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The reduced transition probability B(E2;0+
→ 2

+) has been measured for the neutron-rich nucleus
74Ni in an intermediate energy Coulomb excitation experiment performed at the NSCL facility at
MSU. The obtained B(E2;0+

→ 2
+) = 642

+216

−226 e2 fm4 value defines a trend which is unexpectedly

small if referred to 70Ni and to a previous indirect determination of the transition strength in 74Ni.
This indicates a reduced polarization of the Z=28 core by the valence neutrons. Calculations in
the pfgd model space reproduce well the experimental result indicating that the B(E2) strength
predominantly corresponds to neutron excitations. The ratio of the neutron and proton multipole
matrix elements supports such interpretation.

PACS numbers: 21.60.Cs, 23.20.Lv, 25.70.Bc,25.70.De

The study of neutron-rich nuclei with unusually large
neutron/proton ratio is challenging the conventional de-
scription of the structure of nuclei. Decades of investiga-
tion have established that, moving from the β-stability
towards the drip line, the shell structure undergoes im-
portant modifications with the possible disappearance of
the usual shell gaps and the emergence of new magic
numbers [1, 2]. This behavior has been attributed to the
dynamic effects of the nucleon-nucleon interaction, to its
density dependence, which is linked to the spin-orbit con-
tribution reduction for more diffuse systems, and to the
influence of the proton-neutron tensor force [3–6]. Re-
cently, also three-nucleon forces have been invoked to jus-
tify the stabilization of the nuclear shells [7]. Unexpected
shell modifications have been found all over the nuclear
chart, together with the appearance of low-lying intruder
states in supposedly semi-magic nuclei, giving rise to so-
called islands of inversion. Examples are the neutron-
rich 12Be, 32Mg and 42Si nuclei which show a large col-
lective behavior [8–10] even if their neutron numbers are
well established magic numbers in the stable regions of
the nuclear chart (N=8, 20 and 28 respectively).

The Ni isotopic chain (Z=28) covers two doubly-closed
shells with neutron numbers N=28 and 50, therefore al-
lowing to test the evolution of the proton gap for neu-
tron rich systems [11]. The Z=28 spherical shell gap lies

between the occupied πf7/2 and the valence πp3/2, πf5/2
orbitals. On average, its absolute value amounts to about
5 MeV, large enough to maintain the spherical shape of
all Ni isotopes [12]. The filling of the neutron orbitals
going towards the heavier isotopes is normally expected
to polarize the proton core due to the strong proton-
neutron interaction. With an increased number of neu-
trons, such effect could be counterbalanced by enhanced
configuration mixing due to many body neutron-neutron
correlations.

The B(E2) values along a chain of semi-magic nuclei
provide a sensitive signature of the shell evolution: ac-
cording to the seniority scheme [13], the B(E2;0+ → 2+)
values follow a parabolic trend where the maximum of the
parabola corresponds to the middle of the shell and the
height depends on the strength of the neutron-induced
proton core polarization (for a given proton magic num-
ber). B(E2) values smaller than those of the expected
parabolic curve indicate the building of a new sub-shell
closure, bigger values suggest an increase of deformation
induced by strong core polarization. The comparison of
the transition probabilities measured with hadronic and
electromagnetic probes can be used to test the nature of
the 2+ state, particularly in the single-closed shell nu-
clei where such excitations are likely dominated by the
valence nucleons.
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Transition strengths in the Ni isotopes between N=40
and N=50 have been recently subject to extensive ex-
perimental and theoretical investigations (see [14, 36, 37]
and references therein). Due to the difficulty of produc-
ing such exotic neutron-rich nuclei, experimental B(E2)
values determined by means of Coulomb excitation mea-
surements have been limited to 70Ni [11]. In this nucleus,
an increase of about a factor 3, as compared to 68Ni, was
found and interpreted as an evidence of the rapid po-
larization of the proton core, induced by the filling of
the g9/2 neutron shell. Furthermore, a recent inelastic
proton scattering experiment performed for 74Ni [15] has
yielded a large deformation parameter (δp,p

′

) that has
been interpreted as another sign of enhanced quadrupole
collectivity and therefore of the quenching of the Z=28
shell gap for the neutron-rich Ni nuclei.

This letter reports on the result of an intermediate-
energy Coulomb excitation experiment using a radioac-
tive beam of 74Ni, which is presently the heaviest Ni
isotope that has been produced with enough intensity
to allow the B(E2) measurement. The experiment was
performed at the National Superconducting Cyclotron
Laboratory (NSCL), Michigan State University. The ex-
tracted B(E2;0+ → 2+) strength is compared with the
results of state-of-the-art large-scale shell-model calcula-
tions. To probe the nature of the 2+1 excitation, an es-
timate of the proton-neutron multipole matrix elements
ratio (Mn/Mp) has been carried out. This is done as-
suming the validity of the Bernstein approach described
in [16] and exploiting the combined information of the
newly determined transition strength and the one of the
inelastic proton scattering experiment [15].

The radioactive 74Ni ion beam was produced via frag-
mentation as described in Ref. [17]. A stable beam of
86Kr with an intensity of 25 pnA was accelerated by
the Coupled Cyclotron Facility to 140 MeV/nucleon and
fragmented on a 399 mg/cm2 thick Be foil at the target
position of the A1900 fragment separator [18]. A combi-
nation of slits and a 240 mg/cm2 Al wedge degrader were
used to enhance the purity of the fragment of interest in
the resulting cocktail beam. A momentum acceptance
of ∆p/p = 3.0% was used and resulted in a 74Ni beam
with an average yield of 0.7 pps and 1.5% purity out
of the total. While this acceptance setting provided a
sufficient rate of 74Ni for performing the experiment, it
added ambiguities in the event-by-event incoming beam
identification as discussed later in this section. 74Ni ions
impinged on a 642 mg/cm2 thick 197Au secondary tar-
get with a kinetic energy of 95.8 AMeV. The scattered
particles were then delivered to the S800 spectrograph
[19] and identified at the S800 focal plane using the en-
ergy loss versus time-of-flight technique. The mass and
charge of the recoiling nuclei were extracted on an event-
by-event basis from time of flight and energy loss informa-
tion. The S800 cathode readout drift chamber (CRDC)
detectors [20] were used to determine the scattered ions
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FIG. 1: Doppler-corrected γ-ray spectrum following Coulomb
excitation obtained from the CAESAR detectors when in-
coming and outgoing particle selections are applied and with
the "safe" Coulex impact parameter condition (see text for
details). The peak at 1.024 MeV corresponding to the de-
excitation of the 2+

1 state is clearly visible. The spectrum
is fitted with the result of a GEANT4 simulation of the re-
sponse function of the apparatus (dot-dashed blue line) plus
two exponential curves (dashed red and green lines) chosen in
comparison to background spectra obtained from 76Cu and
77Zn present in the cocktail beam. In the inset the particle
identification plot in the S800 focal plane is reported and the
charge state of each isotope is indicated. It shows the energy
loss in the focal plane detector versus the time of flight. 74Ni,
clearly separated in the plot, was produced with an average
rate of 0.7 pps and a purity of 1.5% out of the total.

position and angle in dispersive and non-dispersive di-
rections at the focal plane. This information was used
to reconstruct the trajectories of the identified particles
back to the target position and to determine the impact
parameter exploiting the knowledge of the magnetic field
in the S800 [19–21]. The reconstruction of the impact pa-
rameter is indeed crucial to disentangle the nuclear and
the electromagnetic interactions and therefore to relate
the Coulomb excitation cross section at intermediate en-
ergy to the reduced E2 transition probability [22]. The
outlined procedure has been validated in a number of
successful experiments at NSCL [22–25]. In this way a
subset of particle-identified events with the impact pa-
rameter larger than 14 fm ("safe" Coulomb cut-off cor-
responding to the sum of the two nuclear radii plus 2
fm) was selected [24, 25]; the corresponding cut on the
measured scattering angle was 40 mrad. Gamma rays
emitted in the decay of the Coulomb excited 74Ni nu-
clei were detected by the CAESAR array composed of
192 CsI(Na) scintillators [26] surrounding the target posi-
tion. Doppler correction has been performed on an event
by event basis using the measured velocity of the recoil-
ing ions and the scattering angle relative to the emitted
γ-rays. The latter was determined based on the position
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of the crystal recording the highest energy deposition in
a given event. The CAESAR detector was covering ap-
proximately 95% of the solid angle with a photo-peak
efficiency of about 30% at 1 MeV. Energy calibrations
and photo-peak efficiency were determined using stan-
dard sources and compared with GEANT4 simulations.
Such simulations were used to derive the response func-
tion of the array and reproduces the measured efficiencies
within 3%. This value was included as a systematic error
in the final B(E2) result.

Figure 1 shows the γ-ray spectrum obtained select-
ing incoming and outgoing 74Ni ions and applying the
aforementioned conditions on the scattering angle to sat-
isfy the safe Coulomb excitation requirements. Moreover,
only promptly-emitted photons were selected through a
gate in the γ-rays energy-time correlation. The peak
at 1.024 MeV corresponding to the de-excitation of the
2+1 state is clearly visible. To determine the number of
photons emitted, the spectrum was fitted using the al-
ready mentioned simulation. This allows to take into
account the efficiency of the set-up, the absorption in
the target and also the Lorentz boost of the emitted γ-
rays. A double-exponential curve was added to the simu-
lated spectrum in order to account for the beam-induced
low-energy bremsstrahlung and the smooth high-energy
background. The decay constants of the two exponential
curves where estimated from the γ-ray spectra of other
nuclei contained in the cocktail beam with larger statis-
tics (namely 76Cu and 77Zn).

As shown in the inset of Figure 1, the identification of
the scattered ions at the S800 focal plane is straightfor-
ward and allows to clearly select and count 74Ni nuclei.
For the incoming cocktail beam tagging, due to the wide
momentum acceptance setting of the A1900, a pure iso-
topic identification is not possible. Despite that, measur-
ing the beam composition in a run without secondary tar-
get and applying the incoming particles selection, it was
determined that the only relevant contaminant is 76Cu,
which overlaps in the incoming ions selection with the
same intensity of 74Ni. The 1.024 MeV γ-rays of interest
can, therefore, be emitted from the de-excitation of 74Ni
produced by the 76Cu 1p-1n knock-out reaction. For this
reason a correction on the experimental data was applied.
Using the EPAX code [27], the 1p-1n knock-out cross sec-
tion was calculated to be 29 mbarn and a 50% population
for the 1.024 MeV 2+ state was assumed. A 50% error is
considered for both values. Under these assumptions the
76Cu contribution (number of knock out events with re-
spect to the total number of observed 74Ni ions) resulted
to be of the order of 18 out of 3.4× 105. These ejectiles
will yield 9±5 γ-rays to be subtracted from the efficiency
corrected experimental peak area (where they contribute
as 8 % of the total). In view of the later discussion, it is
worth noticing that the presence of γ-rays coming from
the knock-out reaction can only cause an over estimation
of the Coulomb excitation cross-section since this number
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FIG. 2: Experimental systematic of the B(E2;0+
→2+) in the

Ni isotopes [14]. The experimental point for 74Ni corresponds
to the result of the present Coulomb excitation experiment.
From a proton inelastic scattering experiment [15], a model
dependent B(E2;0+

→2+) value of 1270±380 e2fm4 has also
been deduced for 74Ni [14]. The results are compared with
the predictions of large-scale shell-model calculations in the
fpgd model space and using empirical or derived residual in-
teractions (see text).

is subtracted from the total intensity of the γ-ray peak.

The angle-integrated Coulomb excitation cross-section
to the first 2+ state was determined as σ0+→2+=148+50

−52

mb. Such value includes the following uncertainties: the
errors associated to the fit procedure and to the back-
ground modeling, the uncertainties due to the simulated
efficiency, the contamination estimate and the assump-
tion of a fraction of 10% of unobserved feeding from
higher lying states. The excitation cross section was then
translated into a B(E2;0+ → 2+) value based on the
Coulomb excitation probability calculations performed
with the DWEIKO code [28]. A B(E2;0+ → 2+) =
642+216

−226 e2fm4 was obtained. The new experimental
result is shown in Fig. 2 together with the measured
B(E2;0+ →2+) values in the Ni isotopes for N ≥ 40 [14].
The same figure includes also the results of large-scale
shell-model calculations using:
LNPS: the full pf-shell as proton valence space and the
p,f5/2,g9/2,d5/2 orbitals for neutrons, considering 48Ca as
an inert core (see Refs. [12, 30]). As effective interaction,
the two body matrix elements described in Ref. [31] with
the monopole changes described in Ref. [12, 30] have been
used. Effective charges are taken as (ep, en) = (1.5, 0.5)e.
Vlow−k: the f7/2,p3/2-shells for protons and the
p, f5/2, g9/2, d5/2 orbitals for neutrons. A two-body
effective interaction derived within the framework of
perturbation theory (see Refs. [32–34] and references



4

therein) is used starting from the CD-Bonn NN po-
tential renormalized through the Vlow−k approach [35]
with a cutoff momentum Λ=2.6 fm−1. The matrix el-
ements of the effective interaction are calculated us-
ing this potential plus a Coulomb force for protons by
means of the Q-box folded-diagram expansion as de-
scribed in Ref. [33, 34]. Effective charges are calculated
self-consistently [34].
A3DA: a newly enhanced version of the Monte Carlo
Shell Model method incorporating the conjugate gradi-
ent method and the energy-variance extrapolation taken
from Ref. [36, 37]. Calculations include the pfg9/2d5/2
shells using 40Ca as an inert core and are based on the
A3DA residual interaction [38]. Effective charges are
taken as (ep, en) = (1.5, 0.5)e.

The experimental B(E2) value reported in Figure 2
for N=46 (present work) disagrees with the model de-
pendent B(E2) value deduced in Ref.[14] from the (p,p’)
measurement[15]. The experimental uncertainties are
large in both experiments as well as in the 70Ni case. We
note that our result is comparable, if not smaller, to the
B(E2) measured in the 70Ni case [11]. Despite the large
error bars, the value deduced for 74Ni in the Coulomb ex-
citation experiment reported in this letter is lower than
the one deduced from the inelastic proton scattering ex-
periment [14, 15]. Moreover, the 74Ni B(E2) value mea-
sured in the present work is in good agreement with the
results of shell-model calculations using either empirical
or microscopic residual interactions. In this context, it
should be mentioned that the large B(E2) value of 70Ni
has been interpreted as an indication of the strong polar-
ization of the proton core induced by the the monopole
interaction between the neutron g9/2 orbital and the pro-
ton f5/2 one, see Ref. [11]. The same mechanism would
be expected to induce a large transition strength also in
74Ni which is neither found experimentally nor foreseen
by the shell model results presented here. It is worth not-
ing that the theoretical B(E2; 0+ → 2+) values at N=50
increase with respect to lighter Ni nuclei, indicating the
magicity of the N=50 shell. In fact, as a consequence
of the shell closure at N=50 the 2+ state will not only
involve neutron excitations above N=50 but also proton
excitations above the Z=28 shell gap in the fp orbits and
will therefore have a larger B(E2) value. In order to probe
the proton and neutron contributions to the low-lying 2+

excitation strength of 74Ni, we have used the combined
information from Coulomb excitation and from inelastic
proton scattering [15]. The proton multipole matrix ele-
ment Mp is directly related to the reduced electric tran-
sition probability since B(E2;0+ → 2+)=M2

p, whereas,
assuming the validity of the Bernstein approach [16], the
ratio of the neutron and proton multipole matrix ele-
ments is given by:

Mn

Mp
=

N

Z

(

δp,p′

δem
+

Zbp
Nbn

(

δp,p′

δem
− 1

))

(1)

where δp,p′(δem) is the deformation length for the
hadronic (electromagnetic) probe. A deformation length
of δp,p′=1.04(16) fm was measured in Ref. [15]. The
corresponding value for δem extracted from the present
B(E2) result is δem=0.78±0.13 fm (R=r0A

1/3=5.04 fm)
as in Ref. [15]. The interaction strengths of protons with
protons (bp) and with neutrons (bn) have been chosen to
be 0.3 and 0.9 respectively ([39, 40]) including an uncer-
tainty in bp/bn of 0.3. This yields Mn/Mp=2.4±0.8 for
the 2+ state in 74Ni much larger, even considering the
large error, than the value of N/Z expected for a pure
isoscalar collective excitation (as in the hydrodynamical
model). This ratio, using the LNPS residual interaction,
is predicted to be: Mn/Mp=1.8. Large Mn/Mp values
have been found in semi-magic nuclei with large neutron
excess [39, 40] and can be qualitatively understood by
considering that the valence neutrons are driving the nu-
clear oscillation and the core polarization is not sufficient
to restore the isoscalar character of the excitation.

In summary, we have studied the quadrupole collec-
tivity in the neutron-rich 74Ni nucleus (N=46) via inter-
mediate energy Coulomb excitation. The present result
provides for the first time a direct measurement of the
B(E2;0+ →2+) in this nucleus. The new finding is at
variance with the value deduced, under the assumption
of identical proton and neutron density distribution, from
a recent proton inelastic scattering experiment and does
not confirm the step rise trend observed for the B(E2)
value in 70Ni. The experimental B(E2) value obtained
is very well reproduced both by large-scale shell-model
calculations using the LNPS effective interaction or the
Vlow−k approach and the Monte Carlo Shell Model cal-
culations using the A3DA interaction. The small transi-
tion strength observed in 74Ni restores the normal core
polarization picture in the neutron rich Ni isotopic chain
and suggests that the low-energy B(E2) strength predom-
inantly corresponds to neutron excitations. The large
Mn/Mp value estimated based on Ref. [16] supports such
interpretation even if a more detailed analysis will have
to be performed with the help, for example, of up-to-date
QRPA calculations (see Ref. [41]). The extension of the
B(E2) and δ(p, p′) systematics in this region will be of
high interest to pin down the shell evolution towards the
expected doubly magic 78Ni nucleus.
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