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Abstract: This status report aims to reassert the physics case for IS587 with a view to
retain the shifts already granted for Coulomb-excitation studies of 66,68Ni and the one-
neutron transfer reaction in to 69Ni. Since the original proposal was accepted, there was
a further addendum and letter of clarification that sought to clarify technical matters,
which will not be repeated here. No shifts were scheduled for IS587 prior to CERN’s
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second long shutdown (LS2). In this status report, we present and update on comple-
mentary experiments studying the neutron-rich nickel isotopes along with new theoretical
interpretations of the lowest-lying 0+ and 2+ states.
The aim of this proposal is to measure, simultaneously, the B(E2; 2+

1 → 0+
1 ) value and the

spectroscopic quadrupole moments of the 2+
1 state in 66,68Ni. This serves as a direct test

of recent Monte-Carlo Shell Model (MCSM) calculations that predict shape coexistence

in these isotopes. In addition the 68Ni(d, p) reaction will be used to populate excited 5
2

+

states in 69Ni, leading to direct information on the N = 50 shell gap. Miniball will be used
for both the Coulomb-excitation and transfer experiments, utilising the T-REX particle
detector array in a way that they can be run consecutively, using the same beam from
HIE-ISOLDE.

Remaining shifts: 30/30 shifts
Installation: MINIBALL + T-REX

1 Physics case

1.1 Shape coexistence near N = 40

Shape coexistence in nuclei now appears across the chart of nuclides and the topic has
been extensively studied in recent years with a number of theoretical and experimental
approaches, recently reviewed in a series of papers [1–9]. Recent experimental work in
the region around N = 40 has revealed strong evidence for a new region of shape coex-
istence around 68Ni, utilising β-decay [10–14], multi-nucleon transfer reactions [15, 16],
intermediate-energy Coulomb excitation [17] and lifetime measurements [18]. Excited 0+

states, proposed to be the band-heads of intruder configurations, have been characterised
in Monte-Carlo Shell Model (MCSM) calculations [3, 19] as variously belonging to pro-
late, oblate and spherical configurations. The total energy surface for 68Ni obtained in
the calculations (see Fig. 1) show three minima corresponding to the spherical ground
state, plus excited coexisting oblate and prolate configurations. The corresponding level
scheme, also shown in Fig. 1 and reproduces the observed levels well, indicating that the
2+
1 state is in fact a member of the oblate band.

Experiments focused on populating excited 0+ states in 66Ni and measuring their lifetimes
reveal a type of shape isomerism where the decays to the 2+

1 are strongly hindered [16].
This is the result of a large barrier between the oblate and prolate configurations, repro-
duced by the MCSM calculations. As yet, no direct measurement of the shape of excited
states in the neutron-rich nickel isotopes has been made. For the band head 0+ states, this
proves to be essentially impossible since they do not possess a spectroscopic quadrupole
moment and they lie too high in energy for a complete quadrupole sum rules analysis [20]
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figure 1(c), the change is doubled due to the linearity of the monopole effect, if there are 4p
−4 h excitation as shown in figure 1(e). This reduction, of course, depends on the orbits
involved. If favorable combinations are involved, the final effect can be quite significant. We
now discuss such examples.

4.2. Structure of 68Ni

Figure 4(a) shows levels of 68Ni [72]. These levels are calculated by using the Monte Carlo
shell model (MCSM) [74, 75] by using the K computer facility [72]. The model space
consists of the full pf shell + g1 9 2 + d2 5 2 without any truncation. The variance extra-
polation ensures the accuracy of the result [76]. The shell-model Hamiltonian was modified
A3DA, which is a combination of G-matrix effective interaction, phenomenologically tuned
bare single-particle energies and two-body matrix elements [75, 72]. The level scheme and E2
properties of other Ni isotopes are presented in [72] with a salient systematic agreement with
experiment [73, 87, 88], suggesting the validity of the shell-model Hamiltonian. While there
have been many studies on 68Ni [77]–[89], we shall focus on messages contained in the
calculated results of [72].

Calculated positive-parity levels of 68Ni are classified according to their shapes: sphe-
rical, oblate or prolate. The shape assignment is made based on the intrinsic quadrupole
moments of primary MCSM basis vectors as explained below and also in [72]. The separation
in specific bands is consistent with the enhanced E2 transitions. The present calculation
exhibits rather good agreement with the data shown in figure 4(b) [73, 87, 88]. The
appearance of three different shapes within a narrow energy range points towards the presence
of shape coexistence.

Figure 5. Three dimensional total energy surface of 68Ni. A similar figure was shown in
[88]. Schematic images of the spherical, oblate and prolate shapes are shown along
the axes.
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We here comment that the tensor force in the free space like the one obtained from one-
π-meson + one-ρ-meson exchange potential does not change much after the renormalization
procedures for the short-range repulsion and the in-medium corrections, as referred to as
renormalization persistency [21, 65]. The tensor-force component of the effective NN
interaction can be obtained by its spin-tensor decomposition [66]–[71] also. The tensor forces
obtained by different approaches are expected to be rather similar at least at the level of the
monopole interaction for the valence shell because of the renormalization persistency. Thus,
we can discuss rather well general features of the monopole effects of the tensor force.

4. Type II shell evolution and shape coexistence

4.1. Type II shell evolution

Figure 1(d) depicts the basic idea of type II shell evolution, where particle–hole excitations
occur for neutrons from the orbit j ¢¢< to the orbit j ¢>. Because of the rule of the tensor-force
monopole interaction, the occupancy of the particle orbit j ¢> reduces the proton j> - j<
splitting. This is identical to what takes place in figure 1(b). In addition, the creation of holes
in the neutron j ¢¢< orbit brings about another effect. It decreases the effect of the tensor-force
monopole interaction from the fully occupied j ¢¢< orbit. In other words, equation (4) is
changed by the ordinary particle-hole transformation to

v j j n, , 6j m j
hole( ) ( )�D = - ¢ ¢

where v j j,m ( )¢ is the same as in equation (4) and n
j
hole
¢ stands for the number of holes in the

orbit j¢. Note that j�D implies the difference from the value for the configuration with the
fully occupied (no-hole) j¢ orbit.

In the case of figure 1(d), as v j j, 0m ( )¢¢ >< < due to the general rule, the neutron hole in
the orbit j¢¢< lowers the proton j< orbit. By the same mechanism working oppositely, the
proton j> orbit is raised by the neutron particle in the orbit j ¢> and neutron holes in the orbit
j ¢¢< . Combining all these effects, the proton spin–orbit splitting between j> - j< is reduced by
even more than in figure 1(b). We emphasize that similarly to the situation shown in

Figure 4. Energy levels of 68Ni (a) calculated by the Monte Carlo shell model [72] and
(b) obtained by experiments [73, 87, 88]. Taken from figure 2 of [72].
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Figure 1: Three-dimensional total energy surface (left) and level scheme of 68Ni (right)
obtained from the Monte-Carlo shell model calculations [19] compared to the experimen-
tally observed levels. Figures taken from Ref. [3]. Note that the surface obtained for 66Ni
(Fig. 1 of Ref. [16]) is remarkably similar to that of 68Ni shown here.

to be performed. Therefore, the only way to determine the true shape of intruder con-
figurations in these nuclei, and subsequently confirm the interpretation of type II shell
evolution [3], is via a measurement of the Qs(2

+) states in Coulomb excitation.
Large-scale shell-model calculations have described the appearance of shape coexistence
in 78Ni and a new island of inversion about 74Cr [21], similar to that proposed about
64Cr [22]. This comes on the back of high-profile experimental efforts in this extremely
exotic region [23–25]. Most recently, a pair of 2+ states has been observed at a similar
energy in 78Ni itself [26], giving a strong indication that deformed states persist at low
excitation energy even in this doubly-magic system.

1.2 The N = 50 shell gap

Approaching the doubly-magic 78Ni, it is crucial to understand the evolution of the shell
gap at N = 50, both to benchmark single-particle behaviour and to understand intruder
configurations predicted in large-scale shell model calculations. Recent experimental work
in this region [23–25] has benefited from advances in a number of facilities around the
world, including ISOLDE. Beyond the N = 40 sub-shell closure, the evolution of νd5/2
and νg9/2 orbitals play a dominant role in the ground and excited states in the nickel
isotopes. In particular, the deformation in the Fe [27, 28] and Cr [29, 30] isotopes south
of 68Ni is proposed to be driven by the νd5/2 orbital, where the second island of inversion is
predicted [22]. One-neutron transfer reactions in these systems pins down the νd5/2−νg9/2
energy gap, by locating the excited 5/2+ states above the 9/2+ ground state.
Previous transfer reactions in Ni isotopes near N = 40 have been performed at REX-
ISOLDE, using Miniball and T-REX [31, 32]. So far it has only been possible to measure
excited states in 69Ni using β-decay [33, 34], isomeric decay [35] and the neutron knockout
reaction, p(70Ni,69Ni)d [36]. The one-neutron transfer reaction d(68Ni,69Ni)p has been
performed at GANIL [37, 38], but this study was limited by the resolution of the particle
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spectrum, which limited the conclusions and precision of the observed states in 69Ni.
Furthermore, the high energy of the reaction, 25 MeV/u, was not well matched for the
l = 2 transfer to the 5/2+ states of interest.

2 Proposed experiments

2.1 Coulomb excitation of 66,68Ni

We propose to perform Coulomb-excitation of 66,68Ni with the primary purpose of deter-
mining the spectroscopic quadrupole moments, Qs, of the first-excited 2+ states in these
nuclei. Simultaneously, we will also determine the B(E2; 0+

1 → 2+
1 ) values independent of

previous measurements [39, 40] by normalising to the target excitation.
The details of the experimental setup and method have previously been presented in
the original proposal [41], the addendum [42] and further in the letter of clarification [43].
Those details will not be repeated here since there are no changes to the proposed method.
In order to achieve a precision of 10% in the B(E2) value and < 15 efm2 in Qs(2

+
1 ),

the data have to be segmented into four angular ranges, each with ' 100 counts in the
2+
1 → 0+

1 transition. Gosia calculations [44, 45] have been performed to determine the
number of shifts required to achieve these conditions, and simulated data was analysed to
extract the expected precision. The beam time request is summarised in Table 1, while
the result of the simulation assuming three different values of the the quadrupole moment
in 68Ni is shown in Fig. 2, showing an expected precision of ' 10 efm2 in Qs(2

+
1 ).

In the case of 66Ni, a similar precision will be reached but with a much higher level
of statistics. This fact will also allow us to study systematic uncertainties much more
rigorously, which can then be applied also to the 68Ni case, taking advantage of running
the experiments with an identical experimental setup.

2.2 One neutron transfer reaction 68Ni(d, p)

HIE-ISOLDE is uniquely placed to deliver a 68Ni beam at the optimal energy to popu-
late 5/2+ states in 69Ni, leading to a determination of the νd5/2 − νg9/2 shell gap above
N = 40. Using Miniball and T-REX, as was done in the analogous d(66Ni,67Ni)p reac-
tion [31, 32], one can select individual excited state with the high-resolution of the γ-ray
detection in Miniball. Angular distributions in T-REX will be used to determine the
angular momentum transfer and hence the spin of the final states populated in 69Ni.
The beam energy is chosen to be 5.0 MeV/u, well matched for the l = 2 transfer required
to populate the excited 5/2+ states around 2.5 MeV/u. If there are indeed two such states,
they should preferentially decay to the 9/2+ ground state with a γ-ray energy matching the
excitation energy. Moreover, relative spectroscopic factors can be determined using this
setup, which will give more information on the final state configurations when compared
to shell model calculations.
DWBA calculations using the FRESCO code [46] were performed to estimate the cross-
section of one-neutron transfer to excited states in 69Ni. Spectroscopic factors (SF) of 1
are assumed for all populated states, giving an integrated cross-section for the 5/2+ state

4
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Figure 2: A simulated two-dimensional χ2 surface plot, for the transitional and diagonal
matrix elements (fit parameters) of the 2+

1 state in 68Ni. It is cut at χ2
min + 1 representing

the 1σ contour. For this simulation, five centre-of-mass angular ranges were assumed,
corresponding to four projectile and one target ranges in the laboratory frame. The
uncertainties on the γ-ray intensities were assumed to be statistical plus a 3% systematic
uncertainty from the determination of the relative efficiency for detecting γ rays from the
projectile and target.

of interest of 122 mb. To determine the proton count rate, a standard reduction factor of
0.6 for the spectroscopic factors has been taken into account (see [47, 48]) and the angular
coverage of the T-REX barrel detectors assumed to be 40%. A relatively thick target of
0.2 mg/cm2 is planned to be used in order to increase the count rate, with the reduced
resolution being recovered by γ-ray gating where the efficiency is around 4%. In the 9
shifts accepted by the INTC in the original proposal, this gives a total of 840 coincident
proton-γ events in the backwards angles of T-REX.

2.3 Beam-time request

In the past few years of operation at ISOLDE, neutron-rich Nickel beams have been used
a number of times. In our letter of clarification to the INTC in 2017 [43], we removed
the request for 70Ni beam due to the large amount of isobaric contamination that was
observed in two beam times of 2016. The target units used at that time, #568 and #586,
used graphite and Ta ion sources sources, respectively. Both ion sources show 2-3 orders
of magnitude higher yield for 70Ga over 70Ni, and studies by the TISD group suggest that
while moving to the neutron converter will improve the contaminant ratio, the yield of
70Ni also drops significantly [49].
For the case of 66Ni, the beam production is large and the contaminant is more than an
order of magnitude smaller than the beam of interest. In order to have precise normal-
isation to the target excitation, the beam purity will have to be monitored throughout
the run with RILIS lasers blocked (so-called laser on/off measurements) and utilising the
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zero degree ionisation chamber at Miniball. The same is true for 68Ni, where the 68Ga is
expected to have higher intensity, requiring more precision in determining the beam com-
position. Regular laser on/off runs will be used to track any changes in the Ga/Ni ratio.
In the case that the contaminant is very large, we will have to revert to the method of sub-
tracting the laser off data from the laser on data in the Coulomb-excitation experiment,
which incurs a 50% duty cycle to the measurements.
In addition to the shifts already approved as laid out in Table 1, two shifts were approved
for the setup and optimisation of the RILIS lasers and beam energy and mass changes,
which requires retuning of the HIE-ISOLDE linac.

Table 1: Summary of the beam-time request. The primary yield is taken to be the
intensity of the 1+ ions from the primary target, injected to the REX linac. We assume
a proton current of 2 µA, a post-acceleration efficiency of 5% and a maximum rate of
2× 106 ions/s is at Miniball.

Yield (1/µC) Beam Energy Iγ(2
+
1 ) Ip−γ(5/2

+) Shifts

66Ni - Coulex 1× 108 4.0 MeV/u 3400/shift 4
68Ni - Coulex 1× 106 4.0 MeV/u 24/shift 15
68Ni(d, p)69Ni 5.0 MeV/u 93/shift 9
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