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I[. INTRODUCTION

A large part of the effects present in the nuclear many-body system seems to be ac-
countable within a shell-model approach. This fact, and the shell structure of the one-body
excitation spectrum (the existence of magic numbers), are what make the nuclear many-
body system approximately tractable beyond the very lightest nuclei. Knowledge of the
evolution of the shell structure with exotic combinations of the neutron and proton num-
bers, as can be gained from the study of double-closed shell nuclei far from stability, is
particularly important in this context. The most neutron-rich double magic nucleus acces-
sible for spectroscopic studies in the near future is ®*Ni. The first observation of ®Ni has
been reported [1], but spectroscopic information has been obtained only up to ™Ni [2]. The
lﬁnited amount of information available for the heavy Ni isotopes is due to experimental
difficulties in producing neutron-rich nuclei in this mass region.

Perhaps the most exciting phenomenon identified to date in the neutron-rich Ni isotopes
is the indication for a subshell closure at N=40 in ®Ni. This was suggested from early
transfer studies [3] and reinforced by the observation [4] of a high excitation energy of the
first 2% state and a pronounced similarity with the excitation spectrum of ®Zr. Although
%Ni is only modestly far from stability (the last stable Ni isotope has A=64), understanding
the properties of the nuclei around ®Ni is one important step towards understanding the
structure of the more exotic Ni. In addition, the existence of a good subshell closure at
N=40 is expected to have a significant impact on the properties of the nuclei in the region.
The collectivity of the nuclear system is known to be largest when the number of valence
nucleons is maximal, which occurs at midshell. A large open shell (in this case N=28-50}
can give rise to a large degree of collectivity. On the other hand, the splitting of the shell into
two subshells (N=28-40 and N=40-50) can inhibit the development of collective properties.

There is further significance associated with the study of the subshell gap in ®Ni. The
single-particle spectrum of nuclei with large neutron excess is predicted by some approaches

[5] to become similar to that of a harmonic oscillator with a spin-orbit term (no additional



2 term) and thus reinforce some of the harmonic oscillator magic numbers, as is the case of
N=40. A good subshell closure at N=40 in %®Ni might develop into a real shell closure for
nuclei with smaller proton numbers. Pursuing the evolution of the N=40 subshell gap in the
very neutron-rich nuclei towards *®Ca, while being a very difficult experimental task, would
give rich information about the evolution of the nuclear spin-orbit term for large neutron
£XCEss.

This paper investigates the low-energy properties of nuclei in the vicinity of N=40, Z=28.
First, we examine the empirical evidence for a subshell closure at N=40. The subsequent
section concentrates on a Particle-Core Coupling Model (PCM) study of several odd-mass
Ni and Cu isotopes. The influence of the subshell closure at N=40 on nuclei adjacent to ®Ni
is investigated. From the comparison between the experimental and calculated energies, the
pi’oton and neutron single-particle energies are extracted. The behavior of specific proton
sf;lgle-particle energies with mass number is explained in terms of a monopole shift, and

supports the existence of an N=40 subshell closure as well.

II. EMPIRICAL EVIDENCE FOR A SUBSHELL CLOSURE AT N=40

The presence of a shell gap in the single-particle spectrum gives rise to “discontinuities”
in several properties for the nucleus with the closed shell, as compared to the neighboring

nuclei. We have examined several possible indications for a subshell gap in the case of ¥Ni.

A. E(2))

As pointed out by Broda et al. [4], the excitation energy of the first excited 2+ state
E(2{) rises by more than 500 keV between ®Ni and %Ni. This is a strong indication of
an. N=40 subshell closure, and also the most pronounced empirical evidence in its favor.
The information has been completed with the recent observation (2] of an excitation energy

E(27) in ™Ni very similar to that of Ni. The relevant data are summarized in Fig. 1.



On the other hand, the behavior of the E(2}) values in the even Zn (Z=30) and Fe (Z=26)
isotopes, shown for comparison in Fig. 1, is intrigning. A clear difference in E(2]) can be
observed for N=40, as compared to N=38, but this time the energy is lower than the one of
the preceding nucleus. Nevertheless, the first excited 2+ state in the “two-proton particle”
Zn or “two-proton hole” Fe isotopes is expected to be of predominant proton nature. The
effect of, for example, changes in the proton single-particle energies on the excitation of the
21 state cannot be easily disentangled from the effect of the neutron subshell closure on the

same state,

B. S(2n)

A pronounced drop in the two-neutron separation energies S, is expected immediately
ci?ter a neutron shell closure. The effect of a subshell closure on the S, values is less
pf;onounced, and mainly gives rise to a change of the slope of the separation energies. A
more sensitive quantity is the derivative of Sy, as a function of mass. The behavior of the
derivative is reflected by the differential quantity Sp,(A)-Ssn(A+2). The differential two-
neutron separation energies of the Ni isotopes are shown in Fig. 2(a). For comparison, the
similar quantity calculated from the two-proton separation energies is shown in Fig. 2(b)
for the N=50 isotones, which cross the Z=40 subshell closure in *Zr. The two-neutron and
two-proton separation energies are taken from the evaluation of Ref. [8]. Similar effects can
be noticed at the crossing of N=40 in the Ni isotopes, as at the crossing of Z=40 in the
N=50 isotones. The magnitude of the effect is larger in the N=50 isotones, but this might
be due to a somewhat different single-particle spectrum, giving rise to an additional gap
between the pair of orbitals 2p3/2, ls/2 and the orbital 2p; /o, as well as additional binding
of #Sr.

The errors on the adopted separation energies become very large just in the region of
interest for ®®Ni. Additional effort for precise mass measurements may provide a clear

signature for subshell effects at N=40.



C. Pairing properties

Another quantity which can show discontinuities at the crossing of a shell closure is the
pairing gap A. A good estimate for the neutron pairing gap from the experimental neutron

separation energies is [9]:
Ap = =1/4{Sy(N ~1,Z) — 25,(N, Z2) — So(N + 1, Z)},

for even N values, or the same quantity with opposite sign for odd N values.

The neutron pairing gap in the Ni isotopes, extracted from the adopted S,, values 8], is
shown in Fig. 3. A minimum value for the experimental gap is found for ®Ni. Due to the
large experimental errors on the separation energies, the errors in A, become large precisely
i the interesting region (after %*Ni).

In order to investigate in more detail the information which can be extracted from the
e:cperimenta.] pairing gaps, we have calculated this quantity in a standard BCS approach
with a constant pairing force. As a starting point,

The neutron single-particle energies from 5"Ni were used as a starting point for the
Ni isotopes with N>28. The pairing strength was adjusted to reproduce the experimental
pairing gap in *Ni. For the isotopes with N<28, the orbital 1f7/5 was added, and the pairing
strength was determined from the experimental pairing gap in 4Ni. Some variation of the
single-particle energies was allowed for the heavier isotopes (N>28), and determined from a
best qualitative description of the experimental data. The main result of this study is the
fact that the low value of A, in ®Ni cannot be reproduced in the BCS approach, when the
single-particle energies and pairing strength from the lighter isotopes are extrapolated to
N=40. The discrepancy is visible in Fig. 3, despite the large experimental errors.

Information from both one-neutron stripping and pick-up is available for 6163Ni. and
from one-neutron stripping for 5°Ni [7]. From comparison of the spectroscopic factors for
the same state obtained in stripping and in pick-up, the occupation probability for a given

single-particle orbital can be determined. The distribution of neutron particles in the major



shell N=28-50 points toward a substantial subshell gap at N=40. The occupancy of the
1go/ orbital, extracted from experiment, is consistent with zero. Excitations involving
orbitals below N=40 can, therefore, be approximated rather well by pure hole excitations.
In addition, excitations involving 1gg/2 can be considered pure particle excitations. This
conclusion constitutes the basis of the study of the odd Ni isotopes around ®®Ni in the

Particle-Core Coupling Model.

III. PARTICLE-CORE COUPLING MODEL CALCULATIONS
A. The model

. Several odd-mass and even-even isotopes in the vicinity of **Ni were studied in the
particle-core coupling model (PCM). A detailed description of the model can be found in
Refs. [10-12], but we summarize here its main features for completeness.

The model space for the odd-mass nuclei around ®Ni, described herein, consists of single-
hole or -particle states coupled to collective quadrupole and octupole vibrational excitations
of the underlying even-even core. It is assumed that the core does not change whether a
proton or a neutron particle or hole is coupled to it. In addition to the “natural” configura-
tion space consisting of collective excitations in ®®Ni coupled to single-hole or single-particle
excitations, an additional subspace has been included, which accounts for neutron or proton
excitations of the type two-particle one-hole (2p-1h) or one-particle two-hole (1p-2h). This
latter part of the model space can be approximated by hole or particle excitations coupled to
the collective excitations of ***2Nj for the odd-neutron Ni isotopes, or of the corresponding
Zn isotopes for the odd-proton Cu isotopes.

For each subspace, the hamiltonian includes a single-particle, a collective, and an inter-
action part:

H= Z hsp(7) + Azz:s Heon(V) + Hpye. (1)
i =2,

The different terms of the hamiltonian are:



Ifﬁlsp(j) =€ a;- - g, (2)

where ¢; is the single-particle energy of a given orbital (nlf), and a}, a; are the creation and

annihilation operators for the fermionic (single-particle) excitations,

~ . 22 +1
H.onA) = (n,\ + 5 ) hws, (3)

where 7y is the boson number operator, and Aw, denotes the energy of the vibrational
2*-pole phonon, and
A

R - /2 A .
Hpyc = —AX;S&\MA (2 g 1) S ZA[% + (=Y or_ ] Yx (7), (4)
_— y “:—

where £, gives the strength of the particle-vibration coupling of multipole X, < r* > is the
mean value of the radial integral for the orbitals in the major shell, and bf\p, bx-, are the
creation and annihilation operators for the bosonic (collective phonons) excitations. The
céupling of the two subspaces is treated in the manner described in Ref. [13].

Taking as an example the case of *'Ni, the neutron-hole orbitals 2p3}, 1 fijy and 2py),
as well as the deep hole states 1f,;, 1d; and 257}, are considered in the “8Ni-subspace”.
For the neutron 1p-2h excitations in the ““*Ni-subspace”, we take into account the orbitals
1go/2, 2ds/2 and 1g7/; above N=40. For the proton case, the proton-particle orbitals are
2pasa, 1fss2, 2p1/2 and 1gg/2; for the proton-hole orbitals we include 1 f.,“/é as well as 231‘/12,
1d; /12 and 1dg/12. The need to include deep hole states for the description of odd-Z nuclei
around ®8Ni is clear from the experimental structure of %3Co, where large fragments of the
7r2sl_/12 and 7r2d;/12 hole orbitals are found around 2.5 MeV [7,14,15]. We have included the
correéponding neutron deep-hole states in the description of the odd-neutron Ni isotopes for
consistency, but their energy cannot be reliably determined from the existing data.

The collective configurations taken into account in the calculations include up to three
quadrupole phonons and two octupole phonons. For mixed quadrupole-octupole multi-
phonon states, only the one quadrupole-one octupole multiplet has been included. An-
harmonicities are considered by allowing for non-zero mass quadrupole moments of the

quadrupole and octupole phonons [12,16]. This approach leads to quadrupole-quadrupole
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diagonal terms which remove the degeneracy in the multiphonon spectrum as well as in the
particle(hole)-phonon multiplets. The quadrupole moments of the single-particle orbitals
are calculated using the wave functions obtained with the Woods-Saxon potential with the
parameters of Ref. [17]. Because of the large magnitude of the coupling constant involved
in the diagonal quadrupole-quadrupole hamiltonian [16], k; = —6.2 10-3 MeV fm—1 (for
comparison, ks = —0.46 107 MeV fm~* in 2®Pb), and the non-negligible quadrupole mo-
ments involved, the effects of the quadrupole-quadrupole splitting within the particle- or
hole-phonon or phonon-phonon multiplets are large (several hundreds keV).

No microscopic structure of the phonons is taken into account, and, consequently, the
effects of the Pauli principle on the properties of states of the type phonon ® hole or particle
cannot be accounted for.

| One important aspect to be considered is related to the overly-simplified description of
tlie even-even core in terms of anharmonic vibrational states. In the case of ®Ni, the first
excited state has J™ = 0% and lies nearly 300 keV below the 2} state supposed to be the
quadrupole shape vibration. This 0% state is clearly not included in the model space, but
it may give rise to low-energy excitations in the neighboring odd nuclei. Another excitation
of ®Ni which may play an important role in the sequence of levels observed in the odd-
mass nuclei is the 5] isomeric state at 2847 keV, with a probable shell model configuration
vlgg /21/2191_/12. The 57 state of the PCM is a two-phonon (2* ® 37) excitation, and too high
in energy to correspond to the experimentally observed isomer. For "Ni, the 61 and 8}
states (the latter being an isomeric state with T, /2=0.21(5)us) are predominantly of two-
particle v1g2 /o Character, and a three- or four-phonon approximation cannot be used for
the description of these states. The influence of these configurations on the experimental

spectra will be discussed later for specific cases.



B. Results

The aim of the particle-core coupling study presented in this section was twofold: (1)
investigating if ®*Ni is a good core for the adjacent nuclei; and (ii) extracting information
about the neutron and proton single-particle energies around N=40, Z=28.

Shell model studies have been performed in this region for the Ni, Cu and Zn isotopes
[2,4,18-23]. A few Ni and Zn isotopes have been studied in the framework of a microscopic
model based on Hartree-Fock-Bogoliubov theory [24,25]. QRPA calculations of half-lives
and Gamow-Teller decay properties are available for a number of nuclei in this region (see
Ref. [26]). Despite the large number of studies, the present understanding of the region is far
from complete. The shell model calculations give a fair description of the general aspects met
agound %8Ni. Due to necessary restrictions on the configuration space, proton excitations
aéross the Z=28 shell gap are not taken into account. An important class of excitations is
fhus excluded. Examples of low-energy and near-yrast states poorly reproduced by the shell
model calculations have been found (see, for example, Ref. {21]).

The particle-core coupling model gives an interesting alternative to the shell model cal-
culations. Excitations across the shell closure at Z=28 (and subshell closure at N=40) can
be accounted for. The parameters of the model have a clear physical inferpretation and,
once they are extracted from the comparison of the calculated levels with the experimen-
tal data, give important information about the core (collectivity of the phonon excitations,
quadrupole moments) and the odd nucleus (“bare” single-particle energies). However, de-
termining the best values for the model parameters requires unambiguous experimental data,
for nuclei in the region under study. Since non-collective states in the core nuclei are not
adequately described, the corresponding configurations in the odd nuclei are also missing
from the model space.

The parameters used in the calculations for odd-mass nuclei around ®Ni are summa-
rized in Tables I and II. The results of the calculations are discussed in detail in the next

subsection.
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Since the model parameters are determined from the available experimental data, and
do change with mass number, the predictive power of the model for nuclei where no data
exist is limited. It cannot be overly emphasized that the results are only as good as the data
used to determine the parameters of the model. On the other hand, once these parameters

have been reliably determined, the descriptive power of the model is high.

1. Odd-A Ni isotopes

The energy levels of the odd-A Ni isotopes in the immediate vicinity of 8Ni can provide
evidence for a significant subshell closure at ®Ni. For an open shell odd-mass mucleus A,
an average core composed from the even-even A-1 and A+1 nuclei would be needed. In the
c?se of a strong subshell closure, distinct excitations corresponding to a dominating %®Nij
cé)re should exist in the odd-neutron nuclei.

,: The known experimental levels of “"Ni [7,19,24,26,27] and %°Ni [2,28,29,23,30] are shown
in ¥ig. 4, along with the levels calculated in the particle-core model and selected experi-
mental states in the core ®*Ni. The calculated single-particle strength in 87.69Ni is shown in
Fig. 5.

CANT

The calculated structure of %'Ni is rather simple. Predominant 1h character is found for
the low-energy negative parity levels (1/27) g.s., (5/2)7, and, to a lesser extent, for (3/2)7
(see fig. 5). The higher-energy negative-parity (5/27) state observed in 3 decay is a member
of the quadrupole doublet 2+ ® pl_/lg. As noted in Ref. [30], the population of the (5/2)
state at 2155 keV in 3 decay from the (7/27) g.s. of 5Co [26], is probably due to a small
neutron-hole component 1 f;/é in its structure. The ratio of the calculated spectroscopic
factors for 5/2; and 5/27, given in Fig. 5, is consistent with the relative log ft values from
f3 decay. We stress that the excitation energy of the 5/2; state, close to that of the 27 state
in ®*Ni, shows that the description of $Ni in terms of a dominant %Ni core plus one hole

is correct. A core averaging **Ni and ®®Ni will give a substantially lower 5/2- state, with a,
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rather large spectroscopic factor and low logft in f—decay.

The calculated 9/27 state at 1.013 MeV is the lowest 2p-1h excitation in 8’Ni. The low-
ering from the unperturbed energy E, = €(1gq/2) — €(2p s2), which gives the subshell gap at
. N=40, is due to the gain in pairing energy (one additional pair in the 2h-1p states compared
to the 1h states) and to the stronger coupling in this “second subspace” (%Ni+1p). The
summed effects could account for a lowering of approximately 2 MeV from the unperturbed
position, and thus reflect a substantial N=40 gap.

G

The low-energy structure of ®Ni has been recently deduced from isomeric decay [2,30]
and —decay [23] studies. The level at 2241 keV was observed by Grzywacz et al. [2] to
y—decay to the (9/2%) ground state and tentatively assigned as (13/2*). The decay mode
indicates a possible structure 2% (®*Ni)®v1gy/, for this state. Considering a dominant ®*Ni
core, the 2% (®*Ni)®v1gy/, multiplet should cluster around the energy of the core 2% state
(2033 keV). From the particle-core model study of **Cu (see following subsection), a small
and negative mass quadrupole moment is derived for the first 2+ state of ®Ni. Using this
negative value of Q(2%), the model predicts states having spin and parity 11/2* or 9/2% near
the experimental level at 2241 keV, whereas the 13/2% state of the quadrupole multiplet
is predicted ~400 keV lower in energy. The feeding and decay of the level at 2241 keV is
consistent with either 13/2% or 11/27 spin and parity assignment.

The experimental observation of a state with probable 2% (®Ni)®@vlge/; character at
approximately the energy of the ®Ni core 2t energy again provides strong support for a
dominant %8Ni core.

In addition to states of ®®*Ni®particle character, a number of negative-parity levels in
%Ni probably belong to the Ni®hole subspace. The high density and low energy of these
levels can be attributed to the stronger particle-vibration coupling and lower energy of the
27 state in the subspace of Ni, and the higher density of single-hole, as compared to
single-particle, orbitals. The (17/27) isomer observed by Grzywacz et al. [2], and most of

the levels populated in its subsequent y—decay most likely belong to this second subspace,
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as discussed by Mueller et al. [23]. The probable origin of the (17/27) state is 87 ® V2pl_/12,
where 87 is the isomeric state observed in "Ni [2], and the (13/2) state is 67 ("Ni®v2pyjy).
The two core states, and the corresponding (17/27) and (13/27) states in *Ni are outside
the configuration space of the PCM, but the lower spin, negative parity states are well
reproduced. Population of the (5/27) states via Gamow-Teller 3—decay (logft ~5) of the
(7/27) ®1£75 ground state of ®Co can be attributed to the calculated v1 fs73 component in
their wave functions (see Fig. 5).

The particle-core model provides an overall good description of the known levels in the
odd-mass *"®Ni isotopes adjacent to ®*Ni. In each isotope, a member of the quadrupole
multiplet was identified at an energy close to that of 2§ in %8Ni, providing direct evidence
that ®Ni is a good core for the two nuclei.

A

i 2. Cu isotopes

Extended configuration space

The experimental data we are aiming to describe contain states which probably involve
the 07 and 5] excitations of the Ni cores, as indicated by structure-selective 3 decay exper-
iments [31]. We have therefore introduced the 0* and 5~ core configurations in the model
space. A similar situation is described in Ref. [32] for the case of 1'®Sn~1In. The coupling
of the extra configurations to the vibrational ones was treated as if the 0" and 5~ states had
two-phonon character, but the coupling strength was reduced as compared to the one used
for the phonon states of the model. The energies of the two configurations were taken from
experiment, and shifted downwards by the calculated energy lowering of the ground-state
of the odd nucleus. This is needed to compensate for basis truncation effects, since higher-
lying configurations built on the 0% and 5~ states are not included in the model space. Van
Isacker et al. [33] pointed out that the coupling of single-particle or -hole excitations to the
vibrational states of the core is the most important factor in determining the structure of

low-lying levels and the fragmentation of the single-particle strength in the odd nuclei. The
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particle®vibration subspace was found [33] to be nearly orthogonal on the particle®(non-
collective excitations). We do not expect the non-collective configurations included in the
model to renormalize the model parameters. For example, we use for the calculations on
%Cu the same core parameters used for 8’Ni and *°Ni. Nevertheless, when configurations
of the two different types come close in energy, even a reduced interaction can lead to a
significant mixing.

We have used this extended configuration space for the odd-mass Cu isotopes with N>40.
The experimental levels for ®Cu, ™ Cu and "*Cu, along with the results of the PCM calcu-
lations, are shown in Fig. 6.

9 Cu

~ The single-particle states of **Cu can be identified from the results of the proton transfer
reactions [35,36]. The largest component of the ground-state is 72p3/2, the state at 1096
keV is mainly 72p;/s, the state at 1213 keV is mainly #1 [fs/2, and the two (7/27) states at
1711 keV and 1871 keV share a rather large 71 fT_/é strength. The 3 decay of the 3.4 s, 1/2~
isomer, in *Ni proceeds almost exclusively to a (3/27) level at 1296 keV [23,30] and to the
ground-state of “’Cu. This pattern has been discussed in detail [23,30], and the (3/23) level
was assigned a neutron two-particle two-hole ®n2ps/, structure. Additional excited levels
in ®Cu have been observed following the 4 decay of the (9/2+), v1 go/2 ground-state of $Ni
[27,31,37]. However, only a few states, all above 2.5 MeV, have log ft values consistent with
an allowed Gamow-Teller transition. From shell model considerations, their most probable
microscopic configurations are: W2p3/2(V199/22p1_/12), 71'2}93/2(1/199/22])3—/12) and 7lggsp. In the
PCM, the corresponding macroscopic configurations are 5~ (*Ni)®m2ps s, 3~ (*®*Ni)®@m2ps /2
and mlge,, respectively. The isomeric level at 2741 keV, with half-life 0.36(5) ps, has been
assigned spin-parity (13/2*) and probable structure 5 (**Ni)®@n2ps/, [2,34,38]. Using the
B(E2)-value for ®Ni given in Table III, we calculated for the reduced transition probability
for the isomeric decay a value of B(E2; 13/2f — 9/27)=5.3 €2 fm*, to be compared to the
experimental value B(E2; (13/2]) — (9/27))=7.2(1.0) e? fm?.

The results of the PCM calculations for ®Cu are in good agreement with the exper-
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imental data. A negative quadrupole moment of the 27 state in the ®®Ni core is needed
to correctly account for the existence of the two (7/27) states at 1711 and 1871 keV. The
two low-lying 7/2~ configurations of the model are (72pas/s)2, 71 fﬁé (2p-1h excitation) and
27 (3Ni)®@w2p3/s.

The existence of a low-lying (7/27) state with a significant proton 2p-1h component is
worth emphasizing. The spectroscopic factor of the first 7 /2~ state, measured in one proton
pick-up reaction, is S=0.34 [35]. The second 7/2~ state, with a dominant 2% ®2pg/; structure,
has a small 2p-1h component, S=0.06. An excited “quasi-band” of 2p-1h character, built
on the lowest 7/27 state, has been observed by Ishii et al. [34] and is shown in Fig. 6(a).
As noted earlier, the particle-core model can account for proton 2p-1h excitations, and
dfescribes well the states in %Cu belonging to this category. In particular, the decay within
the “quasi-band” built on the 7/2; state is well reproduced (see Table I1).

& Cu

The level scheme of "'Cu calculated in the PCM (Fig. 6(b)), shows good agreement with
the experimental level scheme, with the exception of the high spin (19/ 27) isomer and the
(15/27) state. These states most likely arise from the coupling of the 72p;/; orbital to the
8" isomeric state at 2860 keV and 67 state at 2677 keV in °Ni [2]. The latter states are not
correctly accounted for in the model space, as discussed earlier. Nevertheless, the lower-spin
states involved in the decay of the (19/27) isomer are well described.

Probable spin-parity (7/27) can be inferred for the states at 981 keV and 1189 keV,
populated by parallel cascades from the (19/ 27) isomer. The main decay path populates
the 1189 keV state, with calculated 2*(™Ni) ® 72pa/ dominant component. The dominant
structure of the lower (7/27) state at 981 keV is a 2p-1h excitation with the hole in the 71 frp
orbital. These structure assignments result from the PCM calculations and are supported
by the experimental decay mode. Furthermore, combining the model predictions and the
experimental data, it is likely that the sequence of levels at 1972 keV, 1452 keV and 981
keV form an 11/27, 9/27, 7/2~ “quasi-band” built on the 7/2 state of 2p-1h character.

This situation is similar to what is observed in ®Cu. The parallel, stronger cascade from
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the (19/27) isomer proceeds via states with °Ni core-coupled configurations.
B

The experimental information concerning excited states in *Cu stems entirely from the
3 decay experiment of Franchoo et al. [31]. Very little is known about the spin-parity of
the states. The first excited level was assigned (5/27) by Franchoo et al. [31], based on
its feeding in 3 decay. The absence of 3 feeding to the ground-state suggests that ground-
state spin-parity 3/2” is maintained. According to Franchoo et al. [31], these two states
correspond to the single-particle configurations 7m2p3s2 and wlfsn. No other suggestion
is made concerning the spin-parity and structure of the higher-lying levels. The scarce
experimental information for ?Cu, as well as for the core "2Ni, did not allow us to uniquely
determine the model parameters for *Cu. We therefore extrapolated the parameters used
fér ®Cu and ™Cu to ™Cu (see Tables I and II). The levels of "Cu resulting from the PCM
calculations are compared to the experimental levels in Fig, 6(c). Based on the systematics
in ®Cu and "Cu, and on model predictions, we suggest very tentatively spin and parity
7/27 for the levels at 961 keV and 1010 keV. The state at 961 keV, which decays to the
ground-state, is a possible candidate for the predicted 2f ("Ni)®m2ps/; configuration. The
state at 1010 keV decays to the ground-state and first excited state, and is populated in 8
decay. It may correspond to the lowest 2p-1h excitation in 7*Cu. Either of the two states
at 1297 and 1489 keV might correspond to the calculated 9/2 state. For the similar states
in the lighter Cu isotopes, feeding in 3 decay from a (9/2%) parent has been observed. The
9/2% model state, with a large wlgq /2 component, should also be populated in the 3 decay
from the (9/2%) ground state of ™Ni. It might correspond to the remaining level (at 1297
or 1489 keV) seen in 3 decay.

The extrapolation of the model parameters to *Cu was based on the trends seen in the
lighter isotopes, with the exception of the energy of the lowest 2p-1h excitation. A linear
extrapolation of the trend deduced from **Cu and 'Cu would imply a very low energy for
the 7/27 state of 2p-1h character in ™Cu. In such a case, the 2p-1h configuration might

become the lowest excited state, or even the ground-state, of Cu. Nevertheless, the absence
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of § feeding to the ground-state of “Cu [31] does not support such an assignment. We chose,
therefore, to extrapolate the other parameters of the model and fix the energy of the loWest
2p-1h excitation so that it corresponds to the 1010 experimental state.

Summarizing, the properties of the states in the odd-mass Cu isotopes with “regular”
structure, i.e. one proton particle coupled to the Ni cores, are well reproduced in the particle-
core model. A very interesting aspect observed in the heavy Cu isotopes is the existence
of low-lying states based on 2p-1h excitations. A “quasi-band” built on the lowest 2p-1h
excitation, with the hole in the 71f7; orbital, has been identified experimentally in ®Cu
by Ishii et al. [34] and is well reproduced by the PCM calculations. Based on the model
predictions and the experimental level scheme, the existence of a similar “quasi-band” is
suggested for "'Cu. The behavior of the lowest 2p-1h states in the neutron-rich, odd-mass
Gu isotopes is shown in Fig. 7. The spectroscopic factors measured in the proton pick-up
reaction (t,°He) are given where available. A significant lowering of 700 keV of the state
with large 2p-1h component (large experimental spectroscopic factor) is noticed between
#Cu and **Cu. Support for a further lowering of the 2p-1h configuration in *Cu could be

inferred from the available data, based on the results of PCM calculations.

3. Single-particle energies and monopole shifts

The single-particle energies extracted from comparison of the experimental levels with
the PCM calculations are listed in Table II. We add to the results already discussed the
proton single-particle energies for ®®Cu and %7Cu, based on the comparison shown in Fig. 8.

We point out that the values extracted represent “bare” single-particle energies, from
which the effect of the dominant quadrupole and octupole terms of the proton-neutron
interaction has been removed. The binding energies of the single-particle orbitals in $8Nj
are further extracted using the experimental neutron and proton separation energies. The
single-particle energies in **Ni are summarized in Fig. 9 and compared to those for %Ni,

extracted in a very similar manner by Trache et al. [39], and the predictions of Duflo and
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Zuker [40], which involve a new parametrization of the nuclear monopole hamiltonian.

The behavior of the proton energies in the odd-mass Cu isotopes with mass number
is partially due to mean-field effects, but also to the monopole part of the proton-neutron
interaction. As discussed by Franchoo et al. {31}, the energy spacing between the states with
single-particle character w1fs/; and 72ps/» decreases rapidly after N=40. This “monopole
shift” has been attributed to the monopole interaction of the proton in the orbital 71 fs/2
with neutrons in v1ggs,, which is stronger than the corresponding interaction when the
proton occupies the reference orbital 72ps/2. Monopole shifts are obse_rved in other mass
regions, for example in the Sb isotopes (migration of the 7lgz/s orbital relative to n2ds/
when the neutron orbital #1hy; /2 gradually fills) and in the N=83 isotones (migration of the
vlhg/g orbital relative to 127/, after Z=64, when the proton orbital 71k, /2 gradually fills).
rI-éhe orbital having the (n,!) quantum numbers closest to those of the filling neutron orbital
i8 mainly influenced by the monopole shift [41].

The monopole shift of the w1 fs2 orbital relative to m2p;/2 in the heavy Cu isotopes is
as pronounced as the drop in the energy of the (5/2) state. The 1 fss2 single-particle
energies needed to reproduce the spectra of ®Cu, ™Cu and Cu are 0.9, 0.25 and -0.30,
respectively, all energies given relative to that of 72p; /2- If this effect is attributed entirely
to the occupancy of the ¥1gg/s orbital, the 7l f5/2 orbital is expected to be around 2 MeV
lower than 72pss, in ™Ni. As observed experimentally, w1 fs/, is indeed the lowest orbital
of the Z=28-50 shell in the neutron-rich N=>50 isotones (e.g. a (5/2~) ground-state in #'Qa,
*As and a low-lying 5/2~ state in 8Br [7]). In %Zr, the relative single particle energy of
72psse with respect to 71 fs/; is not much larger than 500 keV. Additional mean-field effects
probably contribute to the evolution of the relative energy of m2ps/; and 7l f5/2 between
™Ni and *°Zr.

‘The same strong monopole proton-neutron interaction with the neutrons in the vlgoss
orbital can be expected to affect the m1ggy single-particle state [41]. Since there is evidence
of a monopole shift in the energy of 71 fs2 Telative to m2ps/, when vlgess fills, we might

expect a significant monopole shift for mlgg/o as well. The experimental data from which
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the single-particle energy of the orbital mlgess can be extracted are unfortunately not as
clear as for the case of 71f; .

The lowest-energy level assigned (9/2%) in ®Cu (at 2551 keV [2,22,34]) and 'Cu (at
1786 keV [20,22]), should have a significant 7lggs, component. The (M2) decay of the
(9/27) state at 1786 keV in "'Cu to the first excited state assigned (5/2~) is puzzling,
since an E1 decay to any of the two low-lying (7/2) states should be favored (see Fig.
6(b)). The y—decay mode of the state at 1786 keV is more consistent with a 9/2%-7/2-
or 9/27-5/2~ combination, while the population of the states in (B—decay [31] is consistent
either with a 9/2%-5/27, or a 9/2%-7/2~ combination. Lacking additional information on
the multipolarities of the observed transitions, we adopt for the remaining discussion the
spin-parity assignments of 9/2% for the state at 1786 keV and 5/2~ for the first excited state
[20,22]. From these experimental data, the excitation energy of the (9/2]) state decreases
by ~800 keV between *Cu and "Cu, similar to the effect noted for the 5/27 state. The
particle-core model calculations for ®*Cu and "Cu set the single-particle energy of m1ga/a
(relative to m2ps/) at 3.4 MeV in ®Cu and 2.15 MeV in "'Cu. The magnitude of the
monopole shift is larger than for 71fs/2, as might be expected from the larger radial overlap
of the two 1g orbitals compared to that for 1g and 1f [41]. If we identify, very tentatively, the
state at 1489 keV in ™ Cu with the calculated 9/2 state, the extracted single-particle energy
of mlggse will further drop to 1.65 MeV. A linear extrapolation for the position of mlgo/2
will place it at around 2 MeV above w1fs/, in "Ni, close to the extrapolated position of
m2p3/y and probably below m2p; /2. The existence of the Z=40 subshell closure in *Zr points
out again that additional mean-field effects are responsible for the evolution of the single-
particle structure between ®Ni and "Ni, as well as between ™Ni and %Zr. The behavior
of the experimental 5/2~ and 9/27" states, the single-particle energies of the orbitals v1 fs/2
and v1gg/2, as well as the linear extrapolation to ™Ni, are summarized in Fig. 10(a). We
show for comparison in Fig. 10(b) the calculated single-particle levels of 7°Cu from different
shell-model calculations [22,42,43].

Another configuration whose energy seems strongly affected by the filling of the v1gy/,
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orbital is the proton 2p-1h excitation across the gap at Z=28, with the proton in 71 f;/é The
energy lowering inferred from the data on *Cu, ®Cu and " Cu is around 700 keV per pair
of neutrons. The position of this excitation in "*Cu could not be determined unambiguously
from the experimental data. Similar excitations across the Z=28 gap should exist in the
even-even Ni, Zn and Fe isotopes. The corresponding 2p-2h, 4p-2h and 2p-4h configurations,
respectively, should be affected by an energy lowering similar to that of the 2p-1h excitations
in the Cu isotopes. In this case, the configurations involving 2p-2h excitations across Z—=28
might come close to the ground-state (possibly even replacing it), for neutron numbers in the
immediate vicinity of N=40. Such a dramatic effect has been observed in the Zr isotopes,
where the blocked collectivity between %Zr and %Zr, due to the existence of a subshell at
N=56, develops over only two isotopes to a well-deformed ground-state in 1®Zr [44]. In the
Ng isotopes beyond %Ni, however, the current experimental data do not substantiate such
ah effect. A deformed configuration has been predicted by Girod et al. [24] for the 0F state
of ®*Ni. The calculated energy and half life of the deformed 0+ state are in good agreement
with those of the experimental 03 level. However, no excited band built on the 07 state of

%Nj has been observed.

IV. CONCLUSIONS

The properties of several nuclei in the region of ®Ni have been studied in the framework
of the particle-core coupling model. The calculations suggest that %Ni is the dominant
core for the adjacent odd-mass Ni and Cu nuclei. From the PCM studies, the neutron and
proton single-particle energies around N=40, Z=28 have been extracted and the neutron
subshell gap at N=40 was estimated to be around 3 MeV. The gap is very similar to that
found in the proton single-particle spectrum at Z=40, N=50. The observed “monopole
shift” of the proton orbitals n1 fs/2, and possibly also mlggs, takes place after N=40 is
crossed. This is a strong argument for a nearly zero occupancy of v1gess before N=40,

indicating a significant subshell closure. These findings, in addition to the behavior of the
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empirical quantities E(2{), differential neutron separation energies, and pairing gap in the
Ni isotopes, are consistent with a good subshell closure at N=40. The possibility that multi-
particle, multi-hole excitations may play a role in the low-energy structure of nuclei around

78Ni has been suggested.
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TABLES

TABLE I. Energies of the phonons and the dimensionless particle-vibration coupling strengths

£2 and {3 used in the PCM calculations for each core. Also listed are the unperturbed energy of the

lowest 2p-1h or 2h-1p excitation and the quadrupole moments of the phonons. The values given

in parenthesis represent either extrapolated values, or were determined from states with tentative

assignments.

Parameters TNi ®Ni| ®Cu| Cul ®Cu| "Cu| ™Cu
hwz(1) (MeV) 2.034 2.034 1545} 1.425 2.034 1.259 | (1.200)
wa(2) (MeV) 1.424 1.259 1.039f 1.077 0.884 0.652 0.605

£2(1) 0.8 0.8 1.6 1.5 0.8 1.4 (1.4)

£5(2) 1.6 14 2.0 2.0 2.1 2.2 (2.3)

Aws(1) (MeV) (3.200)|  (3.200)|  3.560| 3.371| (3.200)| (3.100)]  (3.100)
hw3(2) (MeV) 3.371 (3.100)] 2826 2.750 2.859 |  (2.800)]  (2.700)
&(1) 1.4 14 1.3 1.4 1.4 14 (1.4)

: £3(2) 1.3 14 1.6 1.7 1.6 1.6 (1.6)
£(2p-1h) or £(2h-1p) 1.63 0.45 1.95 1.85 1.65 0.75 (0.70)
- Q(2M)(fm?) -15 -15 +15 +20 -15 -25 (-25)
Q(37)(fm?) +15 +15 +20 +20 +15 -30 (-30)
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TABLE II. Neutron and proton single-particle energies used in the PCM calculations. The
best-fit values are determined within ~100 keV. The values given in parenthesis represent either

extrapolated values, or were determined from states with tentative assignments.

Nucleus| €(2ps/a)| €(1fs/2)| €(2p1/2)| €(lgosa)| €(Lfrja)| €(2s10)| €(Udasa)| €(1ds/y)
MeV] | MeV] | MeV]| MeV] | Mel]| MeVi| [MoVT| [MeV]

67N 2.0 0.45 0.0 0.0

69N 2.0 0.45 0.0 0.0

85Cu 0.0 0.90 1.20 3.30 0.0

67Cu 0.0 0.90 1.30 3.30 0.0

62 0.0 0.90 1.30 3.40 0.0

1Cu 0.0 0.25 (1.25) 2.15 0.0

BCu 0.0 -0.30 [ (1.25) 1.65 0.0

83Co 0.0 1.00 1.10 3.30 0.0 3.70 4.0 10.0
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TABLE III. Calculated and experimental branching ratios for the decay of the 2p-1h

“quasi-band” in *Cu. The experimental values are taken from Refs. [31,34]. A value of B(E2)=600

e’fm* has been used for the E2 transition 0 — 2} in %Ni and a values of B(E2)=2000 ¢*fm? for

the 0f — 2 transition in "Zn [7]. The collective value |gr| = Z/A has been used for the core

gyromagnetic factors. The proton single-particle effective charge for E2 transitions equals 1.0, and

the effective proton gyromagnetic factor of 0.669¢100 -

J7 |Ei{exp.)] JF |Ef(exp.)| Ey(exp.)| L ei(exp.)| Ei{calc.)|E f(calc.)| B(E2) | B(M1)|1,¢(calc.)

[keV] keV] | [keV] % keV] | [keV] |e? fm?*] u3 %

13/27| 3214 [11/2=| 2667 546 100 3218 2676 400 | 1.36 100
9/2- | 2181 1033 29 3218 2235 552 - 20

11/27} 2667 | 9/2— | 2181 486 100 2676 2235 339 | 1.39 100
7/27 | 1711 957 9 2676 1624 406 - 14

9/2= | 2181 |7/27| 111 470 100 2235 1624 526 | 047 100

5/2 | 1213 - - 2235 1161 | 0.11 - 104
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FIGURES

FIG. 1. Systematic behavior of the excitation energy of the first 2* state in the even Ni (Z=28),
Zn (Z=30) and Fe (Z=26) isotopes. The neutron shell- and subshell-closures at N=28 and N=40

are indicated. The data are taken from Refs. [2], [6] and [7].

FIG. 2. (a) Differential two-neutron separation energies in the Ni isotopes, Son(A)-Son(A+2).
(b) Similar for the two-proton separation energies in the N=>50 isotones. The data are taken from

the evaluation of Ref. [8].

FIG. 3. Experimental neutron pairing gap in the Ni isotopes (open diamonds), calculated with
the method given in Ref. {9]. The pairing gap obtained in a standard BCS approach is plotted as

filled circles. The nuclear masses are taken from the evaluation of Ref. [8].

. FIG. 4. Experimental and calculated states in 57Ni and %Ni. Selected states (experimental
and extrapolated) in the core ®Ni are shown in the middle part of the figure. The experimental

levels are taken from Refs. {2,7,23,26,30].

FIG. 5. Calculated fragmentation of 1h and 2h-1p strength in ®7Ni and 5?Ni. We show states
with single-particle(hole) components including the hole orbitals 2p1—/12, 1 fgﬁ, 2p;/12, 1 f.,‘/é and the

particle orbital 1gg/s.

FIG. 6. Calculated and experimental levels for (a) %°Cu, (b)"'Cu and (c) ®Cu. The experi-
mental levels are taken from Refs. {7,22,31,34] for ®Cu, from Refs. [2,22] for "'Cu and from Ref.
[31] for 7Cu. For each isotope, known isomeric states are plotted with thick lines. The calculated
states suggested to correspond to the experimental levels are plotted with long lines. The remaining

calculated states are plotted with short lines on the right hand side of the figure.
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FIG. 7. Experimental 7/2~ states in the odd-mass Cu isotopes. The spectroscopic factors
obtained in the one proton pick-up reaction are given where available. The states with dominant
2p-1h component are plotted with thick line. The states with dominant 2+(Ni)®7r2p3/2 structure
are connected with a dotted line. The spin and structure assignments for the two levels in 73Cu

are tentative (see also text). The experimental levels are taken from Refs. (7,31].

FIG. 8. Calculated and experimental spectroscopic factors for states with significant pro-
ton-particle component in ®Cu and 57Cu. A few states, marked with an asterisk, have a single-hole
component from the orbital 1f, /2- The experimental spectroscopic factors from the one-proton
pick-up reactions (d,*He) and (t,a) (the latter only for %5Cu) have been used for these states. For
all other states in %Cu, the spectroscopic factors from the stripping (*He,d) and {(a,t) reactions
h_ave been used. For 87Cu, only data from proton pick-up reaction (d,®He) are available. The

experimental data are taken from Ref. [7].

FIG. 9. “Bare” single-particle energies in ®®Ni (left-hand side), determined from the experimen-
tal data with the particle-core coupling model. The single-particle energies for Ni, determined
with the same method in Ref. [39], are given on the right-hand side. We compare the values with
predictions using the recent parametrization of the nuclear monopole hamiltonian of Ref. [40],

shown in the boxes marked with an asterisk.

FIG. 10. (a) Experimental yrast 5/2~ and 9/2* states in the odd-mass Cu isotopes and the
single-particle energies of the w1 fss2 and mlgg,y orbitals relative to the m2py /2 orbital, extracted
from the PCM calculations. A linear extrapolation of the 71 fs/2 and wlgg/, single-particle energies
toward ™Ni is shown. The experimental levels are taken from Refs. (22,31}. The (9/2%) level in 3Cu
marked with an asterisk is the very tentative assignment discussed in the text. (b) Single-particle
energies in "Cu from shell-model calculations: I from Grawe et al. [22], II from Ji and Wildenthal

[43], and IIT from Sinatkas et al. [42].
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