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Fast-timing lifetime measurements of excited states in ’Cu
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The half-lives of the 9/2F, 13/2%F, and 15/2% yrast states in the neutron-rich Cu nucleus were determined
by using the in-beam fast-timing technique. The experimentally deduced E3 transition strength for the decay of
the 9/2% level to the 3/2~ ground state indicates that the wave function of this level might contain a collective
component arising from the coupling of the odd proton ps;, with the 3~ state in ®*Ni. Theoretical interpretations

of the 9/27 state are presented within the particle-vibration weak-coupling scheme involving the unpaired proton
and the 3~ state from ®Ni and within shell-model calculations with a **Ni core using the jj44b residual interaction.
The shell model also accounts reasonably well for the other measured electromagnetic transition probabilities.
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I. INTRODUCTION

In the medium-mass region of nuclei with Z ~ 28 ap-
proaching the N = 40 subshell closure, it is assumed from
empirical observations [1-3] and theoretical calculations [4]
that states with different structures such as single-particle,
intruder, and collective states coexist at low and medium
excitation energies. The nature of the single-particle states in
»7Co and ,9Cu nuclei with even numbers of neutrons is defined,
in a simplistic view, by the odd hole/particle excitations on
the available shell-model orbits, while collective aspects of
the negative-parity states (37,57,...) of the ’248i1Ni cores
may manifest themselves in the higher excited states [1,3]. In
A < 69 odd-mass Cu isotopes, studies with direct one-proton
transfer reactions (°He,d), (d,>He), («.f), and (t,a) [5-9]
systematically evidenced 3/2~ (g.s.), 1/27, 5/27, and 9/2%
states having important p3 2, p1,2, f5/2,and gg /> single-particle
components, respectively. For ’Cu the same conclusion is
supported by a study with the («,p) direct reaction [10]. The
excitation energy of the 9/2% state remains approximately
constant from ®'Cu to 7'Cu [11]. The 9/2% state in %>%Cu
was studied also by inelastic scattering of protons, and the
deduced B(E3; 9/2% — 3/27) transition strength was found
to be comparable to those of the 3~ states in the ®>%*Ni
neighboring nuclei [12]. Thus, the 9/2% excited states in the
odd-A Cu isotopes appear to present both proton single-particle
and collective components. In Ref. [3] the 9/2% and the 15/27
levels in ®’Cu were proposed to result from the coupling
scenario T (2p32) ® 37,6™ (°°Ni), respectively. Therefore, the
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Cu nuclei represent a good choice to test whether both the
single-particle and the collective characters of the decays can
be reproduced by state-of-the-art calculations.

As a neutron-rich nucleus, ’Cu can be reached by a
limited number of reactions. A level scheme at low excitation
energies and low and medium spins was built [13] based on
B-decay [14] and direct transfer reactions such as (dHe) [7],
(a,p) [10,15], and (z,p) [16]. The analysis of spectroscopic
factors pointed out that both 3/2, and 9/2]L states have
important single-particle 7 (2p3/2) and 7 (1g9/2) components,
respectively [7,10]. Information on higher spin states was
recently obtained by y-ray spectroscopy in two deep-inelastic
reaction studies [3,11]. The level scheme was extended and
it was suggested that two of the states are isomeric [3]: the
9/2% level at 2503 keV (7> < 0.3 ns) and the 15/27" level
at 3463 keV (0.6 < Ti;» < 2.4 ns). The measured half-life
limits for the 3463-keV state indicate a large hindrance of the
99.9-keV M transition. Of special interest is the observation
of the fast and particularly strong E3 transition of 2503 keV
from 9/2% to the 3/2~ ground state.

The structure of the 9/2% level is not expected to change
dramatically when passing from %Cu to ®’Cu, however, the
decay pattern of this state in ®’Cu is different compared to
that in the lighter isotopes. The same behavior as in ¢’Cu
is observed for °Cu. The general tendency in odd-mass
39,61.63.65Cy isotopes is that the 9/2% level decays through
several relatively intense E1 transitions [3,11]. It can be
remarked that approaching N = 40 the decay pattern for the
9/27" level becomes similar in both 67Cu and ®*Cu. Moreover,
the branching ratios of the E3 transitions in 3%>%Cu are
similar, while in ®’Cu it is found to be an order of magnitude
higher [11]. There is another premise which hints at a
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different configuration that may imply a particle-core coupling
component: if one considers a mean value among odd-even Cu
isotopes with N < 40 of B(El; 9/2% — 7/27) ~ 1075 Wu.,
then the B(E3) value in %’Cu should be much larger than
10 W.u. [3].

Concerning the structure of the 15/27 state, the coupling
scheme m(2p32) ® 6 was proposed by Asai et al. [3].
The level scheme of °°Ni was recently revised [17] and the
initially suggested nanosecond-isomeric state 6~ was lowered
in energy by 58 keV relative to the 5~ state, no experimental
half-life value being available for the 6~ state at present.

We present the results of measurements aimed at determin-
ing the lifetimes of the 9/2% and 15/2% proposed isomeric
states [3] of %7Cu, using the electronic fast-timing technique
[18-20]. These measurements also allowed the determination
of the lifetime of the 13/2% state at 3363.3 keV. The experi-
mental setup and the results of the lifetime measurements are
discussed in Secs. II and III, while in Sec. IV an attempt
is made at a theoretical interpretation of the 9/2% state
within a particle-vibration coupling (PVC) model. Shell-model
calculations performed in the fs5,2p3/2p1/289/2 space are also
presented in order to provide a microscopic description of the
low-lying excited states and, in particular, of the 9/27 state
and its E3 decay to the ground state.

II. EXPERIMENT

The %7 Cu nuclei were produced in an a-induced reaction on
a thick, highly enriched, and self-supported ®Ni target at an
incident energy of 18 MeV. The o beam was delivered by the
9-MV tandem accelerator at IFIN-HH and y rays were
detected using a setup which consisted of five HPGe
detectors, four planar HPGe detectors, and eight LaBr;(Ce)
scintillation detectors. The array of scintillation detectors
was composed of three detectors with 2 x 2—in. cylindrical
crystals, three with 1.5 x 1.5-in. crystals, and two with
conical 1 x 1.5-in. crystals.

The trigger condition was that at least two LaBr3;(Ce) and
one HPGe or two HPGe detectors fired in coincidence. Under
this condition the total number of recorded events was &5 x
108.

The most intense reaction channels were **Ni(c,n)%Zn and
%Ni(a,2n)%Zn. The incident energy was chosen to maximize
the production of ®’Cu in the (a.,p) channel on the basis of
the calculated cross section. The cross section for producing
66.677n nuclei is an order of magnitude higher, and therefore
the transitions belonging to ®’Cu are superimposed on the
significant background of y rays from the two aforementioned
nuclei. At this incident energy of 18 MeV, levels of spin up to
17/2F and 3988-keV excitation energy were observed in ¢’ Cu.
A clean selection of the y-ray transitions from the channel of
interest was impossible using only the HPGe detectors, and
therefore a gate onto the 99.9-keV transition de-exciting the
15/2%,3463-keV level was made in the planar HPGe detectors.

The energy calibration and the alignment of the time signals
were performed using standard ®*Co and '3?Eu sources. Run-
by-run gain matching was performed in the off-line analysis.
To sum up the time response contributions from all the HPGe
and scintillation detectors it was necessary to calibrate and
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align the time signal and, further, to correct for the time walk
induced by the CFD modules. The electronics employed in
processing the time signals and the procedure is presented
in detail in Ref. [20]. For this step, the full energy peaks of
the 1173.2- and 1332.5-keV transitions from %°Co were used.
The measured time resolution of the LaBr3(Ce) detectors with
respect to one of the conical crystals is 220-370 ps, depending
on the crystal size.

The mixed array of HPGe and fast scintillation detectors
enabled the selection of the 17/2% — 15/2% — 13/27 —
9/2% — 3/2, decay branch in ®’Cu and the negative-parity

levels lying at an excitation energy lower than that of the 9/2
level. A delayed time spectrum for a level was obtained by
selecting the y rays which populate and subsequently de-excite
it. Using the GASPWARE software package, data were sorted
into E,,-E,,-AT cubes using the gating condition on the
99.9-keV y-ray in the LEP detectors, where E,, and E,, repre-
sent the energy selections made in the LaBr;(Ce) detectors and
AT is their time difference. For the background subtraction a
similar cube was sorted with a selection on the background
close to the 99.9-keV transition in the energy spectrum
taken with the planar HPGe detectors. The experimental
lifetimes were obtained from the time distributions A7 with
selected gates on the energy axes. For each contribution of
the time distribution a peak and a background component
were considered. The final time distribution was obtained
after subtracting the corresponding background: first, from
the planar HPGe gate and, second, from the “start”’-“stop”
selections using the LaBr;(Ce) detectors.

As shown in the previous work in which ®’Cu was investi-
gated [3,11], the 99.9-keV transition belongs unambiguously
to this nucleus and depopulates the 15/27 state. The relevant
part of the level scheme for ’Cu as proposed after the most
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FIG. 1. Partial level scheme for ¢’Cu reproduced after Ref. [11]
(their Table IV) including only yrast levels observed in the present
measurement.
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FIG. 2. Unconditioned y energy spectrum from planar HPGe
detectors measured following the reaction ®Ni(er,p)%’ Cu. The lead
x rays appear due to the shieldings of the HPGe detectors. Lines
marked with a black circle represent de-excitations of levels for
77n, the 99.9-keV line for ’Cu is marked with an asterisk, and
the remaining y lines belong to other residual nuclei or are from the
activation of other Ni isotopes present in the target.

extensive measurement performed with the Gammasphere
array [11] is presented in Fig. 1. Figure 2 shows the quality
of the selection for the full energy peak and the Compton
background of the 99.9-keV transition, as well as the level of
statistics.

III. EXPERIMENTAL RESULTS

In this section we present the experimental results of the
half-life analysis for the 9/2%, 13/2%, and 15/2% states of
7Cu, obtained by fast-timing techniques with the LaBr;(Ce)
detectors [20]. As the starting point of the analysis, the
prompt curve, giving the intrinsic time response of the system,
was determined using y rays originating from the strongest
©77Zn reaction channel. In particular, the 702.3- and the
814.6-keV transitions were considered, since they populate
and depopulate the 7/2] state with a known half-life of
2.0733 ps [13], well below the expected time resolution. The
FWHM of the Gaussian-shaped time distribution was found to
be 230 ps.

A. The half-life of the 2502.6-keV state

The 860.5-keV transition directly populates the 2502.8-keV
level and was chosen as the “start” transition. This level is
de-excited by the 833.1-, 1387.2-, and 2502.8-keV transitions.
It is shown in Fig. 3 that, gating on the 99.9-keV line the
860.5- and 833.1-keV transitions are clearly identified, and
an 860-833-AT cube was sorted as explained in the previous
section. Because of the background included in the gate on the
planar HPGe and implicitly in the E,,-E,,-AT cube sorted
afterwards, choosing only the 860/833-keV combination did
not provide sufficient statistics. The level of statistics was
increased by including several other contributions to the time
distributions, as explained below. The B(E2; J~— — 3/27)
strengths for the J = 7/2 and 5/2 levels were determined in
a COULEX experiment [2], and from these values the derived
half-lives of the two states are of the order of a few picoseconds.
These values are much lower than the time resolution of our
experimental setup, and consequently all y transitions that
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FIG. 3. Energy spectra acquired with the (a) HPGe and
(b) LaBr;(Ce) detectors, with a gate condition on the 99.9-keV
transition in the planar HPGe detectors. All transitions marked with
an asterisk belong to the ’Cu nucleus.

de-excite the levels below the 9/27 level can be considered as
prompt.

The final time distribution of this state, presented in
Fig. 4, comprises the contributions of the 833.1-, 554.1-,
1114.9-, and 1669.5-keV transitions as “stop” transitions.
For each “start”-“stop” pair of transitions a bidimensional
banana-type selection was made both for the peak and for the
corresponding background in the LaBr;:Ce E, -E,, matrix
(see also Ref. [20]), thus determining background-corrected
contributions, which were added up to provide the final
time distribution. The background contribution to the time
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FIG. 4. (Color online) Time distribution for the 9/2% state. The
half-life was obtained with the convolution method. The solid line
represents the fit with a function of the type exponential decay
folded with the apparatus response function. The centroid of the
time distribution, also used to determine the half-life by the centroid
shift method (see text), is marked with an arrow.
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distribution turned out to be a prompt distribution. The half-life
has been obtained by fitting the final time distribution with an
exponential decay folded with the prompt response function of
the detection system. The experimental value was determined
to be 157 £ 15 ps. Furthermore, a centroid shift analysis
provides a half-life of 159 4= 37 ps, in very good agreement
with the previous value.

In order to determine transition probabilities for the decays
from the 9/27" state, their branching ratios are needed. After
using the 99.9-keV gating condition on the LEP detectors
in order to emphasize the weak (o,p) reaction channel,
our statistics did not allow accurate determination of these
branching ratios. There are two sets of such branching ratios
in the literature: those adopted by ENSDF [13] on the basis
of the work of Asai et al. [3] and those recently published
by Chiara et al. [11]. The branching ratios for the 833.1-,
1387.2-, and 2502.8-keV transitions from the 9/2" state are (as
a percentage) 58.3(24), 6.3(18), and 35.5(16) in Ref. [11] and
47(5),6.1(19), and 47(7) in Ref. [3], respectively, thus showing
discrepancies of about 20% for the 833.1-keV transition and
30% for the 2502.8-keV transition. For our analysis, we
have chosen to use the values provided by the experiment
with better statistics by Chiara et al. [11]. With these
branching ratios and our lifetime, one obtains the following
reduced transition probabilities. The 2502.8-keV transition has
B(E3; 9/2% — 3/27) = 16.8 = 1.7 W.u. For the 833.1-keV
transition (assuming a pure E1) and 1387.2-keV transition one
obtains B(E1) = (0.264 4 0.027) x 107> W.u. and B(M2) =
0.146 £ 0.015 W.u., respectively. The B(E1) strength is about
one order of magnitude smaller than the typical values from
the lighter isotopes, contrary to the assumption in Ref. [3]
[similarity of B(E1) values along the Cu isotopic chain]. For
%Cu it is known experimentally that the 9/2* state undergoes
an E1 transition to the 7/2 state at 1870.8 keV [21], but there
is no present knowledge of the lifetime of this state [22]. A
study of the E1 decays from the 9/2% state would require a
much larger shell-model space, including both the f7,, and
the go,, orbits, which is outside the purpose of the present
investigation.

B. The half-lives of the 3463.2- and 3363.3-keV states

A similar procedure was employed for the 3363- and
3463-keV levels. The 15/2% state decays only by the 99.9-keV
M1 transition to the 13/27 state, which in turn decays by
the 860.5-keV transition. However, the 99.9-keV transition
is not a suitable selection, as it was chosen as a gate in the
planar HPGe detectors. Considering that the population of the
3463.2-keV state is smaller than that of the 2502.6-keV state
and that the expected lifetime is of the order of nanoseconds
[3], the 860.5-keV transition was selected as “stop,” while for
the “start” a wide gate was taken, comprising all y rays in the
energy range 520-1200 keV.

The 860.5-keV stop gate was chosen so as to avoid a con-
tribution from the neighboring 833.1-keV transition (Fig. 3).
Even if the latter transition still makes a small contribution,
this does not change the conclusions of the analysis of the
time distribution, as described below. The start gate includes
the transition of 524.4 keV that directly feeds the 3463.2-keV
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level, as Fig. 1 indicates, and also the transitions due to
the decay of the states below the 3463.2-keV state, namely,
those of 554.1 keV (7/27 — 5/27), 11149 keV (5/27 —
3/27),833.1keV (9/2F — 7/27), and 860.5 keV (13/2T —
9/2%). The lower energy limit was fixed so as to avoid the
511-keV annihilation contribution, which may include a
delayed component in the final time distribution. Given that
one of the gating selections covers a wide energy interval,
an investigation of the Compton background from this gate
is worthwhile. This was made by keeping the LEP 99.9-keV
condition (and correcting for its background) and setting a
gate on the 860.5-keV transition in the LaBr3;(Ce) detectors.
In the resulting doubly gated LaBr;(Ce) spectrum, only
those transitions from ®’Cu that are known to be coincident
with both the 99.9- and the 860.5-keV transitions remained.
Therefore, the background from the start gate is largely due to
the transitions that were considered as selections, with possible
weak contributions from unobserved higher transitions feeding
the 15/27" state.

This triple coincidence analysis shows, for example, that
the 1345.7-keV y ray (shown in the spectra in Fig. 3) does not
contribute to the time distribution.

The LEP selection of the 99.9-keV transition allowed us to
access only the lifetime values of the 15/2" (3463.2-keV) and
the 13/27% (3363.3-keV) states. This is a consequence of the
unique decay path of the 3463.2-keV state, made only through
the 99.9-keV transition. The 13/2% state is fed only by the
decay of the 15/27 state. The theoretical time distribution of
this two-level cascade decay is

f)=

2

T _t _t
(e m—e ), (H
T — T

where t denotes the lifetime, and indices 1 and 2 label the
15/2% and 13/2% states, respectively. This function starts
from a zero value at r =0, increases to a maximum at
ty = ity In(11/12)/(71 — 12), and then decreases to 0. If 1,
is very short compared to the experimental time resolution
(that is, the 860.5-keV transition can be considered prompt),
f(t) practically reduces to the exponential decay of state 1
(15/2%). Such a single-exponential fit to the right side of the
time distribution from Fig. 5 is not suitable, especially as one
cannot describe the region from O up to about 2 ns. Actually,
this region shows a dip around 1 ns and a maximum at about
2 ns, suggesting the fact that the lifetime of the 13/2" state (12)
is in the nanosecond range as well. This is also supported by
the relative intensities of the 99.9- and 860.5-keV transitions
reported in Ref. [3], which show that the 3363.3-keV state still
survives after a 1.8-ns flight time of the 67Cu nuclei. Therefore,
the 0.6- to 2.4-ns half-life interval assigned to the 15/2" state
[3] actually refers to a combination of the lifetimes of both the
15/2% and the 13/27" states.

The experimental time distribution in Fig. 5 was fitted with
acomplex function which accounts for its two components. By
imposing the wide start gate, the final time distribution includes
a contribution given by the y rays below the 15/27" state that
de-excite the 9/2% state and the states lower in excitation
energy, with half-lives lower than a few picoseconds. The
shape of this component is identical to that in Fig. 4, but
reversed in time. The second component, appearing as a tail
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FIG. 5. (Color online) Time distribution corresponding to the
decay of the 13/2% state, as populated through the 15/2% —
13/2% — 9/2% cascade. The solid (red) line represents the global
fit of the distribution with a function considering the contributions of
the lifetimes of the 9/2%, 13/2", and 15/27 states, as described in
the text. The dashed (green) line shows the contribution due to the
decay of the 15/2* and 13/2* states. Inset: Evolution of the x 2 value
of the fit as a function of the lifetimes of the two states, showing
a minimum at 7 > 7, (iso-x? curves shown in steps of 0.2). The
adopted lifetimes are t; = 7, = 1.39 £ 0.18 ns.

on the r > 0 side was described with the two-level formula,
(1), folded with the (Gaussian) time response function of the
detection system. The best fit, shown in Fig. 5, was obtained
for quasi-equal 7; ~ 7, = 1.39 £ 0.18 ns, with 7, differing
from 7, by about 0.01%. An inspection of the x> surface
in the 7; and 1, variables (inset in Fig. 5) also shows a
minimum around t; = 7. Therefore, we adopt, for both the
15/2% and the 13/27 states, half-lives of 0.96 + 0.13 ns. For
the t; = 1, = t case one can deduce an analytical formula
which avoids the singularity of formula (1). A fit with this
formula provided a value of t consistent with the solution
found with formula (1). With these lifetimes we obtain
electromagnetic transition probabilities of B(M1; 15/2% —
13/21) = (2.18 £0.29) x 1072 W.u. (assuming a pure M1
transition) and B(E2; 13/27 — 9/2%) = 0.08 & 0.01 W.u.

IV. THEORETICAL INTERPRETATION

A. Particle-vibration coupling-model calculations

An attempt has been made to interpret the 9/2% state of
7Cu by means of the particle-vibration weak-coupling model
of Bohr and Mottelson [23,24]. The model, recently applied
in Refs. [25] and [26] in connection with recent experiments
on #¥Ca, describes excited states in odd nuclei arising upon
coupling a phonon excitation of the even-even core nucleus
with an unpaired particle/hole of the final system. In the case
of Cu, we have attempted to identify the 7 (2p3/2) ® 3~
multiplet, arising from the coupling of the octupole phonon of
8N to the unpaired ps,» proton of ®’Cu, and, in particular, to
calculate both the energies and the electromagnetic transition
probabilities of its members.

PHYSICAL REVIEW C 89, 064314 (2014)

TABLE 1. Top: Energy and B(E3) values for the 3= phonon
of %Ni, as calculated by the QRPA model with SkX and SLy5
Skyrme forces. Experimentally, only the energy of the state is known.
For comparison purposes, the footnote gives the corresponding
experimental B(E3) strength in ®*Ni [30]. Bottom: Energy and B(E3)
values for the 9/2% state of ®Cu, as obtained either experimentally
or by means of the PVC model (see text for details).

E B(E3)
MeV) (W)
3 Expt. 3.370 —
Theory
SkX 44 7.9
Sly5 52 7.5
9/2* Expt. 2.503 16.8 £ 1.7
Theory
SkX 29 5.4
Sly5 29 52

aIn ®Ni, B(E3) = 10.83 & 0.59 W.u. [30].

First, the properties of the 3~ phonon of %Ni have been
obtained with microscopic HF-BCS plus QRPA calculations
(cf.Ref [27] for details), employing two Skyrme parameter sets
(SkX [28] and SLy5 [29]). For neutrons the usual zero-range,
density-dependent pairing interaction

= - Y
V,o(F1.7) = Vo|:1+71(w> ]8(71 —F) Q@

is employed, where 7| and 7, are the spatial coordinates of
the paired nucleons, p is the total density, pg = 0.16 fm=3,
and y = 1 for the sake of simplicity. We have chosen n = 1
(surface pairing), and the value of V, has been determined by
requiring the reasonable reproduction of the pairing gaps along
the Ni isotopic chain, focusing, in particular, on the values
obtained in #+%Ni. It is found that V, = 680 and 760 MeV for
the case of SkX and SLy5, respectively.

The results of the calculations for °Ni are reported in the
top part of Table I. We find that the B(E3) values are of the
order of 8 W.u. This value can be considered reasonable, in
view of the fact that the same kind of calculation for ®Ni
provides rather similar results (9.1 and 9.8 W.u. in the case of
SkX and SLy5, respectively) and these are just slightly smaller
than the weighted average of the experimental measurements
for this nucleus [30].

PVC calculations were then performed for the 7 (2p3/2) ®
3~ multiplet of ®’Cu. These calculations have been improved
compared to the previous studies of *7*°Ca, since, in addition
to lowest order corrections to the energy of the states, we
now include lowest order corrections to the B(E3) as well
(cf. the detailed formulas reported in Ref. [24]). The latter
corrections tend to reduce the collectivity of the coupled
states. Table I lists the results for the 9/2% state of %’Cu.
Thus, it is found that the calculated B(E3) value is smaller
than the present experimental value. ®’Cu deserves further
theoretical investigation by considering other coupling modes
not included in the present calculation.
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B. Shell-model calculations

Single- and few-particle excitations reveal the rigidity of
the Z = 28 closed shell and shell structure around this region.
Nuclei in the neutron-rich Ni region still represent a challenge
to modern shell-model calculations owing to the need for
a huge diagonalization space required to account for the
collective effects [11].

Shell-model calculations for Cu isotopes within the re-
stricted f5/2 p3/2 P1/289/2 model space were recently performed
[11,31]. For this valence space, the jj44b effective interaction
[11,31,32] proved able to reproduce the onset of collectivity
above N = 40 [31] and to correctly predict the ordering and
the excitation energy of the low-lying negative-parity states
in 9’Cu [11]. In Ref. [31] properties like excitation energies,
magnetic moments, and quadrupole moments were compared
to experimental values for Cu isotopes with N from 28 to 46,
while in Ref. [11] a detailed comparison with energy levels of
65.67Cu was performed. But only the low-lying negative-parity
states were considered. From the study of 65.67Cy [11] it is
concluded that the positive-parity states are somewhat better
described (as excitation energies) by a weak coupling of a
P32 proton to the negative-parity states of the ®+%Ni cores
than by the shell-model calculations. It is thus very interesting
to investigate how the shell-model calculations describe the
structure and decay of the 9/2% state in ®’Cu.

We performed calculations with the NUSHELLX @MSU code
[33,34] using the jj44b interaction. The calculated excitation
energies of the lowest excited states (5/27, 1115 keV; 7/27,
1669 keV;9/2%,2503 keV; 13/2F, 3364 ke V) reproduce those
given in Ref. [11]. In general, as observed by Chiara et al.
[11] the predicted spectrum is somewhat more compressed in
energy, the calculated states being lower by roughly 300 keV
than the experimental ones.

The 3/2~ ground state is predicted to have a single-
particle character, with a large component of 89% given
by the p3;» proton coupled to a neutron configuration of
spin 0. The 9/2% state has a more mixed calculated structure,
dominated by two components: ~32% |(g92)! ® J, = 0)
and ~39% |(7'cp3/2)1 ® J, = 37). This composition of the
wave function indicates an important single-particle character
of this level, as suggested by the experimental spectroscopic
factors determined in transfer reactions. The second compo-
nent points towards the idea of a collective character of the
wave function. This result was also expected considering the
large experimental B(E3) value suggested [3] for the 9/27
state in ©’Cu. Actually, the neutron configurations of the two
dominant components of the 9/2" state are very similar to
those calculated for the 0f and 3 states of “Ni.

The E3 transition strength obtained using “standard” effec-
tive charges e, = 1.5¢ and ¢, = 0.5¢ is equal to 8.58 W.u., a
value that differs from the experimental value by a factor of
about 2. Renormalization of the effective chargesto e, = 1.5¢
and e, = 1.1e was proposed by Vingerhoets et al. [31] in
order to reproduce electric quadrupole moments and magnetic
dipole moments for the ground states and some excited
states in Cu isotopes with A = 57-79. This renormalization
compensates for the polarization effect induced by the use of a
too restricted valence space, which does not allow excitations
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TABLE II. Comparison between calculated (present work) and
experimental proton pickup spectroscopic strengths.

2j + 1)C2S;;

Shell-model 87n(d,*He)*’Cu
calculation [7]

3/2° 0.91 1.9

5/2° 0.54 0.30

1/2~ 0.24 0.26

9/2+ 0.14 —

of 1 f7/, proton. With the latter effective charges, the resulting
B(E3) becomes 17.95 W.u., which compares better with
the experimental value. Nevertheless, this result has to be
considered with care, since the effective charges for octupole
excitations a priori do not necessarily agree with those used
in the description of quadrupole excitations.

Further tests of the shell-model wave functions were
made by comparing calculated and experimental spectroscopic
factors for one-proton transfer reactions. Direct information
of this type for the ’Cu nucleus exists only for the (d,>He)
pickup reaction [7]. Table II reports this comparison, and it
can be seen that, with the exception of a factor of about 2
for the 3/2~ ground state, there is reasonably good agreement
for the 5/27 and 1/2; states. The spectroscopic factor for the
7/2| state could not be calculated due to the unavailability
of the 1f7,, orbital in the adopted model space, while
the experimental spectroscopic factor for the 9/2% state is
unfortunately missing.

7Cu cannot be reached by one-proton stripping reactions.
Nevertheless, indirect information on this process can be
obtained from the experimental data on the («,p) reaction
[10]. By normalizing the angular distributions calculated using
the DWBA formalism with a cluster form factor, transition
strengths could be determined for the low-lying excited states.
These relative transition strengths (i.e., normalized to that of
the 3/2~ ground state) in the case of the ®*Ni(a,p)®’Cu reaction
were observed to be similar to those of the ®’Ni(x,p)*Cu
reaction [10]. Furthermore, the relative transition strengths for
% Cu were observed to be practically equal to the relative values
of the (2 + 1)C2Sz‘,~ quantities in the one-proton stripping
reactions (*He,d) and («,f), due to the role of spectator played
by the transferred pair of neutrons in the («,p) reaction [10].
With these two facts in mind, we compare in Table III
the calculated relative one-proton transfer strengths to ®Ni
(unstable nucleus) with the relative strengths observed in the
92Ni(er,p)®Cu reaction [10]. Again, we observe a reasonable
agreement, the largest discrepancy, of a factor of about 2, being
for the 5/27 state.

In view of the discrepancies of up to a factor of 2 reported in
both Table II and Table III, one can state that there is qualitative
agreement between the predicted shell-model spectroscopic
factors and the trend of the experimental values.

The M2 branch (1387.2 keV) of the decay of the 9/27" state
has been calculated as B(M2; 9/2% — 5/27) = 2.098 W.u.
[using standard (bare nucleon) proton and neutron gyro-
magnetic factors], compared to the experimental value of
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TABLEIII. Calculated relative (2j 4+ 1)C? S;; values for a proton
stripping reaction on ®Ni as a target and relative spectroscopic
strengths from the three-nucleon transfer reaction («,p). The latter
are not available for the *Ni(a,p)®’Cu reaction, but according to
Ref. [10], they are similar to those for the %*Ni(a,p)®Cu reaction (see
also the text).

Relative spectroscopic strength

Shell-model 92Ni(er,p)*Cu
calculation [10]
3/2° 1 1
5/2~ 1.09 0.44
1/2~ 0.31 0.40
9/2% 1.21 0.85

0.146(15) W.u. The difference between the calculated and the
measured value may be due to the too restricted configuration
space. Indeed, calculations in odd-mass nuclei around 2°Pb
indicated that the B(M2) values are extremely sensitive to the
dimensions of the configuration space [35]. The need to allow
for proton excitations across Z = 28 (thus including the 1 f7,»
orbital) in order to account for the nuclear structure evolution
observed in the odd Cu isotopes with N = 40-50 was also
emphasized by Sieja and Nowacki [36]. This seems to be
the case for neutron-rich Cu isotopes and therefore the core
polarization induced by proton particle-hole excitations has to
be included in the effective charges.

The M1 transition between the 15/2% and the 13/2%
states was calculated using bare nucleon values for
gyromagnetic factors. The shell model predicts domi-
nant configurations of [ (p32)v(fs), P32 1128921152+ and
[ (p3/2)v( ]‘54/2 J24 p pl /2g91 2)]i3/2+, respectively, for these two
states, which do not allow an M1 transition. Nevertheless,
the M1 transition may proceed through minor components in
the structure of the two states, which explains the observed
hindrance for this transition. The calculated strength of
B(M1;15/2% — 13/2%) = 0.0288 W.u. compares reasonably
well with the experimental value of 0.0218(29) W.u.

The B(E2) value for 13/2% — 9/2% calculated using the
standard effective charges and considering that this transition
is a pure E2 is equal to 0.03 W.u., which is in reasonable
agreement with the experimental value of 0.08(1) W.u. The
shell-model wave function of the initial state is similar to the
wave function of the lowest 5~ state of the ®Ni core, and
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therefore this transition can be considered as being made by
the neutrons, with the proton as a spectator. The E2 reduced
transition probability for the 5~ — 3~ transition in °Ni was
measured by Broda et al. [17] as 2(1) W.u. The much lower
B(E2) value found in ®’Cu is a consequence of the fragmented
wave function of the 9/27 state, which consists of about a
39% contribution given by the coupling of the p3/, proton
with neutron configurations coupled to total spin J = 3, while
the structure of the 13/2" state is mainly (~80%) given by the
(71[73/2)1 ® J, = 5~ configuration.

V. CONCLUSIONS

The lifetimes of the yrast 9/2%, 13/2", and 15/27 states
in ’Cu were measured by using the fast-timing technique. In
addition to the 15/27 state proposed [3] as an isomer with a
lifetime in the nanosecond range, the 13/27 state has also been
found to be an isomer with a similar lifetime.

The measured transition strength of the E3 decay of the
9/27" state indicates an important collective character. In order
to understand the measured electromagnetic decay strengths,
calculations were made with two structure models: the PVC
model and the shell model.

The PVC model within the weak-coupling limit predicts a
too low B(E3;9/2T — 3 /24 value, indicating a collectivity
not too far from that of the 3~ of the core nucleus, although
somewhat quenched. The shell-model calculations in the
restricted f5,2p3/2P1/289/2 space reproduce better the exper-
imental B(E3) value, especially when a nonstandard value
is used for the neutron effective charge. The other measured
electromagnetic transition probabilities are in reasonably good
agreement with those predicted by the shell-model calcula-
tions, especially the strongly hindered E2, 13/2% — 9/2%, and
M1, 15/2% — 13/2%, transitions, respectively. It is expected
that the description of the experimental data will improve
with the inclusion of the 1f7,, orbital in the shell-model
space.
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