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Abstract: One ambitious goal of nuclear physics is a predictive model of all nuclei, including the
ones at the fringes of the nuclear chart which may remain out of experimental reach. Certain
regions of the chart are providing formidable testing grounds for nuclear models in this quest as
they display rapid structural evolution from one nucleus to another or phenomena such as shape
coexistence. Observables measured for such nuclei can confirm or refute our understanding of the
driving forces of the evolution of nuclear structure away from stability where textbook nuclear
physics has been proven to not apply anymore. This paper briefly reviews the emerging picture
for the very neutron-rich Fe, Cr, and Ti isotopes within the so-called N = 40 island of inversion as
obtained with nucleon knockout reactions. These have provided some of the most detailed nuclear
spectroscopy in very neutron-rich nuclei produced at rare-isotope facilities. The results indicate that
our current understanding, as encoded in large-scale shell-model calculations, appears correct with
exciting predictions for the N = 40 island of inversion left to be proven in the experiment. A bright
future emerges with predictions of continued shell evolution and shape coexistence out to neutron
number N = 50, below 78Ni on the chart of nuclei.
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1. Introduction

One of the challenging goals of the field of nuclear structure physics is to model
atomic nuclei, including their properties and their reactions—rooted in the fundamental
forces at play between protons and neutrons—with predictive power also for the shortest-
lived nuclear species located near the driplines of the chart. With this ultimate vision
to extrapolate towards the most neutron-rich nuclei that may elude experimental study
in the near future, much can be gleaned from nuclei in regions that display the effects
of structural evolution away from the valley of stability and so offer a window into the
driving forces of structural change and our understanding of it [1–3]. Specifically, the
complex interplay between single-particle and collective degrees of freedom can provide
exciting experimental challenges and demanding theoretical benchmarks.

The region of rapid structural change of interest in this review is the so-called “N = 40
island of inversion” [4,5], where the neutron-rich Fe and Cr nuclei around neutron number
40 become the most deformed in the region. In nuclear models, this is theorized to be caused
by the strong quadrupole-quadrupole interaction producing a nuclear shape transition in
which highly-correlated many-particle–many-hole configurations become energetically
more favored than the normal-order (spherical) ones [4]. Such islands of inversion are
characterized by rapid structural changes and shape coexistence [5,6], providing insight
into nuclear structure physics far from stability [7]. Large-scale shell-model calculations
with the LNPS (Lenzi-Nowacki-Poves-Sieja) effective interaction [4] in the full f p shell for
protons and the f5/2, p3/2, p1/2, g9/2, and d5/2 orbitals for neutrons have confirmed the
picture described above, with many successful predictions that preceded experimental
results [3].
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A recent prediction extends this island of inversion to N = 50 [5] and includes nuclei
that will only be reached at next-generation rare-isotope beam facilities. This exciting
prospect of extending the island towards the magic neutron number N = 50 is based
on extrapolations of calculations using the LNPS shell-model effective interaction and
its monopole drifts [4,5]. These prediction together with advances in experimentation
continue to push the field forward on the journey to the N = 50 island of inversion.

The furthest experimental reach into the Fe, Cr, and Ti isotopes has been afforded
by inverse-kinematics nucleon removal studies induced by fast rare-isotope projectile
beams [8,9] to probe the nuclei of interest via in-beam γ-ray spectroscopy [10]. Often,
such reactions provide the first glimpse of the excitation level scheme [11] and, in some
cases, the direct character of such reactions is used to conclude on wave function overlaps
within the shell-model framework [8,9]. This paper reviews the recent results for the very
neutron-rich nuclei 66,68,70,72Fe, 64,66Cr, and 60,62Ti, all located near the center of the N = 40
island of inversion or already on the path to N = 50, obtained with such experimental
approaches which have provided pioneering information the furthest away from the line
of stability; see Figure 1.
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Figure 1. Portion of the nuclear chart that shows the N = 40 island of inversion. Nuclei discussed
in this review are highlighted with a red outline. This chart was generated with [12] (half-life color
coding based on NuBase2020 and corresponding extrapolations).

2. Experimental Approaches

Experimental techniques aimed at tracking the changes in the structure of nuclei are
multi-pronged. They include measurements of ground-state properties such as masses,
radii, β-decay properties, and electromagnetic moments as well as the study of properties
of bound and unbound excited states. One way of probing specific nuclear structure aspects
in quantitative ways is the use of nuclear reactions that selectively probe a specific degree
of freedom. Inelastic scattering of nuclei, including Coulomb excitation, has long been used
to probe nuclear collectivity, characterized by the coherent motion of several protons and
neutrons. The single-particle degree of freedom, on the other hand, is commonly associated
with the single-particle composition of the many-body wave function in a shell-model
picture. Such single-particle properties can be studied rather selectively by using direct
reactions that add or remove one or a few nucleons from the nucleus of interest. Intriguing
possibilities now arise in the above mentioned islands of inversion, where the telltale onset
of collectivity and the underlying migration of single-particle levels can be tracked to
provide a consistent picture.
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At in-flight rare-isotope facilities, short-lived nuclei away from stability can be effi-
ciently produced by fragmentation (or fission) of stable, primary beams impinging upon
stable targets at high beam energy. The resulting secondary beams of rare isotopes are
then available for experiments at velocities typically exceeding a v/c of 30%, where c is
the speed of light. Well-established experimental techniques used for decades to study
stable nuclei are not readily applicable in inverse kinematics and at the low beam rates
encountered for the shortest-lived nuclear species. Instead, powerful new experimental
approaches have been developed to enable in-beam nuclear spectroscopy studies of fast
rare-isotope beams with intensities that are several orders of magnitude less than needed
for typical low-energy techniques.

The intensities of rare-isotope beams are lower than stable-beam rates by several
orders of magnitude. However, the experimental approach of in-beam γ-ray spectroscopy
compensates for the reduced intensities by enabling thick reaction targets, due to the high
beam velocity, and realizing measurements with luminosities comparable to stable-beam
experiments but at beam rates of up to a factor of 104 less. Reactions such as nucleon
removal are induced in thick reaction targets (several hundred mg/cm2 to g/cm2) and with
the detection of γ rays for the identification of the reaction residue’s final state [10]. Since
the residue’s γ-ray emission occurs in flight, the γ-ray detection systems have to be granular
or position-sensitive to allow for an angle-dependent event-by-event reconstruction of the
Doppler-shifted γ-ray energies into the rest frame of the emitter. The choice of the target
material depends on the desired reaction; one- and two-nucleon knockout reactions [8] are
often induced by light targets, for example 9Be or 12C, while quasi-free scattering of the
(p, 2p) or (p, pn) type are nowadays performed with MINOS, an extended liquid hydrogen
target that allows reaction vertex-reconstruction and tracking following the concept of a
time projection chamber [13]. The projectile-like reaction residues exiting the target has to
be identified with magnetic spectrographs or advanced detector systems to cleanly select
the reaction channel of interest. In-beam γ-ray spectroscopy programs with fast beams are
pursued at a number of fragmentation facilities around the world, while the work using
nucleon removal reactions in the N = 40 region has been performed largely at NSCL [14]
in the US and RIBF/RIKEN [15] in Japan with the GRETINA [16,17] and DALI2 [18] arrays
for γ-ray spectroscopy, respectively. A sketch of the experimental scheme is shown in
Figure 2.
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Figure 2. Experimental scheme for inverse-kinematics nucleon knockout reactions at rare-isotope
beam facilities that provide fast beams of rare isotopes via projectile fragmentation or fission with
velocities, v, exceeding 30% of the speed of light, c.

For 9Be- or 12C-induced one-nucleon knockout reactions, the exit channel of interest
is one where—in a single step—one proton or neutron is removed from the fast rare-
isotope beam and the projectile-like residue with one less nucleon survives in a bound final
state. This channel is characterized by swift, surface-grazing collisions of the projectile
and the target nuclei. From a large body of experiments performed at energies from
50 MeV/nucleon to more than 1 GeV/nucleon at (rare-isotope) facilities around the world,
it has been established that, with large cross sections, the dominant single-hole states
relative to the projectile ground state are populated in the projectile-like reaction residue,
unambiguously demonstrating the unmatched sensitivity to the single-particle degree of
freedom. The residue parallel momentum distributions encode in their shape and width
the information of the orbital angular momentum ` and separation energy of the removed



Physics 2021, 3 1229

nucleon [8]. The cross section of the selectively populated single-hole configurations scale
with the respective spectroscopic factor or wave-function overlap in a shell-model picture.
Statistical descriptions of these reactions will not capture these features. Comparisons
of such one-nucleon removal data with nuclear structure calculations have been enabled
by a direct reaction model [8,19,20] that uses the sudden (short interaction time) and the
spectator-core approximation to many-body eikonal (forward-scattering) theory [19] with
a detailed prescription provided in [21]. The single-particle nuclear structure information
then enters the calculations through spectroscopic factors, or wave-function overlaps, that
scale the calculated cross sections for the removal of one nucleon from the corresponding
orbital. With that, the measured knockout cross sections can serve as formidable probes of
shell-model interactions on the quest to identify the single-particle makeup of the projectile
ground state and the residue final states [8,22].

It has been shown also that two-proton and two-neutron removal from neutron-rich
and neutron-deficient projectiles, respectively, also proceed as direct reactions [23–25]. By
combining eikonal reaction dynamics, that assumes a sudden single-step removal of two
nucleons and shell-model calculations of the two-nucleon amplitudes (TNAs), the cross
sections for two-nucleon knockout from the parent-nucleus ground state to each of the final
states in the daughter nucleus can be calculated [26]. Also, it was shown that the shape
of the parallel momentum distribution of the two-nucleon knockout residues depends
strongly on the total angular momentum of the two removed nucleons, allowing spin values
to be assigned to populated final states [27–29]. One step further, it was proposed and
confirmed that since the two-nucleon overlaps contain components with different values
of the total orbital angular momentum, information beyond the total angular momentum
can be probed. This opens up the possibility to uniquely explore this composition and
couplings within the wave functions of rare isotopes [30,31].

More recently, quasi-free (p, 2p) and (p, pn) reactions, extensively used in normal
kinematics with stable targets, have been successfully adapted for inverse-kinematics
studies of rare-isotope beams on proton targets [9]. Just as the heavy-ion-induced knockout
reactions sketched above, the proton-induced knockout reaction selectively probes the
single-particle structure of the nucleus of interest. Also, the shape of the momentum
distribution of the knockout residue is connected to the momentum distribution of the
knocked-out nucleon. Protons are a penetrating probe that interrogate the nuclear interior,
and their rescattering inside the nucleus has to be understood and modeled [9]. In heavy-
ion induced knockout, the orbital radii need to be modeled precisely due to their surface
localization [21]. This experimental approach has been used recently at RIBF/RIKEN
for measurements reviewed here. Various reaction models have been developed and
their consistency remains a challenge for the future [32]. The different nucleon removal
reactions were described and confronted with each other recently and extensive details on
sensitivities and model dependencies can be found in reference [32].

3. The Fe Isotopic Chain

The first in-beam nuclear spectroscopy of 66Fe and 68Fe was published in 2008 from a
measurement performed at NSCL where these two Fe isotopes with 40 and 42 neutrons
were populated each in 9Be-induced one- and two-proton knockout reactions, using the
laboratory’s S800 spectrograph for particle identification and SeGA for in-beam γ-ray
spectroscopy [33]. For 66Fe, in addition to the tentative 2+1 → 0+1 and 4+1 → 2+1 transitions
reported earlier from β decay [34], a 957(10) keV γ-ray was observed in both reactions,
while a 1310(15) keV transition was only seen in the one-proton knockout. Within a simple
two-proton knockout picture, for two protons removed from the f7/2 orbital, one would
expect to populate states in 66Fe with spin-parity 6+, 4+, and 2+, suggesting that the 957-
keV line depopulates the 6+ state of 66Fe. Subsequent β-decay work limited to lower-spin
states seems to suggest that the 1310-keV transition could originate from the second 2+

level and feeds the first 2+ state [35]. This first in-beam work predates the publication
of the LNPS effective interaction [4] and it is interesting to explore the suggestion that
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the 6+1 state was observed. Kotila and Lenzi [36] discuss collective phenomena in Fe
and Cr and show that the 6+1 level predicted by the LNPS calculations agrees with the
tentatively assigned (6+) state proposed by Adrich et al. in 66Fe [36]. Subsequent in-
beam spectroscopy work performed at NSCL explored the 2+1 and 4+1 states of 66Fe in
9Be-induced inelastic scattering [37] and the quadrupole collectivity in intermediate-energy
Coulomb excitation [38] and excited-state lifetime measurements [39].

Beyond N = 40, in 68Fe, the first observation of γ-ray transitions was reported in [33]
from 9Be-induced one- and two-proton removal reactions with proposed 2+1 → 0+1 and
4+1 → 2+1 decays, later supported by intermediate-energy Coulomb excitation measure-
ments [38] as well as β decay [40]. It turned out that the energy of the first 2+ state in 68Fe
is lower than in 66Fe, indicating that the maximum collectivity is assumed beyond N = 40.
Taking the 4+1 assignment at face value, the R4/2 energy ratio increases as well. The shell
model calculations with the LNPS effective interaction are in good agreement with the
energies and transition strengths, lending even more confidence that the shell evolution
past N = 40 is captured by the incorporated driving forces [4]. Excited states beyond the
tentatively assigned yrast 2+ and 4+ remained elusive until a β-decay study [41], where a
number of low-spin states were proposed. Two candidates for the 6+1 state just emerged re-
cently from a 9Be-induced charge-exchange reaction on 68Co projectiles in the (7−) ground
state and a low-spin isomer [42]. Governed by the charge-exchange selection rules, access
to never-before observed states was provided, predominantly higher-spin states [42]. The
calculations with the LNPS effective interaction show good agreement with the energies
of the candidate yrast states up to the suggested candidate 6+ levels [42]. This reaction
mechanism holds great promise to reach beyond the selectivity of knockout reactions and
β decay, depending on the spin and parity of the projectile initial state.

At N = 44, spectroscopy of 70Fe became first possible in 2015 at the RIBF facility
at RIKEN using a (p, 2p) reaction with the MINOS hydrogen target [13] and the DALI2
scintillator array [43] and in the same year with β decay at RIKEN [41]. Two transitions were
consistently identified in both measurements and proposed to correspond to the 2+1 → 0+1
and 4+1 → 2+1 decays, establishing the corresponding states. It took until 2019 to get
beyond the yrast 4+ state and identify a transition on top of the 4+ level in a 9Be-induced
one-proton knockout measurement performed at NSCL with GRETINA and the S800
spectrograph [44]. The measured and calculated partial one-proton removal cross sections
were confronted and showed, at first glance, a striking disagreement with high-lying states
populated more strongly than the yrast states observed in the measurement. The emerging
picture is one that is not unlike the Pandemonium in β decay [45], where indiscernible
feeding from a multitude of higher-lying states funnels intensity into low-lying states which
then appear prominent albeit carrying little direct feeding. This demonstrates that, while
one-proton removal is a powerful experimental probe to reach nuclei more neutron-rich
than the projectile, the collectivity prevalent in this region of the nuclear chart can lead to
fragmentation of the single-particle strength which may then be thinly spread over many
states in the reaction residue, leading to a Pandemonium-like feeding scheme when γ-ray
spectroscopy is used [44].

The most neutron-rich Fe isotope with spectroscopic information is 72Fe, studied
at RIBF/RIKEN in the same experiment and with the same approach as 70Fe [43] and
two γ rays were observed and proposed to correspond to the 2+1 → 0+1 and 4+1 → 2+1
transitions, establishing the corresponding states. It will likely take a next-generation
rare-isotope facility to move beyond 72Fe with nuclear spectroscopy. A peculiar picture
emerges where starting at N = 40, the evolution of the 2+1 and 4+1 excitation energies
largely stays flat, as shown in Figure 3. Across the Fe isotopic chain, the LNPS shell-
model calculations, using the slightly modified LNPS-m effective interaction, reproduce
the measured excitation energies.
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Figure 3. Evolution of the yrast 2+ and 4+ states in the Fe isotopic chain from N = 36 to 46, the most
neutron-rich Fe isotope with spectroscopic information. The data is confronted with the results of
LNPS-m (modified Lenzi-Nowacki-Poves-Sieja) shell-model calculations from reference [43]. LNPS-
m is a slightly modified version of the original LNPS interaction as detailed in [43]. The calculations
reproduce the signature drop in excitation energy at N = 40, corresponding to an onset of collectivity,
and the subsequent flat evolution.

4. The Cr Isotopes

In the heart of the N = 40 island of inversion, the nucleus 64Cr eluded spectroscopy
until 2010. In fact, Adrich et al. attempted to populate 64Cr in the two-proton removal
from 66Fe. This measurement failed as the cross section turned out to be only 0.13(5) mb,
an order of magnitude smaller than the cross section leading from 68Ni to 66Fe along
N = 40 [33]. The conclusion at the time was that the cross section is small due to a structural
mismatch between the 66Fe ground state and the bound states of 64Cr. This early idea
was partially supported in 2010 through the LNPS effective interaction which predicts
significant differences in the neutron 2p2h and 6p6h content in the ground states of 66Fe
and 64Cr, hinting indeed at a potentially reduced overlap of the neutron wave functions [4].
The first spectroscopy of 64Cr was then accomplished via 9Be-induced inelastic scattering at
NSCL where candidates for the 2+1 → 0+1 and 4+1 → 2+1 transitions were identified. While
published in the same year, this data did not enter the development of the LNPS effective
interaction and so the close match between experiment and calculation can be viewed as a
stunningly successful prediction [4]. The 2+1 state and the energy of the candidate 4+1 level
were since confirmed in intermediate-energy Coulomb excitation [38] and β decay [46],
respectively. The first one- and two-proton knockout study into 64Cr, using GRETINA and
the S800, revealed a high γ-ray transition density, indicative of a rather complex and dense
level scheme [47]. A quantitative knockout study was not possible as the knockout reaction
channels may have contained small contaminations from 64Cr populated in fragmentation
of other projectiles in the cocktail beam [47]. A study of the B(E2) transition strength
predicted by the LNPS shell-model calculations revealed several very interesting collective
band structures, resembling a gamma and beta band but with deviations from the textbook
expectations for such structures [47]. These proposed bands are barely linked via E2
transitions. Identifying these predicted collective structures in measurements has to remain
a challenge for future studies and next-generation rare-isotope facilities where these states
can be accessed with reactions at low beam energies such as deep-inelastic scattering [47].

The most neutron-rich Cr isotope with spectroscopic information is 66Cr studied
at RIBF/RIKEN with γ-ray spectroscopy following a (p, 2p) reaction [43]. Candidate
transitions for the 2+1 → 0+1 and 4+1 → 2+1 decays were proposed, in agreement with
slightly modified LNPS shell-model calculations, termed LNPS-m in [43]. The Cr isotopes
mirror the observations for the Fe isotopic chain, with a rather flat evolution of the 2+1 and
4+1 energies, but starting at N = 38 already instead of at N = 40 as for the Fe chain; see
Figure 4.
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Figure 4. Evolution of the yrast 2+ and 4+ states in the Cr isotopic chain from N = 36 to 44, the
most neutron-rich Cr isotope with spectroscopic information. The data is confronted with the results
of LNPS-m shell-model calculations from reference [43]. LNPS-m is a slightly modified version of
the original LNPS interaction as discussed in [43]. The calculations reproduce the signature drop
in excitation energy at N = 38, corresponding to an onset of collectivity, and the subsequent flat
evolution. Note that the onset of collectivity in Cr sets in already at N = 38, unlike for the Fe isotopes.

5. The Ti Isotopic Chain

The N = 38 Ti isotope 60Ti was studied in the 9Be-induced one-proton knockout at
NSCL using GRETINA at the S800 spectrograph, providing the first spectroscopy of this
nucleus [48]. One γ-ray peak was observed which was argued to be a doublet of two
transitions corresponding to the 2+1 → 0+1 transition and perhaps the decay of the 4+1 level.
This measurement exploited the knockout reaction mechanism and compared calculated
and measured partial cross sections [48]. The comparison supported the suggestion of a
doublet as well as the spin assignments for the candidate states and the expectation for the
inclusive cross section. This analysis provided a unique benchmark for the LNPS effective
interaction that goes beyond excitation energies and includes wave-function overlaps, at
the time the closest to 60Ca as possible.

At N = 40, 62Ti was accessed with γ-ray spectroscopy only recently, using a (p, 2p)
reaction with the MINOS target and the DALI2 scintillator array at SAMURAI [49]. Candi-
date γ-ray decays attributed to the 2+1 → 0+1 and 4+1 → 2+1 transitions were proposed. As
in the work on 60Ti [48], also for 62Ti the direct nature of the reaction was exploited, compar-
ing measured and calculated partial cross sections that probe the wave-function overlaps
between projectile ground state and knockout residue final states. A 63V ground-state
spin assignment J = 3/2− was found the most likely given the calculated cross section
distributions for the other alternatives [49]. Along the N = 40 isotone line, 62Ti is the last
extrapolation point towards the elusive 60Ca (see Figure 5), which was proven to exist only
recently with implications for the dripline in the Ca isotopic chain [50].
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Figure 5. Evolution of the 2+ and 4+ energies in the N = 40 isotones from Ca to Zn as predicted by
LNPS shell-model calculations presented in reference [49] in comparison to data, where 62Ti is the
most neutron-rich in the chain. The excellent agreement lends confidence in the prediction for the
elusive nucleus 60Ca which was only recently identified [50].

6. Complementary Descriptions of the Region

While this review focuses on the shell-model description of the nuclei above, the reader
is referred to an interesting discussion of the Cr and Fe isotopic chains in the framework of
the proton neutron interacting boson model (IBM-2) by Kotila and Lenzi [36]. Among the
discussed collective observables, for example, the measured as well calculated energy ratios
R4/2 and R6/4 within the shell-model and the IBM-2 are examined from N = 30− 40 [36].
Complementary to the effective-interaction shell model and the IBM, Coraggio et al. [51]
performed pioneering realistic shell-model calculations starting from a low-momentum
potential derived from the high-precision CD-Bonn free nucleon-nucleon interaction. The
energies of the first 2+ states and B(E2) strengths are calculated inside the N = 40 island
of inversion and the best agreement is reached with the largest possible model space [51].
These calculations were extended for 68,70Fe and confronted with experiment in [41]. The
level structures of odd-Z 63,65,67Mn isotopes located on the nuclear chart just between the
collective Cr and Fe isotopic chains were shown to be consistent with strongly coupled
rotational bands built on a state with K quantum number K = 5/2 [52], providing yet
another means to characterize the collectivity that has become a hallmark of the region.

7. Summary and Conclusions

The N = 40 island of inversion, centered on 64Cr, has enjoyed intense attention from
experimentalists and theorists alike. Experimental efforts at NSCL/MSU and RIBF/RIKEN
have pushed the frontiers of spectroscopy by utilizing proton removal reactions which
always lead to reaction residues more neutron-rich than the projectile. Technological
advances, such as GRETINA at NSCL and MINOS at RIBF, allowed γ-ray spectroscopy,
for the first time, at N = 46, N = 42 and N = 40 in the Fe, Cr, and Ti isotopic chains,
respectively. On the theory side, the LNPS effective shell-model interaction continues to
demonstrate not just the capability to reproduce the data but also to predict some of it.
This close collaboration between experiment and theory has led to continuous refinements
of the LNPS effective interaction and, in turn, motivated cutting-edge measurements at
rare-isotope facilities around the world. Particularly exciting are predictions of an N = 50
island of inversion which rely on the monopole drifts from the LNPS interaction. This
unmatched success of this effective interaction at N = 40 and beyond now lends confidence
to these extrapolation and promises an exciting future for experiments at next generation
rare-isotope facilities needed to reach these outskirts of the nuclear chart. In the N = 40
island of inversion itself, open challenges for experiment remain with respect to shape
and configuration coexistence as predicted to be manifested in quadrupole-collective band
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structures in 62,64Cr, for example. Also the study of such higher-lying off-yrast states has
to remain a challenge for upcoming rare-isotope facilities. The future is exciting with
experimental and theoretical advances in lockstep pushing the field forward to conquer
the N = 50 island of inversion and fully characterize the N = 40 one. For this, more exotic
fast-beam reactions such as the HI-induced charge exchange on high-spin projectiles [42]
or multi-nucleon pickup reaction [53] may turn out to be promising tools in the arsenal of
direct reactions.
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