PHYSICAL REVIEW C 104, 024317 (2021)

Low-spin states in **Ge populated in the 8 decay of the **Ga 3~ isomer
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The structure of *Ge has been investigated at the ISOLDE facility at CERN. A previous study reported for
the first time a low-lying 05 intruder state at 639 keV, based on the coincidence with a previously unobserved
1764-keV y ray, and suggested it as evidence for shape coexistence in ¥°Ge. We used the 8 decay from the
3~ 22.4-keV state in **Ga to enhance the population of low-spin states in 3°Ge, including any excited 0% level,
and yy coincidences to investigate it. We observed a 1764-keV y ray in coincidence with strong transitions in
89Ge, thus not feeding the proposed 639-keV 05 . No connecting transitions from previously known levels to
the 639-keV and 2403-keV 27 states could be established either. Shell-model calculations for Ge isotopes and
N = 48 isotones were performed. They succeed to explain most of the experimental levels, but fail to reproduce
the presence of a 05 state below ~1200 keV in 8Ge. Our experimental findings and shell-model calculations are
difficult to reconcile with a very low-lying 05 state in 80Ge.

DOLI: 10.1103/PhysRevC.104.024317

I. INTRODUCTION

The evolution of shell structure in neutron-rich nuclei
is a topic of strong interest in modern nuclear structure
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studies. The competition and coexistence at low energy of the
configurations arising from the standard shell-model orbitals
and those originating from excitations across shell gaps have
been identified in several areas of the table of nuclei. The
latter (intruder) configurations may exhibit different collective
properties than the normal ones, which could be interpreted as
a distinct intrinsic shape once an appropriate reference frame
is defined.

In the even-even nuclei, the presence of 0% low-lying ex-
cited states above the 0" ground state (g.s.) may be a signature
of shape coexistence. The discovery of the first-excited 0™
state in the doubly-magic '°Q, and its interpretation as arising
from excitations of several nucleons across the shell closure
[1,2], with the additional property of deformation, is probably
the first description of this phenomenon in atomic nuclei.
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Shape coexistence was suggested also for the doubly-closed
N = Z isotope “°Ca [3]. A microscopic shell-model approach
was invoked to explain the onset of deformation, due to pro-
tons and neutrons filling orbitals with good overlap in the
proximity of closed (sub)shells [4].

With the experimental study of exotic nuclei far from sta-
bility in the 1980s, the disappearance of some magic numbers
and the appearance of new ones was highlighted and inter-
preted as the existence of an island of inversion for the N = 20
region around **Mg [5]. For high neutron to proton ratios, the
N = 20 gap can no longer prevent excitations, and the correla-
tions lead to shape coexistence, where intruder states become
more bound than normal states. The phenomenon exists in
other regions of the nuclear chart [6], and it appears as a first
excited low-lying state 0 in even-even nuclei, which results
from the mixing of configurations with different shapes or
from the shift of a pair of nucleons across a subshell.

In the region of intermediate masses, the "*Ni is expected
to be a doubly-magic nucleus due to the robust Z = 28 and
N =50 shell gaps arising from the spin-orbit splitting. The
proton to neutron ratio is substantially high and nuclei near
8Ni are particularly exotic, which makes them difficult to
reach and investigate experimentally [7]. The evidence for the
doubly-magic nature of "Ni has been recently obtained by
Taniuchi et al. [8]. Nevertheless, the role of collective effects,
with the appearance of deformed states at low excitation, has
also been pointed out [8]. This is one of the reasons for the
interest of this exotic area of the nuclear chart and why the
coexistence of nuclear shapes at low excitation energies may
provide information on the forces that drive nuclear structure
changes in exotic nuclei.

The neutron-rich Z = 32 Ge isotopes with 32 < N < 50
are important in this context. They are characterized by four
protons in the pf shell outside of the Z = 28 closed shell,
with collective quadrupole excitations dominated by the ex-
citation of valence particles outside of closed shells. These
relatively simple nuclear systems with few valence particles
can be treated rather precisely within the shell model. They
may reveal simple excitation modes that illustrate the com-
petition of single-particle and quadrupole collective motion.
For heavier Ge isotopes the investigation of the magicity of
the N = 50 neutron number far from stability has revealed the
persistence of this gap towards Ni (Z = 28) with an observed
minimum at Z = 32 which can be associated with a maximum
of collectivity [7].

In this paper we address the population of the reported OgL
state [9]in °Ge (Z = 32, N = 48) and identify other low-spin
states by means of y spectroscopy. We take advantage of the
expected enhanced feeding of these states compared to previ-
ous works, thanks to the 3’Ge population in the 8 decay chain
of laser-ionized ¥Zn. The 3°Zn 0% ground state mostly decays
to the 8Ga 3~ isomer [10], which then B decays to 80Ge.
Shell-model calculations have been performed to address the
location and population of the first-excited 05 state.

II. PHYSICS CASE

The study of the structure of N = 48 isotones is of strong
interest, as their levels contain combinations of both proton

and neutron excitations. They complement studies of N = 50
isotones where only proton excitations involving the fs,,,
p3j2, and py,, proton levels are found at low energy. One
important difference between these nuclei and the N = 50
isotones is the possibility to form an 87" level with an aligned
broken pair of gg/» neutrons. Some of these states for a num-
ber of N = 48 isotones have been reported by Makishima
et al. [11]. Another significant difference is the presence of
negative-parity levels at low energy in the N = 48 isotones,
also absent in the N = 50 isotones. These include states in
which a deeper py,; or f5/, neutron pair is broken and pro-
moted into the empty g9/, neutron orbital to produce both a
4~ and 57 doublet, as well as six levels with spins from 2~
to 7~. The positions of these levels as well as that of the 8"
state mentioned above are a measure of the energy required to
break a neutron pair.

For the 7>8Ge Z = 32 even-even isotopes collectivity can
be achieved thanks to the additional valence nucleons. The
structural changes along the Ge isotopic chain above N = 40
are rather intriguing, especially due to the existence of low-
lying excited 0% states [12]. In the case of the Ge with
N =40, the O;r is the first-excited state, located below the
first 2% level, the latter being interpreted as a member of a
rotational band built on the low-lying 0" state [13]. While a
spherical shape for the 05 state in 2Ge is proposed in [14],
Ayangeakaa et al. [15] suggested triaxially deformed configu-
rations for both the 0 and 05 states. The excitation energy of
the second 0" is much higher in other Ge isotopes, both above
and below N = 40, and including the N = 50 nucleus 82Ge.
The systematics of the 05 states are presented and thoroughly
discussed in Sec. V.

In this paper we focus on ¥Ge. The properties of its low-
lying states have been studied using different methods. The
first identification came from the B-n decay of #'Ga and 8 de-
cay of 3°Ga [16]. The authors suggested the possibility of two
B-decaying states in ®*Ga based on the quasidegeneracy of the
P12 and go/> configurations, but were not able to distinguish
them. The existence of two -decaying states was confirmed
by colinear laser spectroscopy [17], where a long-lived low-
lying isomeric state was found. A more recent study [18,19]
attempted to assign y rays to the decay of the two isomers,
with 1.9(1) and 1.3(2) s half-lives, on the basis of the time de-
pendence of the y-ray spectra from the decay of °Ga source
with an admixture of both isomers. These B-decay studies
have suffered from the ambiguity of the S-decaying states
in 8°Ga, which has been recently clarified as a 6~ ground
state and a 3~ B-decaying isomer at only 22.4 keV [10]. The
studies mentioned above provide a consistent picture of the
80Ge structure populated in 8 decay.

Other experiments have used Coulomb excitation in in-
verse kinematics [20] and deep-inelastic scattering reactions.
A #Se beam on '8Pt [11] and '°?0Os [21] targets was used
to populate the ground-state band up to the 8" state, with
a proposed neutron two-hole g9/, configuration for the yrast
states. Lifetime measurements were performed by Mach et al.
[22], who reported a T, = 2.95(6) ns value for the 8t — 6T
transition. Other deep-inelastic studies include the work by
Faul et al. [23], who tentatively extended the yrast band
to the 10" state and identified many previously unobserved
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transitions. The latter is confirmed by the recent work by
Forney et al. [24] using multinucleon transfer reactions on
uranium targets. All these studies are very well in agreement
with the observations in 8 decay. All in all, a coherent picture
of the excited structure of 3°Ge is believed to exist.

Nonetheless, Gottardo et al. [9] surprisingly reported a
low-lying 639(1)-keV 05 state in 89Ge, below the previously
measured 27 state, and interpreted it as a two-neutron exci-
tation across N = 50. The nucleus ¥°Ge was populated in the
B decay of an ¥Ga isomer mix at the ALTO facility, where
y and conversion electron spectroscopy was performed. As a
0; state could not be directly populated from a 3~ 8-decaying
parent, a new weak y transition at 1764(1) keV that had not
been reported in [16] was proposed as a transition from a
newly established 2403(1)-keV 27 level that could populate
it. The placement of the 0 state in 89Ge at 639 keV was based
on the observation of a new electron conversion line at 628(1)
keV in coincidence with the 1764(1)-keV y ray.

Very recently Garcia et al. [25] conducted a similar ex-
periment with enhanced statistics using a mixed 3°Ga source
as well. No evidence was found in the conversion-electron
spectroscopy for the 639-keV 05 to 0} transition. Moreover,
several peaks in the 1764-keV energy region were identified
in the coincidence gates set on the y rays that depopulate the
57, 6%, and 8T levels.

All the previous f-decay studies have the common feature
of the use of %°Ga decay sources with mixed 3~ and 6~
states. The source used for the data reported in the present
work is obtained by growing %°Ga from 3°Zn purified by laser
ionization, which almost exclusively produces the lower-spin
3~ isomer. We investigate the 8 decay of 3°Ga to ¥Ge via
y-y coincidences to try and verify the new 1764(1)-keV y
transition and the proposed levels in ¥Ge.

III. EXPERIMENTAL DETAILS

The data analyzed in this work were obtained in the 1S441
experiment performed by the fast-timing collaboration at the
ISOLDE facility at CERN, with the aim of investigating
neutron-rich nuclei populated in the 8 decay of Zn isotopes.
Results on the structure of *Ga, °Ga, and 3! Ga have already
been published [10,26,27]. This paper reports the investiga-
tion of excited states in °Ge (N = 48, Z = 32) populated
in the B decay of ®Ga, which was obtained from the S~
decay of mass-separated selectively ionized 3°Zn source. Out
of the two B-decaying 3~ and 6 states in %°Ga, the 3°Zn B
decay populates the 3~ isomer at 22.4 keV with 98.2(5)%
feeding (deduced from the level scheme in [10]) and thus the
subsequent °Ga B decay proceeds primarily from this state.
This is an advantage for the search of feeding to the low-lying
OEL in ¥Ge.

The Zn ions were produced by neutron-induced fission on
a heated UC,/graphite target. Fast neutrons were produced
by the impact of the 1.4-GeV pulsed proton beam from the
CERN PS Booster, with an average intensity of 2 1A, on a
neutron converter. The fission fragments thermally diffused
out of the target, traversed a temperature-controlled quartz
transfer line that suppressed surface-ionized isobars [28], and
reached a W cavity where the ISOLDE Resonance Ionization

Laser Ion Source was used to selectively ionize Zn. A pure
and intense °Zn ion beam was selected in mass using the
magnetic high-resolution separator. The mass-separated beam
was sent to the experimental area where around 20 000 ions/s
were collected in an aluminium catcher foil at the center of the
experimental setup. The proton pulses reached the ISOLDE
target in multiples of 1.2 s, typically every 2.4 s. After pro-
ton impact the released 807n ions [T} 2 = 562(3) ms] were
collected for 600 ms and then diverted by an electrostatic
deflector. Data were acquired continuously and sorted using
the time of proton impact as reference.

The detection system was composed of two high-purity
germanium (HPGe) detectors for high-resolution y spec-
troscopy, with relative efficiencies of about 60%, covering
an energy range of 30 to 7000 keV. Their energy resolution
was 2.0 keV at %°Co energies. A fast NE111A organic plastic
scintillator was used for 8 particle detection. It was placed
less than 0.5 mm away from the aluminium foil to assure
high efficiency. Two specially designed LaBr;(Ce) crystals
[29], coupled to fast photomultiplier tubes, were used for
fast-timing measurements. The signals from the detectors
were collected by a digital data acquisition system (DAQ)
composed of Pixie-4 Digital Gamma Finder cards, designed
for fast coincidence y-ray spectroscopy. Standard sources of
152E and '33Ba, and online sources of '38Cs and '“°Ba, were
used for the energy and efficiency calibrations of the HPGe
detectors. Further details on the experimental procedures are
given in [27].

IV. RESULTS

The intensities relative to the strongest 659-keV line were
extracted using the full-energy peak areas from the y-ray
singles spectrum, illustrated in Fig. 1. The °Ga — 8°Ge de-
cay has been optimized by selecting a 1150 to 2250 ms gate
after proton impact, and subtracting early (30 to 1140 ms)
and delayed (2260 to 3600 ms) spectra in order to reduce
the short-lived 3Zn decay and long-lived 3°Ge and *As
decay activities, respectively. A B gate is also imposed for
better selectivity. This combination results in a virtually
background-free spectrum, containing the y rays attributed to
the B decay of the °Ga 3~ isomer to **Ge in [16] with high
statistics.

A weak 1763.8-keV y line is present in the spectrum
(see inset in Fig. 1) with an estimated intensity below 0.2%
relative to the 659-keV y ray. The intensities before and after
subtracting the delayed component, and the intensity ratios
for different time conditions since proton impact on target,
indicate that the 1764-keV peak may contain a contribution
from background or long-lived decays such as 8°Ge and 3°As.
The strong 1773-keV peak in the spectrum corresponds to
a transition in 3°Ge already placed in the level scheme in
previous studies [16], whereas the 1742-keV peak arises from
the summing of the strongest 1083-keV and 659-keV y rays in
the HPGe detectors. To identify the y transitions that belong
to °Ge, an extensive yy coincidence study between both
HPGe detectors has been performed. A coincidence gate of
267 ns has been used for subtraction of random events. A
1200 to 3600 ms time window after proton impact has been
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FIG. 1. Dashed line: Beta-gated singles spectrum for the 8 decay of °Ga in the 0-2000 keV energy range. The most intense y rays in °Ge
are labeled. Solid line: Beta-gated singles spectrum with subtraction of other isotopes by applying time conditions relative to proton impact on

target. The inset shows the region around 1764 keV.

chosen to enhance the B decay of %°Ga to *°Ge. Spectra
gated on prominent peaks observed in this study are shown in
Fig. 2. Coincidences with the strong 659-keV 2% — 0% and
1083-keV 41 — 2% transitions are observed. For the latter
gate the height of the 659-keV 2t — 07 transition reaches
almost 1000 counts. In contrast, in the gate on the 1236-keV
6T — 47 transition, no counts are observed at 467 keV, the
energy of the 8% — 67 transition, revealing a weak popula-
tion of the 8" 3445-keV state. This reflects the small fraction
of 6~ 3°Ga parent in the source.

The level scheme obtained in this work is shown in Figs. 3
and 4. A list of energy and intensity values is included in
Table 1. They are compared to the values reported in [16].
The intensities are unique to this work since most of the
89Ga source is the 3~ isomer. The differences arising from the
different parent spin mixture are highlighted in Table I. The
forbidden decay from the 3~ isomer can populate 4™ states
that can, in turn, decay to the 67 level at 2978 keV by a single
E2 transition. By contrast, the population of the 8% isomer
at 3445 keV would require two sequential E2 transitions that
would have to be competitive with higher-energy M1 and E2
transitions to levels at far lower energies.

Owing to the feeding of many of the low-energy levels via
this mechanism, g intensities and log ft values have only been
shown in Figs. 3 and 4 for levels where the intensity is at least
equal to or larger than the intensity reported by Hoff et al.
[16], and also for states that have a y-ray branch to the 2
levels. In other words, for levels likely to have spin 2, 3, or 4.
Contrary to Hoff et al., who considered a feeding of 18% to
the ground state, we chose to neglect any § feeding from the
3~ state in *°Ga to 0T g.s. in °Ge and considered a feeding
of 0.86(7) via B-delayed neutron emission [30-32].

In [9] the 1764-keV y ray in ¥°Ge was claimed in coinci-
dence with a 639-keV EOQ transition. As shown in Figure 2 we
observe coincidences of the 1764-keV transition with y rays
at 523, 659, and 1083 keV in *Ge, with similar intensities.
Reciprocal coincidences with the 523-keV 4;’ — 4fL transi-
tion are observed, suggesting its origin from a relatively high
spin level. In addition, Fig. 2 shows no coincidence of the
1764-keV y ray with the 1313-keV transition that deexcites
the 1972-keV level.

No transition connecting any of the known levels in Fig. 3
to the OV state at 639 keV and the 27" state at 2403 keV pro-
posed in [9] has been observed either. Specifically we see no
connecting transitions from the 2403-keV state to the 659-keV
and 1574-keV 2% levels in our coincidence gates. These data
are consistent with the absence of a 0 level at 639 keV.

Hoff et al. [16] proposed a doublet state at 3423 keV (kept
by Verney et al. [18]), with the 571-keV transition depop-
ulating a high-spin level, and the transitions at 1158, 1850,
and 2764 keV depopulating another level with a suggested
lower spin. The relative intensity observed in this study for
the 571-keV peak is larger than the previously reported values,
indicating that this peak belongs to the decay of the 3~ ¥Ga
isomer. Hence, only a single level is shown in Fig. 3 at 3423
keV and assigned 3~ spin and parity, since it should be fed
by an allowed S transition. We have additionally checked for
the possibility of a doublet of 571-keV y rays, but it could not
be found with our precision. The proposition of a single level
at 3423 keV is reinforced by Fig. 5 where the coincidences
of new y rays at 559-, 900-, and 1428-keV are shown. In
addition, the 989-keV y feeds the 3423 keV level according
to previous studies [16,24], and we observe it in coincidence
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FIG. 2. HPGe y-y spectra in coincidence with the 523-, 586-, 659-, 1083-, 1109-, 1236-, 1313-, and 1764-keV transitions in 80Ge. See

text for details.

with the deexciting 571-keV transition, as shown in Fig. 5(c)
and 5(d).

In previous studies a single 1941-keV y ray is proposed
connecting the levels at 3914 and 1972 keV. Nevertheless, the
gated spectra shown in Figs. 5(a) and 5(b) suggest a doublet
of transitions of 1942 keV, with the new y ray connecting the
3515- and 1574-keV levels. The coincidence analysis points
to a tentative level at 4030 keV in %°Ge, with very weak S
feeding (log ft ~ 7.4), similar to the 8% state, that decays to
the 2266-keV 45 state. We have checked whether the transi-
tion may instead feed the 2852-keV level (see Fig. 3), leading
to a state at 4616 keV, but no firm coincidences between

the 1764-keV and the 1109- and 586-keV transitions were
found, as illustrated in Fig. 2. We have searched for connect-
ing transitions from the tentative 4030-keV (and 4616-keV)
levels to the 659-, 1574-, 1743-, and 1972-keV states without
success.

In conclusion, the 1764-keV transition shows coincidences
with transitions in 8Ge and with the E2 659-keV y ray in
particular, contrary to what was observed by Gottardo, where
the 1764-keV y ray was in coincidence with the 639-keV EQ
transition. Although the 1764-keV peak might be a doublet,
as in the case of ">Ge [33-35], the 02+ at 639 keV cannot be
confirmed from our y spectroscopy data.
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FIG. 3. Low-energy part of the level scheme for 3°Ge populated in the g decay of °Ga obtained in this work, showing the placement of
the y rays in Table I with their associated relative intensities. For absolute intensity per 100 decays, multiply by 0.93(6). Spin-parity values are
taken from literature. The log ft values were calculated using Qg = 10312(4) keV [36] assuming 8 decay from the 22.4-keV 3~ state in 80Ga.
The half-life for the 3~ state is taken from [18]. Firm levels are shown in solid lines, whereas tentative ones are shown in dashed lines.

V. LEVEL SYSTEMATICS

Neutron rich Ge isotopes up to A = 82 have valence pro-
tons and neutrons in the same major shell, between the 28
and 50 shell closure, and they have been considered almost
spherical. Despite the recent theoretical and experimental
studies suggesting shape coexistence, involving deformed and
spherical configurations, their nuclear structure has not been
completely established yet. Of specific interest is the under-

standing of the anomalous behavior of the 05 state, which
goes through a minimum for "?Ge, where it becomes the
first excited state [34] below the 2. Such peculiarity, already
observed for 7>Kr [37] and *®Mo [38], is not very frequent, and
it can be interpreted as a sign of deformation in this region.
The presence of a very low-lying 05 state in 8Ge is not
expected from systematics and will entail a modification of
our understanding of shape coexistence in the region. Figure 6
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FIG. 4. High-energy part of the level scheme for 3°Ge populated in the 8 decay of **Ga obtained in this work, showing the placement of

the y rays in Table I with their associated relative intensities.

(top) depicts the systematic trend of the levels in the N = 48
even-even isotones from Ni (Z = 28) to Mo (Z = 42). The
yrast states up to 8% in N = 48 isotones can be ascribed to
the two-hole (vg;/z2) configuration in the N = 50 closed shell.
The subshell closures at Z = 38 and Z = 40 are apparent
with higher 2t and 4" states in %0Sr and %Zr than the cor-
responding levels in the other isotones. One can notice that
gaps between 81 and 61 and between 67 and 4* for Ge and
Se are larger, and that the 8 state, which does not have a
collective origin, is excited at higher energies for *'Ge and

82Se. For the 0; states, the deviation between the different
isotones is less than 400 keV except for the 87r (N = 40)
subshell closure, and for °Ge where the O; state proposed
in [9] is located below 700 keV. It is worth noting that the
gap between the 0F and 27 states is much larger for *Ge,
more than 900 keV, while it never exceeds 400 keV for the
other isotones. The 05 proposed in [9] is therefore not con-
sistent with the N = 48 systematics. Similarly to the N =
48 isotones, the Z = 32 systematics is represented in Fig. 6
(below).
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FIG. 5. HPGe y-y spectra in coincidence with the 808-, 1942-, 571-, 989-, 900-, 559-, 1428-, and 2764-keV transitions in °Ge.

The excitation energies of the 2%, 21, and 47 states de-
crease monotonically as the atomic number increases between
Ge and "°Ge. Thereafter, these energies start to rise. The
energy of the 2/ state has a local minimum at N = 38 rather
than in the semiclosed shell at N = 40. The gap between the
2+ and 47 states varies from 681 keV for 32Ge to 1115 keV
for "°Ge. The energy ratio Ry/» = E(4])/E(2]), one of the
observables used to measure the evolution of collectivity,
yields Ry/> = 2.64 for ®Ge. This experimental value suggests
that 8°Ge is mostly triaxially y soft, since this ratio is above
the value representative of a harmonic vibrator (2.0-2.4) and
significantly below that of a rotational nucleus (3.0-3.3).

Unstable shapes in this region do not allow use of a simple
version of rotational or vibrational models to explain the spec-
tra; thus, many theoretical studies using different models have
been carried out to investigate the structure of Ge isotopes.
For example, nuclear density functional theory has been used
to analyze the evolution of quadrupole shapes in the ">2Ge
isotopes. Model calculations reproduce the empirical trend
of collective observables and predict the evolution of shapes
from weakly triaxial in "*Ge to y soft in 7*3°Ge [39].
According to the multiquasiparticle triaxial projected shell
model approach, Bhat ez al. [40] demonstrate that Ge ex-
hibits a rigid y deformation in its low-lying states, while,
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TABLEI y-ray transitions in **Ge, as found in the present work,
compared to Hoff’s work [16] associated with the level scheme
shown in Figs. 3 and 4. The greater value of the intensity between the
two works is shown in bold. The transition intensities are normalized
to that of the 659-keV y ray, taken as 100. The tentative y rays are
marked with . The intensities for strong transitions were calculated
from the prompt y singles spectrum and from coincidence spectra for
the weaker ones. The errors are based on statistical uncertainties and
fitting approximations. The new levels are marked with *. Underlined
level energies from [16] correspond to the transitions not observed in
the present work.

This work Hoff [16]
Ey (keV) Iy Ey (keV) 1;/ Einitial Eﬁnal
293.5(3) 0.4(3) 2265.8 1972.1
398.7(3) 0.6(1) 399.5(5) 0.5(1) 1972.1 1573.6
466.76(4) 1.36(5) 3445.1 29784
520.0Q3) <0.2 519.98(12) 1.25(11) 34984 29784
523.2(1) 93(2) 523.18(4) 12.94)  2265.8 17427
558.9(8) 0.30(4) 3982.7 34234
571.1(1) 7.0(2) 571.06(4) 5.8(2) 34234  2852.0
586.2(2) 3.02) 586.16(3)  6.6(4)  2852.0 2265.8
659.2(1) 100(2)  659.14(4) 100(3) 659.2 0
692.2(7) 0.6(1) 692.22(5) 0.58(3) 2265.8 1573.6
707.63(14)  03(3)  3686.1 2978.4
771.2(2) 0.30(3)  771.16(5) 0.47(2) 30369 2265.8
808.5(5) 1.1(1) 808.45(4) 0.73(4) 4323.6 35154
834.02) 0.30(4) 834.04(5)  5.6(3)  3686.1 2852.0
900.3(5) 0.8(1) 4323.6 34234
914.5(1) 8.73) 914.47(5) 5.3(2) 1573.6  659.2
989.5(4) 04(1) 989.51(4) 1.13(5) 44129 34234
1004.8(5) <0.2 1004.79(4)  0.91(4) 4993.1 3988.1
1040.6(3) 0.24(3) 1040.58(4)  1.71(7) 5573.3 4532.8
1047.5(10Y <02 1047.5(1)  0.3(1) 40254 29784
1064.8(2) 0.8(1) 1064.80(6)  0.89(5) 30369 1972.1
1083.5(1) 41(2) 1083.47(4) 62(2) 174277  659.2
1109.4(1)  9.6(4) 1109.36(4) 23.8(8)  2852.0 17427
1130.7(1) 1.00(4) 1130.70(6)  1.17(5) 3982.7 2852.0
1136.0(3) 0.4(1) 1135.96(4) 4.2(2) 3988.1 2852.0
1154.85(9)  0.77(5)  5568.0 4413.2
1158.03) 0.5(1) 1158.01(18) 0.34(3) 34234  2265.8
1183.3(3) 0.23(3) *4606.7 3423.4
1235.7(1)  0.7(1)  1235.74(6)  62(4) 29784 17427
1244.8(6) <0.2 1244.84(7)  0.794) 52329 3988.1
1249.7(2) 0.70(4) 1249.76(8)  0.29(3) 35154 2265.8
1294.43)  0.6(1) 129437(8)  0.69(5)  3036.9 1742.7
1306.9(5) <0.2 1306.89(6) 2.26(10) 4993.1 3686.1
1312.9(1) 12.4(7)  1313.00(4) 8.5(3) 1972.1 659.2
1428.3(4) 0.3(1) 4851.4 34234
1451.1(2) 0.5(1) 34234 1972.1
1471.9(2) 0.9(1) 1471.93(5) 0.67(4) 4323.6  2852.0
1543.7(5) <0.2 35154 1972.1
1560.6(5) 0.23(2) 1561 0.3 44129 2852.0
1573.6(1) 8.1(7) 1573.57(5) 4.4(2) 1573.6 0.0
1585.3(4) <0.2 1585.34(5)  0.63(3) 5573.3  3988.1
1680.6(1) 1.0(1)  1680.58(5) 5.4(2) 4532.8 2852.0
1763.8(3) <0.2 *4029.6  2265.8
1772.7(1)  2.5(2) 1772.67(14) 1.63(12) 35154 17427
1850.1(3) 0.6(1) 1850.10(5) 0.67(4) 34234 1573.6
1867.4(3) 0.40(3) 1867.46(10) 0.31(2) *3610.1 1742.7

TABLE 1. (Continued.)

This work Hoff [16]
EV (keV) IV E;/ (keV) Iy Einitial Eﬁnal
1882 0.2 5568.0 3685.89

1942.0(2) 0.7(1) 1941.54(9) 0.593) 35154 1573.6
19422(2)  0.35(4) 39143 1972.1
1999.9(1) 0.8(1) 1999.20(10) 0.62(4) 48514 2852.0
2057.9(3) 0.40(4) 4323.6 2265.8
2069.6(3)  0.40(3) #3812.6 1742.7
2114.0(7) <0.2 2114.63(7) 1.14(5) 5800.2 3686.1
2141.1(6) <0.2  2140.54(13) 0.88(6) 4993.1 2852.0
2283.2(2)  0.8(1) 2283.22(6) 1.28(6) 40254 17427
2318.6(3) <0.2 *6301.3 3982.7
2351.6(2) 0.6(1) 2351.59(10) 0.39(3) 4323.6 1972.1
2581.4(1)  2.1(2) 2581.35(10) 1.12(5) 4323.6 1742.7
2599.3(10 <0.2  2599.28(16) 0.86(5) 5451.4 2852.0
2750.4(1) 1.6(2) 2750.35(11) 0.64(4) 4323.6 1573.6
2764.52)  1.4(1) 2764.45(10) 1.08(6) 34234  659.2
2821.8(3) 0.4(1) 2821.82(20) 0.41(4) 5800.2 2978.4
2948.4(6) <0.2  2948.40(10) 0.98(5) 5800.2 2852.0
3108.4(1)  2.1(2) 3108.44(10) 1.35(7) 48514 17427
3153.4(1) 1.7(1) *3812.6  659.2
3365.4(5) 0.5(1) 4025.4  659.2
3435.4(4)  0.2(1) *5407.5 1972.1
3664.1(1) 6.5(7) 3664.37(7) 3.7(2) 4323.6  659.2
3764.5(4) 0.8(1) 3764.47(18) 0.48(4) 53379 1573.6
3794.8(8)  0.5(1) *5368.4 1573.6
3970.7(5) 0.9(2) *5544.3 1573.6
4207.0(3) 0.4(1) *6472.6 2265.8
4238.5(5) 0.3(1) 4238.6(2) 0.534) *6210.6 1972.1
4410.2(4) 0.5(1) *5069.4  659.2
4414.3(1) 1.0(1) 4412.6(2) 0.72(5) 6157.0 17427
4678.5(1) 0.9(1) 4678.94(20) 0.66(4) 53379  659.2
4729.9(4) 0.8(1) 4729.9(3) 0.42(4) *6472.6 17427
5354.9(6) 0.3(1) 5354.9(2) 0.25(2) *6014.1  659.2
5387.8(1) 2.34) 5387.8(2) 1.41(6) 60469  659.2

for neighboring nuclei 7-7%7478-80Ge, configuration mixing of
various quasiparticle states can result in a dynamical change
for a nucleus from being y-rigid-like to y-soft-like. The be-
havior of the O;r in Ge is rather heterogeneous, with states
below 700 keV for >Ge and °Ge, around 1200 keV for "°Ge,
between 1450 and 1950 keV for #7¢8Ge and above 2300
keV for 32Ge. In "*Ge the 0; state drops below the 27 level
to become the first excited state, and the same would happen
in 8°Ge according to [9]. In Ref. [12] by means of large-scale
shell-model calculations, the observed variation in excitation
of the second 05 state in 7> "*Ge appears to closely correlate
to the g9/» occupation, induced by a strong proton-neutron
interaction.

Thus, the low excitation energy of the 03 in 2Ge is as-
cribed to the excitation of both protons and neutrons into the
go/2 orbit. We note that the reported 05 in 89Ge is the lowest
intruder state in this region, which leads us to speculate about
the mechanism that would lower such an intruder state, espe-
cially considering that even for ®Ni the intruder state, which
is a mixture of 4p4h and 6p6h configurations, lies around
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FIG. 6. Level systematics for N = 48 isotones (top) and Ge
Z = 32 isotopes (below). The energy values are taken from the
NNDC database [42].

2500 keV [41]. Regarding the systematics of the Z = 32 Ge
isotopes, the low-lying 05 in ®Ge as proposed earlier [9] is
not easy to explain either.

VI. SHELL-MODEL CALCULATIONS

In order to understand the systematics and the position of
the 0F state in **Ge we have performed shell-model calcula-
tions for the energy levels, which we compared to available
experimental data. For this purpose, we used ANTOINE [43]
and NUSHELLX @MSU [44] codes with the effective interac-
tions JUN45 [45] and jj44bpn [46] respectively. Both JUN45
and jj44b interactions are based on Bonn-C potential with
an assumed mass dependence of A'/3. The JUN45 residual
interaction was derived from the best fit to 400 data points for
69 nuclei with 28 < N < 50 and 28 < Z < 50. The single-
particle energies and two-body matrix elements were modified
empirically within the A ~ 63-96 mass region. The jj44b
Hamiltonian was fitted to 600 binding energies and excita-
tion energies for 77 nuclei with Z = 28-30 and N = 48- 50,
available in this region. The calculation has been carried out
using a *°Ni closed core and a valence space containing the
orbitals p3/2, f5/2, pi/2, and g, for protons and neutrons.
The results for positive parity states in *°Ge are depicted in
Fig. 7 and compared to the experimental results from the liter-
ature. For the sake of completeness, interacting boson model

Exp  ji44bpn JUN45 IBM-1 IBM-2
4000 o
8" 8"
32004 6"
S
&
= 2400 - 0%,
3 — +
g 4* , . 2,
5 1600 = . -
2, . . 4
800 2t S T _ 2t
T S
+ +
0- 9 0

FIG. 7. Comparison of the experimental levels for °Ge, shell-
model calculations with JUN45 and jj44bpn interactions, and IBM
calculations from [47]. The model space used for shell-model in-
teractions was ps» fs/2pi/2892. Experimental values are from the
NNDC database [42].

calculations, without (IBM-1) and with distinction of protons
and neutrons (IBM-2), described in [47] are also shown.

The shell-model calculations with both the JUN45 and
jj44bpn effective interactions reproduce very well the yrast
sequence and the ordering of the excited states (Fig. 7), and
yield an excellent description of the 27 state at 1574 keV. As a
comparison, the IBM-1 and IBM-2 calculations describe well
the first 27 and 47 states, while the 6T state is overestimated
by the IBM-2 calculations. Both IBM calculations are not so
successful in describing the 2 state. Concerning the crucial
O; state, the shell-model calculations predict a position well
above 1000 keV, with the highest energy being 2140 keV cal-
culated using the JUN4S5 interaction. The lowest value of 1230
keV is reported in [47] for IBM-1 calculations. In any case
none of the available calculations is able to reproduce a very
low-lying 0 level in the available model space. Shell-model
calculations with both interactions produce such a state above
the 2 level.

The calculations have been extended to other even Ge
isotopes to investigate the position of the 05 state. The results
are represented in Fig. 8 (top panel) and compared to the
experimental values and to the IBM calculations [47]. The
latter present irregularities in the prediction of the 05 states
and fail to reproduce the low intruder state of >Ge measured
at 691 keV. In contrast the shell-model calculations give an
overall good description of the position of the 05 states, the
JUNA4S5 interaction reproducing the energies better than the
jj44bpn one. The low-lying intruder state of ">Ge is very well
predicted by JUN45 with a deviation around 80 keV, which
gives a good indication of the predictive power of this inter-
action in the region. The absolute deviation of the predictions
for the position of the 0; state for both JUN45 and jj44bpn is
evident for ¥Ge, larger than 1 MeV, while for other isotopes
it is much smaller.

Calculations have also been performed for the 05 states
in the N = 48 isotones from A = 80 to A = 90, shown in
Fig. 8 (bottom panel). While the calculations successfully re-
produce the position of the 05 states well within 400 keV, the
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FIG. 8. Comparison of the experimental and calculated values of
the 07 state using JUN45, jj44bpn, and IBM interactions for Z = 32
isotopes (top) and N = 48 isotones (bottom).

calculated 0; energy for #°Ge is 1100 keV apart, as already
discussed. We conclude that our calculations in a restricted
model space lead to a reasonable description of excitation
energies for 3°Ge and its neighboring isotopes and isotones,
but fail to reproduce a very low-lying 0; state in 3°Ge.

VII. SUMMARY AND CONCLUSIONS

In this work we have investigated the structure of the N =
48, Z = 32 nucleus **Ge at the ISOLDE facility at CERN.

We take advantage of the population of °Ge in the 8 decay
chain of pure, laser-ionized 807n, whose 0% ground state
mostly populates the °Ga 3~ 22.4-keV isomer, which then
B decays to °Ge. The 01 deformed state was suggested at
639(1) keV in a previous study [9] based on the observation
of a monopole transition in coincidence with a previously
unobserved 1764(1) y ray. We have examined the position
of the intruder 05 state in the nucleus 80Ge in the vicinity
of one of the most neutron-rich doubly-magic nuclei, 78N,
using y spectroscopy and shell-model calculations. We have
used yy coincidences to search for feeding to the newly es-
tablished states. We observe a 1764-keV y ray in coincidence
with the 659-keV 2?’ — 07 g.s., and with other transitions in
89Ge, but not feeding the presumed 639-keV 0;“. No connect-
ing transitions from previously known levels [16,24] to the
proposed 639-keV 05 and 2403-keV 27 states [9] could be
established.

Shell-model calculations using the JUN45 and jj44bpn
effective interactions in the pfs;2g9/> model space for both
protons and neutrons have been performed to address the lo-
cation of the deformed 05 state. The calculations satisfactorily
reproduce most of the experimental features of the spectra
of Ge isotopes and N = 48 isotones, but fail to properly de-
scribe the very low-lying 0; state in °Ge. The experimental
evidence and the shell-model calculations cannot be recon-
ciled with the presence of such a state at low excitation. A
high-statistics y and electron spectroscopy experiment will be
required to completely rule out the existence of the OgL state
in 3°Ge and the evidence of shape coexistence in *°Ge. One
such experiment has been very recently reported [25] and no
evidence was found for the 05 639-keV level in *'Ge.
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