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We report on the measurement of the first 2+ and 4% states of %Cr and 7*7’Fe via in-beam y-ray
spectroscopy. The nuclei of interest were produced by (p,2p) reactions at incident energies of
260 MeV /nucleon. The experiment was performed at the Radioactive Isotope Beam Factory, RIKEN,
using the DALI 2y-ray detector array and the novel MINOS device, a thick liquid hydrogen target
combined with a vertex tracker. A low-energy plateau of 2] and 4/ energies as a function of the neutron
number was observed for N > 38 and N > 40 for even-even Cr and Fe isotopes, respectively. State-of-the-
art shell model calculations with a modified Lenzi-Nowacki-Poves-Sieja (LNPS) interaction in the
Pfgosads), valence space reproduce the observations. Interpretation within the shell model shows an
extension of the island of inversion at N = 40 for more neutron-rich isotopes towards N = 50.
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Atomic nuclei are the place of a complex interplay
between single-particle configurations and correlations
which strongly determine their quantum coherent wave
functions. All over the nuclear chart, the so-called magic
numbers of nucleons define boundaries of large areas of
deformation. This picture, mainly established for stable
nuclei and neighbors, is reexamined at the light of new
available nuclei with an unbalanced proton-to-neutron
ratio, with the underlying question of the persistence or
evolution of magic numbers [1,2]. Specific terms of the
nuclear interaction can induce the formation of shell gaps
or the lowering of relative orbital energies which, combined
with correlations, sometimes lead to energetically favored
intruder states as the ground state configuration [3-8].
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Regions where two-particle two-hole (2p2h) configura-
tions are favored over normally filled orbitals by quadru-
pole correlations have been termed as islands of inversion
(IOI) [9-11]. The N = 20 IOI in the vicinity of >Mg has
provided unique information on shell evolution [12]. This
IOI does not show any decrease in collectivity for Mg
isotopes at N > 24 and merges with the N = 28 deforma-
tion region [8,13]. For Fe and Cr isotopes at N =40, a
similar TOI has been claimed [14] while °*Ni shows a
marked pf neutron shell closure with a high excitation
energy of the 2| state [15] and small B(E2;0{ — 2{)
[B(E2)1] value [16]. On the other hand, mass measure-
ments show that the N = 40 gap is weak for %Ni [17,18]
and it has been proposed that the low B(E2)? value in *Ni
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may not be due to a N = 40 shell closure but might come
from a neutron-dominated excitation [19]. The removal of
only two protons from the f;/, orbital has a drastic effect
on the collectivity in Fe isotopes and changes the energy of
the 2] state from 2033 keV in %®Ni to 573 and 517 keV in
%Fe and %®Fe, respectively [20,21]. A similar behavior is
observed in the Cr isotopes, where the 2| energies decrease
gradually beyond N =32 [22,23] with the lowest 2]
energy measured in this mass region at 420(7) keV for
%4Cr [24]. This sudden onset of deformation along the Fe
and Cr chains has also been inferred from B(E2)1
systematics [14,25,26]. Those first observables demon-
strate an increase of collectivity for both Cr and Fe isotopes
as a function of the neutron number beyond N = 38, which
is also supported by mass measurements [27]. This is well
reproduced within the shell model with a pfgo/ds),
valence space for neutrons and a pf valence space for
protons outside a “8Ca core [28]. Significant neutron
excitations above the 1gy, orbital to its quadrupole partner
2ds;, have been shown to play a major role in this effect.
Beyond mean field calculations based on a collective
Hamiltonian lead to similar predictions [29,30]. The scarce
experimental data available on Cr and Fe isotopes beyond
N = 40 indicate that no maximum of collectivity has been
reached. Whether the structural evolution of the heavier
isotopes mimics the merging found for Mg isotopes
depends on the persistence of the N = 50 shell closure
below 7®Ni [31]. In this Letter, we present the first
spectroscopy of %Cr and 7°7>Fe and characterize the
evolution of collectivity inside the N =40 IOI
towards N = 50.

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. A 23U beam was accelerated to
345 MeV/nucleon and impinged on a 3-mm thick °Be
primary target at the entrance of the BigRIPS separator [32]
with a mean intensity of 12 pnA. The secondary beam was
selected by the Bp-AE-Bp method with 8- and 2-mm thick
aluminum wedges at two dispersive planes. Two beam
settings were tuned for ®’Mn and 7'73Co, respectively.
Fully stripped secondary ions were identified on an event-
by-event basis. The particle identification of the incoming
cocktail beam at the entrance of the secondary target and
the identification of secondary residues were performed
from Bp reconstruction, time of flight, and ionization-
chamber energy loss measurements in the BigRIPS and
ZeroDegree spectrometers [33]. The incident energies at
the entrance (exit) of the secondary target were ~260
(~200) MeV /nucleon for ®’Mn and "!73Co. Their inten-
sities were measured to be 12 s, 45s7!, and 6 s7',
respectively. The total beam intensity on target for each
of the two settings was about 6 kHz. This experiment was
the first performed with the shell evolution and search for
two-plus states at the RIBF (SEASTAR) [34] setup

composed of the DALI2 high-efficiency gamma spectrom-
eter [35] and the new MINOS device integrating a liquid
hydrogen target and a time projection chamber (TPC) as a
vertex tracker [36] (see Fig. 1). The SEASTAR setup
ensured a gain in luminosity of 3.5 compared to the use of a
solid Be target with the same energy loss. The vertex
tracker (i) improved the Doppler correction for the decay of
short-lived states by minimizing target effects and
(ii) selected only the reaction events that occurred inside
the target. The target cell was 102(1)-mm long and filled
with pure liquid hydrogen at 20 K, leading to an effective
target thickness of 735(8) mg/cm?. The entrance and exit
target windows added up to 275 ym of Mylar. Beam
particles were tracked with two position-sensitive paral-
lel-plate avalanche counters [37] upstream of the target.
Secondary residues were mostly produced from hydrogen-
induced (p, 2p) knockout reactions. MINOS measured the
emitted proton trajectories, from which the vertex was
reconstructed. As an example, a typical (p,2p) event is
shown in the right panel of Fig. 1. Events with one or two
protons were detected and reconstructed with a 95%
efficiency and a vertex position resolution along the beam
axis better than 5S-mm FWHM [38]. The 300-mm long
cylindrical TPC was flushed with a gas mixture of Ar
(82%), is0C4H;((3%), and CF, (15%) at room temperature
and atmospheric pressure. The electron drift velocity was
measured to be 4.5 cm/us, for a 180 V/cm homogeneous
electrical potential, in agreement with simulations.
Ionization electrons from tracks of charged particles
through the TPC volume were amplified by a bulk
Micromegas [39] plane composed of 3604 constant-area
pads divided into 18 rings. The longitudinal direction of
the tracks was determined from the electron drift time
measured with new custom-made readout electronics [40].
This work was the first sizable experiment using AGET

FIG. 1 (color online).

(Left) Drawing of the setup. The MINOS
TPC (grey) and target (blue) are surrounded by the DALI2 array

(yellow) in a compact geometry. (Right) A typical
8"Mn(p,2p)%Cr event measured with MINOS. The induced
charges produced by ionization electrons were collected on the
Micromegas detector in the xy transverse plane (top) whereas
the directions of the tracks along the z axis were obtained from
the drift time (bottom).
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chips (ASIC for the Generic Electronic system for TPCs)
[41], a key component to handle a trigger of several
hundred Hz. The DALI2 array was composed of 186
Nal scintillator detectors with an energy threshold of
~200 keV and covering angles from 7 to 115 deg (inte-
grated along the target length) relative to the beam axis in a
close geometry around the MINOS device as illustrated in
Fig. 1. Energy calibrations were performed with 8, 137Cs,
and %°Co gamma sources giving a 2.9% sigma energy
resolution for a 1333 keV y-ray transition. The setup was
estimated to have a 32% (20%) full-energy photopeak
detection efficiency for a 500 keV (1 MeV) transition
emitted in flight at 250 MeV /nucleon without addback.
The Doppler correction of y-ray transitions emitted in flight
was performed by taking into account the reaction vertex
and the projectile velocity, reconstructed from MINOS. The
procedure was validated on known short-lived cases.
Addback was performed for y-ray energies greater than
200 keV when the center of hit detectors were less than
15 cm apart.

The Doppler-corrected y-ray spectra for ®Cr and 7*7?Fe
are shown in Fig. 2. Two transitions are visible for all three
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FIG. 2 (color online). Doppler-corrected y-ray spectra of %°Cr,
"0Fe, and 7*Fe, populated from (p,2p) and (p,3p) reactions:
data, simulated responses for all transitions (orange), and the sum
of the simulated transitions with a two-exponential background
(black). Multiplicities below five are shown. (Insets) Gamma-
gamma coincidence spectra.

nuclei. In the case of ®Cr the transition energies were
found at 386(10) and 683(9) keV, for °Fe at 480(13) and
866(10) keV, and for "?Fe at 520(16) and 814(12) keV.
Because of limited statistics, no other transition was
observed. Gamma-gamma coincidences are illustrated in
the insets of Fig. 2. From relative intensities and from the
systematics along the Fe and Cr chains, the first two y-ray
lines were assigned to the 27 — 0f and 4] — 2] tran-
sitions. Note that one-proton knockout reactions from the
fp shells can naturally lead to J = 4 states, and that the
relative intensities of the first 27 and 4™ states populated
from (p,2p) and (p,3p) are similar for the three studied
nuclei, as well as for the cases of ®Fe and 7*Ni for which
the 4T — 27 transitions are unambiguously assigned in the
literature. Absolute cross sections will be discussed else-
where. These energy values were obtained from a fit
containing the simulated response of DALI2 [42] and
background consisting of two exponentials. The experi-
mental intrinsic resolution of each crystal was considered in
the simulations. The summed simulated spectra are shown
with the experimental data in Fig. 2, as well as the
simulated responses for individual transitions. The half-
lives of the y-ray emitting states affect the peak positions
after applying the Doppler correction. In the case of a
386/480/520 keV transition, simulations yield an offset of
8/11/13 keV for a 50 ps half-life. In the simulations, we
considered the half-life of 2| states to be 50 ps for %°Cr and
70.72Fe, in agreement with known half-lives in this mass
region and with the measured widths of the transitions. The
uncertainty on this half-life was considered of £50 ps for
all the nuclei and was included in the energy uncertainties
for the 2] — 0 transition. 4] states were considered short
lived (71, < 10 ps). These half-life uncertainties, domi-
nating the 2/ energy ones, were added quadratically to
statistical and energy calibration (5 keV) uncertainties.
The systematics of 2/ energies and the ratio Ry =
E(47)/E(2]) of even-even nuclei belong to the first
observables that can be measured with rare isotopes and
provide information on their collectivity. The evolution of
2] and 47 states is presented in Fig. 3. At first glance, the
measured 2f, 41+ energies reveal a rather flat behavior from
N =38 to N =42 for Cr isotopes and from N = 40 to
N = 46 for Fe isotopes, suggesting that the bulk deforma-
tion properties of these isotopes do not evolve much beyond
N = 40 and that %°Cr and 77Fe stay within the IOL In a
simple collective model, one expects the maximum of
collectivity along an isotopic chain to lead to a minimum
2] energy and a Ry /2 ratio close to 3.3 in the case of pure
rotational states. In this framework, the picture obtained
from this measurement is consistent. The Cr chain shows
increasing collectivity towards ®Cr with the lowest 2}
energy measured in the region of °Cr while the R, ratio
increases. The same picture is true for Fe isotopes from
N = 40, while a change is observed at N = 46: both the 2
energy and the Ry, ratio consistently indicate a lessening of
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FIG. 3 (color online). ~ Systematics of E(2}) and E(4]) energies
and Ry, = E(47)/E(2]) for Cr and Fe isotopes. Experimental
energies from Refs. [21,24,46] and from the present work are
compared to large-scale shell model calculations. Most error bars
are too small to be seen.

the collectivity from N = 44. This change, occurring at the
o/> midshell, is observed for the first time in the N = 40
island of inversion. Although this behavior would be typical
for anisolated gg , single shell, the actual situation turns out
to be more subtle. To further quantify the collectivity in
neutron-rich Cr and Fe isotopes beyond N = 40, shell model
calculations were carried out in the valence space that
successfully described the new IOl at N = 40 [28]. This
valence space was composed of the pf proton orbitals and
P12 f5/2> 9oj2, and ds;, neutron orbitals. The effective

Hamiltonian used in this work, called LNPS-m, was based
on the LNPS Hamiltonian from Ref. [28]. Minor modifi-
cations to the LNPS interaction were applied on the
monopole and pairing parts of the effective Hamiltonian
to describe a broader region [43—45]. In addition, LNPS
calculations underpredict the 2 excitation energies of the
most neutron-rich Cr and Fe isotopes, which were inter-
preted as missing intruder configurations in their ground
state. This mechanism is cured and validated by introducing
150 keV additional gd-gd monopole strength in the present
LNPS-m interaction. The physics at N =40 remains
unchanged with respect to the LNPS Hamiltonian (see for
example occupancies and wave function decomposition for
%4Cr in Table I and Table II of Ref. [28]) but the root mean
square for all the states in Fig. 3 amounts to 49 keV with the
present LNPS-m Hamiltonian against 89 keV with the
original LNPS. More detailed results with the LNPS-m
interaction will be discussed elsewhere. The need and
impact of this extra term are discussed hereafter. The overall
21, 4] systematics and observed plateaus are reproduced by
the calculations. The collectivity of these nuclei can be
estimated using the rotational limit where a connection
between the laboratory and intrinsic frames is established
using relations (1) and (2) of Ref. [28]. The quadrupole
properties of these nuclei are summarized in Table 1. The
calculated B(E2)|, values, quadrupole moments, and defor-
mations are consistent with a first-order description of the
studied isotopes as prolate deformed rotational nuclei. An
interesting feature for the studied nuclei is that the intrinsic
wave functions for the ground, 2%, and 4" states for all
studied nuclei are shown to be similar with a relative
variation of neutron occupancy n*(gq/> + ds») of less than
3% along the band states. In the Cr chain, the calculations
show that the deformation is nearly constant with a maxi-
mum achieved at N = 40 where the quadrupole collectivity
translates into the development of an intrinsic shape of

TABLE 1. Quadrupole deformation properties of Cr and Fe isotopes. Energies are in MeV, B(E2)| in e?fm*, and Q in efm?.
Experimental energies are the same as Fig. 3.

62y 640y 66Cy 68Cy 66Fe 68Fe T0Fe 2Fe
E*(2]) experiment 0.44 0.42 0.39 0.57 0.52 0.48 0.52
E*(2]) theo. 0.46 0.43 0.42 0.41 0.54 0.49 0.49 0.51
Ogpec -38 -38 -39 -38 =37 —40 -39 =33
B(E2)] theory 378 388 389 367 372 400 382 279
Qi from Qgpec 135 136 137 132 131 140 135 116
Oy from B(E2) 138 140 140 136 137 142 139 118
p) 0.33 0.33 0.32 0.30 0.29 0.30 0.28 0.24
E*(4]) experiment 1.17 1.13 1.07 1.41 1.39 1.35 1.33
E*(47) theo. 1.18 1.13 1.06 1.15 1.34 1.34 1.36 1.36
Ogpec -49 -49 —46 —47 —47 =51 —48 —40
B(E2)] theory 562 534 562 530 553 608 574 377
Qi from Qe 135 134 134 130 129 141 132 111
Qin; from B(E2) 141 140 141 137 139 146 142 115
p) 0.34 0.33 0.32 0.31 0.29 0.30 0.29 0.23
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TABLE II. Occupation number n* of neutron intruder orbitals
from the shell-model calculations (SM) of this work compared to
the independent particle model (IPM). The percentage of particle-
hole excitations across the N = 40 gap in the ground state of Cr
isotopes is also given. The last column features the pairing
correlations energy differences AE};;,, (in MeV) evaluated
between the ground state and the 2 state.

Nucleus n*(go/> +ds;n) OpOh 2p2h 4p4h 6p6bh AEp,;.
IPM SM

0Cr 0 1.8 14 75 7 0 1.84
02Cr 0 3.5 1 25 71 3 1.49
%4Cr 0 43 0 8 71 20 1.25
%6Cr 2 52 0 40 56 3 1.13
B8Cr 4 6.0 6 79 11 0 1.24

deformation, f ~ 0.33. This feature is reflected by almost
constant 2] and 4] excitation energies. Nevertheless,
inspection of the wave function content in Table II shows
varying particle-hole excitations as a function of the neutron
number, and a maximum at N = 40 with sizable 6p6h
excitations admixtures. Similar conclusions can be drawn
for Fe isotopes and details on their wave functions can be
obtained from calculations performed with the original
LNPS interaction in Refs. [14,28]. To understand the flat
behavior of 2] excitation energies in the Cr and Fe chains,
we extracted the pairing expectation value of the multipole
Hamiltonian for both the ground and first excited states. Our
study indicates a delicate interplay between quadrupole and
pairing correlations. For example °Cr and "°Fe show the
smallest 2| excitation energy of their respective isotopic
chain as a consequence of a smaller pairing correlations
difference between the ground state and the 2. Our work
also demonstrates that intruder states are very sensitive to the
gd-gd monopole strength in the considered nuclei.

In summary, we measured the 2] and 4] states in
neutron-rich %Cr and 7%7?Fe isotopes. A plateau in the
energy systematics was observed for Cr and Fe isotopes
beyond N = 38,40 and up to N = 44,46, respectively.
This plateau is interpreted within the shell model as an
extension of the N =40 IOI towards more neutron-rich
isotopes. While quadrupole collectivity is maximized at
N = 40, the evolution of pairing correlations slightly shifts
the minimum of 2, and 4] energies to a larger neutron
number for both Cr and Fe isotopes. Whether this plateau
extends to N = 50, which would imply the disappearance
of the N =50 shell closure below 78Ni, requires the
spectroscopy of more neutron-rich Fe and Cr isotopes.
While the spectroscopy of ®Cr and 7*Fe could be reached
at SEASTAR in the near-term future with improvements of
U primary beam intensity at the RIBF, the spectroscopy of
more exotic isotopes should await for major upgrades or
next-generation facilities.
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