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Low-lying isomeric levels in ”*Cu
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Isomeric low-lying states were identified and investigated in the >Cu nucleus. Two states at 61.8(5)- and
128.3(7)-keV excitation energies with half-lives of 370(40)- and 170(15)-ns were assigned as 7! Cu and ""2Cu,
respectively. The measured half-lives combined with the recent spin assignment of the ground state allow
one to deduce tentatively spin and parity of the two isomers and the dominant multipolarities of the isomeric
transitions with respect to the systematics of the Cu isotopes. Shell-model calculations using an up-to-date
effective interaction reproduce the evolution of the 1/27, 3/27, and 5/2~ states for the neutron-rich odd-mass
Cu isotopes when filling the vgy,». The results indicate a significant change in the nuclear structure in this region,
where a single-particle 5/27 state coexists with more and more collective 3/2~ and 1/2 levels at low excitation

energies.
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I. INTRODUCTION

Experimental evidence of the evolution of nuclear structure
along an isotopic or isotonic chain is an essential ingredient to
have a better understanding of the nucleon-nucleon interaction.
In this context, one of the major activities in nuclear structure is
the search for appearance and disappearance of magic numbers
revealing the evolution of shell structure toward the drip lines.
In particular, the region of neutron-rich nuclei around N = 40
to N = 50 shows an interesting evolution of shell structure.
It is well known that a transition from harmonic oscillator to
spin-orbit type of shell closure occurs between “°Ca and '°°Sn
and the role of the neutron gg/» orbital becomes crucial in the
vicinity of ®Ni, determining its mixed, magic and superfluid,
character [1]. In nuclei with a proton number below and above
the nickel isotopes, the neutron gg,, orbital manifests itself
as low-lying isomeric states already at N = 35, namely ®Ni,
61Fe, and *°Cr, and it induces important excitations across
the Z = 28 shell gap, for example, in %Ni [2]. Most of the
neutron-rich Cu isotopes show predominant single-particle
character of their low-lying states. For example, in %°Cu the
transition probabilities for these states are well reproduced
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using a ®Ni core and conventional effective charges. However,
to explain the properties of the neighboring ®’Cu and 7'Cu,
one needs either to increase the model space to a **Ca core
including the proton 7 f7,, orbit or allow much larger effective
charges [3]. With the increase of the occupation of the vgg/»
orbital its influence on the structure of the nuclei becomes
more important, causing a significant decrease of the energy
gap between the proton f7,; and f5/, orbitals, usually referred
to as monopole migration [4,5]. As a consequence for 7*Cu one
observes a coexistence of collective and single-particle-like
states at very low excitation energy [6]. It has been debated
whether and at what neutron number a crossing of the 7 f5/»
and 7 p3 should occur [7-10], and what might be its influence
on the doubly magic character of "8Ni. If confirmed in nuclei
toward N = 50, see, e.g., Ref. [11], the monopole migration
of the 7 5, orbital could eventually erode the magic character
of the Z = 28 shell closure, which would then be built on
the mf7» and mfs,, orbits. Depending on the strength of
the proton-neutron interaction, "®Ni, where the vgg/, orbital
is fully occupied, and hence the monopole interaction
maximized, could reveal magic character or not [12].
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The excitation energy of the 5/2 state along the odd-mass
Cu isotopes remains rather constant up to N = 40, above
1 MeV, and decreases drastically when the vgg,, orbital
starts to be filled. It drops to 534 and 166 keV for the
"ICu and 73Cu, respectively. The sharp drop of the excitation
energy of the 5/27 state beyond N = 40 is caused by the
lowering of the 7 f5,, state with respect to the 7 p3/, ground
state when neutrons start filling the go,, orbital [4,7,8,10].
Recently, the g-factor measurement of the ground state of the
3Cu unambiguously shows the 7 fs,, character of this state,
assigning a 5/27 spin and parity [13]. The excitation energy
of the 1/27 state beyond N = 40 has the same slope as that of
the 5/27, dropping from 1 MeV down to 454.2 and 135.4 keV
for the "!Cu and 73Cu, respectively. The observed increased
B(E2;1/2— — 3/2—) value indicates significant collectivity
of this state. However, low-lying states and reduced transition
probabilities B(E2) are known only up to N = 44. In this
work, the first experimental information about the transition
rates at N = 46 is obtained.

II. EXPERIMENTAL PROCEDURE

The present experiment aimed at the search and study of
new isomeric states in the neutron-rich region from potassium
to germanium isotopes. Those isotopes were produced by the
fragmentation reaction of a 8Kr beam at intermediate energy.
This experiment is a continuation of a previous one where 13
isomeric states have been observed and studied for the first
time [14]. Ten new isomeric states have been observed in the
present work [15] thanks to the increase of the primary beam
intensity, reduction of fragments time of flight by a factor 6
(from 1.2 us to 200 ns) and detection of low-energy y rays. In
particular, the observation of the 8% isomeric state in B7n[16]
gave the first experimental information on the shell structure
Vgery close to the doubly magic Z =28, N = 50 nucleus
8Ni.

The experiment has been performed at Grand Accélérateur
National d’Ions Lourds (GANIL) using the LISE spectrometer
[17]. The short-lived isomers were produced using the
fragmentation reaction of a 60.5 MeV per nucleon neutron-rich
stable 3Kr*+ beam impinging on a rotating 100-um thick
"IN target. The mean intensity of the primary beam was about
1.6 wAe, which corresponds to 3 x 10'! particles per second.
Behind the production target a 500-pm thick Be foil was used
as a stripper. In the first dispersive plane of the spectrometer
located in between the two selective dipoles, was placed a
50-pum thick Be wedge to remove light fragments and to further
suppress non-fully stripped ions. The produced fragments
were detected by a three-element Si-detector telescope of 300-,
300-, and 500-pm thickness, respectively. The third one is a
position-sensitive detector that was mounted at an angle of 45°
with respect to the beam axis. The heavy ions were implanted in
the middle of this silicon detector. Four high-purity germanium
detectors surrounded the implantation Si-detector in a close
geometry. The total photopeak efficiency was measured to
be maximum 26% at 130 keV and 6.2(1)% for 1.3-MeV
y rays.

The unambiguous identification of heavy ions in mass,
atomic number, and atomic charge was achieved by means of
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energy-loss, total-kinetic-energy, and time-of-flight measure-
ments. A detailed description of the experimental method used
for the identification and studies of short-lived isomers can be
found in Ref. [18]. The heavy-ion delayed y-ray correlation
applied event by event allows an independent confirmation of
fragment identification. The lifetimes of isomeric states were
measured by storing the time difference between the heavy-ion
implantation signal and delayed y rays. Two separate time
ranges of up to 500 ns and 40 us were recorded for each
germanium crystal using standard time-to-digital converter
(TDC) and time-to-amplitude converter (TAC) modules,
respectively.

III. RESULTS AND DISCUSSION

A summary of the measured y rays and half-lives for new
isomeric states observed in this experiment is presented in
Table 1. In the present report, only results concerning the
isomeric states in 7Cu will be discussed.

In Fig. 1 the delayed y-ray spectrum gated on the implanta-
tion of 7Cu is displayed. This energy spectrum is obtained by
the summation of all germanium detectors’ contributions. Two
y rays have been clearly observed at the energies of 61.8(5)
and 66.5(5) keV. One observes that the two y rays are in
coincidence. The timing spectra reveal two different half-lives,
which means that the higher energy isomeric state decays to
the lower energy one. The time decay patterns of the isomeric
transitions are shown in the inset of Fig. 1. An exponential
x? fit to the experimental histogram gives a half-life value
of 170(15) ns for the 66.5(5)-keV y-ray transition shown in
Fig. 1(a). Concerning the half-life of the lower energy isomer,

TABLEI Listof new isomers observed in the present experiment.
Given are E*, deduced excitation energy; T} ,, half-life; 1™, tentative
spin assignment of the isomeric state; Mult, multipolarity of the
isomeric transition; and E,, energies of the observed y lines. For
the cases marked with (*); a new y transition is observed. For the
8Ga, only the isomeric transitions are given.

E* Ti I Mult. E,

(keV) (ns) (keV)
IK 171.4 125(40) 3 E2 44,70, 101
1274,171.4

60mly 103.2  13(3) 2% M1+ E2 103.2
0m2y 202.1 320(90) ") E2 98.9, 103.2

2Mn 113.3  95(2) M1+ E2 113.3
%4Mn(*) 174.1  >100 us 4%) M2 39.8,134.3
OFe(*) 396.8 420(13) 33.5,363.3
Fe(*) >387.7 62(23) us 366.4, 387.7

8Co 48.4 101(10) 48.4

Co 4373 54(10) 47) El+M2 155.8
E2 273.2, 164.1

7smlCy 61.8 370(40) 1/27) E2 61.8

75m2Cy 128.3 170(15) (3/27) M1+ E2 66.5
87n 2672.5 319(9) 8+ E2 144.7, 729.6
889.9, 908.3
8Ga 498.9 110(3) 46.1, 157.5
217.8, 498.9
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FIG. 1. The y-ray energy spectrum of the isomeric state in "Cu.
The decay curves of both observed transitions are shown in the inset
for the 66.8(5)-keV (a) and 61.8(5)-keV (b) y rays, note the different
timescales.

the feeding component from the upper one was determined
from a two-component fit of the 61.8(5)-keV decay curve. It
turns out that the lower isomeric state was almost fully fed
by the decay of the upper isomer. For the exponential fit of
the decay of the first isomeric state, 100% feeding is assumed.
The fitted half-life presented in Fig. 1(b) gives 370(40) ns.
No direct transition from the level at an excitation energy
of 128.3(7) keV to the ground state is observed. Thus, two
low-lying isomeric states were measured in the °Cu; the
first one, namely 7! Cu, is located at an excitation energy
of 61.8(5) keV with a half-life of 370(40) ns and the second
one, namely 75m2Cy, at an excitation energy of 128.3(7) keV
with a 170(15)-ns half-life.

The reduced transition strengths, expressed in Weisskopf
units (W.u.), assuming pure E2 and M1 multipolarities,
respectively, are B(E2) = 35(5) W.u., B(M1) =3.8(4) x
107* W.u. for the 66.5(5)-keV isomeric transition, and
B(E2) = 19(3) W.u.,, B(M1) =2.1(3) x 10~* W.u. for the
61.8(5)-keV isomeric transition. Internal conversion coef-
ficients [19] auor(E2) = 2.85(10), 3.76(13) and oo(M1) =
0.163(5), 0.200(6) for the 66.5(5)- and 61.8(5)-keV y rays, re-
spectively, were used in the calculation. For the 128.3(7)-keV
crossover transition, internal conversion coefficients are eval-
uated to be oo(E2) = 0.238(6) and aor(M 1) = 0.0276(5).
According to these values and to the measured y effi-
ciency, one estimates the nonobserved crossover transition
to be lower than 3% leading to reduced transition strengths
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FIG. 2. Proposed experimental spin assignment scenarios A and
B compared with SM calculations.

of B(E2)<0.16 Wau. and B(M1)<2.1x107° Wu.
assuming pure E2 and M 1 multipolarity, respectively.

With respect to the experimental low-lying level energies
systematics study on the copper isotopes shown in Table II
(Expt.), the spin assignment to the two isomeric states may be
discussed in terms of two scenarios. The recent determination
of the 5/2~ ground-state spin and parity [13] leads to 1/2~ and
3/2~ low-lying possible states. Depending on the migration
of these latter relative to the 5/27 level along the neutron-rich
Cu isotopes, their order in 7Cu could follow two possibilities,
hereafter referred to as A and B in Fig. 2. As the neutron
number increases, the gap between the 5/2~ and 1/2~ states
decreases from 118 keV in °Cu to 80 keV in ”'Cu down to
31 keV in 3Cu, and the gap between 1/2~ and 3/2" states is
reduced from 1096 keV for A = 69 to 454 keV for A = 71 and
finally to 135 keV for A = 73. According to the systematics,
the previous gaps are awaited to be —25- and —30-keV
for the 7 Cu, respectively. Within the framework of scenario
A, the gap between the three above-mentioned states becomes
—128 keV and 66 keV, and these latter are reduced to —62 keV
and to —66 keV if there is a 5/27(g.s.)-1/27(m1)-3/27(m2)
sequence (scenario B). In comparison with the energy gap
evolution, the second proposition seems more credible.

To shed light on the nuclear structure of the low-energy
states of the 7°Cu, the experimental results have been
contrasted with large-scale shell-model (SM) calculations
performed in a valence space outside the **Ca core, comprising
f7/2, f5/2, P32, P12 orbitals for protons and f5/2, P3/2> P1/2,
89,2 for neutrons. As already mentioned, such a model space
appears to be indispensable for a proper description of the
nuclear structure of neutron-rich nuclei in this region: it was
shown by Otsuka in Ref. [20] that a strong proton-neutron
tensor force has an opposite action on the 7 f7,, and 7 f5),

TABLE II. Experimental excitation energies (keV) of the 3/27, 1/27, and 5/27 levels and the corresponding B(E2), B(M1) values
(expressed in Weisskopf units) extracted from the analysis of previous and present data (Expt.) compared to the results of the large shell-model
calculations (SM). The shell-model B(E2) values are calculated with the effective charge e, = 0.5¢ and e, = 1.5¢. For the B(M 1) values,

effective gyromagnetic factors were used; see text for details.

69Cu 71Cu 73CU
Expt. SM Expt. SM Expt. SM
E@3/27) 0 0 0 0 0 0
E1/27) 1096 1052 454.2(1) 715 135.4(1) 262
E(5/27) 1214 1142 534 763 166 231
B(E2;1/2- — 3/27) 10.4(10) 7.6 20.4(22) 10.8 23.1(21) 13.3
B(E2;3/27 — 5/27) 4.5(11) 6.2 5.9(18) 7.9 6.6(27) 3.9
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TABLE III. Transition rates in proposed scenarios expressed in W.u. for >Cu. Only upper limits are given because of unknown
mixing ratios. Experimental reduced transition probability for the two new y rays are corrected by internal conversion coefficients

assuming pure £2 and M1 transitions.

E, Transition Multipolarity Scenario A Scenario B SM
61.8 3/2= = 5/2° E2 <19(3) 3.35
M1 <2.1(3) x 10~* 0.009
61.8 1/2= - 5/2~ E2 193) 19.9
66.5 1/2= — 3/2° E2 <35(5) 14.5
M1 <3.8(4) x 107* 0.047
66.5 3/27 - 1/2° E2 <35(5) 7.25
Ml <3.8(4) x 107* 0.0235
128.3 1/2= - 5/2~ E2 <0.16 19.9
128.3 3/2 - 5/2° E2 <0.16 3.35
M1 <2.1 x 107 0.009

orbitals while filling of the neutron g > level, which may result
in a weakening of the Z = 28 gap. It should be noted though
that this is partly counterbalanced by the central part of the N N
interaction [21]. Hence, the proton excitations from the f7/,
orbital may become of crucial importance when approaching
N = 50. Recent SM calculations [22], as well as the results of
this work, seem to confirm this prediction.

The effective interaction used is based on the interaction
applied in the study of the Coulomb excitation in %®Ni in
Ref. [1], however, we have modified the f72- f5,> proton gap in
8Ni to reproduce its size constrained by the recently measured
B(E2;2%t — 0%) value in ¥7Zn [23]. The calculations have
been carried out with the m-scheme code ANTOINE [24]. We
have pursued truncated calculations up to eight particle-8 hole
excitations with respect to the f7,, and p,, shell closures
for lighter coppers, whereas a full space diagonalization was
achieved for 777> Cu.

The results for low-lying excited levels and electromagnetic
transition rates for 69-75 copper isotopes in comparison to
experimental data [25] are collected in Tables II and III and
Figs. 2 and 3. Conventional polarization charge 0.5¢ has been
used for both protons and neutrons. For magnetic transitions
spin g factors were quenched by a factor of 0.75 and we have
used values of 1.1 and —0.1 for orbital proton and neutron g
factors, respectively. With these values we have reproduced
most accurately the measured magnetic moments along the
copper chain [22].

As seen from Table II and Fig. 3, the SM calculations
reproduce very well the systematics of the low-lying levels
along the Cu chain. In particular, the observed inversion of the
3/27 and 5/27 levels has been obtained in the calculations
in >Cu, where the gg /2 orbital is half- filled. Apparently, the
attraction between the gg,, neutrons and the fs,, protons pulls
down the f5, orbital, which then crosses the p3;,. One should
also notice that the present shell- model calculations succeed
in reproducing the pronounced lowering of the 1/27 level,
which was not the case in previous SM calculations in more
restricted valence spaces [7,12,26].

The character of the calculated levels can be verified
by looking into the transition rates presented in Table III.

Experimentally, all M1 transitions are highly retarded in either
scenario. This is qualitatively reproduced by the shell model
though the SM values still overestimate the strengths. This can
be ascribed to their sensitivity to small components in the wave
functions and to the choice of the effective g factors, because
of interference effects. Although the small B(M1;3/27 —
5/27) reflects [-forbiddance and partial persistence of the p3;»
and fs,, single-particle character of the respective states, the
hindrance of the 3/2~ — 1/27 M1 transition clearly indicates
a completely different intrinsic structure of the 1/27 state.
A typical single-particle pi» — p3/> spin-flip M1 strength
corresponds to 0.3-0.5 W.u. as measured in >*~%Cu [25].
The experimental B(E2;1/2~ — 3/27) value is about
10 W.au. at N =40 and reaches more than 20 W.u. in
3Cu, pointing out an increasingly collective character of this
transition. On the contrary, the B(E2;3/2~ — 5/27) value is
of a few W.u. along the chain and together with an observation
of a sharp drop in energy of the 5/2~ state can be a hint
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FIG. 3. (Color online) Evolution of the /"=1/2",3/27,and 5/2~
level energies from N = 40-50 in comparison to SM results. The
open symbols represent the experimental data and the lines are for the
calculated ones. The two scenarios for 7Cu (N = 46) are indicated
by open (A) and solid (B) symbols.
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for the single-particle character of this state. The B(E2)
strengths with standard polarization charge are satisfactorily
reproduced within a factor of two by the shell model while
the increasing trend is matched by the calculations. The
noncollective B(E2;3/2~ — 5/27) value is fairly reproduced
from %°Cu to 7>Cu and remains of the same order in ">Cu,
supporting the single-particle nature of the 5/2~ level. The
calculated wave function of this 5/27 is built up by ~65%
of the & fsl/2 configuration. For comparison, the 3/2~ and

1/27 states contain ~ 45% and ~ 30% of np31/2 and npll/z
components, respectively. These values reflect the gain in
collectivity with the filling of the vgy,, orbital.

The B(E2) values remain nearly indifferent to fine vari-
ations of polarization charges. We have also examined the
sensitivity of calculated transitions in >Cu to the size of the
f1/2-f5,2 proton gap. The reduction of the gap by 1 MeV,
leads to the increase of B(E2) values by 3.5 W.u. for
the 1/27 — 3/27 transition and by only 0.6 W.u. for the
3/2= — 5/27 one. Drawing on the fair agreement of the
SM B(E?2) values with experiment, the two scenarios for
spin assignments are examined with respect to transition rates
(see Table III). The upper limits extracted for the reduce
strengths for the nonobserved 128-keV crossover transition
are decisive to assess the two scenarios. In case A with a
spin-parity sequence 5/27(g.s.) - 3/27(m1) - 1/27(m2), the
upper limit of 0.16 W.u. for the 1/27 — 5/27 transition is
largely contradicting the SM value of 19.9 W.u. whereas the
limits of the observed E2 transitions are compatible with
both theory and systematics of the lighter copper isotopes. In
scenario B and a sequence 5/27(g.s.) - 1/27(m1) - 3/27(m2),
the enhanced E?2 transitions are well reproduced by the shell
model whereas the hindered 3/27 — 5/27 E2 strength is
overestimated. It should be noted that a pure wp3» — 7 f5/2
E?2 would correspond to 1.5 W.u. only (i.e., again small
components in the wave function may cause destructive
interference). In summary, the comparison of the experimental
E?2 limits with shell-model results seems to favor scenario
B in agreement with the systematics study. For the Al=1
transitions, £2/M 1 mixing ratios will improve the agreement
for strong E2 while at the same time the M 1 situation degrades;
the general discussion, however, will be little affected. The
situation resembles very much the antimony isotopes ''°~123Sb
one major shell higher in midshell vk, where strong and
weak E2 are observed for the corresponding 3/2% — 5/2%,
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3/2% — 7/2%,and 5/2% — 7/2%, respectively, while all M1
are strongly hindered [25]. We note in passing that the kink
at N = 48 in the SM relative excitation energy trend shown
in Fig. 3 indicates a return to single-particle behavior at the
neutron shell closure N = 50 in agreement with the spherical
vgy/5 structure of "Ni [27,28].

IV. CONCLUSION

In conclusion, we have observed the low-lying isomeric lev-
els in ”°Cu at excitation energies of 61.8(5) and 128.3(7) ke V.
The present experimental work triggered theoretical improve-
ments in the description of the structure toward "Ni. From
comparison of the measured transition energies and deduced
B(E?2) values with the shell-model calculations the first
spectroscopic information has been gained. The calculations
describe correctly the observed isomeric states and support
the experimental evidence for the inversion of p3/; and f5),
orbitals around ">Cu nucleus in agreement with the assignment
of Flanagan et al. [13]. Two scenarios have been proposed for
the assignment of the isomeric states. The systematics and
SM calculations favor scenario B implying a (3/27) 7"2Cu
decaying via a mixed M1 + E2 transition and a (1/27) 7!
Cu feeding the 5/2~ ground state by a pure E2 multipolarity
transition. The presence of single-particle and increasingly
collective states at low excitation energy in the neutron-rich Cu
isotopes in midshell vgg /> reveal an interesting behavior in the
nuclear structure evolution toward N = 50 where according
to the shell- model predictions the single-particle character of
states should be recovered.
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