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The level structure of the neutron-rich ®*Cu, ”'Cu, and ">Cu isotopes has been investigated by means of
multinucleon transfer reactions. The experiment was performed at Laboratori Nazionali di Legnaro using the
AGATA Demonstrator array coupled to the PRISMA magnetic spectrometer. Lifetimes of excited states in
Cu nuclei were measured with the recoil-distance Doppler-shift method. The resulting electromagnetic matrix
elements for transitions from excited states in 7"73Cu nuclei are used to assess the collective or single-particle
character of these states. The results are compared with predictions of large-scale shell-model calculations, giving
further insight into the evolution of the proton pf shell as neutrons fill the 1g9, orbital.
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I. INTRODUCTION

Current nuclear structure studies are paying considerable
attention to the search for anomalies in the shell structure
of nuclei with large neutron-to-proton ratios. In these exotic
regions of the nuclear chart, the separation between single-
particle orbitals can be altered due to a changing ratio between
T =1 and T =0 components of the nuclear force. As a
consequence, energy gaps between single-particle orbitals
can be reduced and new shell gaps may appear, altering the
magic numbers that were first explained by Goeppert-Mayer in
1948 [1]. The interplay among central, spin-orbit, and tensor
components of the effective nucleon-nucleon interaction can
shift effective single-particle energies relative to each other as
protons and neutrons fill certain orbitals near the Fermi surface
in nuclei with large neutron excess [2—11]. This shell evolution
far from stability has been experimentally observed in different
mass regions: The magic numbers at N = 20 and 28 disappear
for very proton deficient nuclei, and new magic numbers at
N =14, 16, 32, and 34 seem to appear [12—18,18-23].

Shell-model calculations predict changes in the shell struc-
ture also for exotic nuclei near the Z = 28 and N = 40 and
50 shell closures [4—6,24-26]. The evolution of proton single-
particle states as a function of neutron number for the chain
of Ni isotopes between Ni and 7®Ni was investigated using
the GXPF1 residual interaction [4,5]. With increasing number
of neutrons in the vlgg,, orbital the energies of the proton
effective single-particle states (ESPSs) are modified and lead to
the inversion of the w2 p3/, and 7 1 f5,, orbitals. Furthermore,
the Z = 28 shell gap was predicted to decrease as a result of
the attraction between the 71 f5,, and the v1gg,, orbitals and
the repulsion between the 7 1 f7,, and v1gg, orbitals. A similar
reduction in relative excitation energy between the 7 1 5/, and
71 f7,, proton ESPSs has also been predicted using the new
Gogny-type mean-field interaction GT2 in which the tensor
interaction is implemented explicitly [27].

Neutron-rich Cu isotopes, having one proton outside the
Z = 28 shell, are good probes of the single-particle structure
in the "8Ni region. Coulomb excitation and B-decay studies
have provided detailed information on the excited states of
the neutron-rich Cu isotopes up to A = 73 [28-31]. Several
candidates were identified in these studies for states of mainly
single-particle character based on the w1 fs,, m1f7/,,, and
72 p1p orbitals. Shell-model calculations including the effect
of the tensor force predicted a lowering of the 71 f5/, orbital,
which eventually crosses the 72ps3/, orbital and leads to a
5/2~ ground state in ”Cu and the heavier odd-mass isotopes
[24]. This inversion was confirmed by measurements of the
ground-state spin and magnetic moment, which identified
the ground state of >Cu as 5/2~ [32]. However, the level
structure of the odd-mass, neutron-rich Cu isotopes is more
complicated, and not only proton single-particle states but also
core-coupled and collective states are expected to lie at low
excitation energies. As an example, the first excited 9/2 T state
in %%7Cu has been recently interpreted to be a core-coupled
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state involving the 3 ~ octupole phonon of the ®+%Ni core
when comparing the experimental B(E3) strength of the
9/2 * state to the particle-phonon calculations [33,34]. The
intrinsic nature of the negative-parity states can be unveiled
by measuring the reduced quadrupole transition probability
B(E?2) for transitions de-exciting those states and comparing
them with states of the neighboring even-even (A — 1) Ni
nuclei and with shell-model calculations. The single-particle
nature of the 5/2 ~ state for the odd-mass ¢7>Cu isotopes
was confirmed by means of Coulomb excitation studies [30].
In the same work, by measuring B(E2) values, the 1/2 ~
states were identified and characterized as low-lying collective
states, while the 7/2 ~ states were interpreted as particle-core
excitations, based on the similarity of the B(E2) values with
the respective (A — 1) Ni neighbors [30].

According to calculations based on the particle-core cou-
pling model (PCM) [35], the low-lying 7/2 ~ states appearing
in Cu nuclei can be explained either as two-particle—one-hole
(2p—1h)(712p3/2)2 (1 f7,2) —1 states or core-coupled states
with72p3,, ® 27 (*~!Ni) configuration. Note that 2p-1h pro-
ton excitations in the neutron-rich Cu isotopes give information
on the energy difference between the proton 1 f7,, and 1 f5,»
orbitals and that they are hence sensitive to the size of the
shell gap at Z = 28, as N = 50 is approached. Recent large-
scale shell-model (LSSM) calculations with an empirically
adjusted interaction have predicted the excitation spectrum
in odd-mass Cu isotopes between N = 40 and N = 50, and
the significance of proton-core excitations for the stability of
the shell closure was extensively discussed [25,26]. Based on
existing experimental data and the predictions of the LSSM
calculations for Cu nuclei with increasing number of neutrons
in the 1gg/, orbital, the following configurations could give
rise to 7/2 ~ states:

(i) the coupling of the w2 pj3,, single-particle configura-
tion to the 2| core excitation in the neighboring Ni
isotope: m2p3, ® 2 (A7INi),

(ii) the coupling of the w1 f5/, single-particle configura-
tion to the 2| core excitation in the neighboring Ni
isotope: 1 f5» ® 2] (*~'Ni), and

(iii) the 2p-lh excitation with one particle pro-
moted from the m1f;, to the m2p3, orbital:
(2p32)* (1 fr0) 1

The aim of the present work is to study the collective
or single-particle character of the 7/2~ states deduced from
the B(E?2) values. The characterization of these states and,
in particular, the identification of the (72p; /2)2 (w1 f7,2) -1
particle-hole excitation across the Z = 28 shell gap will
provide essential information on the size of the shell gap and,
therefore, on the evolution of the shell structure close to 78Ni.

II. EXPERIMENT AND METHODS

Neutron-rich Cu isotopes were populated via multinucleon
transfer reactions using a "°Ge beam and a thin, metallic 233U
target. The 7°Ge projectiles were accelerated to an energy of
577 MeV by the Tandem-XTU and the ALPI superconducting
LINAC accelerators at Laboratori Nazionali di Legnaro (LNL),
Italy. The target consisted of a 1.5 mg/cm ? thick layer of 28U
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FIG. 1. (Color online) Energy loss AE versus total energy E of
the ions detected at the PRISMA focal plane for the 7°Ge + 2%U
reaction. The elements corresponding to the different proton stripping
channels are indicated.

evaporated onto a '®1Ta backing of 1.4 mg/cm ? thickness
which was facing the beam. The Ta backing was necessary
for stretching the target foil to obtain an even and smooth
surface. The target was mounted at a variable distance from
a »Nb degrader foil of 4.2 mg/cm 2 thickness in a compact
plunger device from the University of Koln. Data were taken
using the AGATA Demonstrator array [36,37] coupled to
the PRISMA magnetic spectrometer [38]. The projectile-like
reaction products were detected by the PRISMA spectrometer,
which was placed at the grazing angle of 55° with respect
to the beam direction. Element identification of the reaction
products ranging from Ge to Ni isotopes was obtained by
measuring the total energy and the characteristic energy loss
of the ions arriving at the end of the focal plane of PRISMA.
The AE-E identification matrix is shown in Fig. 1. The time
of flight (TOF) between the large-area microchannel plate
(MCP) entrance detector of PRISMA [39] and the multiwire
parallel-plate avalanche counters (MW-PPAC) of its focal
plane [40] was used to measure the absolute velocity and the
mass of the ions. The average mass resolution achieved in the
experiment was AA/A =~ 1/220, allowing a very clean mass
identification of all detected reaction products.

The y rays following the de-excitation of the reaction
products were detected by the AGATA Demonstrator array,
placed at a distance of 18 cm from the target position and
covering an angular range from 135° to 175° with respect to
the spectrometer axis of PRISMA. The Doppler correction of
the y rays was performed on an event-by-event basis, taking
the information of the recoil velocity vector determined by
PRISMA and the angle between the velocity vector and the
direction of the y ray emitted from the recoil. At the time of the
experiment, the AGATA Demonstrator consisted of four triple
clusters, and its total-absorption efficiency was measured to
be € = 3.2% at an energy of 1.332 MeV [41]. One AGATA
triple cluster (ATC) detector consists of three HPGe crystals.
Each crystal is 36-fold segmented to determine the position
of individual interactions of the y rays in the detector. The
total charge deposited in each crystal is collected at the central
core contact. Data from the AGATA Demonstrator array was
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processed on-line, and a pulse-shape analysis (PSA) algorithm
based on a grid search [42] was applied to identify the position
of the interaction points. A position resolution of better than
5 mm was achieved in the PSA procedure. High precision for
the position resolution is crucial for the subsequent application
of the y-ray tracking algorithm [43,44], which reconstructs the
energies of individual y rays from the energies deposited at
the interaction points. y-ray events detected in the AGATA
Demonstrator were correlated with ions detected at the focal
plane of PRISMA through time stamping. The analysis of
AGATA-PRISMA coincidences permitted us to identify the y
rays originating from the nuclei of interest and resulted in a
significant suppression of unwanted background.

Lifetimes of excited states in Cu nuclei were measured
using the differential recoil distance Doppler-shift (RDDS)
method [45—48] with a plunger device that was designed for
the coupling of the AGATA Demonstrator and the PRISMA
spectrometer at LNL. In this variant of the RDDS method
the velocity of the recoiling ions is reduced when they pass
through a degrader foil that is mounted at micrometer distances
from the target. The Doppler shift of a y ray then depends on
whether it was emitted before or after the recoil passed through
the degrader. If the lifetime of the state of interest is of the
same order of magnitude as the flight time between the target
and degrader foils, y rays from this state are observed with
two components corresponding to different Doppler shifts.
The y-ray spectra were Doppler corrected using the angular
information from the AGATA detectors and the velocity vector
measured with PRISMA after the ions passed through the
degrader. As a consequence, y rays emitted after the degrader
foil appear at the correct transition energy in the spectra, while
y rays emitted before the degrader appear at lower energies
when observed at backward angles. The 4.2 mg/cm ? thick Nb
degrader was chosen to be thick enough to ensure a sufficient
separation between the two components of the y rays and at
the same time thin enough in order to not degrade the mass
resolution in PRISMA and to limit the y count rate from
reactions on the degrader to less than 50 kHz per crystal [49].

Data were taken for five distances between the target
and degrader foils ranging from 100 to 1900 pum. With
typical recoil velocities of v ~ 30 um/ps, the measurement
was sensitive to lifetimes ranging from a few to a few tens
of picoseconds, which corresponds to the range of lifetimes
expected for the 7/27 states of interest. By using event-by-
event identification in PRISMA, y-ray singles spectra were
produced for each of the three odd-mass Cu isotopes under
study and for each of the five distances. The lifetime of an
excited state can be determined from the intensities of the
decay transition emitted before and after the degrader, I and
I, respectively, where the indices stand for fast and slow. The
intensities have to be normalized to account for differences
in beam intensity and running time during the measurements
at different plunger distances. A common way of normalizing
intensities taken at different distances is to divide by the sum
of both components and obtain the lifetime from the ratio
R = I,/(I; + I7). However, in the present case the statistics
of the spectra is poor, and it is difficult for some distances
to obtain the intensities of both fast and slow components
simultaneously. Normalization by the sum of both components
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therefore leads to large uncertainties. Higher precision was
achieved when the y-ray intensities were normalized by the
number N4 of Cu ions of mass A identified at the focal plane
of PRISMA [41,50]. Lifetimes were hence deduced from
the ratios R(d) = I;(d)/Na(d) at each distance d between
the target and stopper foil. The distance d can be related
to the flight time ¢ between the foils via ¢+ = d /v, where
v is the velocity before the degrader. This velocity can be
obtained from the velocity measured after the degrader with
PRISMA and the energy loss of the ions in the degrader.
The spectra for the three Cu isotopes under study show no
indication of transitions feeding any of the 7/2~ states. Under
the assumption that the feeding mechanism for these states is
fast compared to their decay, the lifetime t is obtained from
the ratio R(¢) as R(t) = exp(—t /7). The method was validated
by reproducing several known lifetimes in other nuclides (e.g.,
727n and "°Ge) [41,50].

III. RESULTS

From the present experimental data it was possible to
determine the lifetime of the first excited 7/2~ state at
1711 keV in ®Cu (N = 40) and at 981 keV in "'Cu (N = 42)
and the third excited (7/27) state at 1298 keV in 3Cu (N =
44). Doppler-corrected y-ray spectra were obtained for each
Cu isotope after selection in atomic mass number provided by
the PRISMA spectrometer (upper panel of Fig. 2). The lower
panels of Fig. 2 show the y-ray transitions, summed over all
target-to-degrader distances, from the 7/2] to the 3/2] ground
state for ®Cu and "'Cu, and for the 7/25 to the low-lying
5/2] state in 3Cu, respectively. Fast and slow components
are clearly visible in the spectra. The results for the three
isotopes are discussed in detail in the following sections.
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FIG. 2. Mass distribution of Cu isotopes detected in PRISMA,
showing the selection of three Cu isotopes (upper panel), and Doppler-
corrected y-ray spectra with fast (f) and slow (s) components for the
associated transitions summed over all target-to-degrader distances
(lower panel).
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A. ¥Cu

Knowledge about the energy levels in ®*Cu was obtained
mainly from f-decay experiments [28,29,51]. The ground-
state spin-parity in ®Cu was assigned a 3/2~ spin-parity using
the technique of collinear laser spectroscopy at ISOLDE [52].
In the B-decay work, a 5/27 and two 7/2~ states were
identified at excitation energies of 1214, 1711, and 1872
keV, respectively. States with higher excitation energy up to
approximately 4 MeV were populated via the deep-inelastic
reaction of "°Zn projectiles on a '8Pt target [53]. A 19/2~
isomer with a half-life of 22(1) ns was measured in the same
work. An early study of the "°Zn(d,*He) reaction provided
spectroscopic factors for the first 3/27, 1/27, 5/27, and
both 7/2~ states [54]. A more recent work extended the
measurement of spectroscopic factors to states up to 4 MeV
using the same reaction [55].

Collective properties of the low-lying states in %°Cu were
studied in a low-energy Coulomb excitation experiment with
a radioactive beam [30]. In this experiment B(E2) values
were measured for transitions exciting the states at 1096,
1214, and 1872 keV. The 1/2~ state at 1096 keV was found
to have a similar B(E2) value as in the lighter odd-mass
Cu nuclei, while the 5/27 state at 1214 keV was found
to have a much lower B(E2) value compared to 05.67Cy,
indicating a significant loss of collectivity. The B(E2) value
for the excitation of the 7/2; state at 1872 keV and its
similarity to the B(E2;0] — 27) allowed us to identify this
state as mainly a 2p3,» proton coupled to the even-even
%8Ni core. This configuration assignment is supported by the
PCM predictions [35]. The fact that the 7/2] state was not
populated in the Coulomb excitation experiment suggests that
its collectivity is low. The PCM calculations predict this state
to have a (w2 p32) 1 f{é structure.

The lifetime of the 7/2] state at 1711 keV was measured in
the present experiment by utilizing the RDDS method. Figure 3
shows the Doppler-corrected y-ray spectra for five distances
ranging from 100 to 1900 um. The high background level
appearing in the spectra (due to the low statistics) was carefully
taken into account while determining the intensity of each peak
component. Since no feeding transitions were observed in the
y-ray spectra for the state of interest, the intensity ratio R(#)
was fitted with an exponential function as described above.
Figure 4 shows the result of the fit for the 1711-keV 7/2] —
3/2; transition. The lifetime of the 7/27 state at 1711 keV was
found to be 37(16) ps, corresponding to the reduced transition
rate B(E2;7/2;7 — 3/2]) = 1.5(6) ¢* fm*.

B. "'Cu

The ground state of 7!Cu was found to have spin-parity
3/27 [32,52]. The most detailed experimental knowledge on
excited states, with attempted spin assignments, originate from
the B-decay work of Franchoo et al. [28,29]. Spin-parity 5/2~
was assigned to the state at 534 keV excitation energy, and
7/2~ to both states at 981 and 1190 keV, respectively. An
experiment using deep-inelastic reactions of a ®*Ni beam on a
thick 28U target has extended the level scheme up to around
5.3 MeV, including an isomeric 19/2~ state [31]. A recent
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FIG. 3. Doppler-corrected y-ray spectra for ®Cu. The positions
of the fast (f) and slow (s) components of the 1711-keV 7/2] — 3/2;
transition are indicated by the dashed lines.

study of the 7>Zn(d,*He) "' Cu reaction provided spectroscopic
factors for the first 3/27 and 5/27 and three low-lying 7/2~
states in /'Cu [56,57].
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FIG. 4. Experimental R(¢) values as a function of the flight time
between the target and degrader foils for the 7/2] — 3/2; state in
%Cu and the result of the exponential fit. The data point corresponding
to the distance at 1900 pm is excluded in the lifetime analysis.
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The collectivity of the low-lying states was studied in
the Coulomb excitation experiment of Stefanescu et al. [30],
where B(E?2) values were determined for the transitions de-
exciting the 1/2,,5/2, and 7/2; states. The newly identified
1/2 state at 454 keV with its large B(E2) value of more
than 20 Weisskopf units was found to be collective rather
than being of single-particle character based on the w2p
configuration. The single-particle character of the 5/2 state
at 534 keV has been understood from the sudden decrease of
the B(E2) value with respect to those in the lighter Cu isotopes.
Similar to the case of ®Cu, the 7/2; state at 1190 keV was
interpreted as a 2 3, proton coupled to the 2} state in the ONi
core based on the similarity of the respective B(E?2) values.
Again, this assignment is supported by PCM calculations [35].
The 7/2; state at 981 keV was tentatively assigned as a
2p-1h excitation in both the 8-decay study [29] and the PCM
calculations [35].

In the present work the B(E2;7/2] — 3/2]) value was
determined by measuring the lifetime of the 7/2] state.
Preliminary results on this state were previously reported in
Ref. [58]. Figure 5 shows the Doppler-corrected y -ray spectra
obtained for four distances up to 1000 um. The spectrum
measured at a distance of 1900 um was not used in the
analysis as it lies outside the sensitive region for the measured
lifetime. Again, no transitions feeding the 7/2 state could be
identified. Figure 6 shows the R() ratio and the result of the

E(7/2—3/2)= 981 keV

Counts

\ \ Lot \ \
900 930 960 990 1020 1050
Energy (keV)

FIG. 5. Doppler-corrected y-ray spectra for 7'Cu. The positions
of the fast (f) and slow (s) components of the 981-keV 7/2; — 3/2}
transition are indicated by the dashed lines.
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FIG. 6. Experimental R(¢) values for the B(E2;7/2] — 3/2])
transition in 7'Cu as a function of the flight time between the target
and degrader foil, and the result of the exponential fit.

exponential fit. A lifetime value of T = 20(9) ps was extracted;
this corresponds to B(E2;7/2] — 3/2] = 44(20) * fm*.

C. *Cu

The spin and parity of the ground state of "*Cu were
measured by laser spectroscopy to be 3/2~ [32,52]. Further
experimental information on excited states in "*Cu comes
from B-decay and Coulomb excitation experiments [28—30].
The low-lying excited states at 166 keV was assigned as
5/27, whereas the three states at 961, 1010, and 1298 keV
were all tentatively assigned as 7/27 states in the B-decay
measurement [28,29]. A further low-lying state was identified
at 135 keV and assigned spin-parity 1/2~ in the Coulomb
excitation experiment, which also yielded the B(E?2) values
for the excitations to the 1/27, 5/27, and 7/2 states [30].
The 1/27 state at 135 keV was found to be collective on
the basis of its large B(E2;1/2] — 3/27) value of 23.1(21)
Weisskopf units. The 5/2| state, on the other hand, was found
to have single-particle character with a B(E2;5/2] — 3/27)
value of 4.4(5) Weisskopf units. The B(E2;7/2] — 3/2])
value follows the trend of the B(E2;2{ — 0) values in the
even-even Ni isotopes, and the 7/2; state at 961 keV was
interpreted as a particle-core coupled state, in agreement with
predictions from the PCM calculations [35]. The other two
7/2~ states at 1010 and 1298 keV, which were not populated in
the Coulomb excitation experiment, were interpreted as 2p-1h
and 71 fs, ® 2 ("°Ni) states, respectively, in the S-decay
study [29].

In the present experiment, it was possible to extract the
lifetime of the (7/25) state at 1298 keV. Figure 7 shows the
Doppler-corrected y -ray spectra for the relevant energy region.
The peak at 1132 keV and its shifted component are visible
in each spectrum corresponding to different distances between
target and degrader. The longest distance of 1900 um was
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FIG. 7. Doppler-corrected y-ray spectra for 7*Cu. The positions
of the fast (f) and slow (s) components of the 1132-keV 7/25 — 5/2
transition are indicated by the dashed lines.

not included in the lifetime analysis because it lies outside
the region of sensitivity. Figure 8 shows the R(?) ratios as a
function of the flight time between the target and degrader
foils together with an exponential fit, which yielded a lifetime
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FIG. 8. Experimental R(¢) values for the B(E2;(7/25) — 5/2])
transition in 7*Cu as a function of the flight time between the target
and degrader foil, and the result of the exponential fit.
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TABLEI Experimental lifetime values for states in %71:73Cu and
resulting B(E?2) transition probabilities.

Nucleus ST = J7 Elevel T E, B(E2)

(keV) (ps) (keV) (e fm*)
“Cu 7/27 —3/20 1711 3716) 1711 1.5(6)
Cy 727 —3/27 981 2009) 981  44(20)
BCu (7/27) = 5/27 1298  21(12) 1132 20(11)

value of 7 =21(12) ps. By assuming that the transition
has E2 character, the measured lifetime corresponds to
B(E2;7/2; — 5/27) = 20(11) ¢* fm*. Table T summarizes
the lifetimes and B(E?2) values obtained in the present work
for 69’71’73Cll.

IV. DISCUSSION

Transition probabilities obtained in the present work are
compared with state-of-the-art LSSM calculations in Table II.
The calculations were carried out using a model space
comprising the pf shell for protons and the 2p3/, 2py)2,
1 fs5/2, 1892, and 2ds, orbitals for neutrons. Due to the large
dimension of the configuration space, truncations of 9p-Sh for
®Cu and 8p-8h for 7'"7*Cu across the Z = 28 and N = 40
shell gaps were applied in the calculations.

The LNPS effective interaction with minor revisions was
used in the calculations. It combines two-body matrix elements
based on the KB3gr interaction for the pf shell, arenormalized
G-matrix interaction for the 2p3/, 2p1/2, 1fs5,2, and 1g9)2
neutron orbitals, and a G-matrix interaction based on the
Kahana-Lee-Scott potential for the remaining neutron 2ds;,
orbital [26,59]. The calculations were performed using the
shell-model codes ANTOINE and NATHAN [60,61]. Standard
effective charges of e, = 1.5¢ and e, = 0.5¢ for protons
and neutrons, respectively, were used to obtain the B(E2)
transition rates.

TABLE II. B(E2) transition rates obtained in shell-model cal-
culations compared to experimental results from Coulomb excita-
tion [30] and the present lifetime measurement. Experimental B(E2)
values obtained in the present work are indicated with a box.

J}T > Jl_rr El?/il lt:f:lr E;XP E;heor B( Ez)exp B( Ez)lheor
(keV) (keV) (keV) (keV) (e*fm*) (e*fm?)
69Cu
5/27 —3/27 1214 1249 1214 1249  50(8) 28.5
7/27 —3/27 1711 2186 1711 2186 |1.5(6) 0.05
7/2, —3/27 1872 1862 1872 1862  77(12) 46
71Cu
5/27 = 3/27 534 276 534 276 68(8.8) 54
7/27 —3/27 981 1426 981 1426 |44(20) 14.4
7/2, —3/27 1189 1115 1189 1115 187(2) 179
73Cu
5/27 —3/2] 166 0 166 —62  80(9) 65
7/27 = 3/27 961 937 961 875  270(3) 251
7/25 —5/27 1298 1128 1132 1128 |20(11) 0.02
5/2; — 5/27 1298 1203 1132 1203 |20(11) 11.4
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A. ¥Cu

The shell-model calculations predict the ground state to
have spin and parity 3/2~ with a dominant 72 p3,, component
in the wave function. The lowest 5/27 state is based mainly on
the 71 f5,, configuration and is found at 1249 keV, compared
with the experimental excitation energy of 1214 keV. The
calculated B(E2) value of 28.5 ¢*>fm* is in reasonable
agreement with the experimental value of 50(8) e? fm*. Two
low-lying states with spin and parity 7/2~ are found at
1862 and 2186 keV in the calculations. The lower one at
1862 keV has a dominant component of the wave function
(40%) originating from one particle in the 72p3,, orbital
coupled to the neutron 2;“ state in the %®Ni core, i.e., 72 ps 2 ®
2;” (°®Ni). The transition rate from this state was calculated
to be B(E2;7/2~ — 3/27) = 46 ¢*>fm*, compared with the
experimental value of 77(12) e?>fm* from the Coulomb
excitation measurement [30]. The calculated 7/2] state can
hence be associated with the experimental 7/2; state, and the
calculations support the previous interpretation of the state.
The second calculated 7/2~ state at 2186 keV has a very small
transition rate to the ground state, B(E2;7/2~ — 3/27) =
0.05 ¢ fm*, and can therefore be associated with the 7/27
state at 1711 keV, for which the transition rate was found to be
small. It has a considerable 71 fs5;, ® 2] (%Ni) contribution
with 52% of the wave function amplitude. Both 7/27 states
carry a low spectroscopic factor in the calculations and their
pure w1 f7,2 hole component is 12% and 16%, respectively.
However, experimental spectroscopic factors in Ref. [55]
demonstrate that the present calculations underestimate the
low-lying strength in %°Cu.

B. "'Cu

Also in the case of 7' Cu, both the 3/2~ ground state and the
first excited 5/27 state are well reproduced in the calculations
with a dominant proton 72p3,, and 71 f5,, component in
the wave function, respectively. The shell-model value of
B(E2;5/2~ — 3/27) = 54 ¢? fm* is in good agreement with
the experimental value from Coulomb excitation [30].

Among the two excited 7/2 states found in the shell-model
calculation, the one at 1115 keV excitation energy has a strong
B(E?2) strength to the ground state and can be associated with
the 7/2; state at 1189 keV, which was found to be collective in
the Coulomb excitation measurement [30]. Its wave function
is dominated by the 72p3,» ® 27 ("’Ni) configuration with an
amplitude of 59%. The calculated 7 /2~ state at 1426 keV could
be associated with the 7/2| state at 981 keV, although it lies too
high in the present calculations. The calculated B(E2) value is
strongly quenched compared to the experimental value found
in the present work, as a result of its structure being dominated
by the 71 f5,2 ® 2] ("°Ni) coupling (55%). The larger experi-
mental B(E?2) value excludes single-hole character, which was
previously suggested for this state [29,35].

In a recent study of the single-particle strength in "'Cu
via the (d,’He) reaction, no f12 strength was observed
around 1 MeV [56,57]. This suggests that neither of the two
experimentally observed states arises from a single proton-hole
excitation. This is consistent with the present shell-model
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calculation predicting other components to dominate the wave
functions of the lowest 7/2~ states in this nucleus.

C. *Cu

The shell-model calculations find the 5/27 state to be the
ground state in 3Cu with an excited 3 /27 state at 62 keV,
whereas experimentally the 5/27 state is found at 166 keV
excitation above the 3/27 ground state, and the inversion
of the 71 f5,, and m2p3/, single-particle states occurs only
in 7>Cu. Two close-lying 7/2~ states are predicted at 875
and 1066 keV above the 3/27 state, respectively. In the
calculation the first 7/27 state is connected via a strong E2
transition to the 3/2~ state, with a B(E2) value very close
to the experimental one known from the Coulomb excitation
measurement [30]. The wave function of this state is dominated
by the 72p3/» ® 27 ("’Ni) coupling with an amplitude of 45%.
The B(E?2) values from the second 7/2~ state at 1128 keV to
both the 5/27 and 3/2~ states are calculated to be nearly zero.
Contrary to the case of % 7'Cu, this state has a single-hole
character, with 6.4 particles in the proton f7,, orbital. Indeed,
the energy decrease of the proton-hole state in 7>Cu is expected
as the Z = 28 shell gap is reduced and the 71 f5/, orbit is
lowered by the increasing neutron occupancy of the v1gy,,
orbital between N = 40 and N = 50. One-proton separation
energies from the present shell-model calculations can be used
to estimate the shell gap to be 4.5 MeV at N = 44, compared
to an experimental value of 5.1 MeV [62]. This somewhat
smaller shell gap is consistent with the fact that the model
predicts the inversion of the 7w 1 f5,, and 2 p3/, single-particle
states already for "3Cu instead of ”Cu. The calculated Z = 28
shell gap of 5.3 MeV at N = 42 is in good agreement with the
experimental value of 5.5 MeV and explains the absence of a
proton-hole 7/2 state at very low energy in 7' Cu.

Since the spin-parity of the state at 1298 keV is only
tentatively assigned as 7/27 in the previous experimental
studies [28,29], we considered different spin assignments for
this state in the current shell-model calculations. The lowest
9/2~ state is found at an excitation energy of 970 keV, which
is not too far from the experimental value. However, the 9/2~
state is connected by a large B(E?2) strength to the 5/27 state,
which is incompatible with the experimental B(E2) value.
Better agreement is obtained for a spin and parity assignment
of a second 5/27 state. Its excitation energy is calculated to
be 1203 keV, and the B(E?2) strength to the first 5/27 state is
within a factor of 2 compared to the experimental value (see
Table II). The underestimation of the predicted B(E2) value
can be due to the missing M1 magnetic dipole component,
which is expected to be pronounced for a transition between
two levels with the same spin and parity. The wave functions
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of the second 5/27 state are rather mixed and mainly coming
from one proton in the 71 f5/, orbital coupled to the 0} state
in ?Ni (23%) and one proton in the 7 1 f5, orbital coupled to
the 27 state in "*Ni (22%).

V. CONCLUSION

Three low-lying 7/27 states can emerge in neutron-rich Cu
isotopes from single-proton excitations above the Z = 28 gap
or from the coupling of a proton in the w2 p3, or w1 f5, orbital
to the 2] state of the even-even Ni core. In order to understand
the underlying structure of the various 7/2~ states, B(E2)
transition probabilities in %7'73Cu were determined through
lifetime measurements using the RDDS method. The Cu nuclei
populated after multinucleon transfer reactions were identified
by the PRISMA magnetic spectrometer while the emitted y
rays were detected in the AGATA Demonstrator. A comparison
of the transition probabilities to shell-model calculations
shows that the different possible configurations lie close in
energy and that the wave functions of the lowest 7/27 state
can be rather mixed. The position and collective nature of those
7/2" states in %71.73Cu that were interpreted as one proton in
the 2 p3, orbital coupled to the 2 core [30] were reproduced
with good agreement by the calculations. The 7/2 states
in 971Cu at 1711 and 981 keV, respectively, were found to
have a significant contribution from the 77 1 f5 ® 2] (°%7°Ni)
structure. However, the calculated excitation energies for these
states are systematically too high. Only the (7/27) state at
1298 keV in 73Cu could potentially be explained as a 2p-1h
excitation across the proton shell gap. The absence of a
low-lying proton-hole state at N = 40 and 42 in the present
shell-model calculations is consistent with a reduction of the
Z = 28 gap toward 50. However, the state at 1298 keV in 7*Cu
and its transition strength could also be explained as a second
5/27 state with reasonable agreement between the shell-model
calculations and experimental values. Further experimental
and theoretical studies are needed to clarify the low-energy
structure in Cu nuclei with increasing number of neutrons in
the U1g9/2 orbital.
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