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Abstract. Gamma-ray detection following the inelastic neutron scattering reaction on isotopically enriched
material was used to study the nuclear structure of *Ge. From these measurements, low-lying, low-spin ex-
cited states were characterized, new states and their decays were identified, level lifetimes were measured with
the Doppler-shift attenuation method (DSAM), multipole mixing ratios were established, and transition proba-
bilities were determined. New structural features in *Ge were identified, and the reanalysis of older "*Ge data
led to the placement of the 2* member of the intruder band. In addition, a number of previously placed states in
74Ge were shown not to exist. A procedure for future work, which will lead to meaningful data for constraining
calculations of the neutrinoless double-beta decay matrix element, is suggested.

1 Introduction

Double-beta decay with the emission of two 8~ particles
and two antineutrinos (2v88) has been observed in a hand-
ful of nuclei [[1]]; however, the neutrinoless double-beta de-
cay process without the emission of antineutrinos (0v305)
remains unobserved, although several large-scale interna-
tional searches are in progress. 0vS(, a lepton-number-
violating nuclear process, will only occur if the neutrinos
have mass, which has now been established from several
sources, and if they are Majorana particles, i.e., they are
their own antiparticles. In addition to being the only prac-
tical way to establish if neutrinos are Majorana particles,
the observation of OvSf promises to provide perhaps the
best method for obtaining the mass of the neutrino.

The rate of Ovf33 is approximately the product of three
quantities [2]], the phase space factor for the emission of
two electrons, Gy,, the effective Majorana mass of the
electron neutrino, mgg, squared, and the nuclear matrix el-
ement (NME), M,,, squared:

[T12]™" = Gou(Q. 2)| Mo, P

The rate of OvSB will be obtained with the first experimen-
tal observation of this process, and the mass of the neu-
trino will then become available, if the NME is known.
The NMEs cannot be determined experimentally but must
be calculated from nuclear structure models (see Ref. [2]]
for a recent review of the status and progress in calculat-
ing NMESs). Unfortunately, there is significant disagree-
ment between the various theoretical approaches used in
calculating the NMEs, with values differing by factors of
two and greater (and the NMEs are squared in the rate
equation). As the NMEs are obtained from nuclear struc-
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ture calculations, a focus of many of our recent measure-
ments at the University of Kentucky Accelerator Labora-
tory (UKAL) has been on providing detailed nuclear struc-
ture data to guide and constrain these model calculations.

At UKAL, we have performed y-ray spectroscopic
studies following inelastic neutron scattering from 7°Ge
[3], which is widely regarded as one of the best candi-
dates for the observation of OvB3 and is the focus of two
large-scale searches [4} 5], and 76Se, its double-beta de-
cay daughter [6]. Configuration interaction shell-model
calculations in the jj44 model space (see the Appendix
of Ref. [3]) were performed with the shell-model code
NUSHELLX for both the parent and daughter, i.e., °Ge
and 7°Se. While the calculations explained the low-energy
nuclear structure of *Ge quite well, they were not as suc-
cessful for °Se. A notable problem is that the first 3*
excited state in 7®Se is calculated to occur more than an
MeV higher than it is observed experimentally, thus mak-
ing it difficult to explain the experimentally observed “y
band”.

As meaningful nuclear structure calculations should be
able to explain the structure of a region of nuclei rather
than just an isolated nucleus, we have initiated studies of
other nuclei in the A =76 region (see Fig. [T). The structure
of this region is not simple, as previous work has provided
evidence of shape transitions, shape coexistence, and tri-
axiality [7H12]. In the case of 7*Ge, the first additional nu-
cleus in the region we have chosen to study, a great deal of
information is available from other studies [[13H18]]; how-
ever, some of these works are very dated and there is need
for improvement.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 232, 04011 (2020)
HIAS 2019

https://doi.org/10.1051/epjconf/202023204011

3
4+
3+ —_— 4+
-——-3
P e |
2* —_—— /
= — p— 2
0+ —_— ) _,,,
12 ‘
N— o 5+
L_0* 0*
MeV 70Ge 2Ge  7Ge,, °Ge 8Ge 80Ge

Figure 1. Low-lying excitations in °Ge and surrounding nuclei. Except for the lowest excited 0* states, which are generally attributed
to shape coexistence, the level properties appear to be slowly varying. Data extracted from the National Nuclear Data Center’s ENSDF

database, www.nndc.bnl.gov/ensdf.

2 Experimental

The methods used in our (n,n’y) studies of "*Ge are sim-
ilar to those described in detail in our studies of 7°Ge [3]]
and 7°Se [6]); however, some comments are in order about
the inelastic neutron scattering reaction as employed in our
laboratory. As neutrons do not experience a Coulomb bar-
rier, by varying the incident neutron energy the nucleus
can be selectively excited to any energy. The detection
of y rays with HPGe detectors assures excellent energy
resolution, although the incident neutrons typically have
energy spreads of 50 to 100keV. The reaction is statisti-
cal in nature and thus nonselective of the nuclear structure
of the excited levels; it is limited to low-spins as the neu-
trons do not lead to large transfers of angular momentum.
Large multigram scattering samples are usually employed;
this restriction is not because the cross sections are small
but because the neutron fluxes are limited in these sec-
ondary reactions. The neutrons are produced typically by
the *He (p,n) reaction or the 2H (d, n) reaction. The qual-
ity of the data is improved by employing isotopically en-
riched scattering samples, which are generally leased from
the National Isotope Development Center at Oak Ridge
National Laboratory.

The scattering samples for the present measurements
were approximately 20 g of elemental Ge powder enriched
to 98.90% in "*Ge, and two types of measurements were
performed. Excitation functions were obtained by increas-
ing the incident neutron energy, while keeping the angle
of measurement constant, and can be used to construct the
level scheme from the observed y-ray thresholds. Angular
distributions were measured at a constant neutron energy,
while the angle of detection is varied. Figure [2]illustrates
a spectrum obtained from the 7*Ge (n, n’y) reaction.

3 New Structural Features

In addition to the known ground-state and 7y bands,
the 2* mixed-symmetry state in *Ge was identified at
2833keV and is characterized by a B(M1;2;, —27) of
(0.181 £ 0.007) un2. A similar excitation was observed in
76Ge at 2767 keV [3]]. Moreover, the 2* and 4* members of
the “band” built on the lowest excited 0T state at 1483 keV,
usually described as an intruder or shape-coexisting struc-
ture, was observed. The 2* state at 2198 keV decays
with a B(E2;2* — 0%) of (20 +3) W.u. and the 4% state at
3049 keV decays with a B(E2;4" —2%) of (13+4)W.u.
The intruder band in 7*Ge is now the best characterized of
any shape-coexisting structure of the even-A Ge nuclei.

With the identification of the shape-coexisting struc-
ture in "*Ge and the determination of the B(E2)s within
this band, a search for corresponding structures in "°Ge
was initiated from the data taken by Mukhopadhyay et al.
[3] in our laboratory. Assuming that the band-head of this
structure is the lowest 0" state at 1911keV in "°Ge, the
next 2* state in the reported level scheme is at 2504 keV,
which was observed to de-excite to the ground band and
the y band, but a y ray to the 1911keV state was not
reported. From the summed spectra of all angles in the
3.0 MeV angular distribution, a y ray at 593 keV was ev-
ident. This placement was verified from the excitation
function, which showed a threshold near 2.5 MeV, and
the branch to the 1911 keV 0* state was determined to be
(6+1)%. When these new results were combined with
the measured lifetime for the 2504 keV state, a B(E2) of
(21 £ 10) W.u. was obtained.

4 Conclusions

From inelastic neutron scattering with y-ray detection, we
are able to establish the level scheme, determine y-ray
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Figure 2. 7*Ge (n,n’y) spectrum obtained with 3.0 MeV incident neutrons at a detection angle of 90°. y rays of interest are labeled.

branching ratios, transition multipolarities, multipole mix-
ing ratios, and level lifetimes. Ultimately, we also deter-
mine y-ray reduced transition probabilities, which can be
compared with nuclear structure calculations.

To date, experimental nuclear structure work has been
arather haphazard procedure, with nuclear spectroscopists
studying a nucleus in detail with a particular reaction, pub-
lishing their data and interpretation, and moving on to the
next project. Rarely is a systematic study performed for a
mass region. To provide a more holistic approach to nu-
clear structure studies providing data for comparison with
NME calculations, we suggest a different procedure.

First, we recommend that effort be directed at iden-
tifying all of the excited states up to some energy (e.g.,
3MeV) in as many nuclei in the region of interest as pos-
sible, but certainly those near the nuclei of interest, i.e.,
the parent and daughter of the neutrinoless double-beta
decay. As most reactions have some selection rules as-
sociated with them, this requirement will not be possible
in many cases; however, it is important to characterize, as
fully as possible, those nuclear states that are observed.
We suggest that considerable effort be directed at charac-
terizing all of these states completely. This requirement
is a significant challenge. Finally, it is important to com-
pare these data with theoretical model calculations and
establish some criteria for “success”, i.e., benchmarking.
Through this rigorous procedure (and the eventual exper-
imental identification of 0v3B), the mass of the neutrino
can be determined with small uncertainties.

After laying out this demanding procedure, it is im-
portant to assess how successful our study of "*Ge was in
meeting the criteria outlined. By necessity, the details will
be presented in a future, larger publication [19], so only
a summary is given here. We remain cognizant of previ-

ous work and these contributions to our knowledge of the
nuclear structure of "*Ge [13H18].

We feel that we have identified all levels in "#Ge up to
2.5MeV in excitation and that we have correctly assigned
spins and parities to these levels. The lifetime of one level
(the first 3* excited state) below 2.8 MeV remains unde-
termined because it is too long lived for a DSAM lifetime
determination. Nonetheless, we have established an upper
limit on its lifetime. Similarly, there remains one level be-
low 2.8 MeV that cannot be assigned a definite spin-parity.
Obtaining this degree of clarity of the level scheme of 7*Ge
also required the elimination of several states which ap-
pear in the data compilations. The necessity of eliminating
these spurious levels has been discussed previously [20].

What is the status of additional studies like the one
described here? The other stable Ge and Se are clear
candidates for detailed nuclear structure studies with the
(n,n’y) reaction, and the experimental observation of
0vBB would hasten the process.
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