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Fast-timing study of * Ga from the g decay of 3'Zn

V. Paziy,! L. M. Fraile ®,"* H. Mach,">" B. Olaizola,"* G. S. Simpson,? A. Aprahamian,* C. Bernards,>° J. A. Briz,’
B. Bucher,® C. J. Chiara,”!%% Z. Dlouhy,'"! I. Gheorghe,'? D. Ghit3,'? P. Hoff,"? J. Jolie,” U. Koster,'* W. Kurcewicz,'?
R. Licd,'” N. Mirginean,'? R. Mirginean,'? J.-M. Régis,” M. Rudigier,’"! T. Sava,'?

M. Stinoiu,'2 L. Stroe,'? and W. B. Walters®
lGrupo de Fisica Nuclear & IPARCOS, Facultad de Ciencias Fisicas, Universidad Complutense—CEI Moncloa, E-28040 Madrid, Spain
2National Centre for Nuclear Research, BP1, ul. Hoza 69, 00-681, Warsaw, Poland
3LPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3, Institut National Polytechnique de Grenoble, F-38026 Grenoble Cedex, France
4Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
3 Institut fiir Kernphysik, Universitdt zu Koln, D-50937 Koln, Germany
SWright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06520, USA
TInstituto de Estructura de la Materia, CSIC, 28006 Madrid, Spain
8Idaho National Laboratory, Idaho Falls, Idaho 83415, USA
°Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742, USA
0Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
" Nuclear Physics Institute of the AS CR, Z-25068, Rez, Czech Republic
12«“Horia Hulubei” National Institute for Physics and Nuclear Engineering, R-77125 Bucharest-Magurele, Romania
B Department of Chemistry, University of Oslo, P. O. Box 1033 Blindern, N-0315 Oslo, Norway
Y Institut Laue-Langevin, 38042 Grenoble Cedex 9, France
S Faculty of Physics, University of Warsaw, PL 02-093 Warsaw, Poland

® (Received 11 March 2020; revised 4 June 2020; accepted 24 June 2020; published 30 July 2020)

The B~ decay of ®'Zn to the neutron magic N = 50 nucleus ®' Ga, with only three valence protons with respect
to "®Ni, was investigated. The study was performed at the ISOLDE facility at CERN by means of y spectroscopy.
The 8'Zn half-life was determined to be T 2 = 290(4) ms while the B-delayed neutron emission probability was
measured as P, = 23(4)%. The analysis of the g-gated y-ray singles and y-y coincidences from the decay of
817n provides 47 new levels and 70 new transitions in 8'Ga. The 8~ n decay of #'Zn was observed and a new
decay scheme into the odd-odd **Ga nucleus was established. The half-lives of the first and second excited states
of 3!Ga were measured via the fast-timing method using LaBr3(Ce) detectors. The level scheme and transition
rates are compared to large-scale shell-model calculations. The low-lying structure of 8 Ga is interpreted in terms
of the coupling of the three valence protons outside the doubly magic "®Ni core.
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I. INTRODUCTION

Modifications to the standard ordering of the single-
particle energies have been observed in exotic nuclei with
a large disparity in proton and neutron numbers. They give
rise to the disappearance of the conventional magic numbers
and the appearance of new shell gaps. The understanding
of the underlying physics driving such modifications is one
of the main subjects of modern nuclear-structure studies. It
is recognized that monopole shifts are responsible for the
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evolution of shell structure far off stability, but the effect
of the different components of the monopole interaction is
still the subject of investigation [1], since it is not simple to
disentangle them from the experimental information. This is
mainly due to the fact that effective single-particle energies
(ESPEs) cannot be directly measured and that single-particle
and collective effects arising from residual interactions are
intertwined. The central term of the monopole interaction
seems to be responsible for the evolution of ESPEs, while the
tensor term plays a leading role in the splitting of spin-orbit
partners.

The regions in the immediate vicinity of exotic doubly
magic nuclei are key for mapping the single-particle degrees
of freedom around closed cores. The evolution of the proton-
neutron interaction arising from the tensor force and the role
of neutron excitations across neutron shell gaps can be studied
in these nuclei. Relevant ingredients to theoretical models can
also be obtained. Two unexplored areas in the table of nuclides
still remain: around the doubly magic "®Ni and in the vicinity
of 1908,
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Although 7®Ni, with 28 protons and 50 neutrons (Z = 28,
N = 50), is located 14 neutrons off the stability line, it is
expected to be a doubly magic nucleus due to the robust
shell gaps arising from the spin-orbit splitting both for pro-
tons (7 f7/2 — 7 f5,2) and neutrons (vgo/» — vg7,2). The first
evidence for the existence of ’Ni came from [2]. After-
ward its half-life was reported [3] to be T, = IOOJ_ré(O)0 ms
and more recently T/, =122+ 5 ms [4]. The latter value
does point toward the magic character of "®Ni. Theoretical
calculations predicted the first excited state energy above
2 MeV [5,6], which would also be consistent with a doubly
magic character.

Only recently in-beam y-ray spectroscopy of the elusive
8Ni was performed [7]. The experimental results together
with theoretical calculations [7] confirm the magic nature of
"8Ni but suggest competing spherical and deformed configu-
rations in the region, and predict the breakdown of the Z = 28
shell closure toward heavier nickel isotopes. In this context,
mapping the Z = 28 isotopes and the N = 50 isotones is
of great interest. Monopole drifts have been observed in
neighboring Z = 29 Cu isotopes leading to the modification
of ground-state configurations [8,9], which may also point to
a weakening of the Z = 28 gap.

The strength of the N = 50 neutron shell gap and the
proton structure close to ’®Ni can be obtained from the
N = 50 isotones, and in particular from the odd-proton neigh-
bors ”Cu and 3! Ga. The nucleus "’Cu was not reachable until
very recently, when the first spectroscopic study was reported
[10] and its mass was precisely measured [11]. From these
studies the magicity of "8Ni and the persistence of the Z = 28
gap is confirmed. In this way "Cu can be described as a
valence proton coupled to the "®Ni core. A spin parity of
5/27 is suggested for its ground state (gs), while the 3/2~
first-excited state is proposed at a high energy of 656 keV
[10]. The lowering of the 5/2~ state and eventual inversion
with the 3/27 is shown for the Cu isotopic chain by recent
Monte Carlo shell-model calculations [9]. The "°Cu results
are consistent with the description of 8°Zn, two protons above
8Ni, in terms of two-proton configurations on top of the "8Ni
core [12], which also confirm the persistence of the N = 50
shell closure.

The next odd N = 50 isotope, 81Ga, is the subject of this
paper. With three protons outside ’®Ni, it provides impor-
tant information about proton single-particle configurations
and on the strength of the N = 50 shell closure when the
number of protons increase. In our study we have produced
817n isotopes at ISOLDE, CERN to populate 3'Ga in g~
decay. We have used y-ray spectroscopy to greatly extend the
known level scheme, and the Advanced Time-Delayed (“fast-
timing”) By y(t) method [13,14] to measure excited level
lifetimes, and deduce transition probabilities, which provide
more stringent tests of the theoretical models and will help
interpret the structure of 3'Ga.

II. PREVIOUS KNOWLEDGE OF THE %'Ga

The first studies of the decay of 8!Zn were performed in
1991 at the ISOLDE CERN facility by Kratz et al. [15]. The
half-life and the B-delayed neutron emission probability were

investigated, the reported values being 71, = 290(50) ms and
P, = 7.5(30)%. Later, two y transitions of 351 and 452 keV
were identified as belonging to the decay of ®'Zn to ®'Ga
by Verney et al. [16] at PARRNe and by Koster et al. [17]
at ISOLDE. In the latter measurement, due to the notable
80Ga activity present in the decay of 8'Zn, a lower limit of
10% for the P, value was suggested. Theoretical calculations
[18] predicted P, = 13%. Measurements performed at the
NSCL and published in 2010 by Hosmer et al. [3] proposed

a considerably longer half-life of 474J_rg§ ms and a higher

P, = 30(13)% value for 817n.

The B~ decay of 3'Zn was studied again at the PARRNe
mass separator in Ref. [19]. The statistics obtained in this ex-
periment allowed for the 351.1-keV transition to be attributed
to 81Ga due to the new 8'Zn half-life value of 391(65) ms. The
existence of the second excited state at 802.8 keV was con-
firmed by the observation of a 451.7-keV y ray in coincidence
with the 351.1-keV line. The first excited state was defined
by the 351.1-keV transition based on y-intensity considera-
tions. A third, weak transition was detected at 1621.6 keV
and a tentative state of the same energy was added to the
level scheme. Spin assignments for the ground, first-excited,
and second-excited states of 8'Ga were tentatively proposed
to be (5/27), (3/27), and (3/27), respectively, based on
shell-model calculations and proton single-particle states. The
authors suggested (1/2%) spin parity for the ¥1Zn ground
state. Magnetic-moment measurements performed at ISOLDE
[20] yielded a 3'Ga ground-state spin-parity value of 5/27,
confirming the earlier tentative assignment.

A study of the 3'Ga structure was performed at LNL via
heavy-ion multinucleon transfer [21]. Several y rays were
attributed to 8! Ga, and specifically a 1236-keV transition con-
necting a state of the same energy to the ground state, which
were assigned (9/27) and (5/27) spin parities, respectively.
A new measurement of the yrast states of 8!Ga populated
in fission [22] contradicts this assignment, since none of the
y rays reported in Ref. [21] could be confirmed. Instead,
the (9/27) is observed at 1340.7 keV. The 1398.5-keV and
1952.2-keV levels are assigned (7/27) and (11/27) spin
parity, respectively [22]. The two later states are also observed
by in-beam spectroscopy in knockout reactions at RIBF [23].
In spite of the large spin difference, the indirect population of
these higher spin states in 8'Ga from the g decay of (1/2%)
817n ground state should be possible.

The most recent data of the B decay of %!'Zn
comes from HRIBF at ORNL. The results were pub-
lished in 2010 by Padgett er al. [24]. The decay
scheme showed six new energy levels and nine new y
transitions in addition to the previously available ones.
Transitions of 451, 916, 1107, 1585, and 2358 keV
were observed in coincidence with the strongest 351-keV
peak. Four other y rays, only observed in the singles y
spectrum, with energies of 1458, 1936, 4294, and 4880 keV
were placed directly feeding the ground state. A new value
of 304(13) ms for the 8'Zn half-life was established and
a f-delayed neutron branch of 12(4)% was determined us-
ing the 1083-keV transition in %°Ge. In this work, a spin-
parity assignment of (5/2%) for the ground state of 3!Zn,
different from the earlier value, was proposed, based on the
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J™ =5/27 81Ga ground state [20] and the B-feeding pattern.
The first and the second excited states both received a tentative
J* = (3/27) assignment.

From the existing works, the structure of 81Ga is inter-
preted as arising from the coupling of valence protons in the
fp shell, leading to negative-parity states at low excitation
energy. Positive-parity states, requiring the excitation of a
proton to the gg/, orbit across Z = 40, or particle-hole exci-
tations of the "®Ni core, appear at energies above 4 MeV. The
high excitation energy points toward a robust N = 50 neutron
shell closure, in agreement with the recently observed "°Cu
structure [10].

III. EXPERIMENTAL SETUP AND DATA ANALYSIS

The present experiment was performed at the ISOLDE
CERN facility in the framework of a systematic fast-timing
investigation of neutron-rich nuclei populated following the
decay of Zn isotopes [25-27]. The selectivity and efficiency
for the production of Zn ion beams had been previously
optimized [28] in order to enhance the beam purity for 7’ ~%2Zn
ions. Proton pulses with an average charge of 5 puC and
1.4-GeV energy, coming from the PS-Booster in intervals
of multiples of 1.2 s, were converted into fast neutrons [29]
that impinged onto a hot ~2000°C UC,/graphite target,
inducing fission reactions. The thermally extracted products
were guided through a temperature-controlled quartz glass
transfer line [30] into a W ionizer where selective ionization
was performed by the ISOLDE Resonance Ionization Laser
Ton Source [31]. The single-charged A = 81 ions were mass
separated by the magnetic high-resolution mass separator,
accelerated to 60 keV, and directed to the experimental setup.

The mass-separated $!Zn nuclei were continuously col-
lected on an aluminum stopper foil, creating a saturated
source. The estimated yield of 3'Zn was 600 ions/uC. Since
Rb atoms partially survived the quartz transfer line selection
and were surface ionized on the walls of the ionizer, the long-
lived Ty, = 4.57 h contaminant 81Rb was present in the beam,
with about five times higher production than 3!Zn, but much
lower activity during the data taking. An electrostatic deflector
(beam gate) blocking the delivery of ions to the experimental
station, was used to avoid the accumulation of long-lived ®'Rb
activity coming from the target long after most of the #'Zn had
been released. For the mass 81 experiment, the beam gate was
closed 600 ms after proton impact, and the collected species
were allowed to decay out.

The experimental setup included two HPGe detectors, two
LaBr;(Ce) detectors, and an NE111A plastic scintillator for
B-particle detection, very close to the beam deposition point.
In particular, the 3-mm-thick plastic scintillator was located
less than 1 mm away from the stopper foil in order to maxi-
mize the detection efficiency. This thin detector assures ultra-
fast and uniform time response independent of the incident g
energy. The germanium detectors were used for the detection
of y radiation in the range of 30 to 7000 keV; their energy
resolution was 2.0 keV at °Co energies. Coincidences with
the B detector were used for y-ray background suppression
and y-y coincidences between the HPGe detectors to deter-
mine the decay scheme. For the lifetime measurements of the

excited states in the tens of picoseconds to nanosecond range,
fast-response inorganic LaBr;(Ce) crystals with the shape of
truncated cones [32] were mounted almost perpendicularly to
the germanium detectors. These scintillator crystals have a
fast-decay component that makes it possible to achieve very
good time resolution while maintaining acceptable energy
resolution [32,33]. Each crystal was mounted onto a Photonis
XP20DO fast-response 2-inch photomultiplier tube (PMT),
optimized to give fast time response at the cost of lower gain.

The signals from all the detectors were processed by a
digital data acquisition (DAQ) system composed of four Pixie-
4 Digital Gamma Finder cards, specially designed for y-ray
spectroscopy [34]. For the energy analysis, the HPGe signals
from the preamplifier were fed into the DAQ, while the much
faster scintillator signals taken from the last PMT dynodes
were shaped before they were sent to the digital system. The
PMT anode signals from the scintillator detectors were used
for fast timing. The signals were processed by analog constant
fraction discriminators and then sent to time-to-amplitude
converter (TAC) modules to measure the time difference
between the 8 start detector and the two y scintillators, which
acted as stop detectors. Additionally, two more TACs were
included to record time differences between the fast 8 and
the slower HPGe detectors. Logic signals related to the beam
parameters were also recorded including the time of proton
impact on target which triggers the production and release of
Zn ions out of the target. These triggered beam pulses define
the starting time for the 3!'Zn accumulation and were used
to rule out the long half-life contaminants by setting time
gates with this signal as a reference. The Pixie-4 system is
configured to write data in a triggerless mode. Coincident
events were constructed off-line in order to correlate the
time differences, the detector energies, and the other relevant
running parameters.

For the data analysis, a time gate starting 50 ms after the
proton impact and ending 1200 ms after it was adopted, which
minimizes the presence of long-lived daughter activity in the
A = 81 data. Coincidence with § particles was imposed to
suppress the background contributions. The energy spectra
contain y lines from the 3'Zn decay chain and also a neg-
ligible fraction of contaminant lines from the 8% decay of
81Rb to 3'Kr. The strongest line of this decay (446 keV) was
around 4% as intense as the 351-keV transition of 8'Ga. In
addition, the subtraction of the long-lived activity (using a
delayed time window after proton impact) provides a clean
energy spectrum containing y rays from the 8 decay of 8!Zn,
including the B-delayed neutron emission branch. The y rays
from the decay can be assigned to deexcite energy levels in
the 8! Ga and 3°Ga nuclei and their daughters.

In the first ~50 ms after proton impact on the target,
neutron-capture y rays are observed in the HPGe spectra. This
is due to neutrons that escape the converter in the target area,
thermalize, and reach the measurement station. These capture
lines were used for high-energy calibration of the HPGe
detectors up to 7 MeV, together with sources of 133Ba, 138,
140Ba, and '>?Eu for the energy and efficiency calibrations.

Excited-state lifetimes have been measured using the Ad-
vanced Time-Delayed By y (t) fast-timing method [13,14,35].
Coincidences between the fast-response plastic scintillator
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FIG. 1. Relative Compton response (red) and FEP prompt curve
(black) of one of the LaBr;(Ce) detectors used in our experimental
setup. The calibration is obtained with an A = 140 source.

and the LaBr3(Ce) crystals were used. The method consists
in the use of triple Byy coincident events. The B-HPGe-
HPGe coincidences allow the decay branches to be identified
whereas the B-HPGe-LaBr;(Ce) events make it possible to
measure the lifetimes down to the tens-of-picoseconds range.
The decay path is selected with a gate on the HPGe detector,
whereas the lifetime is obtained from the time difference

between the B plastic scintillator and the LaBr;(Ce) y signal,
which start and stop a TAC, respectively. With a full width
at half maximum (FWHM) time resolution of the LaBr;(Ce)
detectors of 110 ps for the ®*Co full energy peaks [32]
and the very fast time response of the § plastic scintillator
below 50 ps, the fLaBr3;(Ce) time distribution for prompt
transitions, typically quasi-Gaussian, has a FWHM of 120 ps.
Half-lives longer than about 60 ps will appear as a slope
on the delayed part of the time spectrum. The lifetime can
be extracted by the deconvolution of the slope of the time
spectrum from the prompt time distribution. Shorter half-
lives, down to tens of ps, are obtained by the centroid shift
of the time distribution with respect to the time distribution of
a prompt transition of the same energy [13].

The application of the centroid shift method requires the
use of calibration curves for the time response as a function of
energy for the full-energy peaks (FEP) and Compton events.
For the FEP prompt response curve we have used peaks
from a '“*Ba/'*La calibration source, primarily from excited
states of “°Ce with known half-lives [36], including both the
correction by the Compton curve and the level lifetime. Both
curves are plotted in Fig. 1. The Compton response curve has
been constructed with the time response of Compton events
arising from the 1596-keV y transition from '“°Ce. The time
response curves have a smooth behavior versus energy, and
they are very similar for y-ray energies above 400 keV. At
lower energies the curves differ due to the physics of the
interaction [35], especially in the region of backscatter and
X-ray events.
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FIG. 2. The 8-gated y-ray singles spectrum obtained following the decay of 8! Zn, after subtraction of the long-lived activity. The transitions
in 3'Ga are labeled by their energies. Some transitions from the 8~ n decay of ®!Zn to °Ga are marked with asterisks.
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Peak and background centroid corrections are made sep-
arately following their respective walk curves. Normally the
FEPs sit on background arising mainly from Compton events
coming from transitions with higher energies. The time delay
originating from the background component is corrected ac-
cording to the peak-to-background ratio with the help of the
Compton correction curve [35]. The resulting centroid of the
FEP time distribution is then compared with the baseline given
by the FEP correction curve. Any delay relative to the curve is
then due to the lifetime carried by the transition giving rise to
the FEP and can be related to levels in the nuclide of interest.
In addition, the timing analysis includes standard corrections
for the very small dependence of the 8 time response with
energy, and, if needed, for small electronics drifts during the
measurement.

IV. RESULTS

The significantly higher statistics obtained in our experi-
ment compared to previous works is illustrated by the spec-
trum shown in Fig. 2. Transitions up to 6.5 MeV in energy
are observed, along with the strongest transitions at 351.1 and
451.6 keV. More than 20 y decays with sizable intensity are
detected beyond 4 MeV.

Transitions arising from the 8~ decay of !Zn have been
identified from their time spectra after proton impact, which
is consistent with the *'Zn half-life of 0.32(5) s adopted in
Ref. [37]. In our experiment, the 817n half-life has been
measured using the time spectrum gated directly on three
of the strongest 'Ga transitions of 351, 452, and 1341 keV
[see Fig. 3(a)]. A simple exponential decay plus constant
background function has been used in the time range from
700 ms (with a slight delay after the end of implantation) to
2400 ms, restricting the time between proton impact on target
to two or more cycles (2.4 s or longer). The weighted mean
value obtained yields 71/, = 290(4) ms, in agreement with the
recent literature values [4,24].

To obtain the 3'Ga half-life, the 216- and 828-keV transi-
tions in 8! Ge [38] were used. An exponential fit was employed
by limiting the lower time boundary to 2000 ms after proton
impact, which corresponds to 6.9 half-lives of 8'Zn, when less
than 1% remains. The fitted slope leads to 7;, = 1.25(3) s for
81Ga as depicted in Fig. 3, consistent with the literature value
of 1.217(5) s [37].

Finally, gating on the 659-keV transition which deexcites
the 2t 659-keV level in %°Ge, we get the apparent %°Ga
half-life, where a 22-keV 3~ isomer has been identified above
the 6~ ground state [25]. The half-lives of these states were
previously measured as 1.3(2) and 1.9(1) s, respectively, in
the B-decay experiment described in Ref. [39]. According to
the level scheme from Fig. 5 of Ref. [39], the 659-keV state is
B-fed directly from the low-spin isomer while the high-spin
isomer populates it via the 1083-keV y ray that deexcites
the 1743-keV level. Therefore, the time since proton impact
spectrum gated by the 659-keV will contain the contribution
of half-lives from both isomers and the fitted value should lie
between 1.3 and 1.9 s. Using the same time fitting conditions
as before we get 71, = 1.70(3) s. As discussed in Sec. IV B
below, this value is mainly due to the 3~ isomer half-life,
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FIG. 3. Ground-state half-lives measured in this work. (a) 'Zn
half-life obtained from three of the strongest ®'Ga transitions at 351,
452, and 1341 keV. (b) Measurement of the 3! Ga half-life by gating
on the 216- and 828-keV transitions in ! Ge. (c) Apparent 3°Ga half-
life (combined ground state and 22-keV isomer).
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which is the state predominantly populated in the -n decay
of 31Zn.

A. 81Zn B~ decay to 3'Ga

The decay scheme of 3!Ga has been extended using co-
incidences with previously known transitions employing the
y-y coincidence spectrum between both HPGe detectors.
Figure 4 shows the energy spectra in coincidence with the
351- and 2358-keV transitions. Note that y rays up to 5 MeV
are registered in coincidence with the strong 351-keV ¥'Ga
transition. Table I summarizes the information about the y
transitions associated with the decay of 8'Zn to ' Ga. The rel-
ative intensities of the y-ray transitions were extracted using
the full-energy peak areas from the B-gated y-ray spectrum
and were normalized to the strongest transition at 351 keV.

Based on the y -y coincidences, 70 transitions that were not
previously observed in Ref. [24] have been placed in the level
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FIG. 4. y-y coincidence spectra gated by the strongest, 351-keV
transition (top) and the 2358-keV line (bottom).

scheme, which is shown in Figs. 5 and 6. Weak transitions
that were not observed in coincidence with strong 'Ga y rays
have not been included, since they could also belong to the
level scheme of 8°Ga populated in the 8~ n decay of 3!Zn (see
Sec. IV D). Such is the case of 279-, 505-, 627-, 779-, 2627-,
and 2943-keV y rays. Their combined intensities amount to
1.1% of the total y intensity. However, some of the weak y

1/27,5/2%) 0.0 Ty = 290(4) ms

rays of 478, 656, 894, and 1185 keV, fit the energy differences
between already established levels and were tentatively placed
in the level scheme. They are marked with broken lines. The
high-energy y rays not observed in coincidence with those
at 351 and 452 keV were placed as deexciting a state with
the same energy. We note that the available energy window
for B~ decay is Qg- = 11428(6) keV [40], compared to a
value of Qg-, =4953(6) keV [40] for B-delayed neutron
emission. Therefore, y rays with energies above 5 MeV
that follow the 3!'Zn half-life must belong to 'Ga and not
to %°Ga.

In this way, 47 excited states of 8'Ga in the energy range
up to the neutron separation energy of 6476(4) keV [40] have
been observed, 40 of them for the first time. We confirm
the existence of 351.1-, 802.5-, 1266.7-, 1458.3-, 1936.4-,
4294.9-, and 4880.4-keV levels, already seen in the latest
B-decay study [24]. The states identified as (9/27) and
(11/27) in fission y-ray spectroscopy [22] are also observed
at 1341.0 and 1952.4 keV [26].

B. B-delayed neutron emission probability of 3'Zn

To obtain the B-delayed neutron emission probability of
817n we compared the number of decays arising from the
direct 8'Zn p-decay chain, using the absolute intensities of
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FIG. 5. Level scheme of 8 Ga up to 4.3 MeV in energy populated following the 8 decay of 3!Zn. Dashed arrows indicate tentatively placed
transitions. For the sake of clarity, the decay scheme has been split in two sections.
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FIG. 6. Level scheme of ¥'Ga populated in the 8 decay of ®'Zn, containing the high-lying states between 4.3 and 6.5 MeV in energy.

Dashed arrows indicate tentatively placed transitions.

the two strongest lines in 8'Ge, at 216 and 828 keV [37], to
the 81Zn B~n decay branch of the A = 80 chain, taking the
absolute intensities per 100 parent decays of 666-, 1207-, and
1645-keV lines from the B decay of 80As to 39Se [41,42].
We employ the literature value of 11.9(7)% for the 3'Ga g~n
branch [37] and apply a small correction factor coming from
the 8°Ga B~n decay probability of 0.86(7)%, also taken from
the literature [43]. Determining the areas of the above men-
tioned transitions directly from the B-gated singles spectrum
and taking into account the absolute intensities we obtain
P, = 23(4)% for 8'Zn.

C. Direct § feeding to the 3 Ga ground state

For the absolute 8 feeding to be derived, it is necessary to
obtain the ground-state 8 feeding. Since there is no isomeric
state reported for 'Ga, the total ground state feeding, both
y and B, proceeds through the ¥'Ga ground-state 8 decay to
states in 8! Ge, and via the -delayed neutron emission branch
to states in *°Ge. A B-decaying isomer exists in ®'Ge at 679
keV [38], for which no y-ray branch was observed. Therefore,
these two states need to be considered in the 8 decay of 81Ga,
both for y and B feeding. For the B-n branch from %'Ga

we take an adopted P, value of 11.9(7)% from Ref. [37]. In
addition, for the 3'Zn the P, value of 23(4)% from our data
are used, as described in Sec. IV B above.

The y-ray intensities in 3!Ga and 3!Ge are obtained from
our data without time conditions, thus containing the short-
lived and long-lived decay products from 3'Zn and its daugh-
ters, and normalized to the strongest 351-keV transition in
81Ga, Table I. The total y intensity feeding the ground state of
81Ga is measured to be I}S‘;‘%s = 203(4). In the decay of 81Ga,
the y -ray intensity that feeds directly the 679-keV isomer state
and the ground state amounts to 101(3) and 95(3) in the same
units, respectively, and thus the y-ray feeding both states is
196(4) units.

To estimate the B-feeding intensity to the ground state and
679-keV isomer in 8! Ge we make use of the spin assignments
of 9/2% and 1/2% [38]. These levels are therefore B-fed
from the 8'Ga 5/2 ground state via first-forbidden unique
B transitions with AJ = 2, Amw = yes. It is then reasonable
to consider a lower limit of log!V ft = 8.5 (see Fig. 1 of
Ref. [44]) for both states. The g feeding calculated with these
assumptions gives upper limits of 11.3% for the 9/2% ground
state and 6.6% for the 679-keV isomer represented in absolute
units [5.7(56)% and 3.3(33)% were used for calculations].
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TABLE I. Gamma transitions in the decay of #'Zn to ®Ga. For those placed in the decay scheme, the initial and final level energies are
given in the second and third columns. Relative intensities, normalized to 100 units for the 351-keV transition, are provided. The strongest
transitions observed in y-y coincidences are given in the last column.

E, (keV) El . (keV) Elével (keV) I;e] a Main y-y coincidences

33332 2285.6 1 1952.4 2 0.80 4 611, 1341, 2009

351.11 351.11 0.0 100 4 452, 633, 656, 916, 1085, 1107, 1155,

1185, 1251, 1285, 1585, 1847, 2065,
2358, 2807, 2838, 3375, 3403, 3558, 3598,
3764, 3859, 3944, 3950, 4018, 4250, 4463,
4570, 4762, 4827, 4840, 5024, 5072

4516 1 802.51 351.11 20.17 351, 633, 4619, 4857

478.22 1936.4 1 1458.3 1 0.353

61141 1952.4 2 1341.0 1 1.8 1 333, 1341

632.9 1 143551 802.5 1 0.90 7 351,452

655.8°2 1458.3 1 802.5 3 0.59 6 351

802.4 1 802.5 3 0.0 492

884.8 2 2285.6 1 1400.7 2 0.958 1401, 2009

894.1°7 2830.7 3 1936.4 1 0.847

91554 1266.7 3 351.11 302 351

944.4 4 2285.6 1 1341.0 1 1.33 8 1341

1084.7 5 14355 1 351.11 302 351

1107.4 2 1458.3 1 351.11 573 351

1155.02 1506.3 1 351.11 0.68 8 351

1185.2°2 5485.9 3 4301.6 4 0.81 351

12509 2 2686.5 2 143551 0.58 7 351, 1085

1266.9 6 1266.7 3 0.0 0.79 8

1285.3 1 1636.4 2 351.12 272 351

1341.0 1 1341.0 1 0.0 1056 333, 611, 944, 2009

1400.7 1 1400.7 2 0.0 11.06 885

1458.3 2 1458.3 1 0.0 5.03

1506.4 1 1506.3 1 0.0 855

1585.51 1936.4 1 351.11 7.04 351, 2358

1847.2 4 2198.3 4 351.11 091 351

1936.3 2 1936.4 1 0.0 815 2358

2009.2 2 42949 1 2285.6 1 483 333, 611, 885, 1341, 2285

2065.5 3 2416.6 3 351.11 0.578 351

2285.52 2285.6 7 0.0 372 2009

235842 42949 1 19364 1 1097 351, 1585, 1936

2686.6 4 2686.5 2 0.0 1.82

2788.4 3 2788.4 3 0.0 1.82

2807.0 3 3158.14 351.11 1.01 351

2830.7 3 2830.7 3 0.0 1.52

2838.2 7 3189.37 351.11 1.0 7 351

337476 372586 351.11 243 351

3402.7 4 3753.84 351.11 2.13 351

3558.55 3909.6 4 351.11 1.52 351

359825 39493 5 351.11 2.13 351

3763.6 7 4114.77 351.11 143 351

3858.5 4 4209.3 3 351.11 416 351

3909.7 8 3909.6 4 0.0 1.03

39439 5 42949 1 351.11 224 351

3950.5 4 4301.6 4 351.11 2.84 351

4017.8 5 4369.0 4 351.11 426 351

4208.5 6 4209.3 3 0.0 1.12

4250.55 4601.6 5 351.11 052 351

42954 4 42949 1 0.0 466

432896 51314 4 802.51 1.03 351, 452
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TABLE 1. (Continued.)

E, (keV) EL . (keV) E! . (keV) 1;51 2 Main y-y coincidences
4369.2 4 4369.0 4 0.0 296

4374.6 7 5177.8 3 802.5 1 133 351,452
4463.26 4814.3 8 351.11 193 351
4570.0 4 4921.14 351.11 6.88 351
461897 542192 802.5 1 1.7 3 351,452
4761.9 10 511328 351.11 193 351
4826.9 4 51778 3 351.11 243 351
4839.8 7 519097 351.11 294 351
4856.6 5 5658.6 3 802.5 1 273 351,452
4880.4 4 4880.4 4 0.0 729

5024.0 5 537515 351.11 0.51 351
5072.0 5 542192 351.11 1.12 351
5113.66 511328 0.0 1.33

517825 51778 3 0.0 456

5421.6 3 542192 0.0 082

547555 547555 0.0 2.54

5485.15 54859 3 0.0 466

5657.4 5 5658.6 3 0.0 072

5694.8 7 569557 0.0 0.72

5726.9 4 57269 4 0.0 0.6 1

5831.05 5831.05 0.0 446

5863.53 5863.5 3 0.0 0.6 1

5903.9 8 59039 8 0.0 203

5936.1 6 5936.1 6 0.0 041

5969.2 7 5969.2 7 0.0 233

6150.5 7 6150.57 0.0 1.83

6212.8 4 6212.8 4 0.0 0.296

6236.15 6236.15 0.0 0.246

629535 629535 0.0 0.26 6

64052 5 64052 5 0.0 0.276

6434.6 4 6434.6 4 0.0 0.09 3

2For absolute intensity per 100 parent decays, multiply by 0.374(22).

"Weak transition, not observed in y-y coincidences. Tentatively placed in the level scheme.

With these assumptions the value of the ground-state S
feeding in ' Ga is extracted from the intensity balance and is
given with an upper limit of 2.4%. This leads to log ft > 6.8,
in good agreement with the systematics and selection rules
for the first-forbidden nonunique S decay transitions in the
region.

Using this value, the apparent 8 feeding of the remaining
levels, Ig(E), is obtained by the intensity balance between
feeding and deexciting y rays. Internal conversion is ne-
glected. High-energy transitions could have been missed or
misplaced if coincidences are not observed, which means
that the B feeding would be slightly modified. We note the
small energy gap between the highest level at 6434.6 keV
and the neutron separation energy, S, = 6476(4) keV,
which is still far from the available p-decay window,
Qp- = 11428(6) keV [40]. With the ¥'Zn B-delayed neu-
tron emission probability P, = 23(4)% and the ground-state
feeding [taking IG;S: 1.2(12)%], an absolute normalization
factor of 0.374(22) is obtained for the y intensities in the
decay of ¥'Zn to 3'Ga from the relative ones tabulated
in Table I.

D. 3Zn B~ n decay to 3Ga

As discussed above, -delayed neutron emission is ener-
getically allowed for the decay of 3'Zn, with a 8'Ga neutron
separation energy S, = 6476(4) keV [40], well within the Qg-
window. The analysis of the 8-gated y spectrum has allowed
11 y transitions to be assigned to °Ga populated following
the B~ n decay of 3'Zn. The nuclide ®°Ga was studied at
ISOLDE during the same experimental run, populated in
the B~ decay of 8Zn, and the results of the analysis were
published by Licid et al. [25]. The y-y coincidence analysis
provides information to place the observed 3°Ga transitions
deexciting nine previously known low-energy levels. Our new
scheme of ¥Ga from B~n decay of ®'Zn plotted in Fig. 7 is
consistent with the structure from Ref. [25]. Table II contains
the detailed information about the y transitions and fed energy
levels. We neglect any direct feeding of the 6~ ground and the
3~ first isomeric states in °Ga from the (1/2%, 5/2%) ground
state of 3!Zn. The apparent f-n feeding, Ig,(E), is obtained
from the intensity balance. Internal conversion is included,
specifically for the 75-keV transition, by taking coefficients
from Ref. [45] and assuming dipole transitions. It is worth
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FIG. 7. Levels in ®Ga populated in the 8~n decay of 'Zn from
our work. The half-lives of the 21.9-keV and ground state were
previously reported in Ref. [39].

noting that most of the population from the 8~ n decay of #!Zn
(indirectly) proceeds to the 3~ state at 22 keV. The second
isomer, with spin parity 1, is confirmed at 708 keV. We
measured its half-life to be 7i,, = 18.3(13) ns using triple
coincidences between the 8 and two HPGe detectors. Our
half-life for the 708-keV state has slightly less precision but is
in perfect agreement with the value determined in Ref. [25].

E. Half-lives of the excited states of *'Ga

Two strong sequential transitions of 351 and 452 keV are
observed in the level scheme of ¥'Ga (Fig. 5 and Fig. 6).
The first one deexcites the first excited state of the same
energy while the second one comes from the 802-keV en-
ergy level. Selecting the 351-keV transition in the HPGe
detectors and the 452-keV one in the LaBr;(Ce) detectors,

TABLE II. Gamma transitions in °Ga populated in the S~-n
decay of 3!Zn. Intensities relative to the 74.9-keV transition, place-
ments in the level scheme, and main y-y coincidences are listed
where available.

E, (keV) Ei,(keV) El(keV) I, (%) vy
749 1 96.8 3 2193 10072 307,1117
173.84 57752 403.7 2 252 404
176.6 1 911.14 73453 6.36 713
306.9 2 403.7 2 96.8 3 745 75
403.7 2 403.7 2 0.0 282 174
685.7 1 707.6 3 2193 282

712.6 6 734.5 3 2193 473 177
814.2¢ 2 911.14 96.8 3 6.57

888.9 3 911.14 2193 111

928.7 5 950.6 6 2193 121

1116.7 3 1213.54 96.8 3 13 1 75

*Weak transition, not observed in y-y coincidences. Tentatively
placed in the level scheme.

the BLaBr3;(Ce) time difference distribution is due to the
lifetime of the 802-keV level plus the contributions from
the lifetimes of higher-lying levels. By reversing the gates,
selecting the 452-keV line now in the HPGe and the 351-keV
one in the LaBr3;(Ce) detectors, the observed time delayed
spectrum arises from the lifetime of both the 802-keV and
the 351-keV levels, plus the contributions from higher-lying
states. The difference between the centroids of both time
distributions, once corrected for the different prompt positions
at 351 and 452 keV (using the FEP response curve and their
Compton background contribution), yields the mean-life of
the 351-keV level. Figure 8 shows two plots that illustrate the
time distributions under these conditions. The time difference
between their centroids shown in the figure is not yet corrected
by the effect of prompt position and the Compton background
response. After corrections, the centroid shift method gives
the values of © = 92(15) ps for the first LaBr;(Ce) detector
and 80(13) ps for the second one. We take the average of both
values and uncertainties, which leads to a Tj,, = 60(10) ps
half-life.

As a cross-check we have tried to deconvolute the slope
in the time spectra in By(t) and By y(t) coincidences by
selecting the 351-keV transition in the LaBr3(Ce) detectors
and fixing the prompt distribution to that given by the 452-keV
transition. Although the result is limited by statistics, it is
consistent with a slope that yields a half-life of the order of
50 ps.

A similar procedure to that described above for the
351-keV level is applied to measure the lifetime of the
1936-keV state, using in this case the coincident 1585- and
2358-keV transitions. The results are at the limit of sensitivity
and yield T = 20(18) ps and T = 6(16) ps, respectively. We
take the average value of = 13(17) ps resulting in a one-
sigma upper limit of 77/, < 21 ps for this level.

The half-life of the second excited state at 802 keV is
measured by absolute comparison using parallel transitions
[35]. The high-lying states in 3! Ga are characterized by short
half-lives below ~1 ps. Several high-energy y transitions are
in coincidence with the 351-keV y ray (Fig. 5 and Fig. 6). By
selecting those in the HPGe detectors and the 351-keV one in
the LaBr3(Ce) detector, the -LaBr3(Ce) time difference will
arise from the 351-keV state lifetime. This can be compared
with the time distribution resulting from the selection of
the 452-keV transition in the HPGe and the 351-keV one
in the LaBr3(Ce) detectors, which is due to both the 351-
and 802-keV lifetimes. The difference between centroid po-
sitions, once corrected by the calibrations, gives an average of
T =34(22) ps or Ti; =23(16) ps for the 802-keV level
half-life.

The previously unknown half-lives obtained from this mea-
surement are summarized in Table III. Using the lifetimes
and y-ray branching from our level scheme, the transition
probabilities for the deexciting lines have been calculated
for the most probable multipolarities. The theoretical eval-
uation of conversion coefficients [45] for these transitions
show that all of them are well below 1% and thus were
neglected. Pure transitions are assumed for the experimental
values.
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FIG. 8. Time spectra obtained in triple By y(t) coincidences with the 351-keV y transition selected in the HPGe detectors and the 452-keV
in the LaBr;(Ce) detector (dotted line) and with reversed y gates (solid line). The left panel shows the TAC spectra for the first LaBr;(Ce)
and the right panel the spectra for the second LaBr;(Ce). The time distributions do not include timing corrections of the prompt positions
and Compton background contributions. Once corrected for these, the difference of the centroid positions of the time distributions yields the

mean-life of the 351-keV level. See text for details.

According to the measured B(XL) values, both the
351- and 452-keV transitions are consistent with having a
predominant M1 character as in the case of the 345-keV
transition in the N = 50 3Br isotone [46] connecting the
well-established 3/2~ and 5/2 states, as shown in Fig. 9.
Based on systematics, an M 1 multipolarity is also suggested in
Ref. [21] for the 307-keV transition connecting the tentatively
assigned (3/27) first excited state and (5/27) ground state in
83 As, which was also measured in Ref. [47].

V. SHELL-MODEL CALCULATIONS

Large-scale shell-model calculations of nuclear states of
81Ga have been performed. Two state-of-the-art effective in-
teractions were implemented into the NuShellX@MSU [54]
and ANTOINE [55] codes. The first interaction, labeled
JUNA45, was developed by Honma et al. in 2009 [56] and it
was focused in the pf shell with a *Ni core and contains
the 1p3s2, 0fs/2, 1p1/2, and Ogos» single-particle orbits. The
interaction reproduces the experimental data of low-lying
states in the N = 49 isotones, Ge isotopes near N = 40, and
N = Z nuclei with A = 64-70, but the valence space may not

contain all the degrees of freedom necessary to account for all
the features of the nuclear structure of the region [56].

Another effective interaction, called jj44b, which made
successful predictions for nuclei near 78Ni, was created in
2004 by Lisetskiy e al. [54]. It was constructed with a 3°Ni
core for the neutron space and a "®Ni core for the proton
space. The Hamiltonian was also based on the Bonn-C NN
potential including four single-particle energies and 65 7 = 1
two-body matrix elements. The interaction was later updated
[19] to better describe the structure of 3'Ga and it has been
shown to reproduce the properties of the heavier isotopes of
Ga [57]. Here we employ the original jj44b interaction.

The energy levels of 8'Ga obtained with the JUN45 and
jj44b interactions are compared to our experimental results
in Fig. 10. The calculations using the JUN45 interaction
achieve a good agreement with the experiment for the exci-
tation energy of the low-lying states, but tend to overestimate
the energy of the negative-parity levels in the 1- to 2-MeV
region. On the other hand the jj44b interaction fails to re-
produce the energy of the second-excited state, but achieves
a better description of the level density in the 1- to 2-MeV
region.

TABLE III. Summary of half-lives of excited states in ! Ga, and experimental B(M1) and B(E2) reduced transition probabilities for the
deexciting transitions, assuming pure multipolarities. They are compared to the theoretical values calculated with the JUN45 and jj44b effective

interactions (see text for details).

s T = E B(M1) W.u. B(E2) W.u.
(keV) (ps) (keV) EXP JUN45 jj44b EXP JUN45 ija4b
351 60(10) (3/27) 351 8.5(14) x 1073 50 x 107 1.1 x 107 85(14) 2.9 32
802 23(16) (3/27) 452 8(6) x 1073 0.23 0.06 50(30) 2.4 0.7

802 42) x 1074 9.1 x 10~ 2.1 x 107 0.7(5) 6.9 9.7
1936 <21 (478) >2.0 x 1074 >1.1

1585 >1.1 x 1074 >0.056

1936 >7.1 x 1075 >0.024
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FIG. 9. Top: Level systematics of N =40 — 50 Ga isotopes.
Bottom: N = 50 isotones. The low-lying levels of Ga isotopes are
taken from Refs. [38,48-50], except for 81Ga from this work, while
the structure of the N = 50 isotones is based on Refs. [10,51-53].

Both sets of calculations give the lowest-lying positive-
parity state as a spin and parity of 9/2% that will arise from
the 7 (g9/2) configuration, at around 3 MeV. The higher-lying
positive-parity states obtained from the calculations in this
restricted model space must arise from the coupling of a
7(g9/2) proton to a proton pair in the negative-parity orbitals.
These states cannot be related to the experimentally observed
ones, since the latter should have a neutron intruder nature
(1p-1h neutron configurations) in order to be connected to the
817n ground state via Gamow-Teller transitions.

The occupation probabilities predicted with both interac-
tions for the lowest-lying states are summarized in Table IV.
Both sets of shell-model calculations are able to properly
reproduce the ground-state spin parity to be 5/27, in agree-
ment with the experimental value [20]. The proton occupation
probability for the 7 (f52)* configuration is 79% with JUN45
and 75% with jj44b. A spin parity of 3/27 is calculated for
the first and the second excited states with both interactions,
although their energies differ considerably. According to the
calculations using the jj44b interaction, the 351-keV level has
a single-particle 7 (p3/2) character, with a large occupation
value for the 7 (fs /2)2 ® m(p3/2) configuration, whereas the
802-keV level has a preferred 7 (fs;2)° configuration. The
calculations for 8'Ga using the PFSDG-U interaction [5]
reported in Ref. [22] support this description.

The calculated reduced transition probabilities for the y
rays deexciting the lowest-lying excited states are given in
Table III and compared with the measured values based on
the experimental lifetimes and branching ratios. Only parity-
conserving transitions of the lowest multipolarities are con-
sidered due to the negative-parity nature of the low-lying
states. Here effective charges of e, = +1.5¢ and ¢, = +1.1e
were used, along with a quenched g factor of 0.7g; free-
The harmonic oscillator potential used was 41A~1Y3 MeV, as

recommended in Ref. [58], which was found to better repro-
duce the transition rates in this region.

VI. DISCUSSION

A. Ground-state feeding of * Ga and ground-state
spin parity of ¥'Zn

The structure of the nuclei immediately north of 7®Ni
is defined by the ordering and occupation probabilities of
the 89/2, d5/2, S1/2> 87/2 and d3/2 neutron orbitals and
the f7/2, p3s, pis2, and fs,, proton orbitals. For the Cu
(Z = 29) isotopic chain, an inversion of the ordering of the
P32 and fs)p states above °Cu has been observed as the
neutron go,, orbital is being filled. This has been inter-
preted as the effect of the monopole neutron-proton tensor
interaction [59].

The 3'Ga ground-state spin parity has been established as
5/2~ from collinear laser spectroscopy performed at ISOLDE
[20]. For the 3!Zn ground state, positive-parity states with a
single-particle character, vs;/, or vds;,, have been proposed,
leading to either 1/2% spin-parity assignment, matching the
extrapolation of the 1/2 state energies in the region [19], or
5/2%, which is consistent with the systematics of N = 51
isotones. B-decay transitions from 3!Zn to low-lying states
in 3'Ga are expected to proceed via forbidden transitions,
since the Gamow-Teller operator will populate daughter states
at much higher energy. Using the systematics for forbidden
decays [44] and based on the firm spin-parity assignment
5/2~ for the ground state of 3'Ga, two options are possible:
a first-forbidden decay from the 5/2% to 5/2~ states with
log ft > 5.9 or a first-forbidden unique decay from 1/27" to
5/2~, more hindered and with log fr > 7.5.

In Ref. [24] Padgett et al. ruled out the previous suggestion
of 1/2% [19] for the ground-state spin parity of 3!Zn. Instead
a 5/2% assignment for the 8'Zn ground state was proposed
[24] based on the apparent B-decay feeding to the 3'Ga 5/2~
ground state. Our experimental data yield a 8 ground-state
feeding compatible with zero, with a log ft larger than 6.8.
We note that high-energy transitions can still be missed in
our detection set-up and that, on the contrary, some of the
high-energy transitions that are unambiguously identified as
belonging in 8!Ga have been tentatively placed in the level
scheme as directly feeding the ground state based on the lack
of observed coincidences. Thus the experimental value needs
to be taken with caution. Nonetheless, the observed negligible
direct B feeding to the ground state is in contrast to the previ-
ous experiment [24]. This is because many weak y transitions
depopulating high-lying states in 3!Ga have been added in
our study, which has a dramatic effect on the ground-state y
feeding intensity and decreases the apparent direct ground-
state B branching from the previous 52% to our < 2.4%.
It is therefore very risky to base spin-parity assignments on
the apparent 8 feeding. From our measurement none of the
possible spin-parity assignments of ¥'Zn can be ruled out,
since a first forbidden unique 1/2% to 5/2~ transition, and
thus a 1/2% 3!Zn ground-state spin parity, is still possible.

In any case, the role of first-forbidden transitions to low-
lying negative-parity states in 8'Ga is not as relevant as
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FIG. 10. Shell-model calculations with the JUN45 and jj44b interactions for ®!Ga compared to the experimental data measured in this
work. The experimental spins were tentatively placed based on the S-feeding considerations. The positive-parity states are marked in blue,

except for the calculated 9/2* state, which is highlighted in green.

previously proposed. A large fraction of the 8-decay popula-
tion may still proceed to higher-lying positive-parity states via
allowed transitions. This is ratified by the sizable S-delayed
neutron emission probability, which points to 8 feeding via
GT transitions to high-energy levels above the neutron sepa-
ration energy in ' Ga.

B. Low-lying structure of !Ga

In our experiment we have measured the first-excited
351-keV state half-life to be 7;,, = 60(10) ps. Assuming

that the transition connects states of negative parity, the
B(M1) rate for pure M 1 multipolarity is 8.5(14) x 1073 W.u.,
whereas the pure E2 rate would be a very collective 85(14)
W.u. The reduced transition probabilities thus point to a
retarded M1 transition which is consistent with the results of
the shell-model calculations (Table III and the systematics in
Ref. [60]). This suggests a 7 p3/» dominant configuration for
the 351-keV level (see Table IV). Due to this fact, the 351-
keV y ray would be slightly hindered due to the /-forbidden
character of a 7 p3/, to 7 f5, transition.
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TABLE IV. Occupation probabilities for the proton configura-
tions obtained with the JUN45 and jj44b interactions for the first
three states in *!Ga.

JUN45 jj44b
E]evel Jr
(keV) 77(]65/2)3 7T(f5/2)2[73/2 7T(fS/2)3 7T(f5/2)2[73/2
0 5/2~ 79% 4% 75% 2%
351 3/27) 38% 51% 5% 78%
802 3/27) 48% 41% T76% 5%

A very similar structure is found in odd N = 50 nuclei with
Z > 28, as shown in Fig. 9, in particular for the neighboring
isotone 33 As. For the Z = 37 8’Rb isotone, the 3/2~ and 5/2
levels are already reversed, the ground state having a spin of
3/27. The 403-keV 5/27 level has a very similar half-life of
Ti/» = 80(5) ps [61] to the 351-keV one in 3! Ga, which gives
a B(M1) to within a factor of 2 for the 403-keV transition
to the ground state compared to the 351-keV transition in
81Ga. The dominant 77 ps /2 single-particle configuration of the
351-keV level is in accord with a narrow proton gap of
the order of 500 keV between the f5,, and p3/, orbitals, as
predicted for ”Cu by shell-model calculations [58,62], but at
odds with what was claimed in Ref. [63].

For the second excited state at 802 keV, the calculations,
especially those with the JUN4S5 interaction (which achieve
a better agreement with the experimental excitation energies)
show a strong admixture of the 7 (f5,2)° cluster configuration
and the n(f5/2)2p3/2 one. This gives rise to a 3/27 spin
parity. Our measured half-life for this level is consistent with
a3/2~ assignment, and an M1 452-keV deexciting transition,
whereas for the 802-keV transition the experimental result
allows for a possible E2 component.

Both of the 351- and 802-keV levels are fed from positive-
parity high-energy levels. These may be characterized by the
occupation of 7 g7,2, wds;2, and wds;, proton single-particle
states, or by the coupling of proton orbitals to neutron particle-
hole states (thus requiring breaking of neutron pairs across the
N = 50 gap). The deexcitations from these high-lying states,
which likely have spins between 1/2% and 7/2% to 3/2™ 351-
and 802-keV states take place via E'1 high-energy transitions
with energies higher than 3.8 MeV. In view of the 3.5-MeV
N = 50 energy gap measured for 3'Ga by Hakala er al. [64]
the 3859-keV transition which connects the 8-fed 4209-keV
level to the 351-keV state gives a rough estimate of the
N = 50 energy gap from our data.

Nine other excited states are experimentally found in ¥ Ga
below 2 MeV. The calculations reproduce the level density
of these negative-parity states. In a simplistic model where a
quasiparticle is coupled to the 8°Zn core, four states arising
from the coupling of the 77 (p3/») orbit to the 2* core in 807n,
would have spins of 1/27, 3/27, 5/27, and 7/2~, whereas
the 7 (fs/2) coupling to the 2% level will give rise to the five
states with spins ranging from 1/2~ to 9/27. An alternative
description based on a 7 (f5/2)* cluster configuration provides
a similar picture. The 7 (fs /2)3 configuration yields 3/27,
5/27,and 9/27 spins, with the 9/2~ found at higher energies,
and their couplings to the 2% of "®Ni in this case will provide

the observed levels. It is worth noting that both theoretical
calculations reproduce rather well the excitation energy of the
9/2" level at 1341.0 keV belonging to the 7 (f5/2)* config-
uration. This is consistent with the calculations presented in
Ref. [22].

A high density of levels in the region from 1 to 2 MeV
can be observed as well in the level scheme of $3As [51],
with striking similarity to that of 8! Ga. The level scheme of
85Br [46], populated by the 8 decay of 33Se has a very similar
structure too. Of these levels in 3'Ga, the 1936-keV state is
strongly populated from the higher-lying 4295-keV positive-
parity state. We have measured a 21-ps upper half-life limit for
the former, which does not allow us to unambiguously identify
the multipolarity of the depopulating 1936- and 1585-keV
transitions. However, the decay pattern to the ground and
first-excited levels, and the direct feeding from positive-parity
states, makes a spin-parity assignment of 3/2~ or 5/27 likely
for this state.

C. Positive-parity states

As mentioned above, the lowest positive-parity state is the
9/2% one predicted at energies close to 3.0 and 3.3 MeV,
depending on the interaction. This state has an expected main
7 g9,» configuration and would not be directly populated by
the 3'Zn B decay from a 1/2* ground state, and would
have a limited feeding from a 5/2% ground state, yielding a
high log f7 value. Although the single-particle vg7,, orbit is
shown to be at higher energy [21], any admixture of a vg7,,
component in the 8'Zn ground-state wave function would
lead to an enhancement of allowed Gamow-Teller (GT) B
transtions to the w g9/, orbit. In any case, indirect population
of the 9/27 state in ®'Ga should be possible. The systematics
near A = 81 suggests a long half-life for this state due to the
M?2 behavior of the y transition which would connect it to
the 5/27 ground state. No such long lifetime, nor decay to
lower energy 7/2~ or 9/27 levels, could be observed in our
measurement.

The allowed GT g decay from the 'Zn ground-state neu-
tron v(ds;) or v(si2) configuration populates high-energy
states in the ®'Ga daughter, since there are no low-lying
positive-parity states available. The positive states would have
to originate from the coupling of the odd proton orbitals
(P32, f5/2, and py,2) to neutron particle-hole states, therefore
implying the breaking of a neutron pair inside the N = 50
shell. These cross-shell states arising from the excitation of
the "®Ni core give an idea of the magnitude of the N = 50
shell gap, as discussed by Winger ef al. [51] in the 8 decay of
8Ge to ¥ As, and Padgett and coworkers for ¥ Ga [24].

The GT B decays to these core-excited states must arise
from the decay of neutrons in %'Zn in the f and p orbitals,
which are strongly bound. Due to the reduced energy window
the B feeding would be reduced, but, in spite of the Fermi
factor, these GT decays may still be favoured compared to
the first-forbidden decays to low-lying negative-parity states.
The large P, value measured for 'Zn suggests a significant
role of such allowed B transitions to high-lying states above
the neutron separation energy in 8! Ga. Several levels with low
apparent log ft values can be identified in the 4- to 5-MeV
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energy range. In our work we observe strong direct population
to the levels at 4209, 4295, 4369, 4880, 4921, 5178, and 5422
keV, and to some others at higher energies. These states are not
included in our shell-model calculations due to the restricted
model spaces. Assuming a 1/2% or 5/2% ground state for
817n, positive-parity assignments for these levels with 1/2,
3/2, 5/2, and 7/2 spin values can be made. An identical
situation can be observed in the N = 50 isotones %3As [51]
and 33Br [46], populated following the 8 decay of **Ge and
83Se, respectively.

VII. SUMMARY AND CONCLUSIONS

The high purity and intensity of the Zn beams delivered by
the ISOLDE facility at CERN have made it possible to obtain
about 10-fold higher statistics than previous studies [24]. The
level scheme of the semimagic N = 50 nucleus 3! Ga has been
significantly expanded with 47 new levels and 70 y transitions
in the energy range up to 6.5 MeV. Most of these levels are
very close to the neutron separation energy. The 290(4)-ms
half-life of 8'Zn measured in this work is in good agreement
with the literature [4,24].

The direct B feeding to the 3'Ga ground state measured in
our experiment is negligible within the error bars, and much
lower than proposed previously; it is thus compatible with
both 5/2% and 1/2" assignments for the 8!Zn ground state.
We could not identify the 9/27 state seen in other N = 50
isotones and also predicted by our shell-model calculations
to lie at around 3 MeV. We have measured a S-delayed
neutron emission probability value of 23(4)% for the decay of
817n. This is more precise but also consistent with 30(13)%
measured by Hosmer et al. [3], but two-o away from the
recent value reported by Padgett and coworkers of 12(4)%
[24].

The level scheme of %°Ga populated following the
B-delayed neutron emission from %!Zn was constructed for
the first time and it is in agreement with that described in
Ref. [25] from the B decay of 3°Ga, including the low-lying
22-keV isomer. Our measurements also confirm the existence
of the 708-keV isomer with an 18.3(13)-ns half-life.

We have measured the half-life of the first excited state in
81Ga to be T} 2 = 60(10) ps, which indicates an [-forbidden
M1 transition of 351 keV to the 5/2~ ground state. This in
turn points to a transition between states with main 7 p3/,
and 7 f5,, configurations. This is supported by both the

N =50 systematics and by our shell-model calculations,
where the dominant occupations for the ground and first-
excited states are found, and in agreement with earlier findings
[19]. The calculated occupation probability and our experi-
mental results suggest a main 7 (f5s /2)2 Q@ m(p3 /2)1 configura-
tion for the first excited state of #! Ga. The calculated transition
rate supports this assignment, too. For the second excited
state a half-life of 23(16) ps is measured. This value pro-
vides B(M1) = 8(6) x 107> W.u. and B(E2) = 51(35) W.u.
(Table III) reduced probabilities which, together with the
shell-model results, allows us to propose a m (fs /2)3 cluster
configuration and a 3/27 spin-parity assignment for this state.

A high density of negative-parity levels can be observed in
the region from 1 to 2 MeV of the level scheme of ' Ga. This
is consistent with 7 (p3,2) and 7 (f5,2) single-particle states
coupled to the 2* core in 3°Zn, and it is well reproduced by
the shell-model calculations. These states will be of negative
parity and should be populated by first-forbidden transitions
if they are directly B fed. The level scheme of the N = 50
isotone ®*As [51] also shows a density of levels around 1400
keV much like that of 8'Ga. A similar structure is found in
the N = 50 % Br isotone populated by the f decay of ®Se
[46]. The situation changes beyond 5 MeV where we observe
several states with sizable apparent 8 feeding, which should
arise from allowed transitions from the 3!Zn positive-parity
ground state. They can be interpreted as neutron particle-hole
excitations from the "®Ni core.
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