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Prompt y-ray spectroscopy of the neutron-rich *°Kr, produced in transfer- and fusion-induced fission
reactions, has been performed using the combination of the Advanced Gamma Tracking Array and the
VAMOS + + spectrometer. A second excited state, assigned to J* = 47, is observed for the first time, and
a previously reported level energy of the first 27 excited state is confirmed. The measured energy ratio
Ry, = E(47)/E(2") = 2.12(1) indicates that this nucleus does not show a well-developed collectivity
contrary to that seen in heavier N = 60 isotones. This new measurement highlights an abrupt transition of
the degree of collectivity as a function of the proton number at Z = 36, of similar amplitude to that
observed at N = 60 at higher Z values. A possible reason for this abrupt transition could be related to the
insufficient proton excitations in the gg, ds/,, and s, /, orbitals to generate strong quadrupole correlations
or to the coexistence of competing different shapes. An unexpected continuous decrease of Ry, as a
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function of the neutron number up to N =60 is also evidenced. This measurement establishes the
Kr isotopic chain as the low-Z boundary of the island of deformation for N = 60 isotones. A comparison
with available theoretical predictions using different beyond mean-field approaches shows that these
models fail to reproduce the abrupt transitions at N = 60 and Z = 36.

DOI: 10.1103/PhysRevLett.118.162501

The systematic evolution and the sudden changes of the
properties of a many-body quantum system probe the basic
interactions between its constituents. In the atomic nucleus,
features such as shell closures and their migration [1-3], the
onset of collectivity [4], shape coexistence [5—7], or the rapid
transitions among them [8], result from the interplay between
the mean field and correlations between individual nucleons
[9]. The study of the evolution of these phenomena is crucial
to understand the various facets of the nuclear force [2].

In the region of nuclei with A ~ 100 and N > 60, proper-
ties associated with large collective behavior were reported
[10]. In this mass region, itis well established experimentally
that Sr, Zr, and Mo isotopes exhibit a large prolate deforma-
tion in the ground state [11-13]. Contrarily, at the N = 50
shell closure, nuclei exhibit a structure typical of the single-
particle motion in a spherical potential. The transition,
between the spherical and well-deformed nuclei, appears
to be abrupt at N = 60 [14—17]. This is associated with a
shape-coexistence phenomenon where the coexisting spheri-
cal and deformed configurations suddenly invert at N = 60
[18-20]. This could be compared, on one hand, to the “island
of inversion” associated with a rapid onset of collectivity
observed at N = 40 near ®*Cr [21] and, on the other hand, to
the smooth crossing of coexisting configurations in the
neutron-deficient isotopes of Kr [22]. The low-Z boundary
of this island of deformation has attracted much attention in
the last years. In Ref. [23], *°Kr was suggested to be at the
critical point of the shape-phase transition near A = 100.
Recent predictions from Monte Carlo Shell-Model (MCSM)
calculations support the hypothesis of a quantum phase
transition in Zr isotopes [18], and a recent measurement
places °’Rb (Z = 37) as the cornerstone of this island of
deformation [24]. Both the transition to large collectivity at
N = 601in Sr-Mo and its sudden disappearance in Kr deserve
further investigations [23,25].

Intense experimental efforts have been devoted to inves-
tigate the °Kr neutron-rich nucleus. Charge radii [26] and
mass [23] measurements indicate a smooth development of
collectivity in the isotopic chain of Kr. Marginean et al. [27]
reported a first excited state at 241 keV in *°Kr, suggesting a
well-developed deformation. This measurement was contra-
dicted by Albers et al. [25,28], using Coulomb excitation,
reporting a first 2% excited state at 554 keV and a corre-
spondingly B(E2;2{ — 0] ) value much lower than those of
%8Srand '0Zr [see Fig. 1(a)]. Several theoretical approaches
attempted to describe the structure of Kr isotopes. An oblate
shape was proposed for “°Kr, and the possibility of prolate-
oblate shape coexistence was argued [28—31]. However, the

sharp transitions at N = 60 and between Kr and Sr are not
well reproduced simultaneously by those theories as well as
the excited states beyond the first 2" state, highlighting that
the underlying mechanisms remain to be understood.

To understand, quantify, and characterize the evolution
of the nuclear structure along isotopic chains, a systematic
study of the energies of the first excited states [E(2") and
E(47)], their ratio [Ry/, = E(4")/E(2")] and the corre-
sponding reduced transition probabilities [B(E2)] are
often used as primary indicators [4]. Figure 1(a) shows
the corresponding experimental information available for
isotopic chains of even-even nuclei with 50 <N < 64
and 36 < Z <42 [32-34]. In general, a clear correlation
between R/, and B(E2;2{ — 07)/A is observed. In Mo,
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FIG. 1. (a) The ratio R,/, = E(4")/E(2") (open symbols, left

axis) of the energies of the first excited 4™ and 2" states and
reduced transition probabilities expressed in Weisskopf units
(solid symbols, right axis) in even-even nuclei as a function of
the neutron number (N) [32-34]. (b) The R,/ ratio against the
proton number Z for N = 58-62 isotonic chains. Horizontal
dashed lines represent a schematic classification between spheri-
cal vibrational and rotor nuclei from Ref. [4].
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the smooth increase of R4/, as a function of the neutron
number illustrates the evolution from spherical (~1.5) to
well-deformed (~3) nuclear shapes. Similarly, the corre-
sponding B(E2;2] — 0)/A continuously increases, indi-
cating a larger collectivity. For Sr and Zr, the trend is
relatively flat for N <58, while a sudden increase is
observed at N = 60, and both indicators remain well
correlated. In contrast, for Kr, R,/, increases more steeply
than B(E2;2] — 0])/A for N < 54 and decreases beyond
N =54, while B(E2;2{ — 0/)/A continues increasing
gradually. This is in contradiction with expectation, as the
corresponding E(2") and the B(E2;2{ — 0]) are well
correlated in “°Kr [25]. The aim of this work is to
investigate whether this singular behavior of the R/, trend
persists at N = 60 in the neutron-rich *°Kr. In this Letter,
we report on a new measurement of 27 and 41 excited
states in the neutron-rich nucleus *’Kr populated in trans-
fer- and fusion-induced fission processes.

The measurement was performed at GANIL using a 28U
beam at 6.2 MeV /u, with an intensity of 1 pnA, impinging
on a 10-micron-thick °Be target. The advantage of the
inverse kinematics used in this work is that fission frag-
ments are forward focused at high velocities, resulting in
both efficient detection and isotopic identification in the
spectrometer. A single magnetic field setting of the large-
acceptance spectrometer with its improved detection sys-
tem VAMOS + + [35], possessing a momentum accep-
tance of around £ 20%, was used to identify uniquely the
fission fragments [36]. The spectrometer was placed at 28°
with respect to the beam axis so as to optimize the
acceptance for light fission fragments. The detection
system at the focal plane of the spectrometer was composed
of a multiwire parallel plane avalanche counter
(MWPPAC), two drift chambers (x, y), and segmented
ionization chambers (AE and E). The time of flight (TOF)
was obtained using the signals from the two MWPPACs,
one located after the target [37] and the other one at the
focal plane (flight path ~7.5 m). The parameters measured
at the focal plane [(x, y), AE, E, and TOF] along with the
known magnetic field were used to determine, on an event-
by-event basis, the mass number (A), charge state (g),
atomic number (Z), and velocity vector (V) after the
reaction for the detected fragments [35]. The prompt y
rays were measured in coincidence with the isotopically
identified fragments, using the Advanced Gamma Tracking
Array (AGATA) y-ray tracking detector array [38] consist-
ing of eight triple clusters placed in a compact configura-
tion (13.3 cm from the target). The combination of the
pulse-shape analysis [39,40] and the Orsay Forward
Tracking (OFT) y-ray tracking algorithm [41] allowed us
to obtain the position of the first y-ray interaction point. A
Doppler correction was applied, using the precise deter-
minations of the v obtained from VAMOS + + [37] and
the y-ray detection angle in AGATA, to calculate the y-ray
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FIG. 2. Tracked y-ray spectrum measured in coincidence with
the isotopically identified fission fragment “°Kr. (Inset) Tracked
y-ray spectrum measured in coincidence with the 554 keV
transition.

energy in the rest frame of the emitting fragment. A y-ray
energy resolution of 5 keV (FWHM) was obtained at
1.2 MeV (for recoiling fragments with v/c ranging between
0.095 and 0.135 and recoil angles varying by ~ 20°).

Figure 2 shows the prompt y-ray spectrum measured in
coincidence with the °Kr ions detected in VAMOS + +.
Three transitions at 554(1), 621(2), and 515(2) keV can be
seen in the spectrum. The 554 keV transition confirms the
excitation energy of the 2| state of Ref. [25]. The 621 keV
transition was observed in coincidence with the 554 keV
transition (see the inset in Fig. 2). Its relative intensity
is 90(25)% as compared to the 554 keV transition. It is
interpreted as the transition depopulating the 4 excited
state at 1175(3) keV. This assignment is supported by the
systematic analysis of level energies and relative intensities
of the neighboring nuclei and isotopic chains populated in
fission under the similar experimental conditions and
measured in the present experiment. The relative intensity
of the 515 keV is 35(15)% as compared to the 554 keV
transition. Because of the limited statistics, it was not
possible to obtain a significant coincidence analysis for the
515 keV transition which was not placed in the level
scheme. The nonobservation of this transition in the
Coulomb excitation experiment [25] excludes that this
transition depopulates the 2] state. Figure 3(a) shows
the systematics of available experimental data for 2,
47, 37, and 2 as a function of the neutron number
for Kr isotopes. The new level observed in this work
follows the systematic trend. The present assignment as
47 of the newly observed level at 1175 keV results in
Ry, = E(47)/E(2%) = 2.12(1). The presence of low-
lying 27 excited states in the Kr isotopic chain suggests
the possible assignment of the 515 keV y ray to the
25 — 2 transition.

The newly obtained R,/, ratio reported in the present
work shows that R4/, continuously decreases till N = 60
as shown in Fig. 1(a). This extends the unexpectedly
opposite trends of Ry, and B(E2;2{ — 0f) for the Kr
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FIG.3. (a) Systematic evolution of 2}, 47, 37, and 27 states for
the Kr isotopic chain. On the right-hand side are reported the
latest theoretical mean-field calculations for the “°Kr nucleus
[28-31]. (b) Measured [B(E2)/A]/[a x Ry, + b] values against
Ry, with B(E2) expressed in Weisskopf units, for isotopes of
Mo, Zr, Sr, and Kr (where a = 0.756 and b = —1.156) [32-34].
Regions: (i) spherical vibrator, (ii) rotor, and (iii) prolate-oblate
shape coexistence with strong mixing are also indicated. 7>Kr is
out of scale at coordinates (1.86,2.89). The neutron number is
indicated inside the symbols.

neutron-rich isotopes and confirms the nonobservation of a
sudden onset of collectivity at N = 60 as shown in Fig. 1(b).
This figure represents the evolution of the Ry, ratio as a
function of the proton number for isotones between N = 58
and N = 62 and shows the sharp transition between Sr and
Kr at N = 60. Another way to investigate the correlation
between the above observables is to study their ratio [i.e.,
~B(E2;2{ — 0{)/R4/,] as a function of R . Figure 3(b)
shows the correlation of [B(E2)/A]/[a X Ry); + b] as a
function of Ry, [where B(E2) is expressed in Weisskopf
units and @ and b satisfy B(E2)/A = [a x Ry, + b] for**Zr
and '“Zr]. This representation is similar to that introduced by
Casten and Zamfir [42]. Three regions were classified
according to the structural properties of the nuclei: (i) spheri-
cal vibrator, (ii) rotor, and (iii) prolate-oblate shape coexist-
ence with strong mixing [42]. °Kr lies in the region of
spherical vibrators. The lines connect the isotopes, and the
arrows indicate the increasing neutron number. In the region
of spherical vibrators, the characteristic feature of the R/,
ratio shows an absence of a clear trend. In contrast, in the
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FIG. 4. Deviation between calculated and experimental Ry/»
ratios against the proton number for N = 5862 isotonic chains and
several theoretical predictions from the beyond mean-field ap-
proach (Gogny D1S + 5DCH [31], Gogny D1M + IBM2 [28,43],
Gogny D1S + SCCM [29], and PC-PK1 + 5DCH [30]) and the
MCSM [18].

region of rotors, a clear correlation emerges. However, for Kr
isotopes, a regular trend starting from *°Kr can be observed
that does not head towards the rotor region, in contrast with
other isotopic chains.

The neutron-rich Kr isotopes appear therefore to exhibit
a different behavior than neighboring isotopic chains. To
understand these differences from a theoretical point of view,
itis necessary to reproduce the sudden transition observed for
Sr, Zr,and Mo at N = 60, the very abrupt transition observed
at Z =36, and the relation between R,,, and B(E2).

Different theoretical approaches performed for the “°Kr
nucleus are available in the literature [25,29-31]. The right
panel in Fig. 3(a) presents the calculated energies, using
different beyond mean-field approaches, for the 2, 47, and
21 levels in *°Kr. For this nucleus, Delaroche et al. [31] show
the best agreement with the experimental data. Figure 4
shows the deviation of the calculated Ry, ratio (in percent)
from various theoretical works for the isotonic chains
N =58, 60, and 62 as a function of the proton number
[18,28-31,43]. Positive values refer to theoretically under-
estimated R/, and could be interpreted as an insufficient
degree of collectivity, while negative values indicate a too-
strong degree of collectivity. Only Ref. [31] provides
theoretical predictions for all the nuclei in this region.
Most of the predictions were obtained from beyond mean-
field calculations using the Gogny D1S/D1M [28,29,31,43]
or PC-PK1 [30] energy density functional and different
beyond mean-field mapping procedures. It can be seen from
Fig. 4 that theoretical predictions of beyond mean-field
calculations from Refs. [30,31,43] have a similar trend but
fail to reproduce the abrupt transition at N = 60 and between
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Z =36 and Z = 38. For N > 60, the degree of collectivity
is largely insufficient while approaching Z = 38, though it
tends to be reasonably large for Z > 40. Results from
Refs. [28,29], obtained also from beyond mean-field
approaches, show a larger disagreement, where available.
The continuous decrease of the R4, [see Fig. 1(a)] ratio in Kr
beyond N = 54 remains puzzling and could be related to a
shape-coexistence phenomenon. Beyond mean-field calcu-
lations consistently predict [28,29,31] an oblate ground-state
band in “°Kr and also a second 0% state at an excitation
energy between 1.0 and 1.5 MeV with a prolate character.
Rodriguez [29] also suggests a rapid shape change along the
first excited band in **°°Kr. Similar behavior was reported
for the neutron-deficient 7>Kr isotope, where a shape change
occurs along the ground-state band at a low spin, resulting in
areduced Ry, value [44].

Recently, a microscopic description of the shape coex-
istence in the Zr isotopic chain using the MCSM approach
was reported [18,20], which reproduces quite well the
experimental data. These calculations provide for the first
time a microscopic description of the quantum shape-phase
transition in Zr isotopes at N = 60. Figure 4 shows that
these predictions are in very good agreement with the
experimental data for N = 62, while they display a differ-
ent trend than the mean-field results for N = 58, 60. The
MCSM calculations, performed in a very large model
space, describe the ground state of *8Zr as spherical, while
the deformed low-lying 05 state is predicted as a multi-
particle-multihole excitation of protons from the fp shell
to the intruder g9/, and ds, orbitals and neutrons into the
97,2 and intruder hy, /, orbitals. The two 0" states cross in

excitation energy in '%°Zr, having a deformed ground state.
The development of a deformation in this mass region is
explained in Ref. [18] as resulting from the change in the
shell structure induced by the monopole central and tensor
components of the proton-neutron interaction for specific
particle-hole excitations. As a consequence, intruder orbits
are lowered, thus favoring the cross-shell excitations. The
combination of the monopole and the quadrupole compo-
nents of the nuclear interaction results in the development
of a deformation in Zr isotopes. It will be crucial to pursue
theoretical efforts, within the microscopical framework of
MCSM calculations, to understand the sudden transition at
Z = 36 as well as the unexpected trend of Ry », highlighted
in this work.

Similar phenomena have been observed in other regions
of neutron-rich nuclei, the so-called islands of inversion,
and can be understood in terms of the dynamical sym-
metries pseudo- and quasi-SU3 that apply in shell-model
spaces that include the relevant degrees of freedom for
the development of quadrupole collectivity [45,46]. In this
mass region, the relevant valence space for protons consists
of the 1fs/, 2p3n, 2pija. 1992, 0970, 2ds)n, 351
orbitals, while the neutrons move in the space spanned

by 2ds;y, 2d3)5, 35172, 19772, 1hi1)2, 2f7/2, 3p3/2- The
development of a deformation in this valence space requires
a critical number of protons and neutrons. An analogy
between the Z =40, N ~60 region and the island of
inversion at Z ~24, N =40 [21] could be drawn. The
onset of a deformation develops at N = 38 in Cr (Z = 24)
and at N =40 in Fe (Z = 26) isotopes. Isotones with
N = 36 remain transitional, as it is for “°Kr with Z = 36 in
the Z =40, N ~60 deformation region. This similarity
highlights possible analog microscopic mechanisms where
an insufficient proton occupation of the quasi-SU3 orbits
(99/2> dsjr, S12) prevents the development of strong
quadrupole correlations in Kr at N = 60.

In summary, the present work establishes for the first
time the second excited J* = 4" state in the neutron-rich
%Kr. The deduced ratio R/, = 2.12(1) confirms that Kr
represents the low-Z edge of the island of deformation at
N = 60. Its unexpectedly low value is in contradiction
with the previously established smooth development of
collectivity along the Kr isotopic chain. The value of R4/,
and the rapid onset of deformation in the region are not
reproduced by available beyond mean-field theoretical
models. Recent advances of Monte Carlo Shell-Model
calculations in this region should allow a progression in
understanding the microscopic nuclear structure of *°Kr
and the moderate development of collectivity in this
isotope compared to heavier N = 60 isotones. Further
experimental investigations in even more neutron-rich Kr
isotopes shall reveal if the decreasing R,/, trend does
persist. In parallel to multistep Coulomb excitation and
spectroscopy of higher excited states, direct reactions
using neutron-rich radioactive ion beams will allow us to
probe the orbital occupation of relevant states in this mass
region.
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