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y-ray spectroscopy of low-lying yrast and non-yrast states in neutron-rich ***>*Kr
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We report on y-ray spectroscopy of low-lying excited states in the neutron-rich ***>%Kr isotopes measured as
part of the “Shell Evolution And Search for Two-plus energies At RIBF’ (SEASTAR) campaign at the RIKEN
Radioactive Isotope Beam Factory. Excited yrast and non-yrast states were observed, and half-lives extracted via
GEANT4 simulations. In **?Kr candidates for the 37 state were identified. For **Kr, the prompt SEASTAR data
were combined with delayed spectroscopic data measured with the EURICA array to observe transitions on top
of the known (7/2)" isomer at a level energy of 195.5(3) keV. The comparison of the new experimental results
with five-dimensional collective Hamiltonian (SDCH) and mapped interacting boson model (IBM) calculations,
both using the Gogny D1M interaction, could suggest oblate-prolate shape coexistence already in **Kr.
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L. INTRODUCTION understanding of the forces that govern the atomic nucleus.
Atomic nuclei in the close vicinity of the magic numbers for
protons and neutrons show spherical shapes. The structure
of one-particle (one-hole) neighbors of doubly-magic nuclei
can be described by independently moving particles (holes)
in a spherically symmetric potential created by an inert core.
*Corresponding author: rgerst@ikp.uni-koeln.de However, when moving away from the regions of doubly

Studying the changes of nuclear characteristics in depen-
dence on the number of nucleons is highly important for our
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magic nuclei, residual interactions between the valence nu-
cleons become increasingly important. Already, nuclei with
two protons or neutrons outside a closed shell exhibit a dif-
ferent structure than closed shell nuclei [1]. Adding more
and more nucleons, the properties of nuclear excited states
start to show features of collective motion, such as vibrational
and rotational excitation modes related to the deformation
of the nuclear shape. In some mass regions, this interac-
tion between collective and single-particle—macroscopic and
microscopic—degrees of freedom can lead to a very sudden
increase of collectivity. Strontium and zirconium isotopes in
the A = 100 region show a sudden onset of deformation at
neutron number N = 60, while the lighter isotopes up to
N = 58 are more spherical [2]. This transition belongs to
the most dramatic shape changes in the nuclear chart and is
accompanied by the appearance of low-lying 0; states [3,4].

This behavior can be explained by one spherical and one
deformed configuration coexisting at low excitation energies.
With increasing neutron number, one configuration suddenly
becomes energetically favorable [2]. In even-even nuclei, this
phenomenon is usually accompanied by a sudden drop of
the £ (ZT) energy and the lowering of an excited 0" state
[3,4]—the bandhead of the competing configuration. Exper-
imentally, it has been shown that the isotopic chains of Sr,
Zr, and Mo exhibit this very sudden onset of deformation
going from N = 58 to N = 60 [5-10]. Experimental results
from mass measurements of krypton and rubidium isotopes
and from y spectroscopy of °’Rb established Z = 37 as the
boundary of the A = 100 region of deformation with °’Rb
as the lower cornerstone of this phenomenon [11,12]. In
addition, a rather smooth onset of deformation for krypton
isotopes up to N = 60 with a gradual decrease in E(2]) has
been determined from Coulomb excitation measurements at
the REX-ISOLDE facility at CERN [13,14]. While this was
reproduced in calculations using a proton-neutron interacting
boson model (IBM-2) Hamiltonian based on the microscopic
Gogny-DIM EDF [14], these mean-field calculations also
suggested the existence of a second minimum in potential
energy surfaces for “°Kr, indicating the coexistence of an in-
truder structure of prolate deformed shape also for the krypton
isotopic chain. Recent experimental results corroborated these
theoretical predictions for N > 60 isotopes [15,16]. Measure-
ments performed at GANIL revealed a very low E(4])/E(2])
ratio for *°Kr, labeling Kr (Z = 36) as the new low-Z edge
of the region [15]. Furthermore, the first measurements of
excited states in **!'Kr showed a drop of E(2]) energies
[16]. For *®Kr, a low-lying (05, 25) candidate was identified,
providing experimental indication of a coexisting deformed
configuration [16].

For the understanding of shape evolution in the kryp-
ton isotopic chain, various theoretical approaches have been
used in recent years [14,17-21]. State-of-the-art beyond-self-
consistent mean-field calculations on the krypton isotopic
chain for mass 70 to 98 reproduced the general systemat-
ics over the large mass range [17], but underestimated the
experimental E(2]) of %Kr, predicting a stronger shape
phase transition at N = 60 than observed. The constraints
of the (beyond-)mean-field calculations can be overcome by a

microscopically based IBM calculation. The microscopically
calculated potential energy surface (PES) in the 8-y plane
is mapped onto the expectation value of the IBM Hamilto-
nian [22]. From this mapping procedure one can determine
the parameters of the Hamiltonian of the IBM, which then
enables the comparison with experimentally accessible spec-
troscopic observables sensitive to nuclear deformation, such
as excitation energy ratios, quadrupole transition strength, and
electromagnetic moments [22]. This technique was used to
perform Gogny-D1M calculations to investigate the even-A
krypton isotopes [18]. For 392Kr, this presents a defined y
softness that develops into a y-soft oblate minimum for **Kr.
For the isotopes with N > 58, the energy surfaces reveal a
pronounced prolate-oblate shape coexistence.

II. EXPERIMENT

In this work, we report on new y-ray spectroscopic in-
formation for the nuclei **°>%Kr that was obtained from an
experiment carried out at the Radioactive Isotope Beam Fac-
tory, operated by the RIKEN Nishina Center and the Center
for Nuclear Study of the University of Tokyo. Radioactive
isotope beams were produced via in-flight fission of a Z3%U
primary beam with an energy of 345 MeV/u and a mean
intensity of 27 p nA on a 3 mm thick Be production target.

A schematic of the setup is depicted in Fig. 1. The
isotopes of interest were selected and separated with the Bp-
AE-Bp method in the fragment separator BigRIPS [23]. A
clean event-by-event identification of the secondary beam was
obtained via a TOF-Bp-AFE measurement [24]. Plastic scintil-
lators were used to measure the time-of-flight (TOF), parallel
plate avalanche counters (PPACs) to determine Bp, and a
multiple sampling ionization chamber (MUSIC) to deduce
the energy loss AE and consequently Z. Secondary reactions
took place on a 99(1) mm thick [725(7) mg/cm?] liquid hy-
drogen target surrounded by a 300 mm long cylindrical time
projection chamber (TPC) forming the system MINOS [25].
Reaction residues after the target had an average energy of ~
180 MeV /nucleon and were identified by the ZeroDegree [23]
spectrometer using techniques similar to those described for
BigRIPS. In Fig. 2, the particle identification plots obtained
with this method for (a) BigRIPS and (b) ZeroDegree are
shown. The data presented in this work were collected during
35 hours, 33 hours with the transmission through BigRIPS
optimized for Br and through ZeroDegree for **Se, and an
additional two hours with ZeroDegree centered on *Kr. The
use of MINOS allowed for the tracking of ejected charged
particles—protons—and therefore for a reconstruction of the
reaction vertex. This was required due to the dimensions of
the liquid hydrogen target, and allowed for a more precise
determination of the projectile velocity and emission angle
of y rays needed for the Doppler correction of the detected
y-ray energies. The reaction vertex was reconstructed either
from two outgoing protons or from one proton and the beam
particle whose position was measured with two upstream
PPACs. The detection efficiency of at least one proton was
simulated at 95% with a vertex position resolution of 5 mm
(FWHM) along the beam axis [25]. Deexciting y rays from
states in 2*Kr, 2Kr, and 2°Kr were detected by the DALI2
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FIG. 1. Schematic of the experimental setup including the BigRIPS fragment separator, MINOS target system, DALI2 array, ZeroDegree
spectrometer, and EURICA array (see text for details). Quadrupole magnets are shown in red, dipole magnets in blue. At F1 and F5, degraders
are depicted in black. Plastic scintillators and parallel plate avalanche counters were placed at several focal planes. Figure adapted from [23].

high-efficiency y-ray spectrometer [26], comprising 186
Nal(Tl) detectors. Energy calibrations were performed using
0Co, 1¥7Cs, 8y, and '*3Ba sources, resulting in a calibration
error of 3 keV in the range 350-1300 keV and an energy
resolution of 9% (6%) FWHM at 662 keV (1.33 MeV). Using
addback when the centers of hit detectors were less than
15 cm apart, the full-energy peak y-ray detection efficiency
was simulated with the GEANT4 toolkit [27] to be 35% (23%)
for 500 keV (1 MeV) y rays emitted in flight. With this setup,
transition energies can be determined by fitting the simulated
response functions together with a double-exponential back-
ground to the y-spectra of the different reaction channels.
However, the lifetimes of excited states influence the Doppler
shift of the y-ray energies and need to be considered when
using this approach. The known energies and lifetimes of the
2;“ states in **Kr and “’Kr were used as a proof of concept,
yielding consistent results with literature [13,14]. The tertiary
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FIG. 2. Particle identification plots for (a) BigRIPS and (b) Ze-
roDegree spectrometer. The secondary beam in front of the reaction
target and reaction residues are labeled and clearly separated. See
text for details.

beam particles were delivered via the ZeroDegree spectrom-
eter to the Euroball RIKEN Cluster Array (EURICA) [28],
where the beam was stopped in the center. With this high res-
olution y-ray spectrometer consisting of twelve high-purity
germanium cluster detectors, it was possible to measure long-
lived isomers, such as the known one in *’Kr [29]. Similar to
DALI2, an addback analysis was performed. The peak-to-total
ratio of a full energy peak at 1333 keV after addback was
25.8% with an energy resolution of 3.17 keV [28]. This setup
enabled a prompt-delayed correlation analysis of conjoined
data from SEASTAR (Shell Evolution And Search for Two-
plus energies At RIBF) and EURICA, and made it possible to
identify the prompt y rays as either feeding or bypassing the
known isomeric state in *°Kr.

III. DATA ANALYSIS AND RESULTS
A. “Kr

Until recently, the only published y transitions in **Kr
were those at 665.5, 853.2, and 1001.3 keV, measured via
Coulomb excitation at the REX-ISOLDE facility [13] and
following spontaneous fission of 2¥Cm with the EUROGAM
2 array [30]. On the basis of angular correlation analysis, spin
and parity of 2™ and of 4" were assigned to the levels at 665.5
and 1518.7 keV, respectively, with the remaining transition of
1001.3 keV populating the 47 level [30].

Very recently, this level scheme was expanded upon us-
ing prompt and delayed y-ray spectroscopy data measured
using the novel hybrid spectrometer v-Ball during the fis-
sion campaign at the ALTO facility of IPN Orsay [31-33].
Additionally, a short-lived 32(3) ns isomer at 3444 keV was
discovered [33]. With a flight time of 240 ns through the
ZeroDegree spectrometer, even if populated, this isomer is
not expected to be observed with EURICA. At the same
time its half-life is too long to be seen with DALI2, where
only y transitions with half-lives up to &~ 1 ns can be mea-
sured. In the present experiment, excited states in **Kr were
mainly populated via the > Kr(p, pn) **Kr knockout and the
Kr(p, p') **Kr inelastic scattering reactions. The first ex-
cited 27 state of **Kr is known to have a half-life of 8.7} 9 ps
[14]. When Doppler correction is performed with the recon-
structed vertices of the reaction points, the measured y-ray
lines are shifted to smaller energies compared to the transition
energy. Therefore, estimates for lifetimes of excited states
can be made by comparing the experimental line shapes with
GEANT4 Monte Carlo simulations, as demonstrated in [34,35].
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FIG. 3. Doppler-corrected y-ray energy spectra of DALI2 in
prompt coincidence with the **Kr(p, pn) **Kr reaction channel. The
spectra were fitted with simulated response functions (red) and a
two-component exponential background (blue dashed curve). (a) Full
spectrum with y multiplicity M, < 6. (b) Spectrum gated on the 2}
to 0 665.5 keV transition (marked in green) without background
subtraction.

The uncertainties of newly determined transition energies are
dominated by the systematic error from these lifetime effects.
The error was determined from y? profiles of different energy-
lifetime combinations. The final uncertainties also include
a statistical contribution from the fitting procedure and the
calibration error. Doppler-corrected spectra for **Kr popu-
lated in the Kr(p, pn) **Kr reaction are presented in Fig. 3.
In order to obtain the energies of the identified transitions,
the spectrum was least-squares fitted with simulated response
functions of the DALI2 array and a two-component exponen-
tial background.

Figure 3(a) shows the full spectrum for a y multiplic-
ity M, < 6. In addition to the 551.2(2), 665.5(1), 695.3(2),
853.8(1), 1001.8(1) and 1267.1(2) keV transitions, already
known [13,30,33], the spectrum exhibits three so far unob-
served lines at 428(17), 880777, and 1083*3) keV. Figure 3(b)
shows a y-y coincidence spectrum gated on the 2;’ — OT
transition without background subtraction. This spectrum was
fitted with the same response functions as in the case of
the full spectrum shown in Fig. 3(a). The intensities of all
transitions are enhanced with this gate, with the strongest
coincidence being the 551.2 and 853.8 keV transitions known
to be in direct coincidence with the 2] — 07 transition. When
looking only at multiplicity M, = 1 events, no transitions are
enhanced in comparison to the full fit. Therefore, one can

soof 94Kr(p,p')94Kl’ 540 Gate 1350
: (-2
500 a
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400}— %
F (@]
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FIG. 4. Doppler corrected y-ray spectrum measured with DALI2
for the **Kr(p, p') **Kr reaction channel. The spectrum was fitted
with simulated response functions (red) and a two-component expo-
nential background (blue dashed curve). The inset shows part of the
spectrum gated on the newly observed 1350(38) keV transition with
background subtraction.

assume that the transitions not placed in the level scheme (see
Fig. 5) are not ground state transitions.

As described above, half-life estimates can be determined
via the GEANT4 aided data analysis based on the line shape
of the y transition which is affected by the decay half-life.

(6*,5) 2786
(6%) 2521
(3) 1267.1
) 2015
10918 (2 4) 1912
4+ 1519 695 5

1350

FIG. 5. Level scheme constructed for **Kr based on observed
transitions in this work. Energies are given in keV. The widths of the
transition arrows correspond to their observed efficiency-corrected
intensities normalized to the strongest transition. The newly placed
1350(38) keV transition is shown in red (see Fig. 4). In addition,
transitions with energies 428(17), 880732, and 108313 keV were
observed, showing increased intensities when gating on the 2 — 0f
transition, but could not be placed in the level scheme.
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From this analysis, a half-life of 10.5’3:8 ps was obtained
for the 665.5 keV 2f level, in agreement with the literature
value of 8.7:1):2 ps [13]. Figure 4 shows the Doppler-corrected

spectrum for **Kr populated in the **Kr(p, p') **Kr inelas-
tic scattering reaction. Next to the 551.2, 665.5, 695.3, and
853.8 keV transitions, an additional line at 1350(38) keV
is included in the fit. Due to the reaction mechanism, the
cross section for octupole collective excitations is enhanced
[36-39]. Therefore, this is tentatively assigned as depopulat-
ing a (37) state with an energy of 2015(38) keV, as denoted
in Fig. 5, where the proposed level scheme for **Kr is shown.
The widths of the transition arrows correspond to measured
efficiency-corrected intensities normalized to the strongest
transition. Only transitions seen in coincidence with at least
one other transition are placed in the level scheme. Even
though the relative intensities of the 428(17), 880f%%, and

10831’%2 keV transitions were enhanced when gating on the

27 — 0] transitions, they could not be placed in the level
scheme.

B. *°Kr

Doppler-corrected y-ray energy spectra for *°Kr populated
in the *’Rb(p, 2p) “°Kr reaction are presented in Fig. 6. As
above, the spectrum was least-squares fitted with simulated
response functions of the DALI2 array and a two-component
exponential background.

The most intense transition at 554 keV in the y-ray energy
spectrum shown in panel (a) of Fig. 6 confirms the energy
of the previously reported (2]) — 0 transition at 554.1(5)
keV [13-15]. The spectrum also shows the rather strong line
of 621(2) keV, which was tentatively assigned as the (4) —
(27) transition in Ref. [15], and the line at 515(2) keV, as also
seen in Ref. [15]. Additionally, the y-ray spectrum of *°Kr
exhibits multiple so far unobserved transitions at 334(16),
819722, 887723, and 1185735 keV. Figure 6(c) shows a y-y
coincidence spectrum gated on the (2]) — 07 transition. This
spectrum was fitted with the same response functions as in the
case of the total spectrum shown in Fig. 6(a). The lines at 334,
621, and 819 keV show clearly enhanced intensities in this
fit. Therefore, in the proposed level scheme shown in Fig. 8§,
they are placed in direct coincidence with the (2]) — 0f
transition.

The energy of the 1185 keV transition matches within the
experimental errors the sum of energies of the (4]) — (2])
and (2]) — 07 transitions. However, this transition can be
observed in coincidence with both of the former lines, which
proves that the 1185 keV transition is not a sum line. In
fact, the observation of the coincidence with the (4]) — (2])
makes this transition a possible candidate for the (6;’) —
(4?’) transition, and thus we place a tentative (6™) level with
an energy of 236033 keV. The placement of the non-yrast
(27) state at an energy of 888(16) keV as shown in Fig. 8
is supported by the strong coincidence of the (2J) — (2])
transition of 334 keV with the (2]) — 0] transition. It also
matches within errors the energy of the proposed ground
state (25) — O transition of 887 keV. Figure 6(b) shows
a y-ray spectrum where a y multiplicity M,, =1 was de-
manded. Applying this condition, ground state transitions
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FIG. 6. Doppler corrected y-ray energy spectra measured with
DALI2 for the “’Rb(p, 2p) °Kr reaction channel. The spectra were
fitted with simulated response functions (red) and a two-component
exponential background (blue dashed curve). (a) Full spectrum with
y multiplicity M, < 6. The inset shows the comparison between the
experimental shape of the 334 keV transition, assuming a half-life
of 0 ps (black) and 134 ps (red) of the proposed 888(16) keV state.
(b) Spectrum with M, = 1. (c¢) Gated on the (2) to 0] transition
(green peak) without background subtraction. The dashed vertical
lines in the three spectra denote the 819 and 887 keV y transitions.
While the former is enhanced by a gate on the (2 ) to 0] transition
[see (c)], the latter is stronger in the M, = 1 spectrum.

from directly populated states appear enhanced compared to
transitions which only occur within cascades. In Figure 6(b)
this enhancement is observed only for the lines at 554 and
887 keV. A half-life estimate could be extracted for the level
at 888 keV via line-shape analysis of the 334 [see inset of
Fig. 6(a)] and 887 keV transitions depopulating the (23L ) state.
This yielded 134+2} and 122+7! ps, respectively. The positions
in the level scheme of the 515 and 819 keV transitions also
remain unclear in the present study. Due to the strong coin-
cidence of the 819 keV line with the (2?’) — OT transition,
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FIG. 7. Doppler corrected y-ray energy spectrum measured with
DALI2 for the **Kr(p, p') *°Kr reaction channel. The spectrum was
fitted with simulated response functions (red) and a two-component
exponential background (blue dashed curve). The inset shows part of
the spectrum gated on the newly observed 1390(36) keV transition
with background subtraction.

we propose the tentative placement of a state at 13731’%3 keV
with undetermined spin and parity. The Doppler-corrected
spectrum for “°Kr populated in the *°Kr(p, p’) *°Kr reaction
is presented in Fig. 7. Next to the (2{) — 0}, 4}) — (2])
and the 515 and 819 keV transitions, it also contains a new
1390(36) keV transition. Similarly to **Kr, this observation
indicates the enhanced cross-section for octupole collective
excitations in the inelastic channel. The level scheme shown

(6%) 2360

(37 1944

1185

1373

1390 (4%) v 1175

FIG. 8. Level scheme constructed for *°Kr. Energies are given
in keV. The widths of the transitions arrows correspond to their
observed efficiency-corrected intensities normalized to the strongest
transition. Newly placed transitions are shown in red (see Fig. 7). In
addition, the 515 keV transition was observed in coincidence with
the 27 — 07 transition, but could not be placed in the level scheme.
(see text for details)
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FIG. 9. Background-subtracted EURICA energy spectrum with
a gate on *°Kr in the ZeroDegree PID. The two peaks correspond
to the two delayed transitions in “Kr at 81.7(2) and 113.8(2) keV
depopulating the known (7/2)" isomer [29,40] as shown in the inset
of the figure (see text for details).

in Fig. 8 therefore shows a newly determined (3]) state at an
energy of 1944(36) keV.

C. ®Kr

Prior to this work, the only published y transitions in *>Kr
were 81.7 and 113.8 keV below a long-lived isomeric level
at 195.5(3) keV with a half-life of 1.4(2) us first measured at
the ILL reactor in Grenoble [29], and later confirmed at RIBF
with an isomeric half-life of 1.582(22) us [40].

A spin sequence of (1/2);&, (3/2)*, (7/2)* was tenta-
tively assigned due to the similarity in nuclear structure to
the neighboring isotones °’Sr and *Zr. Due to this similarity
and the large difference in intensities of the two observed
transitions, based on the different electron conversion co-
efficients, the multipolarities M1 for the 113.8(2) keV and
E?2 for the 81.7(2) keV transition were assigned [29]. In the
present analysis of > Kr, one goal was to search for other
isomeric decays (71, 2 100 ns), shorter than 1.4 us, but long
enough to survive the flight through the ZeroDegree spec-
trometer ~240 ns. Figure 9 shows the background-subtracted
delayed y spectrum correlated with Kr ions arriving at F11
(see Fig. 1) taken by the high-resolution array EURICA. The
transitions below the known (7/2)" isomer are clearly vis-
ible, while no further transitions are present. In this work,
the half-life of the known isomeric level was determined as
1.57(7) ns in agreement with literature values [29,40]. The
second, equally important goal was to observe coincidences
between the known isomeric transitions, measured with EU-
RICA, and prompt transitions, measured with DALI2. These
two data sets were merged.

The isotope was populated via the *°Kr(p, pn) ®Kr and
97Rb(p, 2pn) *>Kr nucleon knockout reactions. In Fig. 10, the
DALI2 prompt Doppler-corrected y -ray energy spectra for the
(p, 2pn) (a) and the (p, pn) (b) reaction channels are shown.
The (p, p') inelastic reaction channel contains a very high
background, and the analysis of the unmerged prompt data
in this channel did not yield any conclusive results.
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FIG. 10. Doppler-corrected y-ray energy spectra measured with
DALI2 for the two-nucleon removal and one-neutron knockout reac-
tion channels *’Rb(p, 2pn) **Kr and **Kr(p, pn) Kr. The spectra
were fitted with simulated response functions (red) and a two-
component exponential background (blue dashed curve).

The full Doppler-corrected y-ray energy spectra were
simulated with GEANT4 as described before. The resulting
energies and half-lives of the simulated response functions
are shown in Table I. Due to the density of transitions ob-
served for this even-odd isotope and the statistics, it was not
possible to build a level scheme. It is noticeable, however,
that even though both spectra were fitted with roughly the

TABLE 1. Energies and half-life estimates of the response func-
tions used to simulate the prompt spectra for the *’Rb(p, 2pn) *Kr
and %°Kr(p, pn) ”Kr reaction channels. Note that only effec-
tive half-lives can be extracted with this analysis. As above,
the efficiency-corrected intensities are normalized to the strongest
transition.

Rb — "Kr %Kr — PKr

E (keV) Ti> (ps) L E (keV) Tiy> (ps) L

260(16) 78718 54(3)  260(16) 73(10) 100
300(19) 4733 12(2) 299(19) 1038 13(1)
430(23) 1832 54(3)  421(24) 2214238 40(2)
561(23) 118*13 100 561(23) 123112 75(2)
622739 8872 343) 62973 <200 81(2)
76913 184+ 36(4)  762(26) 143433 51(2)
81713 103739 28(4) 83923 172788 30(2)
989+32 32517 60(4) 98973 37818 32(2)
112373 146712 19(3)

same response functions, the intensities vary depending on the
reaction channel. This could be linked to the different nature
of the excited levels. While for the (p, pn) reaction channel
neutron excitations probably dominate, for the (p, 2pn) reac-
tion neutron and proton excitations are expected more equally.
In a very simplified way, one could deduce that the transi-
tion at 260 keV, which has a higher intensity for the (p, pn)
reaction, is related to excited neutron states. Another factor
may be the nuclear structure of the incoming nuclei. *°Kr in
its ground state can be considered as oblately deformed (see
Ref. [13] and discussion in Sec. IV A), while °’Rb already has
a stronger and prolate deformation [12].

To identify states on top of the isomer, e.g., in coinci-
dence, we gate on the two isomeric transitions measured with
EURICA in the merged data. The isomer gate used in the
following is defined by requiring a coincidence with delayed
y rays registered in EURICA in the ranges 112.5-115.1 keV
or 80.4-83.0 keV which represent the known 113.8 and 81.7
keV transitions depopulating the (7/2)* isomer in *Kr. The
corresponding Doppler-corrected prompt DALI2 energy spec-
trum is filled with the events matched to the EURICA events
by the merging process. The analysis is done for each reaction
channel separately. In Fig. 11, the resulting three spectra for
the three reaction channels are shown. The 561 and 989 keV
transitions already seen in the ungated prompt spectra are
observed in all three reaction channels in coincidence with
the delayed transitions. Additionally, the 769 keV transition
is observed for the °’Rb(p, 2pn) *>Kr channel. All transitions
have a significance of ~2¢ or higher. Therefore, we tenta-
tively propose new levels in **Kr, which correspond to the
sum of these y-ray transitions plus the energy of the known
(7/2)" isomer. This will be compared to theory and discussed
in Sec. IV.

IV. DISCUSSION

The experimental results provide new information about
excited states and transition strengths. In this section, different
theoretical predictions are discussed and compared with these

results to further gain insight into the nuclear structure of
94,9596 1

A. The even-even *»**Kr

In Figs. 12 and 13 for **Kr and *°Kr, respectively, experi-
mentally obtained levels are compared to different theoretical
calculations. The level structure in black (left) is obtained
by using the five-dimensional collective Hamiltonian (SDCH)
beyond-mean-field model [21] with the Gogny DIM inter-
action [41]. The level structure in blue (right) was adapted
from constrained mean-field calculations [42], used to obtain
microscopic energy surfaces, which in turn were used as input
for a mapping procedure to determine the IBM Hamiltonian
[18].

For %*Kr, one can see that the experimental excitation ener-
gies for the lower yrast states are in good agreement with the
5DCH calculations, as is the B(E2, 2T — 07). The similarity
to the SDCH model could indicate that the excited state at
1217 keV, which decays into the ZT level and could have a
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FIG. 11. Doppler-corrected y-ray energy spectra measured with
DALI2 for different reaction channels with an isomer gate on the
delayed transitions measured with EURICA. The spectra were fitted
with simulated response functions (red) and a two-component expo-
nential background (blue dashed curve).

spin of 0 or 2, is in fact the 2 as predicted in that framework.
The mapped IBM calculations predict a low-lying 0; level
instead, which would be an indicator of a more pronounced
shape coexistence. The similarity to the SDCH calculations
could also indicate that the 2786 keV state is a 61, with its
energy lying close to the 6; level from the 5DCH calculations.

For “Kr, similarly to **Kr, the experimental values of
the yrast levels are in better agreement with the SDCH cal-
culations, while the mapped IBM predicts generally higher
energies (one exception is the 21+). The low-lying (2;) state at
888(16) keV is well reproduced by the SDCH level structure,
while the mapped IBM model does not predict any non-

5DCH Expt. IBM
5+
6+
3.0 -
(6*,5)
4+
. 4
25 o (6"
2+
2.0t 2
(2,4)
3
E 0+ £_2+
5 1.5/ 4r 4
2 2"
w (0,2)
0+
1.0 48
57
L_ 2;_ 2+
0.5}
27 20 40
0.0} o+l ol o+l
Kr

FIG. 12. Theoretical low-energy excitation levels of **Kr com-
pared with experimental values [14,33]. Levels in black (left) were
calculated using a SDCH, in blue (right) using the mapped IBM [18].
E?2 transition strengths in W.u. are shown along the arrows. See text
for more details.

yrast level below the 4] state. The E2 transition strengths
B(E2,25 — 07)and B(E2, 25 — 2{) are of the same order
of magnitude for both models. When assuming a pure E2 tran-
sition for the 25 — 2 decay, the experimental limit derived
from the 77, is more consistent with the mapped IBM model.

In Fig. 14, the SCMF (8, y)-deformation energy surfaces
for **%Kr are shown [18]. For 339%Kr, these calculations
show a pronounced y softness [18], while a y-soft oblate
minimum appears in **Kr. For *°Kr, the y-softness is reduced
and, next to the oblate ground state, a prolate local minimum
develops at 8 & 0.4 which gets more pronounced for *% Ky
[18]. Experimentally, one would expect signs of a shape co-
existence for *°Kr in the manifestation of a low-lying 05
state as predicted by the SDCH calculations. Even though this
state was not observed, the similarity between experimentally
observed and theoretically predicted states could suggest the
existence of the low-lying 05 (see Fig. 13) and, thus, indicate
an oblate-prolate shape coexistence appearing already in *°Kr,
which then becomes more pronounced in **!®Kr [16].

A recent study of octupole collectivity predicted in-
creased octupole correlations for neutron-rich Kr isotopes at
N =~ 56 [19]. The authors used constrained self-consistent

024302-8



y-RAY SPECTROSCOPY OF LOW-LYING YRAST ...

PHYSICAL REVIEW C 105, 024302 (2022)

5DCH Expt. IBM
3.0
2+
6"
2.5
(6%) "
.
2.0 e
79
2+
3 2+
=15 . o+
- a4ty
9 4+ ot
[J] _— (4%) 17,
C + | LA A—
w 2 73
1.0 51 2%
55 - 0.9
1 +
0.5 2 S 2
0.2
32 33 51
0.0} Q) or, [ 0*|
%Kr

FIG. 13. Theoretical low-energy excitation levels of ’Kr com-
pared with experimental values. Levels in black (left) were calculated
using a SDCH, in blue (right) using the mapped IBM [18]. Levels
in red were measured for the first time in this work. E2 transition
strengths in W.u. are shown along the arrows [14]. See text for more
details.

mean-field (SCMF) calculations based on the relativistic EDF,
and the resulting SCMF potential energy surfaces in the
(B2, B3) plane for 949K are shown in Fig. 15 [19]. When
going from 58 to 60 neutrons, a second shallow minimum
develops on the prolate side and, more importantly, the depth
of the octupole deformation on the prolate side is reduced.
This explains the dramatic change in the predicted transition
strength B(E1,3] — 2{). Assuming theoretical transition
probabilities, one can calculate a half-life of approximately

\ \\ 0
0.0 ) . 0.6
3

FIG. 14. SCMF (B, y)-deformation energy surfaces for ***°Kr
obtained with the Gogny-DIM EDF [18,41]. The energy difference
between neighboring contours is 100 ke V. See text for more details.

FIG. 15. SCMF (B,, B5) PESs for **%Kr, calculated using the
relativistic EDF. Contours join points on the surface with the same
energy, and the difference between neighboring contours is 1 MeV
[19].

0.015 ps for the 3] state in %Kr and a lower limit of 120 ps
for “°Kr. Extracting half-lives from line-shape analysis is dif-
ficult for the (p, p’) reaction channel since the reaction vertex
cannot be reconstructed. Without the precise vertex recon-
struction, the Doppler corrected peaks are broader, i.e., the
half-lives deduced by line-shape analysis appear larger. Nev-
ertheless, line-shape analysis of the (37) — 2 transitions
in *+%Kr as shown in Figs. 4 and 7 respectively yield half-
lives of the same order of magnitude (=160 and ~130 ps).
Assuming similar broadening effects for both (p, p’) reaction
channels, one can deduce a change in transition probability,
which qualitatively does not agree with the trend predicted
by theory, since the expected change of several orders of
magnitude in half-life was not observed.

B. The odd-A *Kr

In Fig. 16, the theoretical low-lying positive-parity excited
levels of ®Kr are shown [20] compared with previous ex-
perimental data [29,40] and new tentative levels suggested
from this work. The theoretical structure of positive-parity
levels was studied using a method where the constrained
self-consistent mean-field approximation is used to compute
single-particle energies and occupation probabilities for the
odd-mass nuclei and deformation energy surfaces for neigh-
boring even-even nuclei (based on the Gogny-DIM EDF)
[20]. The interacting boson-fermion model (IBFM) Hamil-
tonian is then obtained using these values as microscopic
input [43]. The missing parameters are obtained by fitting to
experimental data for the isotope. Since only positive parity
states have been calculated, only such were considered in
the discussion below. The previously known excited levels
are reproduced quite well by the theoretical calculations. We
propose new tentative levels at 757(23), 96538, and 1185f§i
keV, assuming single y decays with the observed prompt
y-ray transitions of 561, 769, and 989 keV, which are feeding
the known (7/2)* isomer (as shown in Sec. III C). Although
no spin and parity can be firmly assigned, based on the y
decay selection rules, the observed feeding of the (7/2)" over
the feeding of the (3/2)" and (1/2)* states below suggests
possible spins in the range 9/2% to 11/2%. From the theoreti-
cal levels in Fig. 16 at comparable energies, this would make
the lowest 11/2% and 9/27 states plausible candidates. The
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FIG. 16. Low-lying positive-parity excited states for “>Kr on the
left, predicted by the IBFM [20] compared with experimental data
(on the right) from this work and Refs. [29,40]. The newly suggested
excited levels decaying into the (7/27%) isomer are shown in red.

statistics for coincidences were limited, so no further levels
could be placed in the level scheme.

V. CONCLUSIONS

We reported on the results of y-ray spectroscopy of the
neutron-rich isotopes **%%Kr. For **°°Kr, newly published

results [15,33] could be confirmed. In both nuclei, several
new transitions were observed. Non-yrast excited states and
(37) candidates could be placed in the level schemes, which
for %Kr was extended significantly. The experimental results
were compared to mapped IBM and SDCH calculations. The
5DCH model provides a good description of the excited states
and some transition strengths in both nuclei, showing that for
neutron-rich krypton isotopes already at N = 60 signs of the
oblate-prolate shape coexistence are present. The lowering of
the prolate structures is even more pronounced in *%!%Kr
as shown by the previous studies [16]. The new experimen-
tal results support the appearance of an oblate-prolate shape
coexistence in °Kr. Thus, **?°Kr appear to be transitional
nuclei between the spherical and y-soft N = 50-56 and the
stronger deformed N = 62, 64 krypton isotopes. In addition,
the odd-A P Kr was studied, and several transitions were mea-
sured for the first time. Three transitions could be tentatively
placed on top of the isomeric decay using delayed-prompt
coincidences. In order to build a level scheme, future measure-
ments with high resolution spectroscopy will be necessary.
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