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Reduced transition probabilities have been measured for the neutron-rich 747 Ni nuclei with
relativistic Coulomb excitation performed at the RIKEN Nishina Center. For the even-even Ni
isotope the determined B(E2;0" — 2%) value is compatible within errors with the result of a
previous intermediate energy Coulomb excitation experiment, although being somewhat larger. For
the odd Ni isotopes B(FE2) values have been determined for the first time. In the middle vgg,o
shell nucleus "Ni three peak candidates have been observed and tentatively assigned to the (5/27),
(13/27) and (11/2%) excitations. Two peak candidates have been observed in "°Ni and tentatively
assigned to the (13/2%) and (11/2%) levels. The measured B(FE2) values are in line with the large
B(E?2) reported in °Ni and at variance with the small strength measured in “2Ni. Excitation
energies compare well with the result of large-scale shell-model calculations, while B(E2) values are
larger than predicted. This could indicate an increasing contribution of proton excitations across
the Z = 28 shell closure when approaching "Ni.

INTRODUCTION One of the most striking features of the atomic nucleus
is the fact that, while correlation effects between valence
particles can be modeled in an effective way, a compre-
hensive quantitative description of the bulk properties

such as binding energies and shell closures is still lack-
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ing [1]. This is indeed directly linked to the properties of
the nuclear Hamiltonian, which has a central (monopole)
part difficult to describe with two-body forces only. As
a consequence, much of the recent efforts have been de-
voted to the understanding of the role played by the dif-
ferent components of the nuclear interaction in determin-
ing the shell structure of nuclei.

The Ni isotopes are in this regard a benchmark of nu-
clear studies, as they correspond to a proton shell clo-
sure (Z = 28), while also exhibiting neutron shell or
subshell closures at N = 28 (°5Ni), N = 40 (®*Ni) and
N = 50 ("®Ni). An intriguing interplay among spheri-
cal, prolate and y-unstable shapes has been predicted in
the Ni isotopes driven by the combined effect of the ten-
sor force and different particle configurations [2-4]. Such
configuration-dependent shell structure translates into
the coexistence of spherical and strongly deformed shapes
with shape fluctuations and with a spectrum approach-
ing the symmetry group E(5) with a behavior which has
been interpreted as a striking example of phase transi-
tions in dual quantum liquids [3]. In parallel, with the
double magicity of "®Ni recently assessed [5], there is an
interest in studying the filling of the vgg /o orbital, whose
closure corresponds to the N = 50 gap. This became
particularly true after O. Perru et al. [6] found an unex-
pectedly high B(E2;0% — 2%) value in "°Ni from an
intermediate energy Coulomb excitation measurement.
The authors interpreted the result as evidence of a re-
duction of the proton Z = 28 shell gap when moving
towards the NV = 50 shell closure, a reduction mainly
attributed to the tensor component of the nuclear force.
In fact, such component of the nuclear force determines
a repulsive interaction between the vgg o and the 7 f7 /5
shells, and on the contrary an attractive force between
the vgg o and the 7f5/5 shells [2]. This in turns deter-
mines a decrease of the Z = 28 gap as more neutrons are
added in the vgg s orbits towards "™Ni. The immediate
consequence of this level shift is a decrease in the energy
cost of proton excitations from the Z = 28 core to the
shells above with an increase in collectivity of the first-
excited 27 level. As a result, the augmented collectivity
observed in Ref. [6] was taken as a signature of a reduced
shell gap at Z = 28 approaching N = 50. Moreover,
recent radioactivity studies in °Co, "ONi showed that
shape coexistence occurs in the isobaric A = 70 chain due
to type II shell evolution [7]. In a recent remeasurement
of the B(E2;0"% — 2%) of "™'Ni [8], the authors found
a result smaller but still compatible within errors with
Ref. [6]. In more neutron-rich nuclei, two inelastic proton
scattering experiments performed for “4Ni also yielded a
large deformation parameter [9, 10], interpreted a sign of
enhanced quadrupole collectivity. The suggestion of a re-
ducing Z = 28 gap in neutron-rich Ni nuclei seems to be
in contrast with the results of two measurements probing
the collectivity of the first-excited 2% level in the ">74Ni
isotopes based either on the measured lifetime of such
state ("Ni) [11] or on an intermediate energy Coulomb
excitation (“Ni) [12].

To clarify this issue we have investigated the B(E2) val-
ues of the even-even "*Ni nucleus and of the odd ">7°Ni
isotopes (7°Ni is presently the most neutron-rich Ni iso-
tope experimentally reachable with this approach), under
the assumption that the observed collectivity is represen-
tative of that of the even-even core nuclei. Ni isotopes
are also an interesting example of partial conservation
of the seniority quantum number. Seniority remains a
good quantum number for any two-body interaction act-
ing within j shell when j <7/2, but it needs not be con-
served for j >9/2 [13]. Partial conservation of the se-
niority quantum number - most eigenstates are mixed in
seniority but some remain pure - has been recently pre-
dicted in nuclei, like the neutron rich Ni isotopes, filling
the gg /o shell [14-16].

EXPERIMENTAL SETUP

The experiment was performed at the Radioactive
Isotope Beam Factory (RIBF), operated jointly by the
RIKEN Nishina Center and the Center for Nuclear Study
of the University of Tokyo. It was run together with
a [-decay spectroscopy measurements to optimize the
beam time usage. The radioactive ions ">7%75Ni were
produced by the fission of a primary 238U beam. The
beam was delivered by the RIBF accelerator complex at
an energy of 345 MeV /nucleon, with an average inten-
sity of 10 pnA. The 238U ions impinged on a 3 mm thick
Be target at the FO focus of the BigRIPS fragment sep-
arator and the resulting fission fragments were selected
using the Bp — AE — Bp method [17]. The selection and
measurement of the mass-to-charge ratio A/Q) was per-
formed using the time of flight TOF information, based
on the response of two plastic scintillators placed at the
focal points F3 and F7, and the determination of the
magnetic rigidity obtained from the measurement (with
parallel plate avalanche counters (PPACs) ) of the po-
sition and angle at the achromatic focal point F3 and
at the dispersive focal point F5 [18]. The momentum ac-
ceptance of the separator was 4.8 %. The atomic number
Z of the fragments was measured thanks to a ionization
chamber located at the focal point F7, via energy loss in
the gas. The ions resulting from primary beam fission
were thus identified on event-by-event basis in both 4/Q
and Z. Figure 1 a) shows the identification plot obtained
from the BigRIPS fragment separator. The Ni isotopes
are pointed out, the most intense being "*Ni.

This secondary beam was then delivered to a 1.177 g/cm?
natural Pb target located at the F8 focal point. The en-
ergy of the *Ni ions at the central target position was on
average 215 MeV /nucleon, while their trajectories before
and after the lead target were reconstructed using three
double PPACs detectors, two located upstream and one
downstream with respect to the target. The PPACs po-
sition resolution in X and Y was 0.5 mm, allowing for a
scattering angle resolution of about 5 mrad, to be com-



pared with the about 6 mrad angular straggling of the
7Ni ions inside the secondary target, calculated using
the ATIMA code [19].

Reaction products were identified in the downstream
ZeroDegree spectrometer [20], which also transported
them to the WAS3Abi [21]-EURICA [22] setup for de-
cay spectroscopy studies. This spectrometer, like Bi-
gRIPS, can identify the reaction products in A/Q and
Z using TOF, beam trajectory and energy loss informa-
tion. Figure 1 b) shows the identification plot obtained
from the ZeroDegree fragment separator. The loci corre-
sponding to the 774 75Ni ions are marked. Incidentally,
the simultaneous performance of Coulomb excitation and
decay-spectroscopy measurements implied to maximize
the transmission of the ions of interest to the WAS3Abi-
EURICA setup (decay spectroscopy ), mainly Mn, Fe and
Co isotopes. This essentially translated in the necessity
to keep the beam energy at the secondary target point
quite high, if compared to previous Coulomb excitation
experiments [23], corresponding to a lower Coulomb ex-
citation cross section.

In order to detect the + rays emitted by the decay of
the Coulomb-excited levels in the isotopes of interest, the
DALI2 [24] NaI(Tl) scintillator array was placed around
the Pb secondary target. The array was composed of
186 scintillators covering center-of-crystal angles from 19
to 150 degrees. A Geant4 [25] simulation of the DALI2
spectrometer was performed and validated with efficiency
measurements using %°Co and '37Cs sources. A 5%-level
agreement was found between the measured and simu-
lated spectra.

EXPERIMENTAL RESULTS

During the experiments, the Coulomb-excited Ni
residues had a velocity of about 0.6¢, and thus the
Lorentz boost implied a strong forward focussing of the
emitted v rays. As a consequence, only the most for-
ward Nal(Tl) crystals were used for the analysis, at an-
gles < 69 degrees. This was also instrumental in allowing
a cut on the beam-induced background since at forward
angles v rays from reaction products are Doppler shifted
at higher energies, where the background is smaller. The
~ rays decaying from the states of interest were then se-
lected applying a gate on the Ni isotopes in both BigRIPS
and ZeroDegree. Part of the background at low energy
will also originate from the Compton scattering of high-
energy vy-rays coming from the excited 2°®Pb 3~ and 2+
states. A Doppler correction was applied to the y-ray
spectrum, taking into account the average beam energy
(215 MeV/A) and the angles between the detected pho-
ton and the emitting fragment, assuming the reaction
residues having a direction on the beam axis. Figure 2
shows the experimental y-ray spectra from the decay of
the Coulomb-excited states in the ">7%75Ni isotopes.

In the ™Ni spectrum the 27 state at 1009(15) keV,
known from previous S-decay experiments (1024(1) keV)
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FIG. 1. a) Identification plot obtained from the BigRIPS
fragment separator, providing an image of the cocktail beam
arriving on the secondary target for Coulex. b) Identification
plot obtained from the ZeroDegree fragment separator, after
secondary target. In both graphics the atomic number 7 is in
the ordinate, while the abscissa represents the mass-to-charge
ratio A/Q. The 73,74.75Ni isotopes are pointed out.

and from Ref. [12], is clearly visible. For the "75Ni
isotopes, the spectra show more complex structures
with peaks located at an excitation energy of ~1 MeV.
Further guidance in the identification of peaks is
provided by ~ spectra when a multiplicity one is
required: they are shown in the insets of Fig. 2. In
fact, relativistic-energy Coulomb excitation is primarily
a -y multiplicity-one process, while background from
beam-matter interaction engenders higher multiplicity.
Therefore, the v spectra so conditioned should have an
improved peak-to-background at the expense of some
statistics loss. This is indeed the case for the spectra for
Ni isotopes: in ">Ni three transitions are visible whereas
two transitions are observed in the same energy range
of ™Ni. They correspond in energy to the structures
barely identifiable in the multiplicity-ungated spectra.
Nuclear structure arguments can help to make tentative
assignments for the spin-parity of these states. The
ground state of “*7°Ni is supposed to be I"=(9/2%),
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FIG. 2. Gamma-ray spectra from relativistic Coulomb excitation of "7 75Ni after selection on the corresponding ions on
both incoming and outgoing secondary beams. The error bars are indicated in the plot. The brown dashed lines represent
the simulations for the background, constituted of two exponentials. The Coulomb excitation of the 2% of the target isotope
206p} is drawn with a continuous brown line. The black and blues are the response functions for the Coulomb excitation of
the selected Ni isotopes. All these simulation functions are then fitted to the experimental spectrum, as shown by the red
continuous line. In the insets the spectra with a v multiplicity-one condition are presented.

considering the unpaired neutron located in the vgg /o
shell. Schematically, the relativistic Coulomb excitation
will then break a pair of neutrons in the same vgg /5 orbit,
coupling them to the unpaired neutron giving rise to a
multiplet of states. Later in the text, it will be shown
that shell-model calculations predict that among all
the states coming from the multiplet (gg/2)", the 5/27F,
13/2% and 11/2% levels are expected to be at excitation
energies around 1 MeV for both nuclei, the 13/2" having
the larger B(E2) among the three. The other states
where considerable E2 strength is predicted, like 7/2%,
are expected to be located at much lower excitation
energy and therefore in the region of the experimental
spectrum strongly polluted by target excitations. For
Ni two 5/27% levels are predicted by the calculations
at energies around 500 and 850 keV whereas only this
second one is expected for "°Ni. From previous works a
(7/2%) state is known in Ni at 239 keV of excitation
energy and a (5/2%) level at 524 keV [26]. Nothing
is known for “Ni. We therefore tentatively assume
the three transitions in ">Ni at 992(20), 1115(20) and
1210(25) keV to de-excite the (5/2%), (13/2%) and
(11/2%) states at 992(20), 1115(20) and 1210(25) keV of
excitation energy, respectively. In the case of the ">Ni
isotope, the two transitions observed at 950(20) and
1115(20) keV are also tentatively assumed to de-excite
corresponding states of spin-parity (13/2%) and (11/27),
respectively. The huge shoulder at lower energies in
Fig. 2, reaching up about 700 keV, is coming from the
aforementioned atomic background and also includes the

2% excitation of 2°Pb at 800 keV, present with a 24%
percentage in the natural Pb target. Table I presents a
summary of the measured excited states together with
the results of theoretical calculations.

In order to extract the Coulomb excitation cross sec-
tions, one has to determine the intensities of the v tran-
sitions observed. This requires the knowledge of the ab-
solute 7 efficiency of the DALI2 detector and to take
into account the Lorentz boost (forward focussing) of the
emitted radiation. Furthermore, the Doppler broadening
and the Compton edges of transitions lying higher in en-
ergy alter the normal Gaussian shape of the peaks. All
these effects can be consistently treated only with a sim-
ulation. The v spectra were simulated using the Geant4
code, employing as inputs the energies of the 2% state of
TANi and of the assigned (5/27%), (13/2%F), (11/2%) states
in ™Ni and of (13/2%), (11/2%) in "5Ni, the measured en-
ergy resolution for each scintillator, the average beam ve-
locity and the lead target thickness. A similar simulation
was performed for the excitation of the 2°Pb nuclei in the
target, whereas the excited states of 2%8Pb are too high
in energy to give a contribution. The simulated 2°°Pb
Coulomb excitation process gives origin to a very large
bump at 500-800 keV, since the Doppler correction is
based on the Ni kinematics (see the continues brown lines
in Fig. 2). In order to compare these calculations with the
experimental data, a double exponential background plus
a constant was added to the simulated spectra, as a model
of the atomic and beam-related background. The result-



TABLE 1. Measured values for the energy of excited states in “*7*7>Ni in comparison with theoretical predictions. SM (1) is a
shell model based on a unified realistic interaction employing the pairing plus multipole Hamiltonian and a universal monopole,
while SM (2) is a shell model calculation using the CD-Bonn potential. A calculation using a single gg,2 shell (seniority-scheme)

is also presented for reference. See text for details.

E, 2t (keV)

measured SM (1)

SM (2) Single orbit

TINi 1024(1) 1074

991 1070

E: (5/27) (keV)

B, (13/21) (keV)

E. (11/27) (keV)

measured SM (1) SM (2) Single orbit | measured SM (1) SM (2) Single orbit | measured SM (1) SM (2) Single orbit

NI 992(20) 1223 842 938

1115(20) 1123

1008 1213 1210(25) 1298 1237 1398

Ni 950(20) 1199

1061 1152 1101(20) 1217 1173 1271

ing function was fitted to the 7-ray spectra as shown
in Fig. 2, with a x? minimization. The cross section of
the excitation process was extracted from the fitting con-
stant used for the simulated Ni spectra. A cross section
of ¢ = 118 mbarn is determined for "Ni. The statical
error coming from the y? minimization is 16 mbarn, or
about 14%. The error considered for the thickness of the
secondary target is about 1%. As mentioned before, the
Monte Carlo simulation of the « efficiency agreed within
5% with the experimentally-derived efficiency, estimated
with %°Co source of known activity. Therefore, an ad-
ditional systematic 5% error was included in the cross-
section estimate. Overall, the cross section measured for
the 2% state in ™Ni is 0(0" — 2%) = 118 4 20 mbarn.
For the odd-A nuclei, the extraction of the v intensities
and hence of the Coulex cross sections is less straight-
forward due to both theoretical and experimental issues.
From the theoretical point of view, as anticipated be-
fore, core-excitation coupled states are expected to carry
the E2 strength in ">7Ni. These states can be qualita-
tively described as originating from a particle or a hole
weakly coupled to the 27 excitation of the neighboring
even-even core. For ™Ni, for example, the coupling of an
odd g9/ neutron to the T2Ni 27 state would give rise to
a quintet of states with spin values 5/2%, 7/2%, 9/2%
11/2%, 13/2%, with a total Zj B(F2;9/2T — J) =~
B(E2 1)72p;. Here the sign = is related to the expected
anharmonicities coming from the 'blocking’ of the odd
neutron. Shell model calculations performed using the
Viewk approach [27] or a unified realistic Hamiltonian
with a monopole based universal force [28] show that
almost 90% of the strength is exhausted by the 5/27T,
13/2% and 11/2"7 members of the multiplet, with the
13/2% state giving the dominant contribution (see later
for shell-model calculations).

Experimentally, the difficulty for "7°Ni is due to the
low statistics, which makes the x? minimization quite
unstable. As for the case of peak identification, the
multiplicity-one spectra provide essential guidance in de-
termining the rough values of the intensities, which are
necessary to set the limits of the parameters needed by
the fit with the simulated response functions. Employ-

ing this procedure, the "7Ni experimental cross sec-
tions were determined relatively to the one of 7*Ni. Fig-
ure 2 shows the fit with the response function for observed
transitions for odd isotopes. The cross sections for the
excitation of the 5/2%, 13/2% and 11/2F states in ">Ni
are:

a(9/2) — (5/2%)) = 18 £ 20 mbarn,

a(9/2T — (13/2%)) = 38 &+ 15 mbarn

a(9/2T — (11/2%)) = 18 + 10 mbarn

and for "°Ni are:

a(9/2T — (11/2%)) = 29 4 20 mbarn,

a(9/27 — (13/2%)) = 36 & 23 mbarn.

The statistical significance of the measured peaks has
been determined following the ISO/TC 69 standard. It
ranges from about 21 in the case of *Ni, to about 3.8
and 1.8 for the 1115 keV and 1210, 992 keV ~y-ray lines
in "Ni, respectively. For the ">Ni case the significance is
4.5 and 2.5 for the 950 and 1101 keV ~ rays, respectively.
For the case where the statistical significance is below 3,
the identification of 7y rays presented in this work should
be considered tentative.

The cross section of the excitation process was extracted
from the fitting constant used for the simulated Ni
spectra. It must be noted that these cross sections
include both electromagnetic and nuclear contributions.
Therefore, a calculation with both nuclear and electro-
magnetic excitations is demanded in order to extract the
B(E2) value for the observed excited states. With the
aim of determining the nuclear contribution, we started
first with ™Ni, where a previous B(E2) measurement is
available Ref. [12].

The calculation to derive the B(E2) value follows the
procedure described in Ref. [29]. In that paper the
authors made a detailed analysis of the effects that
scattering angle resolution and straggling can have
on the comparison between the measured and the
theoretical cross section. In particular, the theoretical
differential cross section obtained from nuclear and
Coulomb potential scattering must be convoluted with
the experimental scattering angle resolution and strag-
gling in target in order to be compared with the result of
the measurement. It was also pointed out that the code



FRESCO [30, 31] can properly treat not only Coulomb
and nuclear scattering, but also their interference. As
a consequence, the total (nuclear and Coulomb) cross
section for the present experiment is calculated using
this code. The nuclear potential model employed is
derived from Ref. [32], calculated for the 74Ni, 205Ph
collision. The CEGO7 interaction [33] and Sao Paulo
density [34] were used. A recent "Ni(p,p’)™Ni mea-
surement performed at RIKEN, Ref. [10], determined a
deformation length § = 0.9(2) fm for "Ni. This value is
used as an input to the FRESCO calculation. For the
Coulomb part, the quadrupole matrix element is a free
parameter that is varied to reproduce the experimental
cross section. It is found that the interference between
the nuclear and the Coulomb potentials is destructive
and that it almost cancels the nuclear contribution.
Considering the large experimental errors (see later),
the final result on the B(E2) value is independent of
the deformation length chosen on a wide range. Using
these parameters with the code FRESCO, we obtained
a differential total (nuclear plus Coulomb) cross section
which was then convoluted with the straggling in target
and scattering angle resolution from focal plane detector
position accuracy. This amounts to about a 7 mrad
scattering angle Gaussian smearing. The result of this
procedure can be compared with the experimental
data after the beam transmission from BigRIPS to
ZeroDegree is folded with the smeared differential cross
section. Overall, losses due to transmission acceptance
were below 10%.

Following the aforementioned strategy, the measured
cross section of o, + 0. = 118(19) mb in "™Ni could
be reproduced from FRESCO calculations employing
an K2 transition matrix element M, = 33.2 efm?
which corresponds to a B(E2;0T — 27) = 1133 e*fm*.
This value has to be corrected for the feeding from
higher-lying states [23] which may be populated by
single-step Coulomb and nuclear excitations. The -~
decay of these predominantly 27 and 3 levels will in
fact increase the observed intensity of the 2+ — 0F
transition. Previous Coulomb excitation studies on Sn
nuclei in similar experimental conditions estimated a
contribution to the B(E2;0" — 2T) value ranging from
144+7% to 21+£11% [23, 29, 35]. In the present study, we
consequently employ a 20+10% estimate for the feeding,
yielding B(E2;0" — 27) = 906 e?fm* for "Ni.

The same procedure is then applied to evaluate the
B(E2) from the total cross sections of the odd-even
73,75Ni isotopes. It is assumed that their scattering
length is the same as for "*Ni. The near cancellation of
nuclear potential and nuclear-Coulomb potential inter-
ference contributions assures that this assumption does
not impact the final result within the large statistical
errors from measurement.

Errors on B(F2) values were estimated propagating
the error from the measured cross sections, considering
that Coulomb cross section is a linear function of B(FE2).

The 20% feeding estimate is considered to have a 50%
relative error, which is quadratically summed to the
error coming from the cross section measurement. A
further systematic error of 10% is introduced as a
result of the uncertainty linked to the choice of the
nuclear potential to be used in the FRESCO calculation.
This error estimate was obtained by comparing the
result from the aforementioned potential with those
from a Woods-Saxon and a t — pp potentials as im-
plemented in the code Dweiko [36]. For "Ni, this
leads to B(E2;0" — 2F) = 906 4+ 222 e*fm*. The
result from a recent intermediate energy Coulomb
excitation measurement for “Ni, reported in Ref. [12],
is B(E2;0" — 27) = 642 4+ 220 e*fm*, obtained without
subtracting a feeding from higher-lying levels.

The results for the odd-even isotopes are reported in
Tab. II.

DISCUSSION OF RESULTS

It is interesting to compare the present results with

the predictions of large-scale shell-model calculations us-
ing effective interactions which are now available for this
mass region. Shell model calculations have been per-
formed using (SM1) a unified realistic interaction em-
ploying the pairing plus multipole Hamiltonian combined
with the monopole interaction constructed starting from
the monopole-based universal force from Ref. [28, 37] or
(SM2) an effective Hamiltonian derived from the CD-
Bonn potential, renormalized by way of the Viow_k ap-
proach [38], within the framework of the time-dependent
perturbation theory [27].
In the model (1), SM1, the model space comprises the
J7/25 P32y [fs/2, P1j2, Goy2, dsj2 orbitals for both pro-
tons and neutrons. The large scale shell-model calcu-
lations are performed under the truncation that pro-
tons and neutrons are not excited from the f7,, and the
p3/2 orbitals. The interaction matrix elements and the
single-particle energies are given within the same way
as the derivation of the Hamiltonian in the previous pa-
pers [39, 40], where the effective charges for proton and
neutron are taken as e, = 1.50e and e, = 0.75e. In
model (2), SM2, a different valence space was considered,
with protons in the f7,2, p3/2, f5/2 shells and neutrons
in the p3/2, f5/2, P1/2, go/2 orbitals. The electromagnetic
transition strengths were calculated by using proton and
neutron effective E2 operators consistently derived with
the same perturbation approach of the Hamiltonian. A
calculation based only on the vgg,; shell was also per-
formed to provide a reference. In this model the B(E2)
values were normalized to the average of the 2+ — 0%
E2 strengths in "Ni predicted by SM1 and SM2. The
excited levels predicted by the three calculations are com-
pared to experimental values in Table I. The correspond-
ing theoretical B(E?2) strengths for 7737Ni are shown
in Table II.



TABLE II. Measured values for the B(E2) | strengths in "7 Ni in comparison with theoretical predictions. SM (1) is a
shell model with a unified realistic interaction employing the pairing plus multipole Hamiltonian and a universal monopole,
while SM (2) is a calculation using the CD-Bonn potential. A gq /o seniority-scheme calculation is also presented for reference.
See text for details.

B(FE2;2T = 0T) (e*fm?)

measured SM (1)

SM (2) Single orbit

7INi 181 + 44 120

106 113

B(E2;(5/27) — 9/27) (e*fm?)

measured SM (1) SM (2) Single orbit

B(E2;(13/2%) — 9/2%) (e*fm?)

measured SM (1) SM (2) Single orbit

B(E2;(11/2%) — 9/27) (e*fm?)

measured SM (1) SM (2) Single orbit

TINi 2374267 87 85 107 217 £94 106

116 116 117+69 47 33 63

TNi 202+134 71

78 85 191£136 32 40 50

For the even-even nucleus "74Ni, SM1, SM2 and single-
orbit calculations agree very well with the experimental
results regarding the excitation energy of the 21 level.
On the contrary, the B(E2) strength appears to be un-
derestimated by models.

Concerning the odd isotopes, the limited statistics pre-
vents a firm comparison as in the case of "Ni, but
some considerations can be drawn from data. For "®Ni
both shell-model and single-orbit calculations predict as
low-lying excitations above the 9/2% ground state the
7/2% and 5/2] states and at about 1 MeV of excita-
tion energy (the region of interest for this measurement)
the 5/23, 13/2% and 11/2% levels. Overall, the calcu-
lated excitation energies for those states are in agreement
with the experimental observations. For the tentatively-
assigned (13/2%) and (11/2%) states, the measured tran-
sition strengths are also larger than the results of SM1,
SM2 and single-orbit calculations, although the large er-
ror bars prevent one to draw a definitive conclusion. The
similarity with the "Ni case is anyway suggestive of a
common trend. Both shell-model and single-orbit calcu-
lations predict in "3Ni two 5/27 levels at around 300 and
900 keV of excitation energy. The first one may indeed be
the one reported in Ref. [26]. The B(E2;5/2] — 9/27)
is calculated between 0 (single orbit) and few e* fm*
(SM) whereas the B(E2;5/25 — 9/27) is predicted of
the order of about of 100 e? fm*. This large difference in
transition strength to the ground state is a consequence
of seniority conservation. The 5/2] level has a dominant
component with seniority v = 5 (two broken neutron
pairs in the corresponding even-even nucleus) and there-
fore, due to the seniority change of Av = 4, the transi-
tion to the seniority ¥ = 1 ground state is hindered. The
5/ 2; level, in contrast, is dominantly a seniority v = 3
state (one broken neutron pair in the corresponding even-
even nucleus) allowing an E2 decay to the ground state.
Even if seniority needs not be conserved for shells with
j >9/2, it has been shown recently that for n = 4 iden-
tical nucleons in a j = 9/2 shell, there are two J = 4
states with seniority ¥ = 2 and v = 4, which do not
mix for any interaction [15]. The same holds for J = 6
states. A similar situation occurs in the odd-A isotope

73Ni, which has the gqg /2 shell half filled with neutrons.
Because of particle-hole symmetry no mixing can occur
between states differing by two units of seniority [41] and,
specifically, the 5/2] and 5/25 states cannot mix. Lim-
ited mixing is therefore expected for the two 5/2% states
of ™Ni. This mechanism of non-mixing holds only in a
single-shell scenario and is expected to break down if the
levels with the same J are close in energy. For example,
the two 11/2% levels, predicted close in energy (within
less than 100 keV), display a seniority mixing of almost
50%. Both SM-1,2 and the single-orbit calculation pre-
dict a B(E2;(5/2%7) — 9/2%) value which is smaller than
the observed one, even though the large experimental er-
ror again precludes a quantitative comparison. For "Ni,
both shell-model calculations and the single-orbit model
predict the 13/27 level to be at lower excitation energy
than the 11/27 level. The energies match those of the ex-
perimentally observed « rays. The two observed B(E2)
values are somehow larger than the shell-model results,
confirming the trend already present in 7>74Ni.

The non-observation in “°Ni of the (5/2%) — 9/2% tran-
sition, apart from intensity considerations related to the
low production rate of this isotope, is possibly linked to
the opening of alternative decay paths for this level (an
example is the decay of the 5/2% to 7/2%), which are
likely to be hindered in "2Ni. For the latter nucleus,
located just in the middle of the gg /5 shell, under the as-
sumption of seniority conservation, transitions between
states with the same seniority should indeed be forbid-
den.

Overall, for all three nuclei the observed level scheme
and B(E2) trend, when compared to the shell-model re-
sults and to the predictions of a single-orbit calculation
based on gg/7, shows that the latter orbital is dominating
the valence structure of the neutron-rich nuclei 7747 Ni,
However, since the measured collectivity is larger than
the theoretical expectations, one may speculate that the
contribution of proton excitations across Z = 28, en-
hancing the FE2 strength, could be underestimated by
the present models. Indeed, the steep rise with respect to
the B(FE2) values in Ref. [11] may indicate that more im-
portant proton contributions are coming into play when



approaching the N = 50 shell gap.

CONCLUSIONS

In conclusion, we have studied the quadrupole col-
lectivity in the neutron-rich "37%7°Ni isotopes via rel-
ativistic Coulomb excitation measurements. B(E2) val-
ues have been determined for low-lying states in the odd-
Ni isotopes for the first time, suggesting a large B(E2)
trend, with respect to "°Ni, at variance with what was
measured in "2Ni. Comparison with shell-model calcu-
lations using either the fpgd model space both for pro-
tons and neutrons and a unified realistic interaction con-
structed from the monopole-based universal force or the
pf model space both for protons and neutrons and em-
ploying an effective Hamiltonian derived from the CD-
Bonn potential renormalized by the Viow_x approach and
with calculations based on a single neutron orbital, shows
in general a good agreement for the excitation energies
of the states, whereas transition strengths are underesti-
mated. The global decay pattern observed nicely reflects
the general expectation based on partial conservation of
seniority predicted for nuclei within the j = 9/2 shell.

The present results are at variance with the small B(E2)
value found in “2Ni [11] and are somewhat larger than
the previous "*Ni measurement [12]. The fact that the
transition strengths are systematically larger than the
neutron-space shell-model predictions suggests that pro-
ton excitations across Z = 28 may play a more impor-
tant role than predicted in the wave function of low-lying
states when approaching "®Ni. In particular, the increase
of the B(E2) values with respect to "Ni could indicate
that, starting from the mid-vgg/, shell, the Z = 28 gap
is gradually becoming more susceptible to particle-hole
excitations. It remains for future measurements to verify
this trend in "®77Ni.
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