PRL 100, 112502 (2008)

PHYSICAL REVIEW LETTERS

week ending
21 MARCH 2008

Interplay between Single-Particle and Collective Effects
in the Odd-A Cu Isotopes beyond N = 40
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Collective properties of the low-lying levels in the odd-A ¢7~73Cu were investigated by Coulomb
excitation with radioactive beams. The beams were produced at ISOLDE and postaccelerated by REX-
ISOLDE up t0 2.99 MeV /u. In "% Cu, low-lying 1/27,5/2~, and 7/2" states were populated. In 7"73Cu,
besides the known transitions deexciting the single-particle-like 5/2~ and core-coupled 7/2 levels, y
rays of 454 and 135 keV, respectively, were observed for the first time. Based on a reanalysis of 8-decay
work and comparison with the systematics, a spin 1/27 is suggested for these excited states. Three B(E2)
values were determined in each of the four isotopes. The results indicate a significant change in the
structure of the odd-A Cu isotopes beyond N = 40 where single-particle-like and collective levels are

suggested to coexist at very low excitation energies.
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The evolution of the single-particle states around shell
closures when moving into the region of nuclei with un-
usual proton-to-neutron ratio is a topic of great current
interest. Understanding this evolution is crucial for deter-
mining the capabilities of the nuclear models to predict
properties that are, e.g., relevant for a number of explosive
nucleosynthesis scenarios [1] or for explaining the swift
onset of collectivity near closed shell nuclei, as observed
below Z = 28 [2]. Because of the continuous development
of the radioactive ion beam facilities, it recently became
possible to follow this evolution over long chains of iso-
topes or isotones and systematic energy shifts of specific
single-particle levels in different mass regions have been
observed [3]. Such energy shifts, referred to as monopole
migration, were found to have a major influence on the
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collective properties of the atomic nuclei, as the modifica-
tion of the relative spacing between the single-particle
orbitals affects the size of the shell gaps [4-6].
Shell-model calculations employing different nucleon-
nucleon interactions were compared to the experimental
data available in the nuclei far from stability and the role
played by the proton-neutron monopole term [7], tensor
force [8], or pairing correlations [9] was investigated.
One of the regions of the nuclear chart where important
tensor effects are expected to be observed is that around
Z ~ 28, N > 40 [8]. In this mass region, the valence pro-
tons occupy the fp shell while the neutrons fill the 1g9,,
orbital. Calculations predict the lowering of the 771f5,, and
the raising of 7lf;,, orbitals with increasing neutron
number [8]. This leads to a decrease of the relative spacing
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w1 fs/-m1f7/, resulting in a reduction of the Z = 28 shell
gap and therefore an increased collectivity beyond N = 40.
Furthermore, the repulsion between the 1g4/, neutrons and
2p3, protons pushes up the proton orbital, which is ex-
pected to cross the downsloping 71fs/, around N = 45
[8].

The best candidates for investigating the predicted ten-
sor effects for this mass region are the neutron-rich Cu
isotopes (Z = 29). In fact, evidence for an unusual behav-
ior of the energy levels when increasing the occupancy of
the v1gy,, orbital was already reported in """*Cu, inves-
tigated by B decay [10,11]. The experimental study re-
vealed a strong compression of their level schemes when
compared to the lighter odd-A Cu isotopes. In particular,
the sharp decrease of the energy of the low-lying 5/2~
state was considered as a clear indication for monopole
migration [10,11]. Based on the observed -decay pattern,
this level was interpreted to correspond to the 1f5/, proton
excitation that is pushed down by the attractive interaction
with the 1g9/, neutrons [10,11]. Another unusual feature of
the level schemes in neutron-rich Cu isotopes is the pres-
ence of the microsecond isomers at 62 and 128 keV ob-
served in 7>Cu [12].

In the lighter odd-A Cu isotopes, the 5/2 state remains
rather constant around 1 MeV excitation energy. The en-
ergy of the lowest-lying 1/2” state, containing an impor-
tant component from the 72p,/, orbital, decreases from
1.06 MeV in %"Cu,g to 0.47 MeV in ®!Cu,, and rises again
to 1.09 MeV in ®Cu,,. However, results of Coulomb
excitation experiments in the stable %*%Cu isotopes
showed that the lowest-lying I = 1/27, 5/27, and 7/2~
states are rather collective [B(E2;1 — 3 /2g ) >10 W.u.]
[13]. The observed properties were found to be consistent
with the predictions of the weak coupling model [14].
Within the framework of this simple model, these low-
lying levels were described as states arising from the
coupling of the 2p;,, valence proton to the 27" state in
the 92%4Ni cores [13].

Beyond %°Cu, transition rates were not known experi-
mentally prior to the present work. However, the study of
the low-lying states in 36367.69Cu by transfer reactions
[15] indicated similar spectroscopic factors in all nuclei,
suggesting that the proposed weak coupling scenario might
be valid up to %Cu. Recently, experimental evidence for
enhanced collectivity above N = 40 was reported in °Ni
[16]. The large B(E2;2" — 0") value found experimen-
tally is believed to contain an important contribution from

proton excitations across the quenched Z = 28 shell gap. It
is therefore not clear whether the sharp drop of the energy
of the 5/2~ state in 7"73Cu originates from the attractive
1 fs/-v1gg, interaction or is caused by an increased
mixing with collective degrees of freedom, which, as
shown in [16], becomes significant beyond N = 40.

To answer the above question we employed Coulomb
excitation with radioactive beams of $7%7L73Cu as a
means to probe the nature of their low-lying states and
investigate the impact of the N = 40 subshell closure on
the evolution of collectivity in this mass region.

The 67:6%7173Cu radioactive ion beams were produced at
the ISOLDE facility by combining the 1.4 GeV proton
induced fission in a 45 g/cm? UC, target with resonant
laser ionization RILIS [17]. After mass separation, the
beams of interest were postaccelerated by REX-ISOLDE
[18] up to 2.99 MeV/A and used to bombard a 2 mg/cm?
target of either '%Pd (7%7'Cu) or '2°Sn (""73Cu).

The experimental setup used in the present work is
similar to that described in Ref. [19]. Gamma rays follow-
ing the deexcitation of the levels populated by Coulomb
excitation were detected with the MINIBALL Ge array
[20] while the scattered projectiles and recoiling target
nuclei were detected in a double sided silicon strip detector
Si detector [21].

The resonant laser-ionization technique employed in
this work proved to be a very efficient and selective method
for producing neutron-rich Cu beams, as no isobaric con-
taminants other than Ga were present in the beams. The
amount of Ga isobar in each of the beams of interest was
determined as described in [19].

Information concerning the beam intensity and purity
achieved for each of the four isotopes of interest is sum-
marized in Table I. The quality of the data can be seen in
Fig. 1. The figure shows the Doppler corrected particle-y
coincidence spectra obtained for mass A = 73, which is the
most challenging case studied in the present work, as the
beam intensity and purity are the lowest (see Table I). The
strongest transitions observed in the spectrum arise from
the deexcitation of the levels in the ”*Ga isobaric contami-
nant. The 7 lines of 166 and 961 keV, present in the laser
ON spectrum only (see Fig. 1, top), were identified earlier
in the B decay of the 7?Ni isobar and placed in the level
scheme of 73Cu as ground-state transitions from the (5/27)
and (7/27) states, respectively [10,11]. The - ray of
135.4(1) keV, observed for the first time in our work, is
clearly related to laser ionization. This indicates the exis-
tence in 7>Cu of an excited state at 135 keV. The alternative

TABLE I. Beam intensity (ions/s) and purity (% Cu/total) at the MINIBALL target achieved in
the present work.

67 Cu 69Cu 71 Cu 73Cu
Beam intensity 1.2 X 10° 1.6 X 10° 2.3 X 10° 8 X 10*
Purity 97.5(7) 95.2(5) 65(1) 17.4(2)
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FIG. 1. Laser ON (top) and OFF (bottom) Doppler corrected

particle-y coincidence spectra obtained with beam of mass A =
73. The Coulomb excitation was induced on a 2 mg/cm? '2°Sn
target. 7y rays arising from the deexcitation of the levels in 3Cu
are noted on the figure with their energies. The transitions from
the Ga isobaric contaminant are marked with a star.

scenario where the 135 keV line belongs to a cascade
deexciting a level populated by multistep Coulomb exci-
tation can be disregarded, as the probability of such a
process is at least an order of magnitude lower and the
observed intensity of the 135 keV transition is larger than
that of the known 166 and 961 keV v rays.

Also in the lighter ¢76%71Cu isotopes, Coulomb excita-
tion resulted in the observation of three ground-state tran-
sitions, all but one already identified in previous studies
[10,11,15]. The particle-y coincidence spectrum obtained
with a beam of 7!Cu revealed a transition of 454.2(1) keV
indicating the existence in this nucleus of an excited state
at this energy. In fact, the reanalysis of the 7'Ni S-decay
data obtained by this collaboration at the LISOL separator
[10,11] also showed the presence of a 454 keV line.
Because of the lack of y7y-coincidence relations, this tran-
sition was not placed in the level scheme of 7'Cu reported
in [10,11].

A summary of the levels populated by Coulomb excita-
tion in 67:6%71L73Cu is given in Table II. The newly observed

TABLE II.

states at 454 keV in "'Cu and 135 keV in >Cu are also
included. The weak or missing feeding of these levels in
the B decay of the ""73Ni isobars, respectively [10,11],
suggests a low spin for these states in both nuclei, most
probably a 1/2~ state.

The deexcitation yields of the observed 7y rays in
67.697L3Cu  were used to extract the experimental
Coulomb excitation cross sections, normalized to the
known cross section for exciting the 2% state in the '%Pd
or 129Sn target. The fit of the experimental data was per-
formed with the Coulomb excitation code GOSIA [22]. The
code calculates the experimental 7y yields integrated over
the scattering angle of the detected particle and corrected
for the energy loss of the beam in the target, angular
distributions of the vy rays, and internal conversion coef-
ficients. GOSIA predicts that the population of the 1/2~ and
5/27 levels via Coulomb excitation from the 3/2~ ground
state proceeds mainly through E2 transitions, as the proba-
bility for M1 excitations is 3 orders of magnitude lower.

The B(E2) values obtained in the present work are given
in Table II and shown in the bottom panels of Fig. 2. For
comparison, the corresponding values in the stable ®>6Cu
and the B(E2;2" — 0") strengths in the even-even adja-
cent Ni isotopes are also included. The top panels present
the energy systematics of the 1/27, 5/27, and the core-
coupled 7/27 levels in the odd-A ®3~73Cu, as well as the 2"
states in the Ni cores.

In "V73Cu, based on the particle-core model [23], the
7/27 states at 1190 and 961 keV, respectively, were inter-
preted as 72p3/, ® 27 ("%72Ni) configurations, while the
71f;52p3, structure was assigned to the 7/27 levels

located at 981 and 1010 keV, respectively [23]. The non-
observation of the latter 7/2~ states in this Coulomb
excitation experiment and the obtained B(E2) values for
the former, very similar to the B(E2) strengths in the
corresponding Ni cores, is consistent with the proposed
interpretation, which can be easily extended over the whole
series of 7/27 states presented in Fig. 2. Since the B(E2)
transition rate in 72Ni is not known experimentally, our
measured B(E2;7/2 — 3/27) value in 73Cu can give a
good estimate of the collectivity of the 2% state in 7>Ni.

Experimental excitation energies (keV) of the levels populated by Coulomb excitation and the corresponding B(E2)

values (W.u.) extracted from the analysis of the present data (EXPT.) compared to the results of the large scale shell-model calculations
(SM) [7]. Levels marked with a star are newly assigned to the level schemes of 773Cu. The shell-model B(E2) values were calculated

with the effective charges e, = 1.5¢, ¢, = 0.5e.

Cu “Cu "ICu BCu

EXPT. SM EXPT. SM EXPT. SM EXPT. SM
E(1/27) 1170 1118 1096 1325 4542(1)* 1089 135.4(1)* 776
E(5/27) 1115 1390 1214 1524 534 1135 166 748
E(7/27) 1670 1815 1871 2026 1190 1583 961 1428
B(E2;1/2- —3/27) 14.0(13) 7.7 10.4(10) 7.1 20.4(22) 73 23.1(21) 7.5
B(E2;5/2~ —3/27) 12.5(10) 2.1 3.003) 1.6 3.9(5) 1.7 4.4(5) 1.3
B(E2;7/2~ — 3/27) 3.005) 1.9 4.6(7) 1.2 10.7(12) 1.5 14.9(18) 2.3
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FIG. 2 (color online). Top: Systematics of the energies of the

1/27,5/27, and core-coupled 7/2~ states in ®~73Cu along with

the 2% levels in the even-even 53~73Ni. Bottom: Experimental

B(E2) values in 9%Cu [13], ¢7%%7L73Cu (present work), and

62-70Ni [16,27]. The lines connect the experimental points for

the states of same spin but do not imply that the structure
remains the same.

Next to the rather familiar particle-core states present in
the odd-A Cu isotopic chain, two pronounced and distinc-
tive structures emerge from N = 40 onwards. The 5/2~
state, whose dramatic drop in the excitation energy beyond
N = 40 is believed to be caused by the monopole migra-
tion [7,8,10], shows a low B(E2) value (<5 W.u.), con-
firming its assumed 7 fs/, single-particle character. The
observed sharp drop in energy can indeed be attributed to
the lowering of the 1f5/, proton state when neutrons start
filling the 1gq/, orbital, in agreement with the predicted
tensor effects for this mass region [8]. The newly identified
low-spin states in ’"73Cu, assumed 1/2~, show an identical
energy evolution but a large B(E2) value (>20 W.u.),
which excludes a single-particle character of 7p,/, type.
As shown in Ref. [7], shell-model calculations employing a
realistic interaction based on the G matrix [24] and modi-
fied by Nowacki for the monopole part [25] show a ten-
dency to reproduce the energy trend of the low-lying states
in 679%7L73Cy but fail to account for the B(E2) values; see
Table II. The particle-core calculations reported in [23]
also predict a low-lying 1/2~ state in 7"73Cu, but no
information on its structure is given. Furthermore, in con-
trast to the 7/27 state, the B(E2;1/2~ — 3/27) results do
not follow the B(E2) trend in the neighboring Ni isotopes.
Thus, the low-energy level schemes of the odd-mass Cu
isotopes at and beyond N = 40 are governed by three
different structures: the expected proton single-particle
excitations, particle-core-coupled states and a surprisingly
low-lying collective mode. The onset of deformation in
these nuclei is clearly related to the filling of the v1gq/,
orbital. The presence of this collective structure at such low
excitation energies might indeed be responsible for the
enhanced core polarization observed in °Ni [16] and could

also explain the low magnetic moment reported recently
for the 3/2~ ground state of ’!Cu [26].

In conclusion, the B(E2) values for the transitions de-
populating low-energy 1/27,5/27, and 7/2~ states in the
neutron-rich ¢76%7L73Cu have been measured. These odd-
proton nuclei span the N = 40 neutron subshell and N = 3
oscillator shell closure at *Ni. New low-energy levels with
unexpectedly large B(E2) values have been identified at
454 and 135 keV, respectively, in ’"73Cu for which 1/2~
spin and parity are proposed. The increased collectivity
could indicate significant deformation, although the posi-
tion of these levels were foreseen in the vibrational model
based calculations [23]. Our results indicate a significant
drop in the B(E2;5/2~ — 3/27) value that points to a
change from a rather collective to a single-particle-like
structure for the 5/27 level at N = 40 and beyond. Thus,
these new data reveal the presence of both single-particle
and collective states at low energy in these neutron-rich Cu
nuclei that drop with increasing value of N and lie at
approximately the same energy. This behavior clearly il-
lustrates the sensitivity of the transition rates to the details
of the wave functions and emphasizes the importance of
the present results to the understanding of the evolution of
the shell structure in this mass region. Finally, the presence
of collectivity at such a low excitation energy is likely to
play an interesting role in the evolution of the structure of
these Cu nuclei near the doubly magic nucleus "®Ni and
beyond.
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