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The region of neutron-rich Cr isotopes has garnered much attention in recent years due to a rapid onset of
collectivity near neutron number N = 40. We report here on the first y-ray spectroscopy beyond the (47 ) state in
62.64Cr, using nucleon removal reactions from several projectiles within a rare-isotope beam cocktail. A candidate
for the 6% state in *Cr is presented as well as one for, possibly, the second excited 0" state in *>Cr. The results
are discussed in comparison to the LNPS shell-model predictions that allow for neutron excitations across the
N = 40 harmonic oscillator gap into the go/, and ds,, orbitals. The calculated level schemes for 02.64Cr reveal
intriguing collective structures. From the predicted neutron particle-hole character of the low-lying states in these
Cr isotopes, *Cr emerges as a transitional system on the path to the center of the N = 40 island of inversion.
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I. INTRODUCTION

On the nuclear chart, an “island of inversion” is formed
when a group of nuclei, expected to be spherical in their
ground states, based on the normal-order filling of nuclear
shells, display collectivity. Among the driving forces form-
ing such regions is the strong nuclear quadrupole-quadrupole
interaction, prompting a shape transition in which highly cor-
related many-particle—-many-hole configurations, often called
intruder states, become more bound than the spherical ones.
The islands of inversion around '*Be (N = 8) [1], **Mg (N =
20) [2-4], and #*Si [5,6] (N = 28) have revealed the existence
of structural changes for neutron-rich systems, such as the
breakdown of magic numbers and rapid shape changes among
neighboring nuclei. These regions have been invaluable in un-
raveling the driving forces of shell evolution including, most
broadly, a variety of correlation effects and, specifically, the
role of monopole interactions due to the various constituents
of the NN interaction such as the tensor and central forces
[4,6-8]. The newest addition to the group of islands of in-
version is centered on **Cr (N = 40) [9], where Cr and Fe
isotopes are among the most deformed in the region [10-13]
in spite of an originally proposed N = 40 harmonic oscillator
shell gap [14]. This island, at its boundary, also harbors the
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noteworthy case of triple shape coexistence in **Ni [15,16],
just four protons north of ®Cr, with such coexistence also
reported in the neighboring Ni isotopes [17-19]. A recent
prediction extends this island of inversion to N = 50 [20], and
includes nuclei that will only be reached at next-generation
rare-isotope beam facilities.

This prospect of extending the island towards magic neu-
tron number N = 50 is based on extrapolations of calculations
using the Lenzi-Nowacki-Poves-Sieja (LNPS) shell-model ef-
fective interaction and its monopole drifts [9,20]. These have
been successful in predicting the energies of the only two ex-
cited states, 2] and (47) [12], known for the key nucleus **Cr
at the center of the island. While shape coexistence has been
prominently displayed by nuclei at the boundary of islands
of inversion, for example in 3Si (N = 20 island of inversion)
[21] and in %®Ni as discussed above, a low-lying, presumably
shape-coexisting 0" state has also been established in **Mg
[22,23], at the heart of the N = 20 island of inversion, as
well as in collective **S [24—26] at N = 28. Given the stark
similarities between the N = 20, 28 and the N = 40 islands of
inversion, one may also anticipate finding low-lying shape co-
existence in the neutron-rich Cr isotopes. Indeed, as discussed
in this work, shell-model calculations based on the LNPS
effective interaction predict 05 states near 1400 and 1600 keV
in ©2Cr and ®Cr, respectively, and collective structures are
anticipated to be built on top of these 05 levels (see also
[27] for an earlier theory discussion on collectivity in the Cr
isotopes). Putting those predictions to the test is of interest,
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given that rapidly evolving coexisting collective structures are
fingerprints of the transition to the proposed N = 50 island of
inversion in very neutron-rich territory [20].

While %°Cr is the most neutron-rich Cr isotope with a
known 2| and proposed (4]) level [28], excited states in
%Cr have only been accessed in three experiments prior to
the present work: The first y-ray spectroscopy identifying the
ZT and (4T) states was performed using inelastic scattering
off °Be [12], the B(E2; 07 — 2{) value being subsequently
deduced from intermediate-energy Coulomb excitation [13].
The B decay of V to ®*Cr provided a first precise measure-
ment of the energy of the 2, state [29]. In ®*Cr, only the 2
and (4;“) states are known, from measurements using a variety
of approaches [11,12,30-32], including various inelastic scat-
tering probes and 8 decay. To provide first exploratory y-ray
spectroscopy beyond the (4]) state in 62.64Cr, a measurement
was performed with nucleon-removal reactions from several
projectiles within a multicomponent rare-isotope beam in or-
der to populate excited states in the two isotopes of interest.
The results are discussed in comparison to the shell-model
predictions of rich low-lying level schemes for these two
isotopes. An outlook is provided on how future experiments
may target the interesting coexisting structures emerging from
the shell-model description of this region.

II. EXPERIMENT

Excited states in %%’Cr were populated in nucleon-
removal reactions induced by %Mn, ®Fe, and %®Co projectiles
at 90-95 MeV /u at NSCL’s Coupled Cyclotron Facility [33].
The secondary beam including these projectiles was produced
by fragmentation of a 140-MeV/u primary beam of %Se
impinging on a 329-mg/cm? °Be production target, and was
separated using a 300-mg/cm? Al degrader in the A1900
fragment separator [34]. The momentum acceptance of the
separator was set to Ap/p = 2%. The beam composition was
as follows: 9.5% of ®Mn, 40% of ®°Fe, and 46% of %®Co.
Weaker beam constituents such as ®’Fe, ®Ni, and ®’Co were
each below 2% in abundance. The 376-mg/cm>-thick °Be
target was located at the target position of the S800 spec-
trograph. The projectile-like reaction residues were identified
on an event-by-event basis in the S800 focal plane [35] from
their energy loss and flight time. For the first half of the ex-
periment, the magnetic rigidity was optimized to center **Cr
produced from ®*Mn in the S800 focal plane, while the second
half proceeded with this rigidity shifted slightly to move the
Cr isotopes of interest produced from ®Fe and %Co more
into the focal-plane acceptance. The particle identification for
the reactions induced by *Mn is shown in Fig. 1. For this
purpose, the ®*Mn projectiles in the entrance channel were
selected through a software gate applied on the time-of-flight
difference taken between two plastic timing scintillators lo-
cated before the target.

The much more abundant and essentially equally intense
%Fe and ®®Co projectiles overlapped in time-of-flight differ-
ence and, therefore, could not be separated in the incoming
beam at Ap/p = 2% momentum acceptance. As a result,
the corresponding particle identification spectrum contains
64.62Cr produced from both projectiles in the same gate. Since

Energy loss (arb. units)

<--Time of flight (arb. units)

FIG. 1. Example particle-identification spectrum for the reac-
tions induced by $Mn, energy loss vs time of flight as determined
with the S800 ionization chamber and two plastic timing scintil-
lators. The projectile beam leaking in the S800 focal plane and
the Cr reaction residues of interest are marked. Also visible is a
small amount of ’Fe projectiles together with the associated reaction
residues, not impacting the identification of the Cr isotopes. The
particle-identification plot only shows particles that registered a y
ray in coincidence.

this experiment was designed as a pure spectroscopy measure-
ment, optimized for the y-ray yields in the °>®Cr isotopes,
the rigidity change, the associated acceptance losses for each
setting and isotope, and the overlapping incoming particle
identification for the Fe and Co projectiles were of no concern
and cross sections were not determined.

The high-resolution y-ray detector array GRETINA
[36,37], an array of 36-fold segmented high-purity germa-
nium detectors assembled into modules housing four crystals
each, was used to detect the prompt y rays emitted in flight
by the reaction residues. The eleven available detector mod-
ules were arranged in two rings with four located at 58°
and seven at 90° with respect to the beam axis. Online
pulse-shape analysis provided the y-ray interaction points for
event-by-event Doppler reconstruction of the y rays emitted
in-flight at about 40% of the speed of light. The interaction
point with the maximum energy deposition was assumed to
correspond to the first hit for the the y-ray emission an-
gle determination entering Doppler reconstruction [37]. The
momentum vector of projectile-like reaction residues, as ray-
traced through the S800 spectrograph, was incorporated into
the emission-angle determination. Figures 2 and 3 display
the Doppler-reconstructed y-ray spectra from the different
projectile beams for %Cr and %Cr, respectively, with nearest-
neighbor add-back included [37].

The three dominant peaks in the spectra of **Cr in Fig. 2
correspond to the two known y-ray transitions, 2] — 0f
and (47) — 2{, and to a new one at 963 keV. The ener-
gies reported for the known transitions agree with previous
data [12] and display a common feature of in-beam y-ray
spectroscopy with fast beams: The velocity v/c was chosen
such that the 963-keV transition is aligned in the spectra of
GRETINA that correspond to forward and 90° angle coverage,
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FIG. 2. Doppler-corrected energy spectrum with add-back for
%Cr (a) as produced in one-proton removal from %*Mn projectiles
and (b) as produced from *Fe and *®Co projectiles. The three promi-
nent peaks are labeled by their energy.

with the assumption that the transition is fast (low picosec-
ond level). However, the 2f — OT transition proceeds with
a known mean lifetime of about 177 ps [13], and emission
occurs predominantly behind the target, which leads to the
forward and 90° GRETINA spectra not lining up at the same
v/c value and the energy being Doppler reconstructed to an
energy that is too low by a few keV. This is visible through
the worsened resolution of the peak and its location at about
422 keV as compared to the precise value from g decay of
430(1) keV. This situation is discussed and confirmed through
simulations for the similar case of "°Fe measured within the
same experimental scheme [38]. Smaller peaks corresponding
to weakly populated transitions are highlighted in Fig. 4(b)
and are discussed in more detail below.

Similarly, the dominant peaks in the spectra of Cr of
Fig. 3 correspond to two known y rays [39], 2 — OT and
(4) — 2, and a new one at 1011 keV. As for *Cr, the en-
ergies agree with previous reports and the 27 lifetime, which
is of order of 100 ps [31,32], leads to an energy that is too low
and to a worse resolution when the v/c value is chosen to line
up the presumably fast higher-energy transitions [38]. Smaller
peaks corresponding to transitions from weakly populated
states are highlighted in Fig. 4(a).

Figure 4 expands the sum of the >%Cr spectra from the
different reaction channels. In addition to the peaks at 1011
and 962 keV in >Cr and *Cr, respectively, multiple weaker
y rays appear together with structures that may correspond
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FIG. 3. Doppler-corrected energy spectrum with add-back for
2Cr (a) as produced from ®*Fe and **Co projectiles and (b) as
produced from the $>Mn secondary beam. The three prominent peaks
are labeled by their energy.

to one or several transitions. Clear peaks are labeled by their
energy and potential peaks or peak-like structures are labeled
by energies in parentheses.

III. RESULTS AND DISCUSSION

In the following, we will discuss the obtained results with
the help of y-ray coincidence relationships, high-level argu-
ments based on configurations populated, and comparisons to
shell-model calculations using the LNPS effective interaction
[9].

Starting with %4Cr, the most statistics are accumulated in
the spectrum from the one-proton knockout from ®Mn. Ac-
cording to [39], the ground-state spin-parity of Z = 25 Mn
is (5/27). In a schematic picture, the removal of a f5/, proton
would populate the %*Cr ground state and, possibly, excited
0% states with such a parentage. Removal of one of the f7/»
protons will populate 7 (f;) f;;é)” ) configurations, reaching
states with spin-parities of J* = 2% to 67, This is reminiscent
of the situation reported for "°Fe, a collective system also,
where such f-shell spectroscopic strength was calculated to
be thinly spread across tens of states within the same spin
range. This, then, leads to a pandemonium-like [40] scheme
where the strong transitions among the lowest-lying states are
almost certainly not indicative of the parent level being di-
rectly fed through direct reactions. Rather, the feeding occurs
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FIG. 4. Expansion of the high-energy part of the summed y-ray
spectra for (a) ®*Cr and (b) *Cr. Clear peaks are labeled by their
energy, and suspected peaks or peak-like structures are indicated with
an estimated energy in parentheses.

indirectly through many higher-lying levels, each populated
weakly [38]. While such a situation essentially prevents a
detailed study of the single-proton degree of freedom, perhaps
not unexpected for a collective, complex system, it opens the
door for y-ray spectroscopy. For >Cr produced from %*Mn,
while the accessed proton configurations are the same, the
loss of neutrons, either as removed by the reaction or by
evaporation, will broaden the slate of accessible excited states.

The population of ®2%*Cr from %Fe and %®Co projectiles
is complicated by the fact that the present experiment cannot
separate these two incoming beams. The two-proton knock-
out from ®Fe to **Cr proceeds as a direct reaction with an
inclusive cross section of only 0.13(5) mb [41]. In Ref. [41],
given the low cross section, statistics were too low for y-ray
spectroscopy, and it was speculated that structural differences
between the ®Fe ground state and the bound excited states
of %*Cr, driven by complex particle-hole structures involving
the neutron gg/» orbital, may lead to a reduced neutron wave
function overlap and, thus, to such a small cross section [41].
The accessed proton configurations in the two-proton removal
from Fe to Cr will be dominated by 7 (f7 /2)2 states, leading
to 01, 2+, 4%, and 61 levels being populated in a schematic
picture, broadened by neutron evaporation or removal for the
case of %2Cr. The four to six nucleon removals from %¥Co are
expected to populate excited states in the Cr isotopes more
statistically.

1@ - eCr
1 projection

=
[}
4
o
~
ﬂ ] >
= (b) 2 e2Cr
o) 1 = projection
Y 100- g oy
2
1 K
10

'Ia

I L e

100 500 1000 1500 2000 2500 2900
Energy (keV)

FIG. 5. Projection of the yy-coincidence matrices for (a) %Cr
and (b) ®*Cr. Higher-energy transitions are labeled by their energy;
these largely correspond to the weak peaks marked in Fig. 4, but also
comprise potential, very weak transitions above 2 MeV that do not
stand out in the singles spectra.

Figure 5 provides the projections of the yy-coincidence
matrices for **Cr (a) and %>Cr (b) on a logarithmic scale.
This supports the scenario discussed above, of three intense
transitions and a multitude of weaker peaks that exhibit
y y-coincidence relationships, thus likely funneling intensity
towards the ground state through the yrast line.

Figure 6 shows the cuts on the 2] — 0/ (a) and (4]) —
2;“ (b) transitions in the ®*Cr yy-coincidence matrix (see
Fig. 7 for an illustration of the matrix). The software gate
on the 423-keV transition returns prominently the (4]) — 2
peak at 710 keV. In turn, a gate placed on the 710-keV y ray
displays the expected ZT — OT peak, providing the first proof
that these two y rays, the only ones previously known for
84Cr, are indeed in coincidence as proposed in Ref. [12]. The
red line in Fig. 6 indicates the location of the new transition at
963 keV reported here. Within the low statistics, the number
of counts agrees with expectations for this y ray to be in co-
incidence with both the 2] — 07 and (4] ) — 2 transitions.
This is supported by the yy matrix displayed in Fig. 7 where
the visible 423-710 and 710-963 keV coincidence events are
indicated by red circles.

In ©2Cr, the situation is surprisingly different. While—as
Fig. 8 indicates—the 2 — 0} and (4]) — 2] transitions are
in mutual coincidence, the new 1011-keV line appears to be
in coincidence only with the 2* decay and not with the (4])
one. This is also visible in the y y-coincidence matrix of Fig. 9
where the coincidences are circled. So, while the spectra of
62.64Cr look very similar, the coincidence relationships seem
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FIG. 6. Coincidence spectra (no background subtraction) for
%Cr, gated on (a) the 423-keV 2} — 0 transition and (b) the
710-keV (4]) — 2{ one. The red dashed line indicates the location
where the 963-keV y ray visible in the singles spectrum and the pro-
jection is expected. The inset in the upper panel shows the emerging
level scheme from the coincidence relationships with tentative spin
assignments. As discussed in the text, the 2] energy from 8 decay is
used due to lifetime effects in fast-beam spectra.

to reveal a startling difference in the final states accessed
through the various reactions.

In view of the low statistics, we briefly quantify the coinci-
dence relationships in support of the conclusions drawn from
the spectra and coincidence matrices. For 62Cr, about 1300,
595, and 150 counts at 440, 726, and 1011 keV are visible
in the y-ray singles spectrum, with a GRETINA in-beam
full-energy-peak efficiency of 11%, 9%, and 7%, respectively.
If the 1011 — 726 — 440 keV transitions were to form a
cascade, for a coincidence gate on the 1011-keV transition,
one would expect of the order of 17 and 13 counts in the 440-
and 726-keV peaks, respectively, but the background level is
too high to discern peaks of such low intensity. However, in
turn, if the 1011-keV transition were to feed the lower-lying
levels in the cascade, 150 counts x 11/7 = 235 counts in the
440-keV peak and 150 counts x 9/7 = 193 counts in the 726-
keV line of the singles spectrum would originate from this
feeding pattern. Thus, in a coincidence gate on the 440 and
726-keV transitions, one would expect to observe about 17
and 13 counts at 1011 keV, respectively. In Fig. 8, the expected
number of 1011-keV counts is indeed realized in the 440-keV

1500

_.9Cre
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1100}

Energy (keV)

TR e
900 1100 1300 1500
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FIG. 7. Coincidence matrix constructed for Cr. The 27 — 07
and (47) — 2 coincidence is clearly visible and indicated by red
circles at the respective 423 and 710 keV energy entries. The coinci-
dence of the newly reported 963-keV line with 710 keV is visible as
well and circled.

coincidence gate, but not in the 726-keV one, strongly sup-
porting our conclusion that the 1011-keV transition feeds the
27 level but not the 4] state. For %Cr, about 2500, 1145, and
95 counts are observed at 423, 710, and 963 keV, respectively.
At these energies, GRETINA’s full-energy peak efficiency,
including the corresponding Lorentz boost, amounts to 11%,
9%, and 8%, respectively. Following the same argumentation
outlined above for the Cr case, for a coincidence gate placed
on the 423- and 710-keV lines, one expects to find about
10 and 8 counts in the 963-keV peak, respectively, and this
is in line with observations in the spectra of Fig. 6. Again,
gating on the 963-keV transition at the top of the cascade, the
expected counts of 10 and 8 at 423 and 710 keV, respectively,
are obstructed by the higher background level at lower energy.

It is now interesting to look at the calculated level schemes
for these two Cr isotopes. The only shell-model effective
interaction available so far that captures well both the onset
of collectivity in the neutron-rich Cr and Fe isotopes around
N = 40 and the presence of coexisting structures in °®Ni is the
LNPS one [9]. This is in part attributed to its extensive model
space which encompasses the full fp shell for protons and
the 0f5/2, 1[)3/2, 1]71/2, Ogg/z, and 1d5/2 orbitals for neutrons,
relative to a **Ca core [9]. Neutron particle-hole excitations
across the N = 40 harmonic oscillator shell gap into the go/»
and ds,, orbitals emerge as critical factors in the description
of the collective properties. Unlike in the N = 20 island of
inversion, where neutron two-particle two-hole (2p-2h) ex-
citations from the sd to the fp shell across the N = 20 gap
are considered to be the main drivers generating collectivity,
4p-4h configurations are thought to dominate in the N = 40
island and even 6p-6h excitations are predicted to contribute
significantly [9]. This anticipated complexity in the wave
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FIG. 8. Coincidence spectra (no background subtraction) for
62Cr, gated on (a) the 440-keV 27 — 07 transition and (b) the 726-
keV (47) — 2 y ray. The red dashed line indicates the location
where the 1011-keV y ray, visible in the singles spectrum and the
projection, is expected. The inset in the lower panel provides the
emerging level scheme from the coincidence relationships with ten-
tative spin assignments. As discussed in the text, the 2] energy from
B decay is used due to lifetime effects in fast-beam data.

functions is responsible for the fragmentation of spectroscopic
strength calculated for "°Fe in Ref. [38], but one may also
expect the large number of particle-hole excitations to add to
a diversity in collective structures and shapes.

This rich structure is, indeed, manifested in the calculated
level schemes for %+2Cr as displayed in Figs. 10 and 11. The
schemes comprise the lowest-lying positive-parity states and
their y-ray transitions. The arrow thickness is proportional to
the associated B(E2) value (with e, = 1.31 and e, = 0.46 as
effective charges [42]).

For %Cr, three distinct quadrupole-collective structures
emerge, the (prolate) ground-state sequence, shown here up
to the 67 state, a band-like structure made up of the 3F,
47, and 57 levels built on the 27 state at 1.8 MeV, and a
AJ = 2 band comprising the 0] band head and the 27 and 47
states. The second structure has some similarity with a gamma
band, although the energy ratios of E(25)/E(2]{)=3.95,
E(3T)/E(2f) =4.6, and E(4])/E(2{) = 5.2 do not match
expectations for a gamma-rigid (30°) or gamma-unstable se-
quence, with ratios (2.0, 3.0, 5.67) and (2.5, 4.5, 4.5) values,

1500 ke
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Energy (keV)

700 {27
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FIG. 9. Coincidence matrix constructed for *Cr produced from
Fe and ®®Co. The 27 — 0] and (4]) — 2 coincidence relation-
ship is clearly visible and indicated by red circles at the respective
440 and 726 keV energies. The coincidence of the newly reported
1011-keV line with 440 keV is visible as well and circled.

respectively [43]. The third structure could possibly be viewed
as a beta band, where the intraband transitions are within
100 keV of E (2?’), but as for the gamma-band-like structure,
the bandhead is too high in excitation energy. Interestingly,
the three computed collective structures are only weakly con-
nected with the 2§ — 27 transition being the strongest £2
link. For completeness, we note that a multiplet of negative-
parity states with spin-parities of 37, 57, and 4~ is predicted
at 2.26, 2.33, and 2.42 MeV, respectively. Within the LNPS
model space, these states involve 5p-5h neutron excitations
from the fp shell to the gd orbitals. Significant popula-
tion of such neutron configurations would not be anticipated
here as reactions predominantly removing protons have been
used.

Considering the **Cr spectra together with the coincidence
relationships, and keeping in mind the preferential popula-
. —1 1,0 : :
tion of 7 (f;,,f5,,)" ~ configurations in one-proton removal
as well as a pandemonium-like scheme populating the low-
lying states indirectly, one may suspect that the 963-keV y
ray corresponds to the 6] — 4] transition or a decay of a
higher-lying 4" level to the 4] state. In the predicted level
scheme (Fig. 11), the 954-keV 6 — 4] transition would fit
this picture to within 10 keV, in line with the good agreement
for the predicted and measured 47 — 2 and 2] — 0] tran-
sitions. Other y rays in the calculated level scheme feeding
the (4T) state within an energy range of £250 keV are from
the 25 (971 keV), 3] (928 keV), and the 45 (1216 keV)
levels. However, all of these states have significant y-ray
branches in addition to the transition of interest (i.e., 2] —
07,45 — 2{, and 37 — 2{) and this should have been seen
in the data if the state in question had been populated. These
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FIG. 10. Level scheme as predicted by shell-model calculations
with the LNPS effective interaction for ®*Cr. The arrow thickness
indicates the magnitude of the B(E2) quadrupole transition strength.
A number of collective structures are visible. Only transitions with
a predicted transition strength of the order of 1 ¢*fm* and larger are
shown.

considerations make the 6? assignment most plausible. Note
that, if many of the states included in the level scheme of
Fig. 10 were populated weakly in the reactions, the multitude
of low-intensity peaks visible in the projection of the coinci-
dence matrix (Fig. 5) would be accounted for together with
the strong transitions from the 4] and 2] states which are
predicted to be fed from essentially all higher-lying levels.

In ©2Cr, the shell-model calculations again point to three
recognizable quadrupole collective structures, but these are
now more strongly linked through the 25 state. In 4Cr, the
gamma-like and beta-like bands include the 25 and 27 states,
respectively, while in ©2Cr, the 2; state is the head of the
gamma-like band structure and the 2% level of a AJ =2
beta-band-like sequence on top of the 0; state. However, as
in ®Cr, there are no strong E2 links predicted from either
structure to the ground-state band. Again, many of the com-
puted transition energies are close to the weak peaks observed
in Fig. 5 and support a pandemonium-like feeding scheme as
conjectured already for "°Fe [38].

For %2Cr, given the coincidence spectra and matrix shown
in Figs. 8 and 9, the 1011-keV y ray appears to populate the
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FIG. 11. Level scheme as predicted by shell-model calculations
with the LNPS effective interaction for ®Cr. The arrow thickness
indicates the magnitude of the B(E2) quadrupole transition strength.
A number of collective structures are visible. Only transitions with
a predicted transition strength of the order of 1 ¢*fm* and larger are
shown.

2 rather than the 4; state. From the calculated level scheme,
in such a scenario, the transitions closest in energy to the
experiment would be the 856-keV decay of the 05 state and
the 1356-keV one from the 2] level. Using the shell-model
B(E2;05 — 27) value together with the measured transition
energy of 1011 keV yields a mean lifetime of about 90 ps
for the 05 state which is long and may be the reason for the
apparent poorer resolution observed for the 1011-keV ®*Cr
transition when compared to the 963-keV one in **Cr (see
Fig. 4). More statistics and the precise energy from, e.g., 8
decay would be needed to quantify a possible lifetime effect.
The larger width of the peak could also be due to the presence
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of a doublet, for example, of the 6f — 4f transition and
the 0 — 2 one, with the latter being dominant, thereby
explaining the measured coincidence relationships and restor-
ing consistency with the observations for neighboring *Cr,
where a candidate for the 6] state was identified close to the
shell-model prediction.

From the shell-model wave functions, the collective states
in ®*Cr have a dominant neutron 4p-4h character with, on
average, three neutron holes in the f5/, orbital and one in the
D1, state and four neutrons excited across N = 40 into the gd
orbitals. The proton configurations are based on one-proton
excitations from the f7/, orbital into the p3,, or fs5/, ones and,
to a lesser extent, into the p;, state.

While the calculated proton configurations for the states in
92Cr and %Cr are similar, the neutron particle-hole content
for the different collective structures in >Cr indicates some
variation. The ground-state band has a 4p-6h neutron structure
with four holes in the f5/, orbital and the two other in the
P12 one and six neutrons excited across N = 40 into the gd
orbitals. The yrare states and the 3] and 5] levels are of
predominant 2p-4h neutron character, where three of the holes
are in the f5,, orbital and the fourth is in the p;/, state, but
only two neutrons excited into the gd orbitals. The 05 state is
calculated to have a 22% probability of a normal-order Op-2h
neutron configuration with both holes in the fs5/, orbital. The
07 and 27 levels which both only have very weak E2 links
to the other structures carry 34% and 7% of this normal-order
neutron Op-2h content. The 37 state is similarly weakly linked
via E?2 transitions and is computed to be associated with a
mixture of neutron 2p-4h and 4p-6h configurations.

From the shell-model configurations above, a picture
emerges where %'Cr, with the highest degree of col-
lectivity, has—across all computed band-like structures—
predominantly four neutrons occupying orbitals beyond the
N = 40 subshell gap. In contrast, for ®’Cr, the higher-excited
collective structures have fewer neutrons occupying the gd
orbitals, and levels with configurations associated with nor-
mal order coexist at roughly the same excitation energy.
This transitional character makes ®*Cr a critical nucleus for
benchmarking our understanding of the onset of the neutron
particle-hole configurations defining the N = 40 island of in-
version.

It is interesting to speculate how one could possibly study
the various collective structures in these neutron-rich Cr iso-
topes. While projectile Coulomb excitation measurements
near the Coulomb barrier will undoubtedly enable the deter-
mination of the transition strengths in the ground-state bands
of 92:%4Cr, the other collective structures are calculated to be
rather disconnected with only weak linking E2 transitions
such that cross sections for multistep excitations will be small.
Complex (e.g., deep-inelastic) reactions are known to reach
higher-spin states and might populate the anticipated collec-
tive structures. In Ref. [44], complex BCa + 26Mg reactions
at energies roughly 200% above the Coulomb barrier resulted
in the production of a large number of isotopes with Z =
25-28 comprising both proton- and neutron-rich products. It
is possible that reactions of the same type such as **Ca + ?*Ne
might reach the neutron-rich Cr isotopes. Alternatively, fusion
or few-neutron transfer reactions with a radioactive projectile

e e S S B
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0.002—

Cross section (arb. units)

0.001—

L : {
-500 -250 0 250 500
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FIG. 12. Calculated longitudinal momentum distributions for the
two-proton knockout reaction *Be(**Fe, ©Cr)X at 80 MeV/u. The
shapes of the exclusive momentum distributions clearly differentiate
between those for the 05 and 6] levels, offering the opportunity
to assign a spin value to the state deexcited through the 1011-keV
transition in °Cr in a future measurement. The calculations are
meant to illustrate the distinctive shape and are normalized to one
unit of cross section. The calculated exclusive cross sections are
0(05) = 0.09 and o (6]) = 0.021 mb, respectively, totaling 38% of
the cross section to the ground state.

might become possible, once the next-generation exotic beam
facilities are operational.

To clarify the nature of the 1011-keV transition
in %2Cr, we propose a two-proton knockout reaction,
"Be(**Fe, ®*Cr+y)X, with final-state exclusive measure-
ments of the longitudinal momentum distributions of ®>Cr.
As already demonstrated in Refs. [25,45,46], the shape of the
knockout residue’s parallel momentum distribution depends
strongly on the total angular momentum of the two removed
nucleons, and, at a more detailed level, on the components
of the total orbital angular momentum [47,48]. By combin-
ing an eikonal model of the reaction dynamics [49] and the
LNPS shell-model calculations of the two-proton amplitudes
connecting the **Fe ground state and the ®*Cr final states, the
cross sections for two-proton knockout from the **Fe ground
state to the 05 and 6] states of 2Cr and associated parallel
momentum distributions were calculated. As demonstrated in
Fig. 12, this would allow for an unambiguous discrimination
of the scenarios discussed above; i.e., (i) whether the 1011-
keV y ray originates from the 0; state of 62Cr, raising the
question as to why the 67 state was not observed here, or (ii)
that it is a doublet comprising the 07 — 2/ and 6 — 4]
transitions. An estimated o (6] )/0 (05) = 23% broad contri-
bution to the dominant, narrow 0" distribution appears to be
easily identifiable. Regarding the impact of unobserved feed-
ing, potentially missed high-spin feeders of the 6, state would
preserve the broad shape of the momentum distribution, while
indirect feeding to the 05 level would most probably be due to
decay branches from higher-lying 2% states, only marginally
broadening the observed 0" momentum distribution, in par-
ticular as compared to that of the 6% state. We note that
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two-nucleon knockout reactions are typically rather selective,
reducing the expected level density, and that low-lying 0%
states have been notoriously hard to find [21-24], in part
because their population appears to be selective with only
minor indirect feeding in typical reactions.

IV. SUMMARY

We have performed exploratory y-ray spectroscopy be-
yond the (4]) states in 02.64Cr, using nucleon-removal
reactions from several projectiles within a multicomponent
rare-isotope beam to populate excited states in the two iso-
topes of interest. A candidate for the 6] state in %4Cr is
proposed. The situation is more complex in ®2Cr, with the
possibility that a 07 level might have been observed. The
results are discussed in comparison to the LNPS shell-model
predictions of rich low-lying ®>®*Cr level schemes. Interesting
collective structures are predicted within the shell model for
both Cr isotopes, with their particle-hole character revealing
©2Cr to be an important transitional system on the path to
the collective center of the N = 40 island of inversion. An
outlook is provided on how future experiments could target

these coexisting structures emerging from the shell-model
description of this region.
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