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Nuclei in the vicinity of Ni are important benchmarks for nuclear structure, which can reveal changes in the
shell structure far from stability. Spectroscopy of the odd-odd isotope ®Cu was performed for the first time in an
experiment with the EURICA setup at the Radioactive Isotope Beam Factory at RIKEN Nishina Center. Excited
states in the neutron-rich isotope were populated following the 8 decay of "*Ni produced by in-flight fission and
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separated by the BigRIPS separator. A level scheme based on the analysis of y-y coincidences is presented.
Tentative spin and parity assignments were made when possible based on the B-decay feeding intensities and
y-decay properties of the excited states. Time correlations between 8 and y decay show clear indications of an
isomeric state with a half-life of 3.8(4) ms. Large-scale Monte Carlo shell-model calculations were performed
using the A3DA-m interaction and a valence space comprising the full fp shell and the 1g9,, and 2ds, orbitals
for both protons and neutrons. The comparison of the experimental results with the shell-model calculations
allows interpreting the excited states in terms of spin multiplets arising from the proton-neutron interaction. The
results provide further insight into the evolution of the proton single-particle orbitals as a function of neutron
number, and quantitative information about the proton-neutron interaction outside the doubly magic "®Ni core.

DOLI: 10.1103/PhysRevC.107.044301

I. INTRODUCTION

One of the fundamental questions in nuclear physics is
how nuclear structure changes when moving away from
well-known stable nuclei towards exotic nuclei with large
proton-neutron asymmetry. Doubly magic nuclei and their
neighbors play a crucial role for understanding the mecha-
nisms that affect the energies and ordering of single-particle
orbitals and the size of shell gaps [1,2]. The nucleus "®Ni is
of particular interest for studies of shell evolution. With 28
protons and 50 neutrons, it has the largest neutron-to-proton
ratio of all closed-shell nuclei with traditional magic numbers.
The doubly magic character of "*Ni was recently confirmed in
a spectroscopic study that identified the first excited 27 state at
a high excitation energy of 2.6 MeV [3]. Robust shell closures
for both Z =28 and N = 50 are consistent with B-decay
half-lives of nuclei in the region [4] and with the masses of
neutron-rich Cu isotopes [5]. Nuclei with few valence parti-
cles or holes outside a "®Ni core represent therefore important
benchmarks for theoretical models. The nucleus "8Cu with
Z =29 and N =49 is ideally suited to obtain information
about the proton-neutron interaction outside the "®Ni core.
Properties of nuclei in the vicinity of 8Ni, in particular masses
and B-decay half-lives but also the occurrence of isomeric
states, are furthermore important for modeling the nucleosyn-
thesis in the region of the first r-process abundance peak [6,7].

Earlier experiments in the "®Ni region have seen evidence
for an inversion of the proton 72p3,; and 7m1fs/,, orbitals
[8,9]. The ordering of the two states becomes inverted in > Cu,
where the ground state was found to have I = 5/27 [8], and
an isomeric 3/27 state was found at very low excitation en-
ergy [10]. The excitation energy of the 3/2~ state continues to
increase relative to the 5/2~ ground state in ’Cu [9] and ""Cu
[11], consistent with the crossing of the 7 1fs,, and 72p;3,,
orbitals. The change in single-particle energies was explained
by the monopole component of the tensor interaction, which is
attractive between the v1gg,> and 7 15, orbitals but repulsive
between the v1gg,, and 72p3/, orbitals [12]. In 78Cu, with
only one proton and one neutron hole outside the doubly
magic core, relatively pure configurations are expected. The
ground state and excited states at low excitation energy are
expected to be dominated by the negative-parity multiplet
arising from the coupling of an odd proton in the 71f5),
orbital with a neutron hole in the v1gog, orbital.

The easiest way to couple the valence particles to positive-
parity states is by neutron excitation from the v2p;,, into

the v1gy/, orbital, leaving an unpaired neutron in the v2p;
orbital. Positive-parity states are expected to be found at
higher excitation energy, and those with low spin are expected
to be strongly fed in 8 decay by allowed transitions.

Shell-model calculations for the heavy odd-odd Cu iso-
topes were performed earlier by Van Roosbroeck et al. using
schematic § and quadrupole-quadrupole (QQ) interactions for
single proton and neutron shells outside a ®*Ni core, as well
as using a larger valence space comprising the pf and 1g9/»
orbitals for both protons and neutrons with a more realistic
interaction [13]. The results of the calculations reflected the
transition from particle-particle to particle-hole coupling as
neutrons fill the v1gg,» orbital, consistent with expectations
from the parabolic rule [14].

Monte Carlo shell-model (MCSM) calculations [15] based
on a larger valence space outside a *°Ca core with the
A3DA-m interaction [16] were able to reproduce detailed
spectroscopic data for both 71Cu [9] and "°Cu [11]. Extending
the experimental spectroscopic information to heavier odd-
odd Cu isotopes is crucial for understanding the interaction
between proton particles and neutron holes outside the "8Ni
core and to provide additional benchmarks for the MCSM
calculations. It was furthermore shown that residual proton-
neutron interactions between the pf and sdg shells have
implications for calculating electron-capture rates during core
collapse supernovae [17].

Before the present experiment, no excited states in 78Cu
were known. Its half-life has previously been measured to be
330.7 &+ 2.0 ms [4]. Magnetic-dipole and electric-quadrupole
moments have been measured for the ground states up to A =
78 [18], which found a tentative assignment of (67) for Cu.
The present work provides the first spectroscopic information
on the odd-odd isotope "8Cu. Experimental details and the
data analysis are described in Secs. II and III, respectively.
Results including spectra, level schemes, and spin-parity as-
signments, are presented in Sec. IV. The results are discussed
and compared with MCSM calculations in Sec. V, followed
by a summary and conclusions in Sec. VI.

II. EXPERIMENTAL SETUP

The data presented in this article were obtained in exper-
iments carried out at the Radioactive Isotope Beam Factory
(RIBF) of the RIKEN Nishina Centre for Accelerator-based
Science outside Tokyo, Japan, during two separate beam times
as part of the EURICA campaign [19]. A primary beam of
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2381 was accelerated subsequently by four cyclotrons to an
energy of 345 MeV per nucleon with an average intensity
of 10 pnA. In-flight fission reactions of the incident 23U
projectiles were induced on a °Be target of 555 mg/cm?
areal density, which was located at the FO focal point at the
entrance of the BigRIPS fragment separator [20]. The fission
fragments were separated in the first stage of the BigRIPS
separator by using the Bp-AE-Bp method [21]. Particle iden-
tification (PID) was performed in the second stage of the
fragment separator by combining information on the time-of-
flight through the separator with the magnetic rigidity Bp and
the characteristic energy loss AE of the fragments. The ions
of interest were further transmitted through the ZeroDegree
spectrometer [21] to the focal point F11, where their 8 decay
and subsequent y -ray emission were detected. A resulting PID
plot can be found in Ref. [4]. The settings of the BigRIPS
separator were optimized for the transmission of ®Ni and
817n, respectively, during the two experiments.

The separated fission fragments were implanted into the
wide-range active silicon-strip stopper array for beta and ion
detection (WAS3ABi) [22], which consisted of a stack of
eight double-sided silicon strip detectors (DSSSDs). Each
detector had 60 horizontal and 40 vertical strips of 1 mm
pitch, resulting in a total of 2400 pixels of size 1 x 1 mm?
per detector. Each detector had a thickness of 1 mm, with
0.5 mm separation in depth between the detectors. To ensure
that the ions were stopped in the center of WAS3ABI, a thin Al
degrader was located in front of the detectors. The WAS3ABi
array was surrounded by the EURICA array of 12 Euroball
Cluster detectors. Each Cluster detector consisted of seven
HPGe detectors, yielding a total of 84 Ge crystals with an ab-
solute photopeak efficiency of ~6.5% for 1.3 MeV y rays. Ion
implantation, 8 decay, and y decay events were recorded in
time-stamped list mode, allowing the correlation of y-decay
events with the 8 decays of specific fission fragments that
were identified in mass and atomic number. More details on
the experimental setup can be found in Refs. [19,22].

III. DATA ANALYSIS

As a first step, subsets of data were generated according
to the atomic number Z and mass number A of the ions that
were identified in BigRIPS and implanted into WAS3ABi.
Ion implantation events were correlated in time and posi-
tion with subsequent 8 decays. A total of 7.2 x 103 78Ni
ions were implanted, and 3.0 x 103 correlated B-decay events
were detected. The B-decay half-life of "®Ni was found to be
Tip = 122.2(51) ms in a separate analysis of the same data
[4], while the Qg value is 9910 (400) keV [23]. Finally, y
rays detected in the Ge detectors were correlated in time with
B-decay events in the Si detectors. The data from the two
experiments were analyzed separately, and the resulting y -ray
spectra and y-y coincidence matrices were combined after-
wards. The individual steps of the data analysis are described
in more detail in the following.

Signals from heavy-ion implantation in the DSSSDs are
easily distinguished from the detection of B-decay electrons
by their signal amplitude. For each implantation event of a
8Ni ion, the data were scanned for the subsequent 8 decays

within a given time window of 2 s. If more than one §-decay
event were registered within the correlation time window, only
the first one was considered. To reduce the number of random
coincidences between implantation and $-decay events, it was
required that the implanted ion and pB-decay electron were
detected in the same, a neighboring, or next to neighboring
pixel of the same DSSSD layer.

Finally, correlated events between implanted ions and
B decays were used to select y rays that were promptly
following the B decay of 7®Ni, within a time window of
approximately 200 ns. The information on the time difference
between § decays and detected y rays was furthermore used
to search for isomeric decays. In the case that two neighboring
crystals within the same Ge cluster detector gave coincident
signals, their energies were summed to account for Compton
scattering and to increase the detection efficiency for y rays
with high energy.

y-ray singles spectra were sorted for different correlation
time windows between the ion implantation and B-decay
events. Because the detection efficiency for electrons in the
DSSSD is less than 100%, the B decay can remain unde-
tected. In case a subsequent B decay (or S-delayed neutron
decay) occurs within the correlation time window, y rays from
the decay daughter or even granddaughter can appear in the
spectrum. Limiting the correlation time to short intervals of
the order of the half-life of "®Ni strongly suppresses y rays
originating from subsequent decays but also removes y rays
occurring within "8Cu. The relative suppression of y rays as
a function of correlation time was used to assign unknown
y rays to "8Cu. Known y rays following the decay of "®Cu
into "8Zn, [13] were used to validate the procedure. After the
assignment of the strongest y rays to '°Cu, the strict time
constraint between implantation and 8 decay was relaxed to
search for y-y coincidences and to construct the level scheme
in a compromise between high statistics for the y rays of
interest and suppressing y rays from daughter decays.

Figure 1 shows a y-ray singles spectrum for *Cu. To max-
imize the level of statistics, a relatively long correlation time
window of 2 s was used, resulting in stronger contributions
from the daughter decays in 7"7Zn. All peaks that are la-
beled by their energy were assigned to '3Cu. Some transitions,
however, could not be placed in the level scheme because
of lacking y-y coincidence relationships. These transitions,
which are labeled by their energies in parentheses, were as-
signed to "8Cu based only on their time correlation with the
B-decay detection. Where possible, coincidence relationships
between y rays were used to validate their assignment to
8Cu. Examples for gated coincidence spectra are shown in
Fig. 2. Only y rays that could be placed unambiguously were
included in the level scheme.

The absolute intensity of S-decay feeding was determined
from the intensity balance of y rays feeding and depopulating
a given state, which was corrected for detection efficiency
and internal conversion and normalized to the number of
implanted ions. However, because of the incomplete level
scheme and missing y-ray feeding from above, this apparent
B feeding is only a limit, and a conversion into log f¢ values is
not meaningful. The probability for B-delayed neutron emis-
sion was measured to be P, = 25.8(38)% [24]. The observed
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FIG. 1. y-ray singles spectrum for "Cu. Note that the higher-energy regions of the spectrum were scaled by the indicated factors. An ion-
correlation window of 2 s was used. Peaks marked by their energy (in keV) are transitions assigned to *Cu. Energies are given in parentheses
for transitions that were assigned to "*Cu but could not be placed in the level scheme. Transitions following the subsequent 8 and S-n decay
of 8Cu are labeled as *Zn and 7'Zn, respectively. The 505 keV transition appears in both "*Cu and the f-n daughter " Zn.

apparent § feeding accounts for less than 58% of the decays
of implanted ions. Taking into account P,, less than 78% of B-
decay feeding was observed. The values for the total observed
feeding represents only upper limits and a significant fraction
of feeding strength could therefore remain unobserved.

IV. RESULTS

The decay scheme for ®Cu is shown in Fig. 3. The
information presented in the decay scheme is furthermore
summarized in Table I, together with information on y-ray
intensities and uncertainties for all quantities. It should be
noted that no excited states were known prior to the present
experiment. The analysis of time correlations allowed asso-
ciating 16y -ray transitions with *Cu, as indicated in Fig. 1.

Of these, seven could be placed in the decay scheme based on
their coincidence relationships.

The ground-state spin of "*Cu was previously assigned as
(4,5)™ [13] based on the feeding of states in the S-decay
daughter 787n, and, in later works, as (67) [25] and (57) [26].
A laser spectroscopy experiment showed best agreement with
I = 6, suggesting a ground-state spin-parity of (67) [18].

The three strongest transitions, with energies of 49, 79,
and 156 keV are in mutual coincidence, as shown in Fig. 2.
Because they are much stronger than any other transition, it is
reasonable to assume that they form a cascade built on the
ground state. It can be furthermore assumed that the low-
energy transitions connect members of the negative-parity
wlfsp x vl g;/lz multiplet, because other configurations are
only expected at higher excitation energy. The intensities

201 8 (@] s0f 8 Ol R ©
15 T i gate 2 gate
20 79 keV I 156 keV
10 |
5 10 _
3 0 0
-~ 0 100 200 300 O 100 200 300 O 100 200 300
n
S I 8 gate 859 keV (d) o 8 (e)
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(&} 2
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To)
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FIG. 2. y-y coincidence spectra for "*Cu gated on the (a) 49 keV, (b) 79 keV, (c) 156 keV, (d) 859 keV, and (e) 1503 keV transition.
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FIG. 3. Experimental level scheme for *Cu and comparison to MCSM calculations (see text for details).

of the three transitions are approximately the same when
taking electron conversion into account and assuming M1
multipolarity. Other multipolarities for transitions between
negative-parity states would result in significantly higher con-
version coefficients. As an example, the conversion coefficient
for a 49 keV transition of M1 multipolarity is 0.385, whereas
it is 8.98 for E2 multipolarity [27]. Other multipolarities than
M1 would therefore either require strong § feeding, which
would be highly forbidden, or strong y feeding that is only in
coincidence with one or two transitions within the cascade, for
which there is no evidence in the data. Higher multipolarity
for transitions with such low energy would in addition result in
relatively long lifetimes and delayed coincidences, whereas all
three transitions are in prompt coincidence. It can therefore be
concluded that the three strongest transitions form a cascade
of M1 transitions feeding a (6™) ground state from a (37) state
at 284 keV. However, the data do not provide any indication
for the ordering of the three transitions. According to the

empiric rule established by Paar [14], the energies in proton-
neutron multiplets with particle-hole character are expected
to follow a parabolic trend with /(I + 1) and a minimum at
spin I = j, + j, — 1, which is equal to six in the case of the
wlfspn x vl g;/lz configuration. With the ordering of the three
transitions within the cascade as shown in the level scheme of
Fig. 3, the states fit the expected parabolic trend well, which
seems to justify this choice.

The singles spectrum in Fig. 1 shows a transition of 283
keV, and one would be tempted to place this transition as
the decay from the 284 keV state. However, the 283 keV
transition is not in coincidence with any of the transitions
feeding the 284 ke'V state, as can be seen in Figs. 2(d) and 2(e).
Furthermore, the transition would have M3 multipolarity if it
was depopulating the 3~ state and would therefore unlikely
be prompt. Any other ordering of spins for the low-energy
states that would allow a prompt 283 keV transition would
be in conflict with the observed intensities for the low-energy

044301-5



L. G. PEDERSEN et al.

PHYSICAL REVIEW C 107, 044301 (2023)
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transitions. It is therefore concluded that the 283 keV transi-
tion is originating from a state at higher excitation energy.

The 859, 985, and 1503 keV transitions were clearly seen
in the y-ray singles spectrum (see Fig. 1). Based on their
time correlations with 8 decay, they can be identified as be-
longing to ’®Cu. All three transitions are in coincidence with
the cascade of three low-energy transitions, as can be seen
in Fig. 2. In addition, the 859 and 985 keV transitions are
in mutual coincidence. Consequently, the 859 and 1503 keV
transitions are placed on top of the (37) state at 284 keV
excitation energy, and the 985 keV transition on top of the
859 keV transition, feeding a state at 1143 keV excitation
energy. With only few transitions placed in the level scheme,
the observed B feeding is incomplete and cannot be used
for spin assignments. Because the higher-lying states are less
likely to be affected by unobserved y feeding, they are likely
to have low spin. The proposed decay scheme is therefore
consistent with bridging the large spin gap between states that
are fed by allowed g transitions and a (67) ground state.

The analysis of time correlations in the decay of "8Cu
revealed clear evidence for an isomeric state, as is illustrated
in Fig. 4. The spectrum in Fig. 4(a) shows y rays following the
implantation of ions identified as BCu [T, 2 = 330.7(20) ms]
within 200 ms. As expected, the spectrum shows the known
transitions in 3Zn and 77Zn [26]. The spectrum also shows
hints of the 156 and 859 keV transitions originating from
excited states in "Cu. When selecting a short correlation time
of 5 ms, as shown in Fig. 4(b), the cascade of low-energy
transitions and the 859 keV transition of 3Cu appears in the
spectrum. The spectrum of Fig. 4(b) was further cleaned by
selecting events where a low-energy signal was detected in
the same DSSSD pixel as the ion implantation, reducing the
efficiency for B-decay events and enhancing events originat-
ing from conversion electrons. The delayed y-ray spectrum
shows the 859 keV transition, but not the one at 985 keV.
This confirms the ordering of the cascade, and clearly shows

FIG. 4. (a) Decay spectrum of Cu ions within 200 ms from
implantation in the DSSSDs, revealing known transitions in "*Zn and
the 115 keV transition in ”’Zn. The small peaks at 156 and 859 keV,
originating from excited states in *Cu, indicate the presence of an
isomeric state. (b) Decay spectrum of *Cu within 5 ms, with an ad-
ditional condition that a low-energy signal was detected in the same
DSSSD pixel as the ion implantation. (¢) Time difference between
implantation of "Cu ions and detection of low-energy signals in
the DSSSD, with an additional condition that one of the four y-ray
transitions following the decay of the isomer [as seen in spectrum
(b)] was detected in EURICA. The exponential fit yields a half-life
of T, = 3.8(4) ms.

that the isomeric state is located above the state at 1143 keV.
The absence of the 283 keV transition in the delayed spectrum
furthermore confirms that it does not originate from the (37)
state. Because the 283 keV transition is relatively strong, but
not seen in coincidence with any other transition, it seems
likely that it is feeding the isomeric state.

The time spectrum of the isomeric decay is shown in
Fig. 4(c), from which a half-life of 77, = 3.8(4) ms can be ex-
tracted. The spectrum shows the time difference between the
implantation of a 7Cu ion and the detection of a low-energy
signal in the same pixel of the DSSSD, with an additional
condition that one of the four y-ray transitions following the
decay of the isomer was detected. The fact that the decay from
the isomer to the state at 1143 keV remained unobserved could
be explained by a small energy difference and consequently a
large conversion coefficient, consistent with the conversion-
electron signal observed in the DSSSD.

Any spin assignment with / > 1 for the isomer would be
incompatible with the observed half-life of 3.8(4) ms. For a
1" state, for example, a M2 transition of at least 859 keV to
the (37) state would likely result in a half-life of nanoseconds
rather than milliseconds. A 1~ assignment or any higher spin
would result in prompt decay to one of the low-lying states.
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TABLE II. Occupation of proton and neutron orbitals in f pgo,»ds,» spaces.

E MeV) J" wlfip 72p3p w1fs)p T2pip w189 mlds) vifip v2p3p vifs), v2pip vigo, vlds)
0.000 6~ 7.73 0.25 0.96 0.02 0.04 0.01 7.99 3.99 5.99 1.99 8.86 0.19
0.046 5” 7.71 0.33 0.87 0.03 0.04 0.01 7.99 3.99 5.99 1.99 8.85 0.20
0.178 4- 7.71 0.35 0.84 0.05 0.04 0.01 7.99 3.99 5.99 1.98 8.83 0.21
0.221 3~ 7.74 0.46 0.73 0.02 0.04 0.01 7.99 3.99 5.99 1.99 8.86 0.18
0.477 5” 7.70 0.87 0.30 0.07 0.04 0.01 7.99 3.99 5.99 1.98 8.84 0.21
0.562 4- 7.74 0.84 0.34 0.03 0.04 0.01 7.99 3.99 5.99 1.98 8.85 0.19
0.921 6~ 7.71 0.95 0.25 0.03 0.05 0.01 7.99 3.98 5.99 1.98 8.88 0.18
0.987 2°F 7.63 0.26 1.04 0.02 0.04 0.01 7.99 3.92 5.92 1.15 9.78 0.24
1.018 3+ 7.60 0.26 1.07 0.02 0.04 0.01 7.99 3.95 5.88 1.15 9.76 0.26
1.074 0~ 7.58 0.29 1.03 0.05 0.04 0.01 7.98 3.92 5.92 1.89 8.13 1.15

Also a 0T assignment seems highly unlikely for the isomeric
state. An E3 transition of at least 859 keV and a strength of 1
Weisskopf unit would result in a half-life of less than 10 us,
500 times shorter than the observed value. The most likely as-
signment for the isomeric state is therefore 0~. A possible M3
decay to the state at 284 keV would be sufficiently hindered
for it to be unobserved. Instead, a low-energy decay to the
state at 1143 keV would become competitive, consistent with
the conversion electron signal in the DSSSD. The state at 1143
keV would in this case most likely have spin-parity 7 = 2%,
The half-life of 3.8(4) ms can be explained by an energy
difference of ~50 keV between the two states and a M2
transition of 1 Weisskopf unit. Such a transition would have
a conversion coefficient of ~6, consistent with the DSSSD
signal and the nonobservation of a y ray. Although it is not
possible to determine the precise excitation energy of the
isomeric state in this way, a 0~ assignment and a low-energy
M2 transition of a few tens of keV to a 2% state at 1143 keV
is the only scenario that can explain all observations.

The data are insufficient to determine whether the isomeric
state is directly fed by g decay. It is likely that some of the
prompt y-ray transitions that were observed in the singles
spectrum for "Cu feed the isomer. The fact that prompt co-
incidence relationships are lacking for the relatively strong
283 keV transition suggests that this transition is feeding the
isomeric state directly. The resulting state has an excitation
energy of (1427 + X) keV, with X being the energy difference
between the isomer and the state at 1143 keV.

V. DISCUSSION

To understand the nature of the experimentally observed
states, shell-model calculations are necessary. In the present
work, we compare the experimental results with Monte Carlo
shell-model (MCSM) calculations [15] using the A3DA-m
effective interaction, which has successfully described the
structure of nuclei in the "®Ni region [9,11,16,28]. The va-
lence space comprised the full pf shell together with the
1g9/2 and 2ds , orbitals for both protons and neutrons without
restrictions. Calculated states up to an excitation energy of
2.5 MeV, for both negative and positive parity, are compared
with the experimental level scheme in Fig. 3. Table II shows
the occupation numbers for protons and neutrons found in the
MCSM calculations for the ten lowest states.

The calculations reproduce the sequence of negative-parity
states that was established by the cascade of M1 transitions
very well, including I = 6~ for the ground state. The oc-
cupation numbers illustrate that these states have a relatively
pure particle-hole character based on the 71fs5;, x vl g;/lz
configuration. This is consistent with the inversion of the
mlfs,, and w2p3), orbitals near N = 48, which was observed
previously [9]. The calculations predict the remaining 2] and
7, members of the multiplet to be at much higher excitation
energy, with the negative-parity states based on the 72p3,, x
vl g;/lz configuration in between. The latter comprises the 5,
45,65, and 3; states.

The MCSM calculations predict a 0~ state at 1074 keV,
close to the excitation energy of the observed isomeric state,
which lends further support to the (07) assignment for the
isomer. The calculations find a relatively pure w1 fs,,v2ds)»
configuration for the 0~ state. The excitation energy of the
isomeric state contains therefore not only information on the
interaction energy between the mw1f5,, and v2ds,, orbitals,
but also on the size of the N =50 shell gap. The good
agreement between the experimental and theoretical excita-
tion energy indicates that both quantities are well described
by the A3DA-m interaction. The 7 1fs/,v2ds;, configuration
gives rise to a multiplet of negative-parity states comprising
the 07, 17, 55, 45, 35, and 2, states. The experimental state
at 1427 + X keV excitation energy is a potential candidate for
the 17 state, as strong M1 transitions are expected between the
states of the multiplet, although such an assignment remains
speculative.

All calculated low-lying positive-parity states are based on
a neutron excitation from the v2p;,, to the vigg, orbital.
The coupling between an odd neutron in the v2p;,, orbital
and an odd proton in the 71f5,, orbital results in a doublet
of the 2% and 37 states. The occupation numbers of Table II
show that the 2] and 3] states are indeed dominated by the
71 f5,2v2p1/ configuration. The experimental state at 1143
keV, which is tentatively assigned as (2%1), agrees reason-
ably well with the calculated 2f state at 987 keV and is
consequently a candidate for a member of the 7w 1f5,,v2p1 >
doublet. The coupling of a v2p;,, neutron with a 72p3)
proton results in a doublet of the 1] and 2; states, which
are calculated to be at higher energy around 1.5 MeV. The
calculated O state at approximately 2.5 MeV, finally, is found
to be based on the 72p,»v2p;,, configuration. It would be
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FIG. 5. (a) Excitation energies of the negative-parity multiplets with predominant 7 1 f5 /zvlg;/lz, 2p3vl g;/lz, and 7 1f5/,v2ds/, configu-
rations from the MCSM calculations as a function of /({ + 1). The symbols indicate the experimental excitation energies for those states for
which a tentative spin assignment and association with the multiplet was possible. (b) Two-body matrix elements (TBME) extracted for the
7[5 vg;/l2 spin multiplet from both the experimental and calculated excited states (see text for details).

speculative to associate any of the higher-lying experimental
states with any of the calculated states.

Figure 5(a) shows the excitation energies of the negative-
parity states from the MCSM calculations as a function
of the squared angular momentum /(/ + 1). The calculated
occupation numbers were used to assign the states to the
multiplets with predominant 77 1 f5,v1 g;/lz, T2p3pvl gg/lz, and
71 f5/2v2ds), configuration. Experimental excitation energies
of states with a tentative spin assignment are also included in
Fig. 5(a), which illustrates again the rather good agreement
between the MCSM calculations and experiment. The multi-
plets involving a hole in the v1gg,, orbital show a parabolic
dependence on angular momentum, with the extreme cou-
plings I = j, + j, having the highest energy, as expected for
particle-hole coupling [14]. The 7 1f5/,v2ds;, multiplet, on
the other hand, has particle-particle character, which favors
(anti-)parallel coupling.

The observed excited states in the odd-odd Cu nuclei allow
determining the proton-neutron monopole interaction, which
is responsible for changes in single-particle energies, i.e., for
the shell evolution far from stability. A description of the
procedure to extract two-body matrix elements (TBMEs) from
experimental excitation energies of proton-neutron multiplets
can be found in Ref. [1]. In the following we apply this
procedure for the case of 78Cu. As can be seen in Table II,
the negative-parity states of the 7 1f5,,v1 g;/lz multiplet have
relatively pure single-particle (hole) configurations. The re-
sults are therefore well suited to extract experimental TBME
for the interaction between a 1f5/, proton with a 1 g;/lz neu-

tron hole. Starting from a 78Ni core, the contributions of a
noninteracting proton particle and neutron hole are obtained
from the binding energies of °Cu [5] and 7'Ni [23] for the
1f5,> proton and the 1gg,» neutron hole, respectively. The
resulting value is found to be 74 keV lower than the experi-
mental binding energy for the ground state of "*Cu [29], which

includes the repulsive residual interaction between the 1f5/,
proton and the 1g9/» neutron hole when coupled to spin 6™.
The TBME for the various spin couplings are consequently
shifted by 74 keV compared with the excitation energies of
the corresponding states. It should be noted that the masses
of 7'Ni and "®Ni are not known experimentally, and that the
extrapolated values have an uncertainty of 400 keV [23].
The absolute values of the experimental TBME depend there-
fore strongly on the extrapolated masses of the Ni isotopes.
The experimental values are compared with TBME of the
A3DA-m interaction in Fig. 5(b), where the theoretical TBME
for the 7 f5,» vgg/'2 particle-hole interaction were obtained by
applying the Pandya transformation [30] to the correspond-
ing particle-particle TBME. The comparison shows that the
A3DA-m interaction describes the relative size of the TBME
well. The experimental results on the excited states in *Cu
can be used to refine the shell-model interaction once more
precise mass values for 7’Ni and "*Ni become available.

VI. SUMMARY AND CONCLUSIONS

Excited states in ’*Cu have been observed for the first time
following the B decay of "8Ni. The neutron-rich "®Ni isotopes
were produced at the Radioactive Isotope Beam Factory at
RIKEN Nishina Center, Japan, by in-flight fission induced by
a primary beam of 2¥U at 345 MeV per nucleon incident
on a ’Be target. The secondary beams were separated by
the BigRIPS separator and transported to the decay station,
where they were implanted into the WAS3ABi detector. The
HPGe detectors of the EURICA array were used to detect y
rays following the 8 decay of "®Ni. An isomeric state with a
half-life of 3.8(4) ms was discovered in "®Cu and tentatively
assigned as (07). The combination of information from yy-
coincidence data and the decay of the isomeric state allowed
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building a partial level scheme for Cu. Spins and parities
could be tentatively assigned for some of the states.

The experimental results were compared with large-scale
MCSM calculations using the A3DA-m interaction and a va-
lence space comprising the 1f7/2, 2p3,2, 1f5/2, 2p12, 189/2,
and 2ds, orbitals for both protons and neutrons. The shell-
model calculations show a remarkable agreement with the
experimental results. Combining the experimental results with
the calculations, it was possible to interpret the low-lying
states in terms of spin multiplets arising from the coupling
of an odd proton in either the 7 1fs,, or w2p3,, orbital with
an odd neutron in the vlgg s, v2py/2, or v2ds/, orbital. The
results confirm the previously observed crossing between the
72p3sp and 7 1f5,; orbitals. The interpretation of the isomeric
state as based on the 7 1fs,5-v2ds;, configuration provides
information on the N = 50 shell gap. Because configurations
are pure, it was possible to extract experimental two-body
matrix elements for the 71 f5/,-v1 gg/lz interaction, which rep-
resent important input for future shell-model calculations in
the 7®Ni region. Extending the work to ¥°Cu would represent
an important step for investigating the proton-neutron interac-
tion beyond "®Ni.
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