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Transition probabilities of intermediate-spin yrast and non-yrast excitations in ¥82Se were investigated in
a recoil distance Doppler-shift (RDDS) experiment performed at the Istituto Nazionale di Fisica Nucleare,
Laboratori Nazionali di Legnaro. The Cologne Plunger device for deep inelastic scattering was used for the
RDDS technique and was combined with the AGATA Demonstrator array for the y-ray detection and coupled
to the PRISMA magnetic spectrometer for an event-by-event particle identification. In ¥Se, the level lifetimes
of the yrast (6;’) and (8;’) states and of a non-yrast band feeding the yrast 4T state are determined. A spin and
parity assignment of the head of this sideband is discussed based on the experimental results and supported by
large-scale shell-model calculations. In ®?Se, the level lifetimes of the yrast 6] state and the yrare 45 state and
lifetime limits of the yrast (10}) state and of the 57 state are determined. Although the experimental results
contain large uncertainties, they are interpreted with care in terms of large-scale shell-model calculations using
the effective interactions JUN45 and jj44b. The excited states’ wave functions are investigated and discussed with
respect to the role of the neutron g9/, orbital.

DOI: 10.1103/PhysRevC.97.044323

I. INTRODUCTION

Selenium nuclei around the N = 50 shell closure are of
*Corresponding author: jlitzinger @ikp.uni-koeln.de particular interest for systematical nuclear-structure studies
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FIG. 1. Shell-model calculated B(E2) values from previous
works (from [14] labeled as PQMS80 and from [12] labeled with jj44b,
JUN4S5, and fpg) and experimental values of yrast states of % Se.
For a better overview and for the following discussion, experimental
results from this work are already included in the figure and marked
by the (red) filled symbols.

and have been investigated with great detail both theoretically
and experimentally [1-18]. The level schemes of ¥*-32Se were
investigated and extended recently in multinucleon-transfer
and fission experiments [3,9]. Information on transition prob-
abilities for transitions between low-spin yrast states in 3-32Se
nuclei is available mainly from Coulomb-excitation experi-
ments [6-8]. In addition, lifetimes of intermediate-spin yrast
states are also of high importance for the understanding of
nuclear structure.

In #Se, a sudden change in nuclear structure of the yrast
band occurs at the isomeric 8] state. This is reflected by a
small energy gap and a very small transition probability to the
6;“ state. Comparing excitation energies and B(E2; 8T — 6;“)
values of the N = 48 isotonic chain, this effect culminates
in $3Seys [16]. In Fig. 1, B(E2;1 — I — 2) values for the
yrast band up to 8/ are depicted for "33082Se. In 78S,
experimental B(E2;I — I — 2) values increase up to I = 8
with no indication of a structural change. This is in clear
contrast to 32Se with its very small B(E2; 8] — 6])=
11.9(6) e*fm* [16]. The B(E?2) values of transitions from the
6;“ state in 3>Se and decays of the (6?) and (ST) states in %'Se
were unknown prior to this work. Thus, it was unclear how
the transition of collectivity along the yrast bands in 8-%2Se
proceeds and how this develops along the selenium isotopic
chain when approaching N = 50. In Ref. [14,15], this topic
was addressed by using a phenomenological monopole and
quadrupole pairing plus quadrupole-quadrupole interaction for
the mass region 80. In addition, full shell-model and pair-
truncated shell-model (PTSM) calculations were performed

(see also Fig. 1), in which the corresponding B(E?2) strengths
are labeled with PQMS80. The PTSM predicts that a pair of fully
aligned go/» neutrons is essential for the description of states
with spin 7 > 87 for 382Se, while lowest yrast states up to
the 6T state in 8-82Se are ascribed to rotational and vibrational
collective motions [15].

For the selenium isotopic chain starting from "8Se up to the
semimagic nucleus 84Se, shell-model calculations using the
effective interactions JUN45 [19], jj44b [20,21], and fpg [22]
with °Ni and “3Ca as inert cores were reported in Ref. [12];
the resulting B(E2) values are plotted in Fig. 1. The general
behavior of B(E?2) strengths in 78,80.8286 s similar in the
presented shell-model calculations. The values calculated by
fpg and PQMSO0 describe the previously known experimental
data very well with the exception of the 47 — 2 transition
in 82Se. The influence of the missing f; /2 shell in the model
space of JUN45 and jj44b calculated values results in lower
B(E?2) values compared to PQM80 and fpg, especially for
8Se. Besides this, there are slight differences in the B(E2)
trend for the 67 and 87 states in ®°Se between jj44b, JUN45,
and fpg, which calls for experimental clarification.

Further on, yrare states provide an additional testing ground
for the discussed theoretical descriptions. In 8°Se and %2Se,
lowest yrare states have similar excitation energies and show
an equal decay behavior [cf. Figs. 2(a) and 2(b)]. Prior to this
work, lifetimes of yrare 27 states in **-32Se were measured [7].
The lifetime of the 41 yrare state in ¥°Se was deduced from
a Doppler-shif attenuation method (DSAM) experiment [17],
while the 47 lifetime in ®2Se was unknown prior to this work.

In 3°Se, a sideband on top of the yrast 47 state was observed
for the first time by the authors of Ref. [5] (see Fig. 2). However,
a spin and parity assignment could not be provided. This will
be addressed in this work based on experimental data and shell-
model calculations.

This paper is structured as follows: the experimental setup
is introduced and the analysis procedure is explained in
detail (Sec. II). The lifetime analysis is presented for each
nucleus (Sec. III). The paper closes with the discussion of
the experimental results particularly with regard to large-scale
shell-model calculations (Sec. IV).

II. EXPERIMENTAL DETAILS AND LIFETIME
ANALYSIS PROCEDURE

A recoil distance Doppler-shift (RDDS) experiment was
performed at the Istituto Nazionale di Fisica Nucleare (INFN)
Laboratori Nazionali di Legnaro (LNL), Legnaro, Italy. ¥Se
nuclei were produced via a —2n multinucleon-transfer reaction
induced by a #>Se beam provided by the Tandem-XTU and
the ALPI superconducting LINAC accelerator at an energy
of 577 MeV. The beam impinged onto a >*¥U plunger target
with a thickness of 2 mg/cm? which was evaporated onto
a 1.2 mg/cm? Ta backing facing the beam mounted in the
Cologne Plunger device for deep-inelastic reactions [24]. 82 Se
nuclei were mainly excited via multistep Coulomb excitation.
A %*Nb degrader foil with a thickness of 4.1 mg/cm? was
mounted downstream from the target. Projectile-like recoils
were therefore slowed down before entering the PRISMA
magnetic spectrometer [25-28] for the event-by-event particle
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FIG. 2. Partial level schemes of 8-%2Se including level lifetimes from this work and from NNDC [23]. New lifetime information (lifetimes,
effective lifetimes, or lifetime limits) deduced from this work is written in blue (gray). Dotted transitions in 80Se are not visible in the y -ray
spectra presented in this work and are included for comparison with ¥ Se. Excitation energies and y-ray energies are given in keV, taken from

NNDC [23] and Ref. [5]. Further details are given in the text.

identification. Three target-to-degrader distances were mea-
sured. The AGATA spectrometer in its demonstrator configu-
ration [29,30] was used to detect the y rays of the deexciting
reaction products.

A pulse-shape analysis yields the interaction position of
y rays inside the detector [31]. From this, y-ray energies
and their first interaction points are reconstructed using the
Orsay forward-tracking algorithm [32]. Angular information
deduced from the first y-ray interaction point and the momen-
tum vector provided by PRISMA are used for the Doppler
correction. The total kinetic energy loss (TKEL) of the recoils
is reconstructed event by event using relativistic two-body
reaction kinematics [27,28,33], assuming a binary reaction and
imposing the conservation of linear momentum.

A detailed discussion of the experimental details including
the mass resolution for Z = 34 is given in Ref. [11].

The decay curve of an excited state is the intensity ratio
of the degraded I, and the fast peaks I7 with respect to the
distance x between the foils, R(x) = Ip(x)/[Ip(x) + I7(x)].
To determine lifetimes from RDDS data, the solution of the
corresponding system of differential equations, the Bateman
equations, is fitted to the decay curve [24]. In this case, exact
distance information is crucial. The plunger device provides
relative distances with a precision of typically <0.1 um for
small distances, but with an uncertain offset. This offset is
fitted to three decay curves of transitions from levels in 32Se
with well-known lifetimes from prior Coulomb excitation
and DSAM experiments [6,7,34]. The three target-to-degrader
distances in this experiment are 38(1), 257(2), and 507(7) um
with a zero-point uncertainty of 4 pum.

In Ref. [11], a method to determine lifetimes from RDDS
data using summed y-ray spectra of different target-to-

degrader distances was introduced. This can be used if statistics
are insufficient to determine peak intensities for each distance
individually. In this case, the lifetime is calculated from the
solution of the differential Bateman equations as follows:

=1 Inj _

iR(x;), 1
Z?:l Ip; + Z;l'zl Ir; an (XJ) (H

j=1

Roum =

where Ip; (Ir;) denotes the peak area of the transition of
interest from emission before (after) passing the degrader for
each target-to-degrader distance x;, R(x;) is the decay curve,
described by the solution of the Bateman equations, and 7;
denotes normalization factors for each distance. This method
is used for the lifetime determination in several cases described
in this work.

A Monte Carlo simulation is used to determine lifetimes
and related errors. Uncertainties from the intensity ratios
of feeding transitions and of the transitions of interest as
well as uncertainties from absolute distance values and from
transition intensities are taken into account. Expectation values
of the generated distributions correspond to the level lifetimes;
errors are deduced from the 1o quantiles of the probability
distributions in both directions.

Recoil velocities are in the range of 8 ~ 9%. Therefore,
relativistic effects are taken into account. Detector efficiencies
are calculated using the GEANT4 toolkit [35], evaluated with
experimental data. Different detector efficiencies of the fast
and degraded components of each transition are considered.

Due to low statistics, a y y -coincidence analysis is not feasi-
ble. In case of a y-ray analysis in singles, all observed feeders
are taken into account with their experimentally observed
intensities. Besides, one has to deal with the possibility of
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FIG. 3. TKEL-gated y-ray spectra for 8 Se. Inset: TKEL distri-
bution for ¥ Se showing TKEL gates which are under comparison.
All y-ray spectra are from the same target-to-degrader distance (257
pm). Further details are given in the text.

unknown feeding transitions, so-called side-feeding. Feeding
transitions from levels with lifetimes in the range of that of
the level of interest or larger influence the time behavior of the
level of interest. Therefore, those are relevant for the lifetime
analysis.

The lifetime analysis presented in this work benefits from
the possibility to select nuclei with specific total kinetic energy
losses (TKEL). The TKEL is given by

TKEL = —Q = —(my + mp — myy, — mg1)c>
=Er, + Ep, — Er — Ep (2)

where mp denotes the mass of the target nucleus and m p the
mass of the beam nucleus; m 7, denotes the targetlike and m g,
the beamlike reaction products. The underlying formula and
assumptions are explained in more detail in Ref. [33]. In the
actual case, the kinetic energy of the beamlike particles Ep;,
was measured directly with the PRISMA spectrometer; the
energy of the target E; = 0 MeV and the energy of the beam
Ep isknown. E7; can be calculated by measuring the angle of
emission of beam-like particles, 65, with respect to the original
direction of the beam.

The effect of different TKEL conditions on #2Se gated y-ray
spectra is visible in Fig. 3. By choosing different gates for the
TKEL, higher-lying states can be suppressed or enhanced; see
also Ref. [27]. This effect is clearly visible in Fig. 3(a). For a
gate on large TKEL values (red or light gray) the 57 and 8}
states are clearly visible, whereas for a gate on low TKEL val-
ues (black) both states are completely suppressed. This allows
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FIG. 4. y-ray spectra of 3°Se centered at the energy of the yrast
47 — 2 transition for three different target-to-degrader distances,
plotted on top of each other. More details are given in the text.

us to construct y-ray spectra with different feeding patterns
for energetically lower states [36,37]. As a consequence, the
experimentally observed time behavior (decay curve) of those
transitions is clearly affected; see Fig. 3(c) for the 6] — 4
and 47 — 27 transitions. Both 8] and 5] states have long
lifetimes compared to the flight time of the recoils between
the target and degrader foils. The effect of these long-living
states can be seen in transitions from the 6] and 47 states; see
Fig. 3(c). In both cases, despite their short lifetimes, a clear
degrader component I, is visible due to the slow feeding [cf.
Fig. 3(b)]. This allows to cross-check the lifetime analysis by
using different feeding patterns.

An additional advantage is given in the improved peak-
to-background ratio by choosing suitable TKEL gates. Back-
ground from random coincidences, mainly from fission-like
reaction products, can be reduced by a gate on the low region
of the TKEL distribution; cf. Fig. 3 and Refs. [38,39].

III. LIFETIME ANALYSIS
A. 3Se

1. Yrast states

Figure 4 shows partial y -ray spectra of *Se centered around
the energy of the 47 — 2 transition for the three target-to-
degrader distances. The TKEL gate, indicated by the inset, is
used to improve the peak-to-background ratio especially for
high-lying states. As the (87) state is a direct feeder of the
(6;’) state, its lifetime analysis is crucial for the analysis of the
(6;’) state and is discussed first.

The lifetime of the (8]) state is relatively long compared to
the recoil flight times regarded in this experiment, thus only
a small flight component occurs; see Fig. 4. The only feeding
transition described before is a transition from the (10?) state
with E, = 1038 keV. As the 4] state decays with a similar
transition energy of E, = 1035 keV a significant contribution
to the peak intensity cannot be ruled out a priori. Nevertheless,
a level lifetime of ~1-2 ps is expected for the 10; state by
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comparison with neighboring nuclei 834Kr, and, following
shell-model calculations, it can be assumed that the (IOT) state
decays much faster than the (ST) state. Therefore, its influence
on the (ST) state time behavior can be neglected within the
accuracy achieved here.

The intensity ratio obtained in this work of the (ST) — (6T)
transition from the summed spectra [Eq. (1)]is Rgym = 0.78(7)
and is marked in Fig. 5(a). The statistics of the different
target-to-degrader distances are normalized using the number
of nuclei in the PRISMA particle gate n; for each distance j.
The resulting R(t) curve is shown in Fig. 5(a), the lifetime
distribution resulting from the Monte Carlo simulation is de-
picted in Fig. 5(b). The lifetime of the (8;”) state is determined
to be T = 37(*3") ps.

For the (6]) state, the evolution of the flight and degraded
components with respect to the flight time between the target
and the degrader foil is clearly visible; see Fig. 4. The (87)
state is populated with 47(7)% relative to the (6T) state. The
influence of slow feeding from the (81+) state to the (6?) —
41 time behavior is clearly visible in the decay curve in the
time-of-flight segment from 10-20 ps (see Fig. 6). Because
of poor statistics, intensity ratios have large uncertainties of
up to 8%. In addition, the intensity of the (8)) state as well
as its lifetime have large error bars. As a consequence, the
simulation using a normal Bateman fit and the intensity ratio of
each target-to-degrader distance do not lead to a clear lifetime
distribution; see Fig. 6(b). Mean value and 1o quantiles lead
to a lifetime of T = 3.7(’:?2) ps. Using summed y-ray spectra,
the intensity ratio of the fast and degraded components for the
(61+) state is 0.43(3). The resulting probability distribution is

depicted in Fig. 6(c), leading to a lifetime of T = 1.7(f}¥) ps.

2. Non-yrast states

Transitions from a non-yrast band feeding the first 4T state
are visible in the y-ray spectra; those are already described
in Ref. [5]. The fact that only a degraded component of the
Doppler-shifted 419-keV transition depopulating the excited
state at 2784 keV is observed in our data for all distances leads
to a lower lifetime limit of T > 105 ps.

A flight-time-dependent component development is visible
for the transition from a level at E¥ = 3364 keV decaying
via E,, = 580 keV. From summed y-ray spectra an effective

os @ | (b)

OO 5 10 15 20 25 2 4 6 8 10 12 14

Time-of-flight [ps] Lifetime [ps]

(d)

1 2 3 4 01 2 3 4 5 6 7

Lifetime [ps]

FIG. 6. Decay curve (a) with error estimation (b) and R(t) curve
(c) with error estimation (d) for the (6]) — 4] transition in **Se. A
lifetime of T = 1.7(*}]]) ps is determined. More details are given in
the text.

lifetime of T = 16.5(*33) ps is derived. No information about
feeding is known from previous experiments, therefore an
effective lifetime is given in this case.

Due to the limits of the detector resolution, a transition with
E, = 664 keV feeding the yrast 4] state from a state at E* =
2365 keV and the 2] — 07 transition with E,, = 666 keV are
not separated. The influence of this transition on transitions
from the yrast 4] and 2] states is clearly visible in the decay
curves of these states. Lifetimes of the 2 and 4 state are
known from Refs. [7,8]. The lifetime of the 2365-keV level is
unknown. Furthermore, the intensity of this transition relative
tothe 27 — 0f transition cannot be measured, t0o0. As two ex-
perimental decay curves are available, one from the 4] — 2
transition and one from the doublet of the 664-keV transition
and the 2] — 0 transition, both lifetime and feeding intensity
of the 2365-keV level can be obtained by a simultaneous fit
minimizing the summed x2. From the simulation, an intensity
of Iggs = 25(“:2)% relative to the intensity of the ZT — OT
transition results; see Fig. 7(c). As experimental uncertainties
are large, the resulting lifetime distribution from the Monte
Carlo simulation points to two lifetime maxima with different
weighting; see Fig. 7(b). The first maximum points to a level
lifetime of about 1.7(5) ps with 13% weighting. It results
from the scenario that intensity ratios of both decay curves
are shifted to lowest values compatible with the errors. The
second maximum points to a level lifetime of 6.4(31) ps with
87% weighting. In the further discussion, the extreme limits of
both lifetimes, and no expectation values, are used. A lifetime
range of 1.2-9.5 ps results for the 2365-keV level.

B. ®Se
1. The yrast 6} state

The yrast 6] state of %2Se exhibits a very short lifetime
compared to the flight time of the two larger target-to-degrader
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the 2] — 07 transition (black, solid) and from the4; — 2 transition
(red, dotted), using lifetime information from previous experiments.
More details are given in the text.

distances. Only for the smallest foil distance is a degrader
component visible, aside from the constant part which arises
from slow level feeding from the yrast 8] state; see Fig. 8.
In the case of small level lifetimes, the slowing-down time in
the degrader has to be considered. Nuclei which decay while
passing the degrader foil are slowed down less than those
which decay after passing the whole degrader foil. Therefore,
in the y-ray spectra events occur between the fast and degraded
components and in the fast component, which are part of 7.
For the analysis presented in this work, this effect is relatively
small, as nuclei only spent about 0.2 ps in the degrader
foil before leaving towards the PRISMA spectrometer. But
in the case of several transitions in 8286, small errors, of
<2%, of intensity ratios of fast and degraded components
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FIG. 8. Decay curve (a) and error estimation (b) for the 61+ —
47 transition in ¥ Se. A lifetime of 7 = 0.56(*}9) ps is determined.
(c) Slowing-down process for the 67 — 47 transition in #*Se. More
details are given in the text.
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FIG. 9. Decay curve for the 1940-keV transition (10]) — 8} in
82Se using the feeding hypothesis described in the text. The solid line
shows the best fit within the errors, dashed and dotted lines depict
extreme feeding scenarios assuming 85% and 65% feeding with 35
and 80 ps, respectively. More details are given in the text.

can be achieved, thus in these cases even small effects have
to be considered. The amount of wrongly assigned events is
estimated simulating the slowing-down progress, dividing the
degrader foil into ten parts. The energy loss in each of these
segments is calculated using the program LISE++ [40] with
the Atima 1.2 logarithms and corrected by 3%, as LISE4+
underestimates the energy loss by this amount, evaluated by
comparing with the Doppler shift.

This results in a lifetime of v = 0.56(*19) ps for the yrast
67 state in 32Se.

2. The yrast (10}) state

In Refs. [5,9], the yrast (10;’) — 8;’ transition with £, =
1940 keV was discussed. In addition, a 5689-keV level feeding
the yrast (107) state (E y = 230 keV) was found and proposed
as the (117) state. Unfortunately, the (11*) — (107) transition
is hidden in the 2*®U background, Doppler corrected for the
velocities of A ~ 80 ejectiles. Flight and degraded components
of the (10]") — 8 transition are clearly visible in TKEL-gated
82Se y-ray spectra; see Fig. 3(c). The corresponding decay
curve is depicted in Fig. 9 and can only be described assuming
a slow feeder with high intensity. The best description of the
observed decay curve is given by assuming 75% feeding from
a level with 50 ps lifetime, depicted with a solid line in Fig. 9.
The resulting lifetime is 0.4 ps. Within the errors, the decay
curve can be described assuming 85% and 65% feeding with
35 and 80 ps, respectively, depicted in Fig. 9 with dashed and
dotted lines. In all described cases, the resulting lifetime of the
(107) state is smaller than 1 ps, and an upper lifetime limit of
T < 1.5 ps can be given.

3. Non-yrast states

From the 4; state, three depopulating branches are identi-
fied. This state decays to the first 2] state via E;, = 1895.5keV
and to the 4] and 27 states via E, = 815.1 keV and E, =
818.6 keV, respectively. The latter two y-ray decays are too
close in energy to be distinguished, therefore the decay to
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FIG. 10. Decay curve (a) and error estimation (b) for the 45 —
2] transition in ¥Se. A lifetime of Ty = 2.4(*3}) ps is determined.
(c) Slowing-down process for the 47 — 27 transition in ¥*Se. More
details are given in the text.

the first 2 state is analyzed; see Fig. 10. The only observed
feeding transition arises from a long-living 5~ state. The
aforementioned slowing-down effect is slightly stronger than
in the case of the 6]L decay because the smallest target-to-
degrader distance lies exactly in the sensitive range of the level
lifetime. A lifetime of T = 2.4(*3) ps results for the yrare 4;
state in ¥ Se.

In the case of the 5~ state only the degraded component
occurs in the y-ray spectra. This is consistent with the 4 —
2] transition for which no target and degrader component de-
velopment between the second and third distance is observed;
see Fig. 10. A lower lifetime limit of 75~ > 190 ps can be given.

In Table I, the new lifetimes for 3%-82Se derived from this
work are summarized.

IV. DISCUSSION
As shown in Fig. 2, the nuclei 3%2Se show similar level

schemes, and the 2] and 4, yrast states have comparable

TABLE I. Summary of new lifetime information derived in this
work.

SOSe SZSe
Jr T(J7) (ps) Jr T(J™) (ps)
(65) 17¢t] 6/ 0.56(*1;
) 37(+30) (10} <15
E* = 2365 keV 1.2-9.5 4f 2.4(1%)
E* = 2785 keV >105 57 >190
E* = 3364 keV eff. 16.5(*35

excitation energies within a few keV. The structural change at
the 8% state, reflected by a small 8t — 6% transition energy,
is clearly more pronounced in 3>Se compared to ¥Se. The
known B(E2;8t — 61) in ¥ Se also supports this difference
in structure. Our experimental results completed the B(E?2)
data of the yrast bands in these nuclei up to the 8% state.

In contrast to "8Se, the B(E2;67 — 47) values for both
80.828¢ show a reduction of E2 strengths compared to the
corresponding 4T — 2% transition strengths (cf. Table II and
Fig. 1). The B(E2;1 — I — 2) values continuously decrease
from I =4 to I =8 for 3°Se, showing a behavior similar
to 82Se and confirming the theoretical predictions [12,14,15]
(see Fig. 1 and Table II). The decrease factor from I = 4 to
I =8 is 34 for ¥Se, but only 7 in the case of 80Se. This
reduction of collectivity towards the 8" state is more sudden
in 32Se than in 8°Se. In order to address these differences, the
experimental results are compared to shell-model calculations,
focusing on the role of the vgy, orbital and differences in the
wave functions of the 6] and 8] states.

A. Shell-model calculations for 8%?Se

Shell-model calculations for 30-32Se are performed using
5Ni as an inert core in the fs /2P8o/2 valence space using the
JUN45 [19] and jj44b [20] effective interactions and the code
NUSHELLX@MSU [41]. Standard effective charges, e, =
1.5¢ and e,, = 0.5e for protons and neutrons, respectively, are
used for calculating reduced E2 strengths. On the one hand,
this was done to have a direct comparison with the truncated
fpg calculations from Ref. [12], which are shown in Fig. 1 and
which also used standard effective charges. On the other hand,
these effective charges give an optimal description of both low
and intermediate spin yrast transitions in >-82Se. Although the
suggested effective charges of e, = 1.5¢ and e, = 1.1e [19]
reproduce the yrast B(E2;2" — 0%) values and the known
quadrupole moments in the region better, they overestimate
most B(E2; I — I — 2)values for the intermediate yrast states
in 8982Se. For the sake of completeness, we note that the
PQMB&0 calculations [14,15], shown in Fig. 1, use effective
charges of e, = 1.65¢ and e, = 0.65¢. Magnetic transition
strengths presented in this work (see Table II) are calculated
using effective nucleon g factors gs eff = 0.7 X g free, aS SUZ-
gested in Ref. [19].

In addition to Table II, experimental and calculated excita-
tion energies and B(E2) values for yrast states in 3°Se and #2Se
uptothe 10] — 8 transition and excitation energies of lowest
yrare levels and selected negative-parity states are also depicted
in Fig. 11. New experimental B(E2) values from this work are
marked red (gray). Although shell-model calculations using
the JUN45 and jj44b interaction with detailed information on
excitation energies and the B(E2) values up to the 8] — 67
transition were already published and discussed in Ref. [12],
additional information on B(E2) values of higher yrast and
lowest yrare states as well as spin couplings and wave function
information is given and discussed in the following.

1. Yrast states of 332 Se

As already discussed in Ref. [12], the energies of the
yrast bands are well reproduced by JUN45 and jj44b. The
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TABLE II. Summary of the experimental results for 3*-82Se compared to large-scale shell-model calculations. Italics indicate prior results.
Experimental y-transition energies are taken from NNDC database [23] and from Ref. [5]. In all cases, transition probabilities are calculated
from lifetimes, transition energies, branching ratios, and multipole mixing ratios given in the table. In cases where experimental multipole
mixing ratios are missing or type and multipolarity of the transition are unclear transition probabilities are calculated assuming the extreme
limits of pure E2, E1, M2, or M1 transitions, respectively, marked with *. Effective charges of e, = 1.5¢, e, = 0.5¢, and effective nucleon g

factors g er = 0.7 X g5 free are used. See text for further details.

A J7? — g™l Branching E, (keV) Multipolarity, & Experiment: this work/previous work Theory
T(J™) (ps) B(oArJ™ — J™) JUN45 jj44b
B(o)) B(o))
80Se 27— 0f 666.15(10) E2 12.3(3) [8] 506(12) e*fm* 340 ¢*fm* 388 ¢*fm*
4F = 2f 1035.1(1) E2 0.95(3) [7] 720(20) *fm* 440 e*fm* 528 e*fm*
(61) — 4+ 1194 E2 1L7¢N 2.0(758) x 10% efm* 346 &*fm* 451 *fm*
&) — 61 740 E2 37(73Y) 100(*32) > fm* 153 *fm* 26 ¢*fm*
109 — 8 1080 E2 284 ¢*fm* 269 ¢*fm*
25— 0f 100(3) 1449.4(1) E2 2.8(1) [7] 27(2) ¢*fm* 4.5 fm* 3.5 ¢*fm*
- 2f 66.6(10) 783.1(1)  Ml1,8=-5%2 7(t3) x 1074 13, 0.04 u?% 0.02 w3
E2 3.8(75%) x 10% *fm* 185 2fm* 106 *fm*
47 —2f 53(5) 1828.8(3) E2 1.6(10) [17] 9(T5) e*fm* 2.4 Afm* 5.1 ¢Hm*
— 2F ~3 1046 ? E2 A8 126 e*fm* 212 e*fm*
— 4 100(30) 793.03)  Ml1,8=1.1(1) 0.02(73) 1%, 0.03 u? 0.08 w3
E2 5.7(153) x 10> fm*  0.02 e*fm* 57 €*fm*
E¥ =2365 — 47 664 E2* 1.2-9.5 668-5292 ¢*fm*
El* (0.23-1.8)x 1073 £*fm?
M2* (6.0-47.8)x 10* pu2 fm?
M1* 0.02-0.16 13,
E* =2784 — E* = 2365 419 E2% >105 <605 *fm*
El* <0.7 x 10* ¢*fm?
M2 <5.5 x 10* 3 fm?
M1* <0.007 w3
E¥ =3364 — E* = 2784 580 E2% eff. 16.5("35 >565 e*fm*
El* >1.5 x 107* 2 fm?
M2* >5.1 x 10* % fm?
M1* >0.013 13,
828e 2 — O 654.75(16) E2 18.9(3) [6] 360(6) *fm* 295 e*fm* 326 ¢*fm*
4f —2f 1735.51(10) E2 1.38(22) [7] 400(60) *fm* 417 e*fm* 442 2fm*
6F — 4f 1409.9(3) E2 0.56(*13 263(T38) e*fm* 328 e*fm* 383 ¢*fm*
8" — 6F 373.5(3) E2 9522(577) [16] 11.9(6) *fm* 8.1 2fm* 6.5 ¢*fm*
101y — 8} 1940 E2 <15 >20 e*fm* 98 2fm* 60 ¢*fm*
best fit: 0.4 75 e*fm*
25 — 0Of 100(7) 1731.5(1) E2 1.36(16) [7] 31(T1) efm* 10.7 2fm* 3.2 *fm*
— 2 26(6) 1076.4(4) E2% 88(13%) 2 fm* 64 2fm* 19 *fm*
M1* 0.007(*1) u% 0.0004 3, 0.065 3,
45 —2f 100(9) 1895.5(1) E2 2.4(H) 5.7(14) e*fm* 104 ¢*fm* 4.7 ¢*fm*
—2f 91(13) 818.6(2) E2 3.5(M1) x 102 fm* 66 e*fm* 109 *fm*
— 4 52(13) 815.1(2) E2% 203(*50) e*fm* 18.9 ¢*fm* 3.5 ¢*fm*
M1* 0.009(4) 113, 0.001 u%  0.047 3
57— 4F 343.3(3) El >190 <8 x 1075 ¢*fm®

B(E2;2} — 07)and B(E2;4] — 2]) values of **32Se were
reported and discussed in previous works [6,7,12—14].

For 32Se, the new experimental B(E2; 6;” — 4?) value
is described well within the error by JUN45. In the case
of 80Se, the new experimental B(E2; (6l+) — 4l+) value

is compatible with both calculations (see Fig. 11 and

Table I1).

For 2Se, both calculations slightly underestimate the ex-

perimental 8 — 6] transition strength. A distinct difference
between the calculations is visible for the 8] — 6] transition
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FIG. 11. Comparison of experimental and shell-model calculated 2, 47, 67, 81, and 107 yrast and 25, 4, and selected sideband excitation
energies (given in keV) and, in the case of yrast states, reduced transition probabilities (given in ¢*fm*) of 332Se isotopes. New experimental

B(E?) strengths from this work are marked red (gray).

strength in %°Se, for which the JUN45 and jj44b values differ
by a factor of 6. The new B(E2; (81+) — (61+)) value is slightly
overestimated by JUN45 and clearly underestimated by jj44b,
which will be discussed later in this section.

For #2Se, the (10]) — 8] transition is discussed in Sec.
IIIB2. From the upper lifetime limit a lower B(E?2) limit
is calculated and, in addition, the B(E2) value for the best
fit is given. In both cases, shell-model calculated values
for the 10] — 8] transition probability are similar to the
experimental result.

For both nuclei the 2+,4T,6fr yrast states are interpreted to
be dominated by 7 (f5/2,p3 /2)6 proton quadrupole-collective

excitations coupled to the v(gg_/zz/ _4) configuration [5], while

the 8f states are understood to have a dominant v g9—/22 configu-
ration. This different nuclear structure leads to retarded decay
transitions and often isomeric yrast 8] states for N = 48 iso-
tones in this region, especially in ¥ Se with B(E2; 8 —> 6/) =
11.9(6) e*fm* [16]. The corresponding transition probability
in %Se is significantly larger, with B(E2; (ST) — (6?)) =
100(*32) e*fm* (this work), indicating a more mixed structure
for the (6T) and (ST) states in 8°Se than in ¥ Se.

In Table III, the leading configurations of the shell-model
wave functions of the yrast states up to 101F are analyzed in
terms of couplings of protons and neutrons to different spins.
The wave functions for 3*-#2Se for the 0, ground state contain a
notable amount of nonzero seniority configurations, i.e., V27 ®
72+ and v4T ® w4+, The calculated 2] and 4] states show
a rather balanced mixture of configurations with proton and
neutron character.

For both interactions, the wave functions of the 61+ states in
80.82e show a mixture of mainly v ® 7 configuration: 67 ®
0*, 4t ® 2%, and 2+ ® 4*; see Table III. In ®Se, the pure
proton v0™ ® 76 configuration contributes with 10.5(5.4)%
for JUN4S5 (jj44b), which in 3°Se is reduced to <3% for both
interactions.

The ST states are dominated, with ~50%, by the pure
neutron v8" ® w01 configuration for both nuclei and inter-
actions. The main E2 decay of this configuration to the 67
state proceeds to the V6T ® 70" configuration which has only
~20%, leading to areduced B(E?2; ST — 6l+) value for 882 Se.

TABLEIII. Leading configurations built by protons and neutrons
coupled to different spins in the wave functions of yrast states up
to spin 10} in 80.82Ge resulting from shell-model calculations with
JUN45 and jj44b interactions. Numbers are given in percent. Only
configurations with contributions >5% for at least one interaction are
listed. Further details are given in the text.

Spin VR 80Se 82Se
JUN45 jj44b JUN45 jj44b
0y 0t®ot 50.8 41.1 59.0 49.8
2t @2t 39.5 46.8 354 42.3
4t @4t 6.2 8.3 44 6.1
2t 2t @0t 271 25.3 26.8 26.8
0t @2t 33.1 28.4 38.0 334
2t @2t 14.1 17.0 15.2 17.0
4t ®2* 9.0 10.5 6.8 8.7
2t @4t 9.1 9.8 9.1 9.0
4t 4t 0t 19.6 17.0 13.4 16.5
2t ®2* 343 35.1 38.6 39.2
0t ®4* 16.1 14.4 25.1 18.6
4t @2t 8.0 8.8 6.0 7.7
6t ®2" 53 5.0 2.1 2.8
2t @47 5.9 7.8 7.7 7.8
6 6t ®07" 25.4 18.3 19.7 18.4
4t @2t 31.1 32.6 27.6 34.5
2T ®4* 14.2 19.0 304 27.8
0t ®o6t 2.0 2.6 10.5 5.4
6t ®2* 7.6 6.3 2.0 2.5
8t ®2* 5.6 4.0 1.1 1.2
8F 8t ® 0" 49.1 43.6 534 47
6t ®2* 16.5 11.4 24 2.0
3t @27 5.6 19.4 34.5 40.6
10" ® 27 5.4 4.9
Tt®2t 6.3 35
107 10t ® 0F 29.8 24.1
8t @2t 36.2 35.6 60.2 66.9
8t @4t 3.0 4.6 19.2 13.2
6t ®4% 8.1 8.0 13.6 7.9
10t @ 2* 74 12.7
8t @3+t 1.9 6.2
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FIG. 12. Lower limit of the pure vgy/, contribution of the wave
function of 2+, 4+, 6+, 87 states (v ® w0* configurations) in %82 Se
as defined in the text.

Further on, in #2Se the v8* ® 72* configuration forming
the ST state contributes with 34.5(40.6)% for JUN45 (jj44b),
but the v6T ® 72" configuration of the 6] state contains only
~2%. Thus, in ¥ Se the decay of the dominant v8* ® w0F
and v81 ® w27 configurations is hindered, leading to the very
small B(E2;8] — 6) transition strength.

For #Se, one finds a more mixed structure of the 8] state,
with a clear difference between JUN45 and jj44b E2; 8] — 6]
strengths. Looking in more detail, in Table III the following
differences between the two interactions in the main configu-
rations can be noticed. The v8* ® 0" configuration for the 8/
state dominates with 49.1(43.6)% for JUN45 (jj44b), whereas
the v61 ® m0" configuration contributes with 25.4(18.3)%
for the 6T state, which results in different E2 strengths. The
second most dominant configuration of the 8] state differs
for JUN45 and jj44b. As listed in Table III, in the case of
JUN4S5 it is the v6T ® 7271 configuration which can decay to
four dominant v ® 7 configurations in the 6, state, 67 ® 07,
4T ®2*%, 67 ®27%, and 8T ® 2%, while for jj44b it is the
v8"T ® m2% configuration which can only decay to the low
percentage v ® 7 configurations 67 ® 2% and 87 ® 2.

Another important aspect is the role of the vgo,, orbital. In
order to isolate the pure vgo/, configurations coupled to 70™
configurations, the individual wave functions were inspected
with respect to the orbital occupations and couplings, and the
results are depicted in Fig. 12 for the 2] ,4],67,8] shell-model
states. For 82Se, the pure vgo ,2 contribution in this model
space is given by the v f56/2 pg‘ 2 p% ) gg /» partition and protons
coupled to zero. For 3°Se, further configurations are possible
where the neutrons in f5,2, p3/2, p1/2 are not coupled to spin
zero. Thus, a lower limit of the pure vgo,> configuration in the
calculations can be defined by the sum of v fs‘s/2 pg‘ 2 p% ) gg /»and

v f56/2 pi P Y 1 g5 ), partitions provided that protons are coupled
to zero. As the shell-model code output [41] excludes partitions
with contributions <1%, all presented numbers in Fig. 12
might miss small contributions and are therefore lower limits.

By comparing Figs. 1 and 12, it is obvious that the
B(E?2) trends for the yrast cascades of 3%82Se as calculated
by JUN45 and jj44b behave approximately inversely to the
Vgo,» contribution of the corresponding decaying state. This
is consistent with the understanding that vgo/> configurations
in these nuclei are single-particle excitations, whereas the
remaining percentage of the wave functions are dominantly of
proton character and can be interpreted in terms of collective

excitations. Figure 12 shows that for 8Se one finds a higher
amount of vgg,, contribution for JUN45, while for 82Se the
amount is nearly equal for JUN45 and jj44b except for the ST
level discussed above.

For 80:82Se, the theory presented in Refs. [14,15] predicts
a collective wave function up to the 6] state with approx-
imately zero contribution of vg9_/22 configurations, which is

reflected in the predicted constant E2 strengths of the 4T —2f
and the 6T — 4T transitions (see PQMS80 in Fig. 1). On
the other hand, independent from the large error bar, the
experimental result (this work) clearly contradicts the PQM80
calculations, indicating a decrease of E2 strengths for the
67 — 47 transition (Fig. 1). This decrease is well reproduced
by calculations with the JUN45 and jj44b interactions and can
be traced back to a non-negligible vgo/, contribution in the
structure of the 6f state (see discussion above and Fig. 12).
The truncated fpg calculations [12] have a trend similar to the
PQMS0 calculations, overestimating the 6] — 4 transition
probability (see also Fig. 1).

2. Yrare states of 3% Se

The lowest yrare states of *82Se show similar excitation
energies as well as a similar decay pattern; see Fig. 2. In
addition, their decay transition strengths are comparable,
which hints at a similar structure of these states.

In the case of Al = 0 transitions, in this case 2; — 2 and
4; — 4?, multipole mixing ratios § are necessary to calculate
the M 1 and E?2 transition probabilities. Since for #>Se these are
not known, transition strengths are calculated assuming either
pure E2 or M1 transitions and are listed in Table II marked
with asterisks.

From Table I1 it is clear that on the average the E2 strengths
are underestimated by JUN45 and jj44b, and jj44b clearly
overestimates the M1 part of transitions from 43,27 yrare
states in both nuclei. The only exception is the nonconfirmed
4+ — 2 transition in *Se, whose E2 strength is clearly
overestimated by both calculations. However, to understand the
structure of these states, further experimental and theoretical
investigations are necessary.

3. Sideband in *°Se

In %°Se, transitions were experimentally identified and
assigned as a sideband on top of the yrast 4 state [5]. In this
work, lifetime information is gained for three band members;
see 2365-keV, 2784-keV, and 3364-keV levels in Fig. 2(a)
and also Table II. In order to discuss the possible type and
multipolarity of the transitions in this sideband, B(o A) values
were calculated under the assumptions of pure E'1, E2, M 1, or
M?2 transitions, respectively, and are listed in Table II marked
with asterisks.

For the 2365-keV level, spins / < 2 and I > 6 independent
from the parity would result in transitions with multipolarities
>3, which can be excluded. From Table II it is clear that
M?2 transitions are unrealistic due to the resulting transition
probability of 1972, 15 610 W.u., therefore 2~ and 6~ states
can be excluded, too. The 2365-keV level solely decays to the
yrast 4] state via E, = 664 keV. Therefore, positive parity
levels with spins I < 47 can be generally ruled out, as in

044323-10



TRANSITION PROBABILITIES IN NEUTRON-RICH ...

PHYSICAL REVIEW C 97, 044323 (2018)

these cases a transition to the ground state or the 2] state
would most probably have a non-negligible branch which
should have been experimentally observed. The decay patterns
of JUN45 and jj44b calculated low-spin positive-parity states
were inspected for levels with dominant decay branches to
the 47 state, and all show in addition a non-negligible decay
branch to the lower-lying yrast states. The same argument also
holds for a possible 3~ assignment, which therefore can also
be excluded. Furthermore, a 3~ state is experimentally known
at an excitation energy of 2717 keV, which mainly decays to
the yrast ZT state. This 3] state is described well by JUN45
and jj44b; see Fig. 11. This leaves possibilities of 4=, 57, 5T,
and 6™ for the 2365-keV level.

Assuming the 2365-keV level is the yrast 6] state and,
consequently, the band on top of it is the further yrast band,
neither fits the systematics compared to neighbor nuclei,
especially 82Se, nor the presented shell-model calculations for
80Se. At excitation energies around 3 MeV, the yrast (6;’) state
as well as an yrare (6;r ) state for 8Se were experimentally
identified [42,43]. Both 6™ states and the whole yrast sequence
of 3Se including the (67) state are well reproduced by JUN45
and jj44b. Therefore, we also exclude an I™ = 6] assignment
for the 2365-keV level.

The shell-model calculations also predict two 5T states
above 3.5 MeV, with the lower one shown in Fig. 11. Including
the vds,, orbital in the shell-model space, one would expect
a shift of the calculated 57 level to lower energies, especially
pronounced approaching N = 50. In the closed-shell nucleus
84Se a 51 state based on the v(g’,;/lzd;r/l2 configuration [1,18] is
known at 3537 keV [23], while JUN45 predicts the 5] state at
3849 keV. Therefore, it seems unlikely that, even including the
vds ), orbital, the calculated 5* states in **Se would be shifted
down to energies below 2.5 MeV, and thus it is unlikely that
the 2365-keV level is of 5 character.

Experimental information on 4~ and 5~ states in neighbor-
ing even-even nuclei around 3°Se is summarized in Table IV.
Following the systematics of neighboring even-even nuclei,
one expects a 5~ state around 2600-3000 keV excitation
energy, mainly decaying to a 4 state (Table IV) and with
a level lifetime in the picoseconds range [23]. In 3'Se the
lowest 5~ state observed so far is at E = 3996 keV excitation

energy [44]. The 2365-keV level is lower in excitation energy
compared to the 5~ of direct even-even neighbors; see Table IV.
Similar to 57, a4~ assignment is possible, but 4~ states in the
neighboring nuclei also occur higher in energy. In analogy to
the neighboring isotopes in *’Se, a decay branch of the 4] level
to the 3T state at 2121.1 keV would be expected. However,
the energy difference between the 2365-keV level and the 37
state is small, AE = 244 keV, and thus this branch might
be suppressed compared to the 664-keV transition to the 4T
state. A 4= — 4] as well as a 5~ — 4] decay would be of
E1 character. From the lifetime a B(E1;(47,57) — 41+) =
0.0015-0.0002 W.u. value results, which is consistent with the
recommended upper limit for an E'1 transitionin A = 45 — 90
nuclei [45].

From the shell-model point of view, JUN45 and jj44b pre-
dict several negative-parity states around 3 MeV, among them
a4~ and a5~ state (see Fig. 11), and their wave functions have
adominant configuration of neutrons f3), p3,,p1/,89,, coupled
to I™ =47,5" and protons with configurations coupled to
I™ = 0%,2%. This corresponds simply to an excitation of a
neutron from the py/; to the go/, orbital. Thus, any change in
the relative position of the orbitals, i.e., single-particle energies,
will change the energy of the calculated 4~ and 5~ states in
the shell-model spectra.

For the 2784-keV level, a lower lifetime limit is derived
which leads to upper limits for the transition probabilities.
From these it becomes clear that an E1, E2, M1, or M2
transition is possible, which leads to possible spins 2 < [ < 7
for the 2784-keV level, assuming a spin of I = 4,5 for the
band head. The shell-model calculations predict numerous
levels with such spins in the range of 3—4 MeV, but no further
conclusion on the spin and parity can be done reliably. In case
of the 3364-keV level an M2 decay can be ruled out, leaving
E1, E2, or M1 transitions possible, but again no spin-parity
assignment can be suggested.

V. SUMMARY AND CONCLUSION

In summary, lifetimes of intermediate-spin yrast states in
80.828¢ as well as yrare and sideband level lifetimes were mea-
sured in a recoil distance Doppler-shift experiment. Transition

TABLE IV. Summarized experimental information for the lowest observed 5~ and 4~ states [23] in the neighboring even-even nuclei. Only
the dominating decay branch is listed. The corresponding information for **Se is given in italics under the assumption that the 2365-keV state

is of (57) or (4)) character.

N 44 46 48 44 46 48
36Kr E (keV) 2859.53 2828 2770.9 2793 2648.4 4001.82(11)
I = Iy 51 — 4fr 57)— 41+ 51 — 42+ 4, — 3T 4, — 3,+ 4 =57
B(E1) (1073 &2fm?) 0.06(3) 0.03(2) 0.74(2) ~0.2 >0.38
B(M1) (143) 0.03(1)
uSe E (keV) 2889.9 2365 2893 2742 2365
L — Iy 50 — 4f (47.,57) — 4 57— 4 47 — 4F (47.,57) — 4
B(E1) (1073 ezfmz) 0.010(3) 1.8-0.23 <0.08 ~0.01 1.8-0.23
3,Ge E (keV) 2957.9(15) 2652
I; 57 )
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strengths from these new level lifetimes were calculated which
complete the picture of E2 strengths for 3*82Se up to the
8 — 6/ transition and enable to probe nuclear models for
yrast, yrare, and other sideband levels.

Shell-model calculations using the effective interactions
JUNA4S5 and jj44b were presented and discussed, including the
role of the neutron gg/, orbital. The transition between the
rotational (mid-shell) region and the single particle (closed
shell) region at N = 50 in selenium isotopes is particularly
obvious when following B(E2) trends of the corresponding
yrast bands. As shown, the change of nuclear structure induced
by the filling of the neutron go,, orbital already happens in

2/-4

80Se. and neutron g;/2 configurations are essential for the

description not only of the ST state but also of the 6]L state,
contrary to the theoretical predictions from Refs. [14,15].
The predicted reduction of the B(E2,8] — 67) values from
78Se towards 80:32Se [12,14,15] is confirmed by this measure-
ment. For 30-82Se, the new experimental 6;“ — 4;“ transition
strengths are smaller than those theoretically predicted by
fpg and PQMSO0; see Fig. 1. Despite the large uncertainties,
shell-model calculations with the JUN45 interaction succeed
best in describing the yrast B(E?2) trends up to the 8f states
both for 3°Se and #Se, although it should be noted here that

experimental values do not allow us to distinguish within 3o
between the different shell-model calculations.

Concerning yrare states in %*:52Se, the comparison of exper-
imental transition strengths with JUN45 and jj44b calculated
values points out deficiencies in the description of transition
strengths from the 25 and 45 states.

The head of a sideband in 3°Se with E* = 2365 keV is
suggested to be the lowest (57) or (47) state, based on the E'1
transition strengths, the comparison with neighboring nuclei,
and shell-model calculations.
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