 50 nuclei
between ?°Zr and °°Sn the proton configurations are ex-
pected to be largely confined to the gg /o orbital, making
it an ideal testing ground for the study of seniority con-
servation. The unique properties of the gg/ orbital, such
as its relatively high angular momentum and the result-
ing complexity of its coupling schemes, make the ques-
tion of seniority mixing relevant especially for the case
of four or six valence protons [9]. In recent experiments
[4, 5, 8] an increased quadrupole transition strength for
the 4;“ — 2f transition in “*Ru was measured showing
deviations from the pure seniority scheme that can be
caused by seniority mixing.

A particularly intriguing situation arises at mid-shell,
corresponding to a half-filled g9/, orbital with five va-
lence protons. Due to seniority selection rules most of
the states theoretically would not mix. The only excep-
tion is mixing between the ground state with seniority
v =1 and one excited J = 9/2 state with v = 5, but the
mixing is expected to be negligible small since the energy
difference between them is rather large [9]. Recently, the

* Corresponding author: mley@ikp.uni-koeln.de

lifetimes of the 13/2] and 17/2] states in *Rh have been
measured for the first time [7]. The resulting transition
probabilities indicate a very abrupt breakdown of senior-
ity in the mid-shell. This would require theory to make
major revision of the nucleon—nucleon interactions in the-
oretical models or the inclusion of three-body forces [7].
Because these lifetimes have such a large impact on the
interpretation of the underlying physics in this region, a
further experiment was conducted to verify the previous
findings.

II. EXPERIMENT

The states in the nuclei of interest were populated in
fusion-evaporation reactions using a 5.5 mg/cm? thick
target of highly enriched (99.93%) °2Mo and a 36 MeV
6Li beam provided by the Cologne 10 MV FN Tandem
accelerator with an average current of 1 pnA over a pe-
riod of two weeks. The main reaction channel at the
given energy is “2Mo(6Li, 2np)°°Ru with an estimated
reaction cross section of 677 mbarn[10]. The states in
95Rh were populated via the 92Mo(°Li, 3n)°°Rh reaction
with an estimated reaction cross section of 63 mbarn [10].
Analog to previous experiments [4, 6], the experiment
was conducted using the HORUS spectrometer [11] in
the fast-timing configuration. The detector setup in-
cluded ten cerium-doped lanthanum bromide detectors
and eight high-purity germanium detectors (hereafter re-
ferred to as LaBr and Ge). Six of the LaBr detectors
were equipped with bismuth germanium oxide (BGO)
anti-Compton shields for active shielding. Lead sheaths
were used to shield the remaining LaBr detectors pas-
sively against scattered v rays. The LaBr detector signals
were processed using a 500 MHz digitizer [12], imple-
menting online interpolation constant fraction discrim-
ination (CFD) to achieve timestamp information with
precision down to picoseconds. Suitable CFD parameters
for fast-timing applications were taken from Ref. [13].

The lifetimes were determined using the fast-timing
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FIG. 1. Time spectra used for the measurement of the lifetime
of the 21/27 state (a) and for the lifetime of the 17/2] state
(b) in %Rh. The fit is shown in red and the level of the value
for the random distributed background offset in blue. The fit
interval is indicated using the dashed lines. The reduced level
schemes show information on the used gates. More details are
given in the text.

technique, which is a method based on the direct mea-
surement of the time difference between the population
and depopulation of an excited state. In this case, the
time difference between the feeding and decaying  rays is
measured. Using the setup above described the measure-
ment of lifetimes down to the range of some picoseconds
is possible [13, 14]. For a more detailed description of the
fast-timing method in general please refer to Refs. [13—
16]. The analysis procedure using a setup similar to the
one used in this work can be found in Refs. [4, 6]. Life-
times much longer than the time resolution of the de-
tector setup, can simply be obtained by fitting the ex-
ponential tail of the time distribution, which is shown in
Fig. 1. The term for the level of the randomly distributed
background was set to a constant value, which was deter-
mined by integration and also as a parameter from the
fit, leading to consistent results. States with shorter life-
times are analyzed using the centroid-shift method [17],
where the lifetime is determined from the first moment
of the time distribution.

The centroid of a time-difference spectrum of a par-
ticular feeding-decay cascade consists of the lifetime and
the energy-dependent y-v time walk (TW).

C=r + TW(Efeederu Edecay) ) (1>

TW(Efeeden Edecay) - TW(Efeeder) - TW(Edecay) . (2)

Because the time walk is specific to each detector setup
and the used CFD settings, it has to be calibrated for
each experiment by measuring well-known calibration
standards. To achieve an optimal coverage of energies,
three sources were measured before and after the exper-
iment. For the mid-energy range a °2Eu source was

WO WD
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FIG. 2. Calibration of the mean time-walk characteristic of
the detector setup. Data points are generated using **?Eu,
133Ba and ??°Ra sources. The upper panel shows the fit of
Eq. 3 in the region between 244-1510 keV. The fit residual
and the 1o uncertainty interval is shown in the lower panel.

used. A 226Ra source was used to cover energies between
609-1510 keV and for the low energies a '33Ba source
was used. The recently published values for lifetimes in
214Po and 1°2Gd were used within the calibration proce-
dure [18-20].

Figure 2 shows the combined time walk and the
residuum from the fit of the equation

a

TW(E) = 5=+
Y

+E2c+E,d+ e (3)

to the data from the source measurements in the range
from 244 to 1510 keV. In this range, the maximal time
walk is less than 20 ps.

III. ANALYSIS

The primary goal of the experiment was the measure-
ment of lifetimes of excited states in ®*Rh. The procedure
using the centroid-shift method is explained in detail in
the following section for the measurement of the first ex-
cited 13/2% state in Rh. The analysis of further states
measured using the centroid-shift method was performed
analogously, if not explicitly marked otherwise in Table I.

A. Rh

The analysis was done using a threefold multiplicity
condition with exactly two LaBr and one Ge detector
signals within a coincidence window of 600 ns. For the
analysis using the centroid-shift method, an additional
coincidence window of 4 ns explicit for the LaBr-LaBr
timing was required. This is essential for the background
correction procedure, because the amount of random co-



TABLE 1. Summary of the measured mean lifetimes of states J™ in Rh, ®°Ru, *>Mo, *Tc and **Ru along information on the
applied gates, P/B ratios of feeder and decay transitions and the known literature values. The italic numbers in the table are

used to emphasize adopted values.

state Estate cascade Ge gate P/B Texpt Tadopted Tliterature
nucleus p p
JT keV  keV—keV keV feeder—decay ps ps ps
9Rh 13/2] 1351 717-1351 382, 1275, 1005*  2.70(7)—8.5(2) —0.1(39) <4 36(15) [7]
382717 1275 3.63(13)—3.17(11) 140(9)
+ b
17/20 2068 50 717 1005 9.7(2)—4.15(8) 134(5) 135(4) < 267]
(21/2}) 2449 1275-382 717 0.82(4)—1.43(5)  3230(240)° 3230(240) 3660(320) [21-23]
(17/27) 2236 1005—169 717, 667 1.57(3)—4.12(7)  26.6(9)x10%¢  26.6(9)x10® 27.1(14)x10° [24, 25
(21/27) 3241 667—1005 717, 1692 2.25(5)—1.04(3) 11(5) 11(5) 6.6(3) [22]
%BRu  7/2F 942 410-942 2559 677" 1.78(3)—2.16(4) 1(6) <7 —
9/2F 1352 677—1352 2554 26.7(2)—22.19(13) 0(1) <3 —
13/2F 2030 464677 281, 283 0.57(4)—1.38(3) 20(20) <40 —
s 12.0(14)x10° [26]
+ _ d _ 3¢ 3
17/2f 2284 255-677 255 5.92(2)—6.51(2) 10.25(11)x10%° 10.25(11)x10 1.4(4) %10 [27]
21/2] 2538 1292-255 2554 2.73(7)—=7.52(8) 11.7707 x 10°° 11.7707 x 10°  14.5(2)x10° [27]
92Mo n 22.5(11) [6]
4F 2283 330-773 1510 13.33(9)—34.9(4) 23.5(18) 28.5(18)
35.5(6) [8]
%Te  13/27 1435 750-1435 350 2.7(2)—3.1(2) —3(8) <8 <44]
17/2F 2185 350—750 1435 4.5(2)—5.1(3) 34(9) 34(9) 28(1), 39(7) [4, 28]
94Ru 66(2) [4]
4F 2187 311-756 1431 19.4(3)—31.1(5) 66(3) 66(3) 32(11) [5)
87(8) [8]

2 Matrices with multiple Ge gates have been added to increase the statistic.

b Weighted average.
¢ Determined by fitting the exponential slope.
d Note that this transition is a coincident doublet in 5Ru.

incidences, which occur within the large 600 ns window
might lead to incorrect peak-to-background (P/B) ratios.

In Fig. 3, partial level schemes are displayed for “’Rh
and ?5Ru, showing the transitions that were used within
the analysis. The lifetime of the 13/2] state in Rh was
measured using LaBr gates on the 17/2] — 13/2] —
9/2%, 717—1351 keV cascade combined with a cleaning
Ge gate on a suitable coincident transition namely the
382, 1275 and 1005 keV transitions. Because the 9/2] —
5/2;‘S transition in Ru has an energy of 1352 keV, the
main challenge in measuring the 13/2] state in °Rh
was to ensure the absence of “’Ru contamination. Fig-
ure 4 (a) shows the full projection of a -y matrix with

Ge-Ge events. It can be seen that the spectrum is
largely dominated by transitions from > Ru. Figure 4 (b),
(c) and (d) show the effect of setting Ge gates on the
382, 1275 and 1005 keV transitions to select for *°Rh.
Note that the spectrum coincident to the Compton back-
ground in the proximity of the respective gates was sub-
tracted. The remaining spectra show almost exclusively
transitions from ®*Rh. Therefore we can conclude that
the three gates on the 382, 1275 and 1005 keV transitions
are suitable to separate > Rh from “’Ru and that remain-
ing peaks from “’Ru in the LaBr spectra, like shown in
Fig. 5 (a), are the result of the coincident Compton back-
ground under the peaks. Because the energy resolution
of the LaBr detectors is not sufficient enough to separate
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FIG. 3. Reduced level schemes for > Rh and ®’Ru, showing
the transitions used for the analysis. Data shown in this figure
was taken from Ref. [21]. The transitions shown in grey are
the ones only observed in Refs. [27, 29] and the brackets mark
the transitions that have been reassigned to belong to “*Rh
in the course of this work.

[Sh RS I\

the 1351 and 1352 keV transition, Ge-Ge-LaBr events
were used to have the advantage of the much better en-
ergy resolution of the resulting Ge spectrum after using
a LaBr gate on 717 keV and Ge gates on the 382, 1275 or
1005 keV transitions. In Fig. 6 (b) the resulting spectrum
is compared to the spectrum obtained when using a Ge
gate on the 255 keV doublet from ?’Ru. The expected
shift of 1 keV indicates the separation between *’Rh and
9 Ru.

Because it is not possible to simply subtract the co-
incident Compton background when using the centroid-
shift method, the influence of the Compton background
beneath feeder and decay transitions was corrected us-
ing a standard background correction procedure, as de-
scribed in Ref. [20]. To obtain the pure peak-versus-peak
centroid Cpp in the procedure the uncorrected centroid
Cexpt, the respective peak-to-background ratios P/B(FE)
and the interpolated centroids of the Compton back-
ground under the peaks Cpg are used. The Compton
background Cgg is not measurable directly, but can be
estimated via interpolation of the time response in the
proximity of feeder and decay peaks. This is shown for
both transitions in Fig. 5. Using Eqgs. (4)-(6) one obtains
the peak-versus-peak centroid Cpp.

CPP = Cexpt + fcor 3 (4)

i P/B(Ed) tcor(Ef) +P/B(Ef) tcor(Ed) (5>
o P/B(Ey) + P/B(Ea) ’

tcor(E) = %;/%C(E(;(Ea) ’ (6)

Here Ey and Ey are the energies of feeder and decay
transition. The resulting time spectrum after gating on

feeder and decay transitions and on the 382, 1275 or
1005 keV transitions with the Ge detectors is shown in
Fig. 7 (a) along the uncorrected centroid Cexpt, the cor-
rected centroid Cpp, and the time walk value TW for
the feeder-decay combination. The resulting lifetime is
7 = —0.1(39) ps from which we adopt an upper limit of
7 <4 ps.

Because the contamination from the °Ru is rather
complex, the following part is intended to prove the
validity of the previous analysis for the lifetime of the
13/2% state in 2Rh. Reference [27] reports a 11/2] —
11/2f — 9/2f — 5/2], cascade in Ru with the en-
ergies 383—715—1352 keV which would make the mea-
surement of the 13/2% state in ®Rh impossible using
the 382 keV transition for the Ge gate. The placement
of the 383 and 715 keV transition in the level scheme
is marked as uncertain in the nuclear data sheets [21].
Since the transitions were observed in a similar experi-
ment using the reaction *2Mo(°Li, p2n)°°Ru @ 34 MeV
and after gating on the 1352 keV ground-state transition
we tried to reproduce their findings and came to the con-
clusion, that the 383 keV transition reported in Ref. [27]
is most likely contamination from the 2Mo(°Li, 3n)?°Rh
reaction channel and can be identified with the 382 keV
transition in ®Rh. In Fig. 4 (b) the projection of the -
~v matrix from Ge-Ge events is displayed after gating on
the 382 keV transition and subtraction of the coincident
background. The resulting spectrum shows only transi-
tions from “°Rh and no evidence for the 410 or 942 keV
transitions, which would be expected if the 383 keV tran-
sition originates from ?°Ru, as reported in Ref. [27]. Ad-
ditionally, in the inset of Fig. 4 (b) the 1 keV shift with
respect to the spectrum after gating on the 255 keV peak
in ®Ru is displayed, showing the difference between the
1351 and 1352 keV transitions. In Fig. 8 (b) and (c) no
remaining 383 keV transition is visible after gating on
the 410 or 942 keV transitions, which further emphasizes
the hypothesis that this transition has to be reassigned
and most likely belongs to “’Rh. Figure 8 (a) shows
the projection after gating on the 715/717 keV transi-
tion resulting in a spectrum dominated by peaks from
95Rh, again the 1 keV shift in the inset, and the 677 keV
13/27 — 9/2] transition from °Ru, which contradicts
the placement of the 715 keV transition in Ref. [27]. Fur-
thermore, when gating on the combined peak of 1351 and
1352 keV a similar intensity for the 715/717 keV peak as
reported in Ref. [27] was obtained. Therefore, it was con-
cluded that the 383 keV and most of the 715 keV peak’s
intensity reported in Ref. [27] originates from the °Rh.

In Ref. [29], a 715 keV transition is assigned as feeder
transition for the 17/2] state in *’Ru. This assignment
was confirmed in this work using gates on the 363, 255
and 677 keV transitions. However, the influence on the
lifetime measurement of the 13/2] state is negligible,
because the Ge gates on the 382, 1275 and 1005 keV
transitions separate “>Rh from ?’Ru as already shown in
Fig 4. As a further argument, Fig. 6 (a) shows a com-
parison between the resulting spectra using a Ge gate
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FIG. 4. Projections of a y-vy matrix from Ge-Ge events to show the effect of Ge gates used to separate °Rh from *°Ru. A full

projection of the -y matrix is shown in (a) where no gate was
1275 and 1005 keV transitions from “*Rh are shown. The ins

applied. In (b), (c¢) and (d) the effect of selective gates on the 382,
et in (b) displays a comparison between the resulting Ge spectra

after using Ge gates on the 382 keV transition (black) and on the 255 keV doublet (green), showing the difference between the
1351 and 1352 keV transitions from *’Rh and °*Ru respectively. Note that the coincidence background was subtracted and the
green spectrum in the inset of (b) was scaled for better clarity.

on the 255 keV transition in ?*Ru (green) versus a gate
on 382 keV in Rh (black), each in combination with a
LaBr gate on the 1351/1352 keV peak. The green spec-
trum can be seen here as a worst-case estimate for the
contamination from the 715 keV transition. Hence, it
can be concluded that the actual amount will be much
lower and therefore negligible. Note that the spectra are
normalized to the same level of background. Finally, we
would like to point out that due to the long lifetime of the
17/2] state in °Ru a contamination with the 715 keV
transition would cause the measured value to be longer
and therefore the actual lifetime of the 13/2] state in
9 Rh would be even smaller if there was such kind of
contamination.

The lifetime determination of the 17/2] state in “°Rh
was less complicated, because it was possible to avoid
using a gate on the 1351 keV transition. Furthermore,
it was possible to measure the lifetime using two differ-
ent feeder transitions. Because the time walk for the
feeder-decay combinations differs, systematic uncertain-
ties of the time walk are minimized. Figure 9 shows the
resulting time spectra after gating on the feeder-decay
transitions 169—717 keV (a) and 382—717 keV (b) as well
as Ge gates on suitable transitions. A slope component
is clearly visible on the delayed sides of both time spec-
tra. The results overlap within the uncertainty interval
of 1o and are listed in Table I. Because they are obtained
from two strictly independent data subsets, the weighted

average of 135(4) ps is taken as adopted value. It was
also possible to measure the lifetime of the 21/2] state
in %Rh using the 667—1005 keV cascade. The resulting
lifetime is 11(5) ps which is consistent with the literature
value of 6.6(3) ps [22]. The lifetimes of the 21/2] and
17/2] states in “°Rh are rather long and therefore are
obtained by fitting the exponential tails. In Fig. 1 this
is shown for both states leading to lifetimes that confirm
the respective literature values (see Table I).

B. %Ru

The analysis of the **Ru data was conducted analo-
gously to the analysis of the ’Rh data. Figure 7 (b)
shows the resulting time distribution after using LaBr
gates on the 677-1352 keV cascade and a Ge gate on the
255 keV doublet. Due to the higher cross section, a large
amount of data was generated, which reduced the statis-
tical uncertainties. The resulting value for the lifetime
of the 9/2] state is 0(1) ps. Because this value is at the
very limit of the method, an upper limit of 3 ps is taken
as adopted value, which represents an uncertainty of 3o.
Analogously, upper limits were determined for the life-
times of the 7/2] and 13/2] states, which are listed in
Table I.

The analysis for the 21/2] and 17/2] state, was more
complicated due to the 255 keV doublet. It was possible
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FIG. 5. The background correction procedure for the analy-
sis of the first excited 13/2% state in *Rh. (a) Resulting Ge
and LaBr spectra after gating on the 1351 keV decay tran-
sition. (b) Respective spectra after gating on the 717 keV
feeder transition. The LaBr spectra are shown in black and
corresponding gated Ge spectra for monitoring in red. The
Ge spectra have been scaled for better clarity. Time response
of the Compton background in the proximity of the feeder
transition with respect to the decay (c) and vice versa (d).
Data from the respective background interpolation (black);
the uncorrected centroid Cexpt is shown in red, and the in-
terpolated centroid Cgg at the energie of interest is marked
with the symbol ®.

to determine the lifetimes using two different approaches.
In Ref. [27] both states were measured simultaneously
using a pulsed beam and by fitting the equation

f(t) = Ao+ (141/7'1)e_t/71 + (,42/7.2)64/72
+ [Al/(Tl — 72)](€—t/71 _ G_t/T2) (7)

to the spectrum of the differences from both 255 keV
transitions with respect to the pulse. The first approach
used in this work was similar to the one from Ref. [27] but
instead of using a pulse as reference signal, the 1292 keV
transition was used as start signal. The time-difference
spectrum in Fig. 10 (b) shows the time differences be-
tween the 1292 keV feeder transition and both 255 keV
transitions. For this purpose, events of exactly one Ge
and two LaBr hits within a time window of 1 us were
used. A LaBr gate was used on the 1292 keV transi-
tion and the second LaBr gate as well as the Ge gate on
the 255 keV doublet.s The resulting time spectrum looks
similar to the one in Ref. [27]. The fit and the results
for the lifetimes are shown in Fig. 10 (b), where 7, and
7 refer to the lifetimes of the 21/2f and 17/2] states,
respectively.

It was also possible to determine both lifetimes in
a different way. First, the lifetime of the 13/2] state
was measured using LaBr gates on the 255-677 keV cas-
cade and an additional Ge gate on the 255 keV transi-
tion. Because the lifetime of the 13/2] state was mea-
sured to be smaller than 40 ps contributions from the

Ge(382v1275v1005) + LaBr(1351)
Ge(255) + LaBr(1351/1352)

Ge(382v1275v1005) + LaBr(717)
Ge(255) + LaBr(677)
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FIG. 6. Comparison for gates selective for “>Rh versus *°Ru.
Events with the multiplicity of exactly two Ge and one LaBr
were used. The green spectra show the effect of using gates to
select for Ru. The gate information is shown in the figures
in green. In black the resulting spectra are shown after using
gates to select for > Rh which are Ge(382 v 1275 Vv 1005) +
LaBr(1351) for (a) and Ge(382 V 1275 Vv 1005) + LaBr(717)
for (b). The green spectra are scaled to match the same level
of background for better clarity. For more information see
text.
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FIG. 7. The resulting time distributions generated to mea-
sure the lifetimes of (a) the 13/27 in ®*Rh and (b) the 9/2;
state in “’Ru. The reduced level schemes show information
on the applied gates and the dashed lines indicate the respec-
tive centroid. The total statistic of the time distribution in
(a) amounts to 2580 counts and in (b) 56200 counts.

17/2f — 13/2f — 9/27 cascade will be only in the
prompt part of the time distribution. The resulting spec-
trum is shown in Fig. 10 (a). The obtained lifetime of
the 17/2] state is 7 = 10.25(11) ns which is in agreement
with the result 7, = 8.6(19) ns from the fit of Eq. 7 in
Fig. 10 (b). To obtain also the lifetime of the 21/2 state,
the Eq. 7 was again fitted to the data from Fig. 10 (b) but
with the lifetime from the previous slope fit as a constant
for 7, = 10.25 ns. To include the uncertainty of the con-
stant 7, a Monte Carlo ansatz was used. The fit was per-
formed 10° times were the value for the constant 7, was
randomly chosen with a probability normal distributed
around 10.25 ns and o of 0.11 ns for each fit. The distri-
bution of the results for the lifetime is shown in Fig. 10 (c)
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FIG. 9. The resulting time distributions used to measure the
lifetime of the 17/27 state in > Rh. The reduced level schemes
show information on the applied gates and the dashed lines
indicate the respective centroid.

and the obtained median lifetime was (1) = 11.7707 ns.
This value is also in agreement with the previous result
7o = 12.6(14) ns from the fit in Fig. 10 (b). Both meth-
ods lead to consistent values for the lifetimes of the 21/2
and 17/2] state. The results from the later method are
taken as adopted values because the fit in Fig. 10 (a)
is independent from the lifetime of the 21/2] state and
consequently the fit for the determination of the second
lifetime has less free parameters.

C. “2Mo, ®*Tc and **Ru

Due to further reaction side channels it was possible to
analyse some of the by-products to re-measure lifetimes

100 F

60 80
time [ns]

FIG. 10. Time spectra used for the measurement of the life-
times of the 17/2f and 21/27 state in “Ru. The fit of the
exponential tail to measure the lifetime of the 17/2} state is
shown in (a). The fit of Eq. 7 to measure both lifetimes at
once is shown in (b). The inlay (c) displays the distribution
of results for the determination of the lifetime from the 21/ 21
state using a Monte Carlo method. More details are given in
the text.

of excited states in 92Mo, **Tc and **Ru in order to ver-
ify the results of previous measurements [4, 6] on these
nuclei. The data for 2Mo and **Ru was high in statistic
and the Ge gate alone was sufficient to select only the
respective nucleus of interest, which also results in the
very high P/B ratios. The ?3Tc nucleus was less popu-
lated but still sufficient for the analysis. The results are
listed in Table I and support the previous findings from
4, 6].



IV. DISCUSSION

The measured lifetimes are used to calculate the re-
duced transition probabilities B(o'A) for the known tran-
sitions in ?Rh and ®Ru. The transition energies and
branching ratios were taken from Ref. [21] and the re-
spective total conversion coefficients were calculated us-
ing the program Brlcc [30]. The results are listed in
Table IT alongside literature values and theoretical val-
ues from a single-j approximation, with state-dependent
effective charges derived from %Mo [6]. Figure 11
shows a systematic overview of currently known exper-
imental values for reduced quadrupole transition prob-
abilities for the NV = 50 isotones with valence protons
in the gg o orbital. Results from this work as well as
the combined results from Refs. [4, 6] are shown in red.
Since the focus of the discussion is on °Rh, the exper-
imental findings from Ref. [7] on the B(E2) values of
the 17/2 — 13/2] — 9/2f, cascade in *Rh are em-
phasised in green, while further experimental data from
Refs. [23, 31-55] and the remaining data from Ref. [7]
is shown in blue. The characteristic pattern associated
with the conservation of seniority would become extremal
at mid-shell, which would be the five particle/hole sys-
tem for the gg/, orbital. For the isotones with N = 50
the mid-shell corresponds to the nucleus ?Rh. For the
seniority-changing ground-state transition (Av = 2) one
would expect the B(E2) transition strength to have a
maximum at mid-shell. The upper limit for the life-
time of the 13/2] state in “’Rh leads to a lower limit
of > 45 e*fm* for the reduced transition probability, in
agreement with the theory, and indicates that seniority
might be partially conserved for the mid-shell case. The
lifetime measurement from Ref. [7] on the other hand,
finds a lifetime of 36(15) ps for the 13/2] state, which
results in a strongly suppressed ground-state transition
with a small B(E2) value of only 5.0738 e?fm*. As
pointed out in Ref. [7] this inhibited transition strength
would mean a sudden break of seniority symmetry at
mid-shell that cannot be explained by calculations em-
ploying standard interactions and would maybe require
to include also three-body forces within theoretical cal-
culations.

Interestingly, this deviation continues when consider-
ing the results for the 17/2] state. The lifetime mea-
sured in Ref. [7] is an upper limit of < 26 ps, which leads
to a lower limit of > 167 e?fm* for the reduced tran-
sition probability of the seniority conserving (Av = 0)
17/2F — 13/2] transition. This is also conflicting with
theoretical calculations. If seniority is conserved along
the gg/o orbital one would expect the Av = 0 transi-
tions to be hindered towards mid-shell. The new result
of 135(4) ps for the lifetime of the 17/2] state, leads to
a reduced transition probability of 32(1) e*fm?* for the
17/2f — 13/2] transition. In contrast to the lower limit
from Ref. [7], this fits well within the observed trend
shown in Fig. 11 and would also support the assumption
that seniority is, at least, partially conserved in the mid-

shell nucleus Rh. The lifetime of the 21/2] state was
already well-known and thus does not provide new in-
sight, but just a confirmation. Unfortunately, the statis-
tics were not sufficient to also measure the lifetime of the
second excited 17/25 state.

However, the single-j approximation still significantly
underestimates the transition probability of the 17/2] —
13/2] transition. This could indicate that states with
different seniority actually mix. Analogous to the previ-
ous case of “Ru in Refs. [4, 6], the analytical approach
of the single-j approximation can be used to derive ad-
mixtures (o, 3) for a the composition of states with dif-
ferent seniority to reproduce the experimental findings.
Because the energy difference between the 17/21+ and
17/25 state is small compared to the one between the
13/2] and 13/27 state, only mixing of the 17/2% v =3
and v = 5 states was considered. The yrast 17/2% state
can be expanded as follows:

117/2() = al17/2]_y) + BINT/2/_5), (8)

where the admixtures o and 8 have to satisfy the nor-
malization condition a® + 2 = 1. The admixtures
(a, B) are adjusted to minimize a summed x? func-
tion that represents the deviation between the calcu-
lated and experimental B(E2) values of the 21/2] —
17/2f — 13/2] cascade. The resulting admixtures
(o, B) = (0.895(3),0.446(6)) reproduce the experimen-
tal findings, where the uncertainty for « is obtained from
X2 + 1 and the uncertainty of 3 is linked to the one from
« via the normalization condition. This is also confirmed
when minimizing the 2 for the transitions indepen-
dently, yielding results for the admixtures that agree with
the results when minimizing for the whole cascade. The
uncertainty of the admixtures allows also to derive uncer-
tainty intervals for the B(E2) values with optimized ad-
mixtures (a, 8) using a Monte Carlo ansatz. The result-
ing values are B(F2;21/2 — 17/2]) = 26.2(9) e?fm*
and B(FE2;17/2f — 13/2]) = 32(1) e*fm*.

V. CONCLUSION

Lifetimes of excited states in Rh and °Ru have been
measured and used to calculate reduced quadrupole tran-
sition probabilities. The data for the mid-shell nucleus
95Rh is compared with the results of a single-j approx-
imation using state-dependent effective charges derived
from the two nucleon system 92Mo from Ref. [6] as well
as with other experimental findings from Ref. [7] and
discussed with regard to the question of seniority conser-
vation in the g9 orbital. While the results from Ref. [7]
indicate a drastic violation of seniority symmetry for the
mid-shell nucleus *°Rh, the re-measured lifetimes of the
13/2] and 17/2] states lead to the opposite conclusion
of a partial conservation of seniority. Because the experi-
ment from Ref. [7] and this work came to very different re-
sults, leading to fundamentally contradictory conclusions
about the physical interpretation, it would be important



TABLE II. Reduced transition probabilities B(cA) calculated from the, in this work, adopted experimental values. Theoretical
predictions from the single-j approximation using a one-body transition operator with constant effective charge T (E2) or
state-dependent effective charges T{(E2) are taken from Ref. [6]. All B(c\) values are given in e*fm*.

transition E, B(oX J[ — J77) B(oX JT — J ) B(oX; J[ — J;7) single-j
nucleus . ™ oA . . /
Jit = Jy keV this work literature T\ (E2) | T1(E2)
%Rh 13/2F = 9/24, 1351  E2 > 45 5.01%8 (7] 137 | 174(3)
17/27 — 13727 717 E2 32(1) > 167[7] 00.87+522
21/21 — 17/2F 382° E2 27(2) 24(2) [21-23] 0] 1.0(2)
21/2F — 17/2F 185 E2 128(10) 113(13) [21-23] 138 | 176(3)
21/27 — 17/27 1005 E2 71458 120(25) [22] —
9 Ru 9/21 — 5/2%, 1352 E2 > 60 — —
13/2F —9/2f 677 E2 > 140 ° — —
17/2F — 13/2F 255 E2 71.0(8) 165(15) [21, 27] —
21/21 — 17/2F 255 E2 62(3) 50.0(13) [21, 27] —

& The branching ratio is taken from Ref. [21].

b The 2029 keV transition to the ground state was neglected for the calculation.
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FIG. 11. Evolution of the reduced electric quadrupole transition probabilities B(E2) along the mgy 2 orbital. The data shown in
red is taken from Refs. [4, 6] as well as the results for ’ Rh from this work. The data shown in blue is taken from Refs. [23, 31-55]

and the green data from Ref. [7].

to have the lifetimes confirmed by another independent
experiment.
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5 Summary and Conclusion

Within the scope of this thesis, the results of three experimental campaigns with the goal of
measuring lifetimes of low-lying excited states in the N = 50 isotones *Nb, 92Mo, Tc, % Ru,
and P°Rh are presented. The lifetimes were obtained by employing the well established y-y
fast-timing technique using a hybrid setup of LaBr and HPGe detectors installed at the HORUS
spectrometer of the Institute for Nuclear Physics in Cologne. This resulted in three partial studies,
which are summarized in the following. The obtained B(E2) values are discussed with regard to
seniority conservation in the mlgg/, shell. The experimental data are compared with theoretical
predictions based on a single-j approach, making use of an analytical relation between the n
and n + 1 valence nucleon system. The precise measurement of the B(E2;4] — 27) strength
from the two valence particle system ??Mo allowed the determination of state-dependent effective
charges, which are used within the single-j calculation to enhance the predictions for *3Tc, *4Ru,
and PRh.

Lifetime measurements in 2Mo: Investigation of seniority

conservation in the N= 50 isotones

In a first experimental campaign, lifetimes of excited states in 9>Mo were measured in two
independent fast-timing experiments and two independent reactions. The lifetimes of the 4}L, GT,
81+, and 5] states have been measured with increased precision. The lifetime of the 97 state was
measured for the first time. An upper limit for the lifetime of the 2] state has been measured,
which is in agreement with the current literature value from Ref. [4], and an upper limit for the
lifetime of the 7] state has been measured for the first time. In particular, the lifetime of the 4]

state was determined with high precision.

Experimental B(E2) strengths were extracted from the measured lifetimes. The complete set
of experimental B(E2) values from the 8 — 6] — 47 — 2] — 045 cascade was used to derive
state-dependent effective charges, which are used within a single-j calculation for j = 9/2. When
comparing the results from the single-j calculation to the known experimental B(E2;4] — 27)
values in *Ru, a notable discrepancy was observed. Both literature values 38(3) and 103(24) e*fm*
from Refs. |4, 5], respectively, are significantly higher than the results from the single-j calculation
with 12 e?fm* using a constant effective charge and 7.8(7) e?fm* for state-dependent effective
charges. The deviation between single-j prediction and the respective experimental value can
be quantitatively resolved for both cases by introducing an ad hoc mixing between the v = 2
and v = 4 states. The admixtures for this mixing have been determined by minimizing the 2

with respect to the experimental data. Including the mixing allowed both experimental values
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for the B(E2; 41+ — 2?) strength in *Ru to be accurately reproduced using state-dependent
effective charges. This work laid the foundation for the following two studies measuring lifetimes

of excited states in the nuclei ®3Tc, “*Ru, and *°Rh.

Lifetime measurement in Ru and 23Tc to investigate seniority

conservation in the IN= 50 isotones

The follow-up to the previous work on ??Mo, was to study further nuclei in the 71gqg /2 shell above
92Mo. Therefore, lifetimes of excited states in the nuclei 3Tec, %Ru, as well as an upper limit in
9INb have been measured within the second experimental campaign. The lifetimes of the 4?, 6;‘,
51,97, and 117 states in 94Ru have been measured as well as upper limits for the 21+, 101+, and
7, states. The lifetimes of the 7{ and 9; states in **Ru were previously unknown. The upper
limits for the lifetimes of the 2] and 10{ state match the literature values [4, 96]. The lifetime of
the GT state agrees with the literature value and was measured with increased precision. The
lifetime of the 117 state matches the literature values within 20. The re-measured lifetime of
the 5] state differs significantly from the literature value in Ref. [96] measured using the RDDS
technique. The re-measured lifetime of the 41+ state in *Ru is intermediate to the values reported
in Refs. [4, 5]. In %3Tc, lifetimes for the 17/2] and 21/2] states have been measured. Upper
limits for the lifetimes of the 11/2], 13/2], and 21/2] states have been determined. The lifetime
of the 17/2] state agrees with the literature value within 20. The re-measured lifetime of the
21/2{ state matches the literature value. For the 21/2] state the upper limit is consistent with
the previously known limit. The precision of the upper limit for the 13/ 21" state is significantly
enhanced. The upper limit for the 11/ 2T was measured for the first time. In °'Nb, the upper

limit of the 17/ 2? was measured with more precision than the previously known literature value.

The measured lifetimes have been used to obtain reduced transition probabilities, which are
compared with theoretical predictions based on a single-j approximation using state-dependent
effective charges derived from the newly measured B(E?2) strenths in *2Mo [7], as well as with
shell-model calculations performed in the 7 (2p; /25 199 /2) model space. For 3Tc, the theoretical
calculations show good agreement with the experimental data. Because the lifetimes of the
11/ 2?, 13/ 2?, and 21/ 2? states are below the sensitivity of the used fast-timing technique,
only lower limits for the B(FE2) strengths are obtained, limiting the conclusions that can be
drawn. In %*Ru, the lifetime of the 4T state was measured with high statistical precision and a
large peak-to-background ratio, leading to high confidence in the new experimental value. The
shell-model calculation in the 7(2p, /25 199 /2) model space, as well as the single-j approximation,
do not reproduce the increased experimental value of the B(E2; 4f — 2?) transition strength.
To account for the discrepancy, the previously discussed ad hoc mixing of the 47 and 6™ states
with seniorities v = 2 and v = 4 was applied using the newly measured B(FE2) strengths and the

literature data. It was not possible to simultaneously reproduce the B(E2) strengths of both the
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41+ — 2;“ and 61+ — 41+ transitions using this ansatz. This work builds upon previous research
on the two-valence-nucleon system ?2Mo, extending the investigation by providing experimental

data to test the single-j predictions for the three and four nucleon systems ?3Tc and ?4Ru.

Lifetime measurement in >Rh and ’Ru: Investigation of seniority

conservation in the IN= 50 isotones

To also study the interesting case of the m1gg /o mid-shell nucleus, a further experimental campaign
was conducted to measure lifetimes of excited states in Rh. The lifetimes of the 17/2], 21/2],
17/27, and 21/2] states were measured and an upper limit for the lifetime of the 13/2] state
was determined. Given the vast amount of data for “Ru within the recorded data set, lifetimes of
the 17/2] and 21/2] states in Ru have been measured, as well as upper limits for the lifetimes
of the 7/ 2?, 9/ 2?, and 13/ 2? states. Furthermore, it was possible to reproduce relevant results
from the previous work |7, 8|, leading to a high degree of confidence in the findings.

The measured lifetimes have been used to obtain values for the B(E2) strength. The newly
measured data for ?Rh is discussed in the context of partial conservation of seniority. It is
compared with the previously known literature and with the results of the single-j prediction
from Ref. |7]. In contrast to the findings in Ref. [9], the lower limit for the B(E2) strength of the
Av = 2 ground state transition 13/2] — 9/24; and the B(E2) value for the Av = 0 transition
17/ 2f — 13/ 2;r are not in conflict with the expected seniority pattern. However, deviations from
the pure seniority pattern are obtained for the 17/ ZT — 13/ ZT transition, which theoretically
should be suppressed even further. To explain this deviations ad hoc mixing between the 17/2%
states with seniority v = 3 and v = 5 was assumed. Admixtures that reproduce the experimental
B(E2) have been determined. The study of the mid-shell nucleus “Rh was particularly significant,

as deviations from pure seniority become immediately apparent in this case.

Systematic of B(E2) Strength in the mwlgg/, Orbital

Figure 8 shows an overview of the current literature values on experimental B(FE2) strengths
for the 41 — 2 — 0 transitions in the even-even and 17/2{ — 13/2f — 9/2] transitions in
the odd-even nuclei. As shown in the extended version of this figure in the previous Chapter 4,
the results for the B(E2;6] — 47) and B(FE2;21/2] — 17/2]) strengths confirm the literature
values and are therefore not further discussed here. The red data was determined within the
scope of this thesis, data from Ref. [9] is shown in green and other experimental data is shown
in blue. In Fig. 8(a) the systematic trend for the B(E2) strengths of the Av = 2 ground state
transitions is shown. Because these lifetimes are below the sensitivity of the applied fast-timing
technique, only upper limits for lifetimes have been determined, leading to lower limits for the

B(E2) values. However, it can be seen that the trend likely corresponds to the pattern expected
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Figure 8: Experimental data showing the evolution of reduced quadrupole transition probabilities
B(E2) along the mlgg/, shell. Data that was measured within the scope of this
thesis is shown in red, data from Ref. [9] is shown in green and other experimental
data [54] is shown in blue (a) The systematic of the Av = 2 ground state transitions
B(E2;27 — 0f). (b) The systematic trend for the B(E2;4] — 2{) values, that do
not change seniority Av = 0. The figure is part of an extended version shown in the
previous Chapter 4.

for the case Av = 2, which is shown schematically in Fig. 1(c). The green data point from
Ref. [9] on the other hand would imply, that the 1351 keV 13/2] — 9/24 ground state transition
is largely suppressed in the mid-shell nucleus “Rh, which is a significant deviation from the
expected pattern. So far, no corresponding B(E2) values have been determined for the upper
half of the 7lgg /5 orbital above 9Rh.

Figure. 8 (b) shows the systematic trend for the B(E2) strength of the Av = 0 transitions
between the lowest states of the respective v = 2 or v = 3 multiplet. The trend in the data shows
that the transition probability is inhibited towards the middle of the m1gg o orbital, leading to
the expected pattern for the Av = 0 case. The lower limit for the strength B(E2) from Ref. |9]
would imply a distinctly different behavior with an abruptly increased transition probability
in the mid-shell nucleus “Rh. The lower limit of >167 e*fm?, corresponding to >6.5 W.u.,
approaches the range typically associated with the onset of moderate collectivity. As pointed out
in Ref. [9], reproducing this increased B(E2;17/2{ — 13/2]) and the above mentioned hindered
B(E2;13/2] — 9/2],) transition strengths within shell-model calculations using standard effective
two-body interactions proves to be extremely challenging. Since the findings from Ref. [9] are
fundamentally different to the results of this work, it would be important to have the lifetimes
confirmed by another independent experiment. However, the result for B(E2;17/2{ — 13/2])
from this work 32(1) e?fm?, is also significantly higher when considering that this transition should
be close to zero when assuming a pure single-j system with conserved seniority. Such a deviation
is also observed for the B(FE2;21/2 — 17/2]) transition with a value of 27(2) e*fm*. To explain
the deviation, mixing between the 17/2% states with v = 3 and v = 5 is assumed, although at
the mid-shell case (j = 9/2)° mixing between states with Av = 2 should not be possible due to
the Av = £4 seniority mixing rule and would therefore require extra model-space configurations

aside from the pure m1gg/o. Mixing of 13/2% and 21/2% states with different seniority has been
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neglected since the energy gap between the respective states is significantly larger compared
to the one between the 17/2% states. The admixture coefficients («, ) that reproduce the
experimental B(E2) strength of the 21/2] — 17/2] — 13/2{ cascade have been determined to
be (a, B) = (0.895(3),0.446(6)). In STc, the re-measured B(E2;17/2 — 13/2]) strength from
this work is slightly increased with respect to the literature value from Ref. [97]. The increased
value can be reproduced within the single-j analysis using state-dependent effective charges.
There are currently three experimental values for the B(E2; 4f — 2?) strength in “*Ru, that do
not overlap within the uncertainties |4, 5, 8]. During this work, it was possible to confirm our
result from 8| in a second fast-timing experiment presented in Chapter 4. However, it would be
important to have a further independent experiment to clarify the issue. Similar to the situation in
%Rh, the increased B(E2;4] — 2]) strength in *Ru is not reproduced by the single-j approach
and also not within shell-model calculations in a 7(2p; /2, 1g9/2) model space using SR88MHJM
interaction [8, 98]. The solution adopted in Ref. [3| is reducing the model space below N = 50
to the vlgg/ orbital and adding N = Z = 50 cross-shell excitations. Although leading to an
increased B(E2;4] — 27) strength, the predictions for B(E2;2] — 0) and B(E2;6] — 4])
deteriorates significantly, as also pointed out in Ref. [4]. Another ansatz to explain the deviations
is given in Ref. [32], which studied the (j = 9/2)** systems in the 71gqg /2 orbital with a partial
seniority conservation, related to the existence of the uniquely defined v = 4 states. It was
shown that the diminishing B(E2;8] — 6) strength in “Ru can be mostly understood as
the cancellation between few terms induced by the seniority-non-conserving interaction in the
j = 9/2 system [32]. Furthermore, it was shown that the influence of the neighboring orbitals
(P1/25P3/2, f5/2) can lead to significant mixture between the v = 2 and the uniquely defined v = 4
states [20, 32, 34]. The seniority v = 2 and v = 4 configurations can interfere either constructively
or destructively. This would explain the slightly increased B(FE2; 4;r — 2?) strength in *Ru as
result of constructive interference and the hindered B(FE2;4] — 2{) strength in %Pd as result of

destructive interference of the v = 2 and v = 4 configurations.

In summary, it can be stated that the overall picture resulting from the newly measured data
and the literature values for the B(E2) strengths in the N = 50 isotones is ambiguous to a
certain extent. The picture of a complete breakdown of seniority in **Ru and *’Rh could not
be confirmed in this work. Instead, the B(E2) pattern suggests that seniority appears to be
conserved to a certain degree. However, there are relevant deviations from the ideal pattern,
which can be explained by seniority mixing. The origin of this mixing might be attributed to the

influence of the neighboring 2p; /3, 2p3/, and 1f5/; orbitals.
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6 Outlook

In this chapter current projects and ideas for future experiments are discussed to further study
seniority conservation on different parts of the nuclear chart. Some of the experiments have
already been conducted, with ongoing analysis, while others are presented as raw plans. For the
purpose of simplicity, only experiments using the instruments available at the Institute for Nuclear
Physics in Cologne are discussed. In addition, potential innovations regarding the optimization of

the institute’s fast-timing setup are discussed, which could be relevant for future applications.

Further Studies in the N—= 50 Isotones

Additional attempts have already been made to measure further lifetimes in the N = 50 isotones.
Because the lifetimes for the lowest-lying states are usually very short, only upper limits were
determined due to the limitations of the applied fast-timing method. Following the example from
Ref. [39], an attempt was made to populate the low-lying states in *3Tc or *Ru using transfer
reactions. Unfortunately, no significant signs of proton transfer reaction channels were observed
during the test experiments using a ??Mo target and an %0 or 'F beam. Further investigations of
even more proton-rich N = 50 isotones beyond ?Rh appear to be rather challenging using stable
beam experiments. The ?Pd nucleus could theoretically be produced using the institute’s Tandem
accelerator and the fusion-evaporation reaction “*Ru(*He, 3n)?°Pd. However, several challenges
and circumstances suggest that the success of such an experiment is rather unlikely. Both target
material and beam are relatively rare and therefore expensive. The current duoplasmatron source
for the He-beam is known to be unreliable. The estimated reaction cross section at 25 MeV is only
approximately 10 mb which is much lower than the cross-section of the “2Mo(®Li, 3n)%Rh that
was used in the last experiment, where 12 days of beam time were required to collect sufficient
statistic. Many other reaction channels will dominate the collected data as it was the case in the
9Rh experiment. The critical angular momentum L. is estimated at 9A, which would be just
enough to populate the states of interest within the reaction. The lifetimes of the first excited 4T,
61, and 8" states have been measured already in RIB experiments |6, 67|, while the lifetime of
the first excited 27 is very likely too short to be measured using the fast-timing method. The
experiment would therefore primarily verify literature values but would not yield any completely
new information. In summary, it must therefore be said that such an experiment would not be

advisable.
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Semi-Magic Nuclei in the Proximity of 2°8Pb

One region that is accessible with the resources available at the institute is the N = 126 isotones
above 2%Pb. As already mentioned in this work, the situation is rather similar there. The mw1hg /2
orbital is well isolated due to the shell closure at Z = 82. Many lifetimes of the low-lying states
have already been measured recently 38, 39, 52, 53|, but the data are still incomplete. In February
2025 a fast-timing experiment was conducted in Cologne to measure lifetimes of excited states
in 212Rn, using the 299Bi(°Li, 3n)?'2Rn fusion-evaporation reaction. The analysis has not been
finalized yet, but it is expected that there will be a revision of the current lifetime of the 4f state,
and a new upper limit for the lifetime of the 2] state [99]. The mid-shell nucleus in the 71hg /2
orbital is 2'3Fr, which was already measured in December 2018 using the fusion-evaporation
reaction 2°°Pb(}!B,4n)213Fr @ 56 MeV and an analog fast-timing setup. Unfortunately, the results
have not been published yet [100]. The experiment could easily be repeated using a modern

digital fast-timing setup.

Non Semi-Magic Nuclei in the Proximity of 2°8Pb

In the vicinity of 2%Pb, the 8;r seniority isomers are also found in non semi-magic nuclei with
neutron holes below the N = 126 shell closure. The 8f states in the even-even nuclei in the
Po-Rn-Ra isotonic chains with 122 < N < 126 are isomers with wave functions dominated by
the mlhg/, configuration and the respective B(£?2) follow a typical seniority-like pattern [48].
The substantial shell gap between proton and neutron orbitals probably prevents proton-neutron
interactions that would destroy seniority [19, 48]. A transition from single-particle excitations to
collectivity is expected to emerge around N =118—120 [19]. However, recent studies in 2**Po
and 2%°Po showed increased B(E2; 4f — 2?) values, indicating that the 4f states in both nuclei
are of collective nature [51, 101]. In order to investigate this onset of collectivity in Rn isotopes
as well, a series of experiments has been conducted over the recent years. The lifetimes of the
low-lying excited states in the isotopic chain 2°°Rn, 2°8Rn, 2!9Rn, and ?'*Rn were measured using
analog and digital fast-timing setups. The data has already been fully analyzed and a manuscript

is in preparation.

Further Developments for the Fast-Timing Setup in Cologne

The experiments presented in this paper were all measured using the HORUS spectrometer at
the Institute for Nuclear Physics in Cologne. In 2023, the new ~-ray spectrometer CATHEDRAL
(Coincidence Array at the Tandem accelerator for High-Efficiency Doppler-Recoil And LaBr
fast-timing measurements) [102] was commissioned at the institute. The spectrometer has mounts
for up to 33 detectors and is optimized for RDDS experiments with detector rings at angles of
0°, 30°, 55°, 90°, 125°, and 150° with respect to the beam axis. Since no Doppler shift can be
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observed at an angle of 90°, the positions in the 90° ring can be equipped with up to 8 LaBr
detectors, which enables the simultaneous measurement of lifetimes using both fast-timing and
RDDS techniques. This is a great advantage, as both methods overlap in their sensitivity range
and thus can be used for cross-checking. Also the methods have some complementary advantages
and disadvantages. For example, the RDDS method suffers from undesired feeding, whereas the
fast-timing method can be strongly influenced due to coincident Compton background under the
peaks. To avoid the disturbing influence of scattered v rays, the LaBr in the 90° ring have been
passively shielded against each other using lead sheathings [83, 102|. This reduces the amount
of Compton-scattered v rays from entering the detector and thus minimizes time-correlated
inter-detector scattering. However, to significantly improve the peak-to-Compton ratio, the use of
active anti-Compton detectors with an anti-coincidence logic are required [90]. The bulky HORUS
BGO shield are not suited to be used within the new CATHEDRAL spectrometer. Furthermore,
they were primarily build for large volume HPGe detectors and are not optimized for the usage
with the 1.5" x 1.5" LaBr detectors. The progress on silicon photomultipliers (SiPMs) allowes
to use them instead of large photomultiplier tubes for a compact designed BGO anti Compton
detector, optimized for the use with 1.5" x 1.5" LaBr detectors at the CATHEDRAL spectrometer.
Furthermore, the time resolution of SiPM arrays in combination with LaBr scintillators becomes
increasingly competitive to the use of PMTs [103]. In terms of energy resolution and linearity
they perform already better than classical PMTs [103]. Changing to SiPM for the LaBr detector
array at the CATHEDRAL spectrometer would be another task for the future and may improve
the fast-timing method at the institute.
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