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for the N =40 Island of Inversion

A. Ceulemans ,"* R. Raabe ,I’T F. Nowacki ,2 A. Alharbi,3’4 H. Ayatollahzadeh ,5’6 S.A. Bennett,7 F. Browne,8
P A. Butler,3 A. Camaiani ,]’i D. Clarke,7 Al Dolan,3 Z. Eleme,9 C.T. A. Everett ,3 F. Flavigny ,10 S. Fracassetti,]
S.J. Freeman,7‘8 L. P. Gaffney ,3 G. Georgiev ,8’“ S. Goula,9 A. Heinz ,12 A. Kawe;cka,12 J. M. Keatings ,5’6
M. Labiche,"” I. Lazarus,"”* P. T. MacGregor®,”® M. V. Managlia®,'? J. Ojala,*® B. Olaizola®,*! R.D. Page®,’

N. Patronis,9 0. Poleshchuk,1 A. M. Se’lnchez—Bem’tez,14 D.K. Sharp,7 H. Térnqvist,12 and A. Youssef'

(ISS Collaboration)
(ISOLDE Collaboration)

Unstituut voor Kern- en Stralingsfysica, KU Leuven, Leuven 3001, Belgium
*Université de Strasbourg, CNRS, IPHC UMR 7178, 23 rue du Loess, F-67000 Strasbourg, France
*Department of Physics, University of Liverpool, Liverpool L69 7ZE, United Kingdom
4Physics Department, College of Science, Qassim University, Buraydah 51452, Saudi Arabia
>School of Computing, Engineering, and Physical Sciences, University of the West of Scotland, Paisley PAl 2BE, United Kingdom
6SUPA, Scottish Universities Physics Alliance, Glasgow, GI12 8QQ United Kingdom
7Departmenz of Physics and Astronomy, University of Manchester, Manchester M13 9PL, United Kingdom
8CERN, Geneva 23 CH-1211, Switzerland
9Depan‘ment of Physics, University of loannina, loannina 45110, Greece
°LPC Caen, Normandie Université, ENSICAEN, UNICAEN, CNRS/IN2P3, Caen 14000, France
”IJCLab, CNRS/IN2P3, Université Paris-Saclay, F-91405 Orsay, France
12Department of Physics, Chalmers University of Technology, Goteborg 412 96, Sweden
BNuclear Physics Group, UKRI-STFC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom
14Department of Integrated Sciences, Centro de Estudios Avanzados en Fisica, Matematicas y Computacion (CEAFMC),
University of Huelva, Huelva 21071, Spain

® (Received 17 June 2025; revised 11 September 2025; accepted 12 November 2025; published 19 December 2025)

Shape coexistence, a collective manifestation of nuclear structure, emerges from the underlying single-
particle dynamics and is prominently observed in the region below ®*Ni. Theoretical studies have
emphasized the key role of the vds/, orbital, the quadrupole partner of vgy),, in driving deformation.
However, experimental constraints on the location and properties of neutron orbitals in neutron-rich
isotopes in this region remain scarce. In this Letter, the single-particle structure of ®*Ni was investigated via
the ®Ni(d, p) reaction in inverse kinematics, performed at the ISOLDE Solenoidal Spectrometer at CERN.
Several new excited states were observed, and comparisons with adiabatic distorted wave approximation
(ADWA) calculations enabled #-value assignments for the most strongly populated states. In particular, a
state at 2.56 MeV is interpreted as the dominant fragment of the vds,, strength. The experimental findings
are well reproduced by Large-Scale Shell Model calculations using a modified LNPS interaction with an
increased vgy/,—vds;, energy gap. These results provide new insight into the structure of ®Ni and
underscore the crucial role of the vds,, orbital in the onset of collectivity at the N = 40 island of inversion.
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The phenomenon of shape coexistence has emerged as a
hallmark of nuclear structure, reflecting the intricate inter-
play between single-particle motion and collective dynam-
ics [1]. It manifests as the presence of multiple
configurations with distinct intrinsic deformations at low
excitation energies, often within the same nucleus. These
configurations arise from the competition between mean-
field shapes, shell effects, and residual interactions, playing
a central role in the evolution of nuclear structure across the
chart of nuclides. Clarifying the connection between shape
coexistence and single-particle degrees of freedom remains
a central challenge for modern theoretical approaches [2].

Prominent examples occur in neutron-deficient nuclei
near Z = 82. In '86Pb, the ground and two lowest excited
states are all 0" states with differing shapes [3,4], while
shape staggering is observed in the ground states of Hg
isotopes between A = 177 and A = 181 [5]. In this region,
elucidating the role of specific orbitals is both experimen-
tally and theoretically demanding. Only recently have
Monte Carlo shell model calculations provided insight into
the structure of the Hg isotopes [5].

In lighter nuclei, where large-scale shell model calcu-
lations are tractable, the connection between collective and
single-particle phenomena is more clearly established. The
well-known island of inversion near Mg exemplifies
shape coexistence [6—11], where the conventional N =
20 magic number is quenched, enabling neutrons to occupy
fp orbitals across a reduced energy gap [12]. Quadrupole
correlations favor deformed two-particle-two-hole con-
figurations [13]. Similarly, measurements of 27 states in
N = 28 isotones [14,15] indicate a weakening of the N =
28 shell gap from “Ca to #’Si. Theoretical studies predict
shape coexistence in /S and deformed ground states in *’Si
and “Mg [16,17].

Another region of enhanced collectivity arises at N = 40,
below the Z =28 nucleus **Ni. Although the N =40
harmonic oscillator shell closure might suggest a doubly
magic character for %Ni, experimental evidence remains
inconclusive [18-23]. The observation of several low-lying
07 states in this nucleus [18,24,25] suggests shape coexist-
ence [26-28], associated with the Quasi-SU(3) sequence
involving the gg 5, ds >, and s, /, orbitals above N = 40 [29].
With proton removal, the tensor force reduces the N = 40
shell gap, favoring deformed intruder ground states in ®*Fe and
%2Cr [30], thereby establishing a new island of inversion.
Maximum collectivity is observed in ®/Cr [31], and recent
investigations suggest that %Ti also belongs to this island [32].

Large-scale shell model (LSSM) calculations using the
LNPS interaction [29,33] allow for neutron excitations
across N = 40, yielding a comprehensive description of
nuclear structure phenomena in this region. These descrip-
tions include the spectroscopy in the region of neutron-rich
calcium isotopes [29,32,34], the coexistence of normal and
intruder configurations in the vicinity of %®Ni [26,35,36],
and the emergence of collectivity leading to the N = 40

island of inversion [30,33,37-39]. For ®Ca, the LNPS
interaction predicts a vanishing N = 40 shell gap and near
degeneracy of the gy, and ds;, neutron orbitals. This
results in exotic properties, including a deformed ground
state with more than three neutrons promoted above
N = 40, and a rotational-like spectrum distorted by pairing
correlations [29].

Although ®Ca lies beyond current experimental reach,
mapping the evolution of the gg/, and ds,, orbitals in this
region remains essential, as their relative energies are
critical to the onset of collectivity below *®Ni.

Direct reactions are a powerful tool for probing single-
particle structure. Their selectivity enables the extraction of
spectroscopic factors and angular momentum assignments.
In nuclei up to N = 40 that are experimentally accessible,
neutron-adding reactions such as (d, p) provide access to
the gy, and ds;, orbitals, offering a direct means to
investigate the microscopic mechanisms underlying shape
coexistence and deformation.

In this Letter, we report a new measurement of the
%Ni(d, p)®Ni reaction in inverse kinematics at a beam
energy of 6 MeV/nucleon. A previous study of this
reaction [40,41] observed partial ds/, strength; however,
limited resolution precluded firm spin-parity assignments.
The improved resolution of the present measurement
enabled the identification of several low-lying states in
®Ni, along with definitive spin-parity assignments for the
most strongly populated levels. The gq/, strength is con-
firmed to be concentrated in the ground state, while a state
at 2.56 MeV is strongly populated via £ = 2 transfer and is
interpreted as the dominant fragment of the ds/, strength.
Comparison with LSSM calculations provides a new
estimate of the energy gap between the vgy/, and vds),
orbitals, with implications for the structure of neutron-rich
nuclei in the N = 40 island of inversion.

The experiment was conducted at the ISOLDE facility at
CERN using a radioactive %Ni ion beam, produced by
bombarding a uranium carbide target with 1.4 GeV protons
from the PS Booster. Selective ionization of nickel atoms
was achieved via the Resonance lonization Laser Ion
Source (RILIS) [42]. Mass separation with the ISOLDE
General Purpose Separator removed nonisobaric contam-
inants, and the resulting ®Ni ions were accumulated and
cooled in REXTRAP before being injected into REXEBIS.
There, they were charge bred to ¢ = 18" and accelerated to
6 MeV /nucleon using the HIE-ISOLDE postaccelerator
[43]. A 137-pg/cm? deuterated-polyethylene (CD,) target
induced the (d, p) reaction. A background contribution
from %%Ga, which is surface ionized, was characterized by
acquiring laser-off data to enable background subtraction.

Reaction products were detected using the ISOLDE
Solenoidal Spectrometer (ISS) [44], a setup optimized
for two-body reactions in inverse kinematics. A uniform
magnetic field (B = 2.05 T) aligned with the beam axis
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FIG. 1. Detected protons as a function of the calculated

excitation energy in ®Ni. Data acquired with lasers on (contain-
ing both Ni- and Ga-induced events) are shown in blue. The Ga-
only background (lasers off) is shown in green and scaled to
match the background region. The background-subtracted spec-
trum is shown in red.

caused light reaction products to execute a single cyclotron
orbit, focusing them back to the axis where they were
detected with a position-sensitive silicon array. This geom-
etry improves the excitation-energy resolution of the
inverse-kinematics (d, p) measurement [45]. Protons were
detected at backward laboratory angles, corresponding to
forward center-of-mass angles where the (d,p) cross
section is largest and contamination from elastic and
(d,He) channels is minimized.

Absolute normalization of the differential cross sections
was performed using elastically scattered deuterons
detected at forward angles in an annular silicon detector.
Data analysis was carried out using the 1SSSort software
package [46] and the ROOT framework [47]. Excitation
energies and center-of-mass angles were reconstructed
from the measured proton energies and positions following
the method of Ref. [45].

Figure 1 shows the number of detected protons in the
silicon array as a function of the calculated excitation
energy in ®Ni. A contaminant %Ga component in the beam
contributes background events, isolated via laser-off data
which contain only Ga-induced reactions. This spectrum
was scaled to match the laser-on data in the region from
—2000 to —500 keV, where no true Ni states are
expected, and subtracted to yield the background-corrected
excitation spectrum. The resulting peaks were fitted with
Gaussian functions using a fixed width of 181 keV
(FWHM), determined from the strongest observed tran-
sition. The fitted spectrum is presented in Fig. 2.
Simulations were performed using the NPTOOL framework
[48] to determine the geometric efficiency of the detector
and to evaluate systematic uncertainties as a function of
excitation energy. These included contributions from the
beam energy, target position and thickness, magnetic field

500

400

300

200

Counts per 40 keV

100

P P -
2000 3000
Excitation energy [keV]

FIG. 2. Background-subtracted excitation-energy spectrum of
®Ni populated in the %Ni(d, p) reaction, up to the neutron
separation energy at 4586 keV [49]. Peaks were fitted with
Gaussian functions; excitation energies (in keV) are indicated
above each peak.

strength, and detector dead layer. The nominal target
position used by the sorting software was adjusted such
that the reconstructed ground-state peak lies at 0 keV.
Uncertainties for all identified levels are summarized in
Table 1.

TABLEI Excitation energy E,, transferred angular momentum
¢, assigned spin-parity J*, and spectroscopic factor S for states in
%Ni populated in the ®*Ni(d, p) reaction. The first uncertainty on
E, is statistical (from the peak fit); the value in parentheses
reflects the systematic uncertainty derived from simulations.
Tentative assignments of J*, £, and S are indicated in paren-
theses. For states where no values are given the assignment was
inconclusive. Spectroscopic factors were extracted via compari-
son with ADWA calculations using the optical-model parameters
of Koning and Delaroche [50], and normalized using elastic cross
sections calculated with the parameters of Daehnick et al. [51].
Quoted uncertainties on S include statistical and systematic
components (in parentheses). States above the neutron-separation
energy are not listed.

E, (keV) £ Jr S
-2+ 10[*J] 4 9/2* 0.99 + 0.09[1}-13]
359 + 47[7] 1 1/2- 0.11 4 0.03[043]
1803 £ 16[1)°] 2 5/2° 0.08+0.01[%)(]
2278 £ 21[ 4]
2555 + 3[+19] 2 5/2t 0.48 & 0.02[1053]
2878 + 13[17]
3170 & 28[*4°]
3477 £ 32[F)]
3795 + 24[ %] (0) (1/2%)  (0.67 £0.09[*5-77]
3995 & 12[%]
4275 +£26[*%] (lor2)

[74]
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Experimental angular distributions were obtained by
normalizing the yield to the detector solid angle and the
normalization factor from elastic scattering. Angular dis-
tributions for the most prominent states are shown in Fig. 3.
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FIG. 3. Experimental differential cross sections (points with
error bars) compared to ADWA calculations (solid and dashed
lines) for states with a (tentative) spin assignment in ®Ni. The
solid lines correspond to the most likely angular momentum
transfer #, while dashed lines indicate alternative assignments.
Horizontal error bars denote the angular coverage of each data
point, and vertical bars represent statistical uncertainties. Data
points correspond to center-of-mass angular bins derived from
detector segments along the beam axis. The varying angular
resolution across the distribution reflects the geometry of the
detection setup.

Horizontal error bars reflect the angular range covered by
each detector segment, while vertical bars denote statistical
uncertainties.

Adiabatic distorted wave approximation (ADWA) cal-
culations were performed using the code FRESCO [52] to
evaluate theoretical angular distributions and cross sec-
tions. The adiabatic potentials were generated with the
FRONT module of the TWOFNR package [53].

Calculations considered values of the transferred angular
momentum # from O to 4, consistent with the available
orbitals in this mass region. Optical-model parameters were
taken from Ref. [50]. Binding potentials for the **Ni + n
and p + n systems were of Woods-Saxon form, comprising
a real central and a spin-orbit term, using parameters from
Refs. [54,55]. The real potential depth was adjusted to
reproduce the neutron separation energy, while the spin-
orbit depth was fixed at V,, = 6 MeV. Radius and dif-
fuseness parameters were ry = 1.28 fm, ry, = 1.10 fm,
and ay = ay, = 0.65 fm. The outgoing wave potential
was identical to the core-core potential. Input files used
for these calculations are available in the code repository
for this experiment [56].

The resulting calculated angular distributions are com-
pared to the data in Fig. 3. Assignments of £ were made
based on the position of the first maximum in the angular
distribution, the quality of the fit, and the resulting
spectroscopic factor. The most likely # transfer is indicated
by solid lines; when comparable in quality, the second best
fit is indicated by dashed lines.

Two states were assigned to £ = 2, the most intense peak
at 2.56 MeV and a smaller peak at 1.80 MeV. A state at
1.82 MeV, previously reported in Ref. [57], was interpreted
as a 7/2" level arising from an excited ®*Ni core. In the
present measurement, such a configuration could only be
populated via a two-step process, which is inconsistent with
the strong yield observed. Additionally, a direct £ =3
transfer to the nearly filled f’s/, orbital is unlikely [26]. We
therefore assign spin-parity 5/2% to the 1.80 MeV state.
The 2.56 MeV state shows a clear £ = 2 angular distri-
bution and is also assigned J” = 5/27. This state accounts
for the majority of the observed vds, strength [Fig. 3(d)].
In the previous measurement [41], the peak observed at
248 MeV was interpreted as two states at 2.05 and
2.74 MeV, both possibly ¢ =2, with the latter also
compatible with # = 4. The improved energy resolution
in the present Letter (181 keV FWHM vs ~1 MeV in
Ref. [41]) resolves this structure into at least five distinct
states.

The ground state [Fig. 3(a)], previously assigned J* =
9/2% [41,58], is compatible with both # = 3 and £ = 4 in
our analysis. However, the large extracted spectroscopic
factor for £ = 3 is inconsistent with the near-full occu-
pancy of the vf5/, orbital [26], favoring an £ = 4 assign-
ment. A peak at 359 keV is consistent with the J* = 1/2~
state at 321 keV observed in decay studies [57,59,60]. Its
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TABLE II.

Comparison between experimental and LNPS results (for both LNPS and LNPST models) for states in ®*Ni involving the

vlgys, and v2ds;, orbitals. Listed are the excitation energy E,, transferred angular momentum ¢, assigned spin-parity J”, and
spectroscopic factor S. Dominant configurations are shown in bold. See Table I for uncertainties on the experimental results.

Experimental LNPS LNPST

E, keV) ¢ s s E, keV) ¢ s s E, keV) ¢ s s

-2 4 9/2+ 0.99 0 4 9/2% 0.883 0 4 9/2+ 0.88

1803 2 5/2+ 0.08 1695 2 5/2+ 0.010 1768 4 5/2* 3.3 x 1073

2555 2 5/2* 0.48 2005 2 5/2* 0.461 2190 2 5/2* 0.19
2400 2 5/2* 0.387 2695 2 5/2* 0.49
2722 2 5/2+ 0.032 2893 2 5/2+ 0.18

prominence at forward center-of-mass angles [Fig. 3(b)]
supports a low-£ assignment, with £ = 1 preferred. The
weak population is expected due to the significant occu-
pancy of the p;/, orbital in the ®*Ni ground state [26].
Additional states were observed, including some above the
neutron-separation energy (S, = 4586 keV [49]).

Spectroscopic factors (S in Table I) were extracted as
ratios of the ADWA calculations to the experimental cross
sections. Statistical uncertainties stem from experimental
yields and range from ~4% (most intense peak) to ~27%
(359 keV state). Systematic uncertainties arise from both
experimental normalization and model assumptions. For
the former, the normalization to elastic scattering and the
target-detector distance contribute ~3% uncertainty across
all states. To assess model dependence, eight optical-model
parametrizations for the (d,p) reaction and three for the
(d,d) elastic scattering were considered, yielding deviations
on the spectroscopic factors between around —10% and
+50%, and 0% and +20%, respectively. Following
Ref. [61], variations of the bound-state central and spin-
orbit potential radii were also explored: r, from 1.15 to
1.30 fm and r,, from 1.00 to 1.20 fm, leading to deviations
of about —10% to +100% and —10% to +10%, respec-
tively. We therefore estimate total systematic uncertainties
on the spectroscopic factors to range from around —20%
to +120%.

Despite the large systematic uncertainties, the spectro-
scopic factors show a good consistency within each
modelization of the reaction. This allows a discussion of
the strength distribution and the gap between the vgy/, and
vds, orbitals.

The discussion is based on the comparison between our
results and the prediction of Large-Scale Shell Model
(LSSM) calculations based on the LNPS interaction [29,33].

The LSSM calculations comprise a “8Ca core and a
valence space consisting of the p f shell for protons and five
orbitals for neutrons: v2p3,, vifsp,, v2pi, vlgy,
and I/2d5 /2

The inclusion of the g9/, and ds, intruder orbitals allows
breaking the N = 40 core and forming a Quasi-SU3 block
which drives quadrupole correlations [62,63]. A key feature
is the evolution of the splitting of the energy centroids

(99/2)—(ds/>) with proton number along N = 40, which
must remain sufficiently small to induce deformation in the
island of inversion but large enough to preserve the
spherical character in nickel isotopes. Current estimates
show near-degeneracy in ®)Ca and a 2.5 MeV gap in ®Ni
(see Fig. 28 in [29]). To assess this gap we compute the
spectroscopic strength functions for the v1gy/, and v2ds,
orbitals in ®)Ni and generate the fragmentation into physical
states. The calculations use the Lanczos structure function
method [64] over 30 final states and include up to 12 and 11
particle-hole excitations across Z =28 and N = 50 for
8Ni and ®Ni, respectively. The results are listed in Table II,
in the column labeled LNPS.

The spectroscopic strength appears to concentrate in two
principal components around 2.0 and 2.4 MeV, which
together account for approximately 86% of the total
strength. The degree of fragmentation appears to be
sensitive to the size of the g9/,—ds;, neutron gap. When
this gap is increased by 500 keV (labeled hereafter LNPS")
the location of the peaks is only slightly affected, but the
distribution of the strength is significantly rearranged
resulting in an improved agreement with experiment, as
shown in Table II. The second peak becomes dominant,
consistent with the observed data. A comparison with the
experimental values is shown in Fig. 4. A third peak at
2893 keV also appears in the LNSPT calculations, close to
an experimental peak observed at 2878 keV. The angular
distribution of this state is shown in Fig. 3 together with the
calculated distributions for £ = 2 and 4. Owing to the large
uncertainties and the uncharacteristic angular distribution, a
firm assignment is not possible. Assuming £ =2 the
extracted SF would be 0.12 £ 0.01[1J47], in good agree-
ment with the LNPS" prediction. This upper limit is shown
in Fig. 4. The point at the largest c.m. angle, however,
seems to suggest the presence of an £ = 4 component.

The extracted gap has broader implications for the
structure of nuclei in this region, particularly within the
N = 40 island of inversion. The onset of collectivity in this
region is driven by the reduced go/,—ds/, spacing, which
favors quadrupole correlations in Cr and Fe isotopic
chains [33].
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FIG. 4. Comparison between experimental and theoretical
spectroscopic factors. Top panel: Experimental spectroscopic
factors for states in %Ni, as shown in Fig. 3, based on the
spin-parity assignments listed in Table I. The SF indicated for the
2878 keV state indicates an upper limit obtained by assuming that
the state corresponds to a pure £ = 2 transfer. Error bars represent
statistical uncertainties; see text for a discussion of systematic
contributions. Bottom panel: Spectroscopic factors from large-
scale shell-model (LSSM) calculations using the LNPS+ effective
interaction. £ = 1 states were not included in the calculations.
The state at 1768 keV, with the smallest spectroscopic factor, is
omitted for clarity.

To keep the same features at mid-proton shell, the
+500 keV increase applied to %®Ni in the LNPS™ inter-
action was counterbalanced by a —500 keV shift in %°Ca.

The corresponding evolution of neutron effective single-
particle energies is shown in Fig. 5, where an inversion of
the gy and ds, orbitals is now clearly observed in “Ca.
The LSSM calculations, with the LNPS' interaction
adjusted for the present experimental results, also agree
with the inversion predicted by the ab-initio coupled cluster
calculations with interactions based on chiral effective field
theory [65].
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FIG. 5. Neutron effective single particle energies of the LNPS'
effective interaction.

In summary, a measurement of the ®*Ni(d, p) reaction in
inverse kinematics has revealed new excited states in °Ni,
providing critical insight into neutron single-particle struc-
ture near N = 40. A large spectroscopic factor for the
¢ = 4 transfer to the ground state confirms the dominance
of the vgy/, component in that state. A strongly populated
state at 2.56 MeV is identified as the principal fragment of
the vds/, strength, with additional contributions possibly
residing at higher excitation energies. The results are well
reproduced by large-scale shell-model calculations with a
modified LNPS interaction, indicating a gg/,—ds/, spacing
of approximately 3 MeV—slightly larger than in lighter Ni
isotopes [66—68]. These findings refine our understanding
of shell evolution and shape coexistence near N = 40, and
point to a reordering of single-particle orbitals in %°Ca,
where an inversion of the vgg,, and vds;, orbitals is
predicted near the neutron drip line.
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