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A measurement of the excitation spectrum of 94Kr via one-neutron transfer to the ground state of 93Kr using 
the 93Kr(d,p)94Kr reaction at 8𝐴 MeV, observing the outgoing protons, performed with the IRIS facility at 
TRIUMF is reported. Two states in 94Kr, at 1.50±0.14 MeV and 2.20±0.14 MeV, were observed. An adiabatic-
wave approximation analysis of the differential cross sections leads us to identify the lower energy state as 
being populated with neutron transfer to the 3𝑠1∕2 orbital. This leads to the first observation of the lowest 0+

excited state in 94Kr, hence signaling shape co-existence. Theoretical calculations performed within the in-medium 
similarity renormalization group framework are presented that also show the existence of a low-energy 0+ state, 
aligning qualitatively with the observation.

Regions of the nuclear chart where nuclear shape coexistence has 
been experimentally observed provide a rich testing ground for con-
straining theoretical models and better understanding the underlying 
effective interactions. The neutron-rich nuclei in the region of 𝑁 = 50 
– 60 exhibit interesting evolution of nuclear shapes and shape coexis-
tence. A sub-shell closure at 𝑁 = 56 is prominent in 96Zr [1–3] with 
high excitation energy of the first excited state. At 𝑁 = 60 a sudden 
large deformation emerges as reflected in the large B(E2) values for 98Sr 
and 100Zr and the increasing ratio of the energies of the 4+ and 2+ states, 
namely E(4+)/E(2+). The Kr isotopes, however, show some interesting 
changes compared to the Sr and Zr isotopes. The E(4+) / E(2+) ratio is 
found to decrease for 90−96Kr in the region of 𝑁 = 54 – 60. This could 
point to diminished collectivity in the Kr isotopes. Shell model calcula-
tions discuss the cause of the abrupt onset of deformation at 𝑁 = 60 
in Zr isotopes to be due to the Type-II shell evolution [4]. These calcu-
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lations show that the first excited 0+
2 state changes shape continuously 

from a spherical configuration in the 𝑁 = 50 closed shell nucleus 90Zr, 
to an oblate shape in the 𝑁 = 60 nucleus 96Zr with the nuclei between 
them having triaxial and prolate shapes. The measured energies of the 
0+
2 states steeply decrease beyond the 𝑁 = 50 shell closure in Zr and 

Sr isotopes.
The presence of low-energy 0+ excited states signals shape coexis-

tence [5]. The 0+
2,3 states at energies of 1.229 MeV and 1.465 MeV, 

respectively, in 96Sr (𝑁 = 58) have been found to manifest shape co-
existence. Analysis of the 95Sr(𝑑, 𝑝)96Sr reaction determined the 3𝑠1∕2
spectroscopic factors for the ground state to be 0.19(3) and that for the 
excited 0+

2 and 0+
3 states were 0.22(3) and 0.33(13), respectively [6]. 

The ground state of 95Sr being dominated by the 3𝑠1∕2 orbital, this re-
action had a greater sensitivity to populate the spherical component of 
the 0+ states, which was found to be higher for the excited states.
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There is very limited information on this 0+
2 excited state in the Kr 

isotopes. The 0+
2 state in 88Kr is similar to that of the 𝑁 = 50 closed 

shell isotope 86Kr, showing a deviation in the decreasing trend seen in 
Sr and Zr as well as from the theory predictions. This raises questions 
regarding shell evolution in the Kr isotopes. Theoretical predictions on 
the 0+

2 state in the Kr isotopes are conflicting. Predictions in the interact-
ing boson model (IBM-2) [7] show a gradual increase in the excitation 
energy of the 0+

2 state beyond 88Kr, with the 2+
2 state placed below it 

in all isotopes from 𝑁 = 50 – 60. Contrary to this, the predictions in 
Ref. [8] using the symmetry-conserving configuration mixing method 
show progressive decrease in the 0+

2 energies from 88−−94Kr followed 
by an increase at 𝑁 = 60 in 96Kr.

The first excited state in 94Kr at 661.1(13) keV was initially observed 
using Coulomb excitation [7]. In later studies, the spontaneous fission 
of 248Cm [9] was used to populate excited states in 94Kr. Based on the 
observed gamma transitions in Ref. [9], the first excited 2+ state at 665 
keV and a 4+ excited state at 1519 keV were considered to constitute the 
ground state band. The spins were determined from the angular corre-
lation of the gamma rays. Recently, an isomeric state with a half-life of 
32(3) ns in 94Kr was observed in the neutron induced fission of 238U and 
postulated to have a high spin of 9− [10]. In a recent study at the RIKEN 
RIBF, the excited states in 94Kr were populated using the 95Kr(𝑝, 𝑝𝑛)94Kr 
knockout and 94Kr(𝑝, 𝑝′) inelastic scattering reactions [11]. In addition 
to the known gamma transitions from the previous works, three new 
transitions were observed at 428(7) keV, 880+22

−17 keV and 1083+29
−27 keV 

that showed increased intensities when gated on the 2+1 → 0+
𝑔𝑠

gamma 
transition. These transitions however could not be placed in the level 
scheme presented in Ref. [11]. The level scheme postulates a possible 
spin of 0+ or 2+ for the lowest level above the 2+

1 state, at 1.217 MeV.
An investigation of the low-energy excitation spectrum and a search 

to identify the 0+
2 state in 94Kr (𝑁 = 58) therefore can provide the first 

information on the existence or the absence of possible shape coexisting 
0+ states. It will also enable distinguishing between the different model 
predictions. Since the ground state spin of 93Kr is 1/2+ [12], the (d,p) 
reaction selectively populates the 0+ and 2+ state(s) with 𝐿 = 0 and 2 
angular momentum transfers, respectively.

The experiment was performed at the IRIS [13] reaction spec-
troscopy facility at the ISAC II radioactive beam facility [14] at TRIUMF. 
The 93Kr beam was produced from fission of a UC target induced by 480 
MeV protons from the TRIUMF cyclotron. 93Kr ions were extracted using 
a FEBIAD ion source [15]. The beam of 93Kr was post-accelerated using 
the superconducting LINAC to 8𝐴 MeV and impinged on a solid deu-
terium target at IRIS. The average beam intensity of 93Kr at the reaction 
target was 200 pps. A schematic of the experimental setup is shown in 
Fig. 1. The protons from the 93Kr(𝑑, 𝑝) reaction are detected by both the 
upstream and downstream detector arrays. The upstream detectors con-
sist of two annular silicon strip arrays of 500 μm thickness. The S3 type 
detector with 24 rings and 32 azimuthal sectors covered 𝜃𝑙𝑎𝑏 = 161◦

- 174◦ and the YY1 type detectors with eight azimuthal sectors and 16 
rings in each covered 𝜃𝑙𝑎𝑏 = 122◦ - 150◦. The downstream detectors 
are annular arrays of two layers forming an energy-loss (ΔE) and to-
tal energy (E) particle identification telescope. The first layer is a YY1 
silicon strip detector array with thickness of 100 μm with 8 azimuthal 
sectors, each of which is segmented into 16 rings. This is followed by 
the second layer, a CsI(Tl) array of thickness 12 mm consisting of 16 az-
imuthal sectors. They covered 𝜃𝑙𝑎𝑏 = 29◦ - 55◦. Furthest downstream of 
the reaction target is an additional S3 type double-sided annular silicon 
detector. This is followed by a square double-sided silicon strip detector 
(DSSD) placed at zero degrees behind it. These detectors are sufficiently 
thick to stop the scattered beam particles.

The contaminants in the incoming beam were identified using their 
energy loss in an ionization chamber (IC) upstream of the reaction tar-
get, which was filled with isobutane gas at 19.5 Torr. The energy-loss 
spectrum from the IC is shown in Fig. 2, where 93Kr is seen to be the 
dominant component. A majority of the contaminants originate from 

Fig. 1. Experimental setup showing the detectors used in the experiment. YY1 
detectors are single-sided segmented silicon strip detector array, S3 detectors 
are annular double sided segmented silicon strip detectors. The DSSD detector 
is a double sided square silicon strip detector. Beam is coming from left to right.

Fig. 2. Ionization chamber spectrum showing the different incoming beam 
species observed in the experiment, as labeled.

the ECRIS charge breeder [16] that was used for charge breeding 93Kr 
to make it suitable for post-acceleration.

The solid D2 target has a copper target cell with a circular aperture 
of diameter 5 mm which is the area of the D2 target. The cell is backed 
by a thin (4.33 μm) silver (Ag) foil. The target cell is connected to a 
cold-head held at a temperature around 4 K. The solid deuterium target 
is formed using a D2 gas diffuser that is sprayed onto the cold Ag foil. 
The accelerated beam is transmitted through the aperture and through 
the Ag and D2 layers. The orientation of the target cell for this mea-
surement was set with the deuterium target layer faced upstream. This 
creates a window-less target condition, such that the low-energy protons 
emitted from the (𝑑, 𝑝) reaction reach the upstream detectors without 
passing through any other material. The average target thickness was 
∼ 50 μm and was determined from the difference in the energy of the 
beam particle with and without the 𝐷2 target measured using the end 
silicon DSSD detector.

The kinematics of reaction channels emitting 𝑑, 𝑡, and He nuclei 
dictate that they emerge only in the forward laboratory angles, while 
the (𝑑, 𝑝) reaction emits protons in the backward and forward labora-
tory angles. The 𝜃𝑙𝑎𝑏 > 90◦ for the (𝑑, 𝑝) correspond to forward center 
of mass angles. To reduce background events, an event-by-event analy-
sis therefore required coincidence between the detection of backwards 
scattered protons in the upstream silicon detector array, and the detec-
tion of Kr nuclei in the zero degree DSSD placed downstream of the 
target. The background originating from reactions from the Ag foil was 
measured by evaporating the solid deuterium target. The maximum like-
lihood method was used to extract a fit to the background data as well as 
estimate the uncertainty in the fit. The normalization of counts in the ion 
chamber, gated by the 93Kr peak with and without the solid deuterium 
target was used to extract a scaling factor for the background subtrac-
tion from the Ag foil for the data with the D2 target. In the downstream 
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Fig. 3. Excitation spectra for 94Kr derived from the missing mass measurement 
showing the scaled background fit (blue), Gaussian fit to the two excited states 
(black dotted curve), and the total fit to the data (red curve). Panel (a) is ex-
tracted from the upstream YY1 detectors, panel (b) is from the downstream 
YY1-CsI(Tl) detectors.

detector telescope, the protons were identified using the energy-loss vs 
total energy (ΔE-E) correlation method.

The missing mass technique was used to reconstruct the excitation 
spectrum of 94Kr using the measured energies and scattering angles of 
the protons detected in the upstream silicon detector array and the 
downstream ΔE-E telescope. Fig. 3(a) shows the measured excitation 
spectrum for 94Kr derived from the missing mass measurement for the 
angles covered by the upstream detector array. The spectrum shows 
two prominent peaks at excitation energies of 1.50±0.14 MeV and 
2.20±0.14 MeV. The scaled background (blue curves) was subtracted 
from the data in order to extract the differential cross sections for each 
excited state. Fig. 3(b) shows the 94Kr excitation spectrum reconstructed 
using the proton events detected in the downstream detector telescope, 
which covers larger center-of-mass angles. Two excited state peaks are 
observed at energies 1.50±0.17 MeV and 2.20±0.17 MeV, that are in 
agreement with those observed in the upstream detector.

The differential cross-sections were calculated using the Adiabatic 
Wave Approximation (ADWA) formalism, using the code TWOFNR [17]. 
The global optical parameters of Johnson and Tandy [18] and Koning-
Delaroche (KD) [19] were used to generate the adiabatic potentials for 

Fig. 4. Differential cross section data with statistical uncertainties (filled cir-
cles) for the excited state at 1.50 MeV. The ADWA calculation fits for a spin of 
0+/2+/4+ are shown by the dashed/solid/dotted curves.

Fig. 5. Differential cross section data with statistical uncertainties (filled cir-
cles) for the excited state at 2.2 MeV. The ADWA calculation fits for a spin of 
0+/2+/4+ are shown by the dashed/solid/dotted curves.

each of the spin parity assignments explored in this study. Fig. 4 shows 
the comparison of the measured differential cross section from this work 
to ADWA theoretical predictions assuming different spin assignments for 
the excited state observed at 1.50 MeV.

The calculations with angular momentum transfer 𝐿 = 0, yields the 
best fit with reduced 𝜒2 ≈ 1.2 while those with 𝐿 = 2 and 𝐿 = 4 are 
both around 2.3. The 𝜒2 values for each fit were extracted using the least 
squares method, using only the small center of mass angles (first three 
data points) where the direct reaction mechanism allows extraction of 
𝐿 and the spectroscopic factor most reliably. Calculations within the 
distorted wave Born approximation (DWBA) were also performed as a 
confirmation of the results using the code FRESCO [20], which resulted 
in the same 𝐿 = 0 for best fit and is therefore not shown in Fig. 4. 
This leads to the inference that the state observed at 1.50 MeV has a 
spin of 0+ arising from the transfer of a neutron to the 3𝑠1∕2 orbital. 
Moreover, the (d,p) transfer reaction has strong selectivity to populating 
the 0+ state(s) from 𝐿 = 0 transfer and 2+ state(s) from 𝐿 = 2 transfer. 
Population of a 4+ state would require 𝐿 = 4 transfer and is therefore 
suppressed. Therefore, the observed state at 1.5 MeV populated in this 
(d,p) transfer reaction is a new 0+ excited state. The normalization factor 
of the calculation provides the spectroscopic factor of 2.14±0.82, where 
the uncertainty in the normalization factor takes into account both the 
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Fig. 6. IMSRG predictions of excited states in 94Kr with the three chiral interactions (see text). The experimental data are shown in the shaded band region. Comparison 
to predictions of 5DCH Ref. [11] and SCCM Ref. [8] models are shown.

statistical as well as the systematic uncertainties. The uncertainty of the 
target thickness is ±10% which leads to the systematic uncertainty. The 
large 𝑠 orbital 𝐿 = 0 strength for the state indicates that it has a strong 
spherical component. In contrast the 94Kr𝑔𝑠(0

+) was not observed, i.e. 
not appreciably populated, in the addition of neutron to the ground state 
of 93Kr, via the (𝑑, 𝑝) reaction. This shows that the ground state of 94Kr 
has likely a stronger deformed component. From the non-observation of 
the 94Kr𝑔𝑠 an upper limit of the spectroscopic factor for the 3𝑠1∕2 orbital 
is deduced to be 0.25.

Fig. 5 shows the comparison of the measured differential cross sec-
tion for the observed excited state at 2.20 MeV to ADWA theoretical 
predictions for different spin assignments. The data can be described by 
either 𝐿 = 2 or 𝐿 = 4 that result in reduced 𝜒2 values of 0.025 and 
0.15, respectively while that for 𝐿 = 0 is 0.91. Therefore, we do not 
make any definitive spin assignment for this state. The normalization 
factor for the calculation to reproduce the data for 𝐿 = 2 transfer to the 
2d3∕2 orbital is 0.3 ± 0.1 while that for 𝐿 = 4 to the 1g7∕2 orbital is 2.6 
± 0.8. A comparison to DWBA predictions using FRESCO was also per-
formed for the 2.2 MeV excited state resulting in the same description 
of either 𝐿 = 2 or 𝐿 = 4 of the data. The data for the 1.5 MeV state 
(2.2 MeV state) has a statistical uncertainty of 37% (35%) in the for-
ward center of mass angles and a systematic uncertainty of 10% from 
target thickness. This leads to an uncertainty in the spectroscopic factor 
of 38% (36%) for the 1.5 MeV (2.2 MeV) state.

We compare (Fig. 6) the experimental data with ab initio valence-
space in-medium similarity renormalization group (VS-IMSRG) calcu-
lations [21–23] based on three different chiral two- (NN) and three-
nucleon (3N) interactions, 1.8/2.0(EM) [24,25], N3LO + 3Nlnl [26], and 
ΔNNLOGO [27]. The 1.8/2.0(EM) and N3LO + 3Nlnl interactions, while 
only fit to 𝐴 ≤ 4 data, generally reproduce ground-state energies across 
the light to the heavy-mass regions [26,28,29]. In contrast, ΔNNLOGO
includes explicit Δ-isobar degrees of freedom and optimizes NN and 3N 
forces simultaneously at the N2LO level. Working in an initial harmonic-
oscillator basis of 15 major shells at a frequency of 16 MeV, we impose 
an additional cut on 3N force matrix elements storage 𝐸3max = 24 
[30]. We first transform to the Hartree-Fock basis, then use the VS-
IMSRG [21,22,31] to construct approximate unitary transformations to 
decouple a core and valence-space Hamiltonian from the full 𝐴-body 
Hamiltonian. In this work, we employ the 78Ni core with a 𝜋𝑝𝑓5∕2 and 
𝜈𝑠𝑑𝑔7∕2 valence space, where the final exact diagonalization was per-
formed using the KShell shell-model code [32].

It is interesting to note that the IMSRG calculations predict a low-
energy 0+2 excited state above the first 2+

1 state (Fig. 6). The ΔNNLOGO
and the N3LO + 3Nlnl interactions predict the 0+

2 state to be just below the 

4+
1 state. This predicted level likely aligns with the observed 1.50 MeV 

state inferred as a 0+ excited state in this work. The calculated spectro-
scopic factors for overlap of the 93Kr𝑔𝑠 and the 94Kr𝑔𝑠(

94Kr(0+
2 )) states, 

with neutrons in the 3𝑠1∕2 orbital, are 0.94(0.41) with the 1.8/2.0(EM) 
interaction, 0.54(0.45) with the ΔNNLOGO interaction and 0.70(0.39) 
with the N3LO + 3Nlnl interaction. It is seen that the ΔNNLOGO interac-
tion that predicts a much smaller spherical component for the 94Kr𝑔𝑠
also has the energy of the 2+ first excited state in best agreement with 
the experiment.

The proton-neutron interacting boson model (IBM-2) [7] uses 
monopole and quadrupole bosons that are associated with the collective 
𝐽𝜋=0+ and 2+ proton or neutron valence pairs, respectively. These cal-
culations adopted the Gogny D1M energy density functional. Ref. [8] 
is based on the generator coordinate method using the Symmetry Con-
serving Configuration Mixing (SCCM) that includes mixing of axial and 
triaxial energy states. The prediction of the 0+

2 state in Ref. [8] is around 
0.75 MeV while that in Ref. [7] is around 2.75 MeV. The observed 
energy of 1.50±0.14 MeV lies between these predicted energies. The 
predicted 0+ excited state energy from the five-dimensional collective 
Hamiltonian (5DCH) beyond-mean-field model [11] with Gogny D1M 
interaction however is in fairly close agreement with the observed state 
in this work. The difference in the predicted energies in Ref. [7] and 
Ref. [11], both using the Gogny D1M interaction, illustrates that the 
interaction used is not driving the variance.

The observed excited states do not coincide with the levels reported 
from gamma spectroscopy in Ref. [11]. However one may note that an 
observed 𝛾 - transition at 880 keV reported in Ref. [11], that is not in-
cluded in the level scheme, was enhanced with the selection of the 665 
keV 𝛾 - transition. A cascade decay of these two transitions would lead 
to an excitation energy of around 1.5 MeV.

The observation of the low-energy 0+ state at 1.5 MeV signals shape 
coexistence in 94Kr. A possible scenario could be that the two excited 
states observed in this work at 1.50 MeV and 2.20 MeV might belong to 
an excited (spherical) band.

In summary, the first measurement of the 93Kr(𝑑, 𝑝)94Kr reaction 
reported here has revealed low-energy excited states observed at ex-
citation energies 1.50±0.14 MeV and 2.20±0.14 MeV in 94Kr, while the 
ground state was not observed. An adiabatic-wave approximation anal-
ysis of the angular distributions of the states suggests the spin of the 
state at 1.50 MeV to be 0+ populated with neutron transfer to the 3𝑠1∕2
orbital. This could signal shape co-existence. Ab initio calculations in the 
IMSRG framework presented in this work also predict a low-energy 0+

2
excited state. These findings call for new theoretical investigations to 
explain the observed states and further experimental investigations to 
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determine the spins of the higher excited states and a possible spheri-
cal band structure. In the future, availability of more than two orders 
of magnitude higher beam intensity of 94Kr would allow 𝛾 spectroscopy 
measurements, such as (𝑑, 𝑝𝛾), to determine the level scheme for the 
decay of the 0+

2 state.
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