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Abstract
The low-energy states of the proton-rich nucleus ®*Ge were studied by the
multinucleon knock-out reaction ®’Se('’C,X)**Ge using a '*C target. The
analysis of the Doppler-corrected singles spectrum of the v rays showed two
transitions at 744(20)keV and 948(17) keV, which were found to be in
coincidence with each other, forming a cascade and establishing two states at
948(17)keV and 1692(26) keV. The 744 keV transition was detected for the
first time, and based on a comparison of the experimental data to shell-model
and symmetry-conserving-configuration-mixing-model calculations, it con-
nects the second and first 2" levels. The beyond-mean-field model suggests
that these states belong to two different bands with triaxial features and similar
deformation.

Keywords: 62-germanium, multinucleon knock-out, ~-ray spectroscopy,
nuclear structure

1. Introduction

Since its first appearance in '°O suggested by Morinaga [1], shape coexistence has been
discovered throughout the nuclear chart. Recently, experimental results and theoretical
approaches were reviewed [2, 3]. One of the most interesting regions where shape evolution
and coexistence were identified are the neutron-deficient nuclei around the N =Z line
between the nickel and zirconium isotopic chains. From another point of view this region is
also a fertile ground where the mirror energy difference can be experimentally studied, and
the isospin non-conserving term of the nuclear interaction can be explored [4-8]. Further-
more, the astrophysical rp-process path goes through this region, and the structure of these
nuclei is important to determine the key reactions for the understanding of type I x-ray bursts
[9-12].

20 present address: Department of Nuclear Physics and Accelerator Applications, Research School of Physics, The
Australian National University, Canberra, ACT 2600, Australia.
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Along the N = Z line, shape coexistence was experimentally found in *°Ni [13], which was
interpreted within Monte-Carlo-shell-model calculations [14]. For ®*Zn, a rotor is expected
based on shell-model calculations [15], which is confirmed by the experimentally determined
level energies of the yrast band [16] although no transition strengths were measured. **Ge was
found to be unstable against triaxial deformation in the ground state [17, 18]. Two coexisting
rotational bands with different moments of inertia were identified in ®3Se [19], and similarly
shape coexistence was established in 2Kr [20] and 768y [21].

Beyond the N = Z line, for T, = —1 nuclei, the experimental information is scarce: only the
yrast band is known up to spin/parity of 10" for >*Ni [4]; one bound, likely the first 27"
excited state, and some resonances were found in >*Zn [10]; two transitions were observed in
74Sr [8], nonetheless signs of shape coexistence were recently reported in 66Ge [22] and K¢
[7] based on the identification of their second 2" state and comparisons to theoretical cal-
culations, which imply different deformations for the associated second bands.

For ®’Ge, until recently only a single experiment [6, 23] was available that mentioned two
possible transitions at energies of 964 and 1321 keV. However, the existence of these tran-
sitions was uncertain because a thorough statistical analysis of the spectrum, which was
largely contaminated by events from ®*Zn and ®*Ga, was not provided. A new paper
uncovered several transitions by fusion-evaporation and inelastic scattering reactions for *Ge
at energies of 965 keV, 1227 keV, 1505 keV, 2232 keV, and 1756 keV [24]. The 1756 keV
transition was tentatively placed between the 27 and the ground state. However the transition
between the 23 and the 2| levels, which was expected to be stronger based on the branching
ratios of the mirror nucleus (59% for 2§ — 2 and 41% for 27 — 0;), was not seen.
Therefore, our aim was to further study the low-energy level structure of ®Ge by ~-ray
spectroscopy from multinucleon knock-out reaction and clarify the location of the 23 level.

2. Experiment

The details of the experiment, which was performed at the Radioactive Isotope Beam Factory
operated by the RIKEN Nishina Center and by the Center for Nuclear Study of the University
of Tokyo, were discussed in our previous paper [22] however we repeat here some funda-
mental features for completeness. The radioactive species were produced by fragmentation
from a beam of "®Kr ions hitting a *Be target with a thickness of 2 mm at an intensity of
400 pnA and an energy of 345 MeV /u. The BigRIPS separator [25] was used to purify the
radioactive ion beam and to identify the different nuclei using the standard procedure based
on magnetic rigidity (Bp), energy loss (AE) and time of flight (TOF) measurements discussed
in more detail in an earlier publication [26]. After the beam tuning with reduced primary beam
intensity of 40 pnA, the ionization chamber, used for determining energy loss, was removed
because it could not handle the high total intensity of the radioactive cocktail beam
(10* particle s ") during data collection. However, the separation of the ’Se jons was
monitored and provided with a 7.5¢0 in A/Q by the TOF and Bp information. The excited
states of the nuclei in question were populated in a '2C target with a thickness of 2 mm at one
of the final focal planes of the separator which was surrounded by 100 CsI(Na) scintillator
detectors of the CATANA array [27] to observe the prompt ~ rays emitted during the
deexcitation process. This array was energy-calibrated by radioactive sources, and a detection
threshold of 100 keV was obtained in the laboratory system. An add-back procedure merging
the hits closer than 10 cm and within a 10 ns time window was used to increase the photopeak
efficiency to a value of around 15% in the 500-1500 keV energy range while the energy
resolution was around 13% (FWHM value) for 1 MeV. The events were Doppler-corrected
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Figure 1. Identification of fragments with cuts on the incoming beam ®’Se and the
Doppler-corrected v rays with energies larger than 200 keV. Some of the fragment cuts
applied when producing the ~-ray spectra are shown with red ellipses.

for the center-of-mass frame using the position information of the detectors relative to the
carbon target and the beam velocity at the middle of the target. The beam-like ions were
analyzed by the SAMURALI spectrometer [28] based on Bp, AE, and TOF measurements.
Multiwire drift chambers located upstream and downstream of the magnet served to deter-
mine the trajectories, and the magnetic rigidity was calculated using the multidimensional fit
procedure of the ROOT framework [29]. A plastic scintillator array of 7 bars provided the
energy loss and the time of flight. The identification of the fragments presented in figure 1 was
based on the obtained 4.1c separation in Z and 3.20 separation in A/Q. The intensity and
energy of the ®’Se ions entering the carbon target were 10° particle s~ and about 250 MeV /u
while the energy loss in the target was about 80 MeV /u.

3. Results

Figure 2 shows the Doppler-corrected singles spectrum for ®*Ge (panel A), **Ge (panel B),
and **Ge (panel C) from the 7Se('?C,X) reaction. The smooth background, known to have
two components (atomic process and scattered particles) from previous experiments [30, 31],
was modeled by a double-exponential function with four free parameters, which proved to be
successful with a similar scintillator array (see, e.g. [32-35]). The statistical confidence,
energy, and intensity of the observed peaks were deduced by using our Geant4 [36] appli-
cation, which provided the response function of the CATANA array for a y ray emitted by the
fast-moving projectile, taking into account the intrinsic experimental resolution of the CsI(Na)
crystals. The resulting response functions were added together with individual scaling
parameters plus the double-exponential background function to fit the spectrum using the
likelihood method [37] of the ROOT framework [38], which gives more reliable results in
comparison to the chi-square method for fitting spectra with low statistics [32, 39].

The spectrum for ®*Ge served as a benchmark with its known low-energy transitions. A
total fit using four peaks of 571(6) keV, 677(6) keV, 901(5) keV, and 1146(6) keV with a
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Figure 2. Doppler-corrected singles y-ray spectrum for Ge (A), ®Ge (B), **Ge (C)
and coincidence 7-ray spectrum for ®*Ge (D) using add-back procedure for the %’Se
(*2C,X) multinucleon knock-out reaction. The data with error bars and shaded area
represent the experimental spectrum, the red line is the simulation plus a double-
exponential background, and the latter function (exponential background) is also
plotted separately as a blue line. For panel C, an additional fit is provided (green line)
assuming the spectrum contains also the 1692 keV transition between the 25 and 0
states (see text for details). The coincidence spectrum was created by selecting events
in the vy matrices in coincidence with the 948 keV ~ ray, while the blue background
spectrum was made by selecting a gate right beside the ~y ray in question.

reduced x? (x?) of 1.64 was achieved presented by a red line (the background is shown by the
blue line). The quoted uncertainties for the «-ray energies include uncertainties arising from
the statistics, the energy calibration (4 keV), the background estimation, and the Doppler
correction. The uncertainty associated with the Doppler correction stems from the uncertainty
of the velocity measurement (3 keV) and the angle of the detector elements of the array with
respect to the beam direction. The latter was minimized by adjusting the position of the array
in the analysis until transitions with well-known energies matched the literature value within
1 keV. The obtained energies are in a very good agreement with the ®*Ge ~-ray transition
literature values of 576.2(3) keV, 677.0(3) keV, 901.5(3) keV, and 1150.8(4) keV corresp-
onding to the decay of the four lowest-energy levels [40].

The spectrum of “*Ge is also shown due to its proximity to “*Ge and its high production
from the ®’Se+'2C reaction. This allows for the potential contamination of the **Ge spectrum
to be identified. y-ray peaks are not detected in the “*Ge spectrum at energies above 500 keV,
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Figure 3. Partial level scheme of ®*Ge and ®*Zn up to around the proton separation
energy of 2.29(15) MeV [46] from the symmetry-conserving-configuration-mixing
model (SCCM), shell model (Coulomb term not included), the present data, and for the
mirror nucleus. The y-ray branching ratios are given for the theoretical and the mirror-
nucleus level schemes while the efficiency-corrected intensity relative to the 948 keV
transition is shown for the 744 keV transition in case of the experimental level scheme.

which is relevant for the spectrum of ®’Ge, or at energies below 500 keV. There is only one
conference proceedings available in the literature where a single transition with an energy of
417.5(1) keV was reported [41] for %Ge. This was seen in the (-decay of 4Se followed by
the decay of one of the proton-unbound states of ®*As, so it is likely that the corresponding
level in ®*Ge was not populated in our multinucleon knock-out reaction. It is also possible that
the transition is undetectable due to the instrumental high background and the expected close
location of many overlapping low-energy transitions based on the information on **Ge [42],
which would result in an additional background without distinct peaks.

In the spectrum of %2Ge, two peaks were identified at 744(20) keV and 948(17) keV with
statistical confidences of 2.8c and 6.20, respectively. The statistical confidence values
changed by less than 0.20 when the binning was changed. One of the transitions (948) is in
agreement within the uncertainties with the 965 keV transition reported earlier [6, 23, 24].
The other 744 keV transition was not observed previously. From the constructed 7y matrix
with a multiplicity of 2 for the CATANA array, a spectrum coincident with the 948 keV
transition is shown in panel D of figure 2 (grey shaded). A peak appears at an energy of
759(27) keV consistent with 744 keV transition in the singles spectrum. A background
spectrum in blue is also presented with a gate just displaced in energy from the 948 keV
transition. This confirms that the two observed transitions form a cascade.

4. Discussion and interpretation of the results

To interpret the observed data, a shell-model calculation was performed to obtain the energy
spectra and the electromagnetic transition rates by the ANTOINE code [43, 44]. The applied
interaction was JUN45 (Coulomb term not included) which was developed for the description
of nuclei in the pfs g9/ valence space with the proposed effective charges of e, = 1.5¢ and
e, = 1.1e when evaluating the E2 transitions [45]. The calculated level scheme and the v-ray
branching ratios of the main transitions up to the proton separation energy of 2.29(15) MeV
[46] are plotted in figure 3, marked as ‘Shell Model’, together with the information known for
the mirror nucleus **Zn.
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To gain further insight into intrinsic shapes of ®*Ge, calculations were carried out using the
symmetry-conserving configuration mixing (SCCM) method with the Gogny DIS energy
density functional (EDF) [47, 48]. The objective of this method is to obtain variational
approximations for the exact wave functions. In the present case, the intrinsic HFB states
were obtained by minimizing the particle-number projected energy for different values of the
quadrupole deformation parameters, [3,. As these are no-core calculations, no effective
quadrupole operators were needed to define the triaxial map (03,, ) or to calculate the
electromagnetic properties.

Based on the larger intensity of the 948 keV transition and the comparison to the level
schemes of the theoretical models and the mirror-nucleus, this transition connects the 2" state
and the ground state in agreement with the earlier findings [6, 23, 24]. The 744 keV transition,
which coincides with the 948 keV transition, establishes a state at an energy of 1692(26) keV.
This state is a good candidate for the second 2" state because a very similar energy has been
observed in the mirror nucleus, and the theoretical calculations also align with this assign-
ment. Furthermore, a transition at 1756(13) keV was obtained in the earlier proton knock-out
reaction which was tentatively proposed to connect the 23 state and the ground state [24].
However, the expected stronger 27 — 2, transition was not observed due to the large
Compton background. On the other hand, here the 23 — 0 transition was not seen, which is
due to the low statistics as it is demonstrated in panel C of figure 2 by the green fit which is
performed in a way that the scaling parameter of the response function of the CATANA array
for the 23 — 0 transition (1692 keV) was bound to that of the 23 — 2" transition (744 keV)
using a multiplicative factor of 41/59 = 0.69 originating from the branching ratios for the 23
level of the mirror nucleus. The change in the goodness of the fit (from 1.08 to 1.09) is
negligible adding this 2 — O] transition, which means that the statistics in the present
spectrum does not allow to confirm or exclude its existence.

The experimental mirror energy difference of the 23, defined as EQ]T. =
—1) — EQ2T; = +1), for the ®*Ge-*Zn pair is —113(26) keV which is consistent with the
negative values measured for such pairs in the region: —166(6) keV (ngn-sgNi) [10, 49],
—22(6) keV (*°Se-*°Ge) [22, 50], and —122(11)keV ("’Kr-""Se) [7, 51].

According to the SCCM calculations, the collective quadrupole properties are mostly
dictated by the total particle-number-projected energy surface (PNVAP-TES) represented in
figure 4(f), where a clear triaxial minimum at (3,, 7) = (0.25, 20°) was observed. Then, the
final energies, branching ratios, and collective wave functions were obtained after performing
angular momentum projection and shape mixing. Hence, the SCCM calculations predicted a
AJ =2 ground-state-band (0], 2{", 41, ...) and a AJ =1 4-band (27, 3{", 47, ...) built on top
of the triaxial configurations where the minimum of the PNVAP-TES was obtained (see the
collective wave functions shown in figure 4(a)—(d)). It is worth noting that a significantly
different band was also identified, where the band head is the Oj state which is a mix of
modestly deformed configurations (3, =0.18) and a contribution from a deformed state at
(B2, 7) = (0.5, 20°) (see figure 4(e)). Additionally, it is also interesting that this Oj state is
located at about 5 MeV in SCCM and at a very low energy (about 2 MeV) in the shell model.
This presents a good opportunity for a future experiment to look for shape coexistence in
2Ge.

Finally, the SCCM calculations also predicted a similar collective structure (triaxial
ground-state-band and ~-band) for the mirror isotope ®*Zn (not shown). Due to the Coulomb
interaction, that was inherent in this method, slightly larger excitation energies were obtained
for the 2, and 23 states with respect to that of ®*Ge, in agreement with the experimental trend
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Figure 4. (a)-(e) SCCM collective wave functions, and, (f) particle-number variation-
after-projection total energy surface, as a function of the quadrupole (5,, 7)
deformations, computed with Gogny D1S EDF. See text for more details.

(see figure 3). The branching ratios for the decay of the 27 state were calculated to be the
same in ®*Zn and ’Ge but they are somewhat different from the experimental values of **Zn.

5. Summary

The low-energy nuclear structure of “>Ge was studied by the multinucleon knock-out reaction
using a thin '?C target. Two transitions were observed in coincidence with each other,
establishing two excited states. These states were assigned to the first and second 27" levels
based on a comparison to shell-model and beyond-mean-field-model calculations, as well as
information on low-lying states in the mirror nucleus ®*Zn. According to our SCCM calcu-
lations, the observed states belong to the triaxial ground state band and its associated ~y-band
with similar deformations. Another significantly different band built on the 0 state, which is
predicted to be located at very different energies by the two theoretical approaches, calls for
further work to explore this exotic feature.
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