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Abstract. Shape coexistence in the light krypton isotopes was studied in a series of experiments at GANIL using various
experimental techniques. A new low-lying O state, a so-called shape isomer, was found in delayed conversion-electron
spectroscopy after fragmentation reactions. The systematics of such low-lying 0" states suggests that the ground states of
the isotopes 78Kr and "OKr have prolate deformation, while states with prolate and oblate shape are practically degenerate
and strongly mixed in 7#Kr, and that the oblate configuration becomes the ground state in 7>Kr. This scenario was tested in
experiments performing low-energy Coulomb excitation of radioactive 7°Kr and 7#Kr beams from the SPIRAL facility. Both
transitional and diagonal electromagnetic matrix elements were extracted from the observed y-ray yields. The results find
the prolate shape for the ground-state bands in 7°Kr and 7*Kr and an oblate deformation for the excited 22+ state in 7*Kr,
confirming the proposed scenario of shape coexistence.

Introduction

Nuclei in-between closed shells generally exhibit a deformation of their ground states, which is governed by a
delicate interplay between microscopic and macroscopic effects. Elongated (prolate) ground-state shapes are found
far more abundantly than compressed (oblate) deformations. Of particular interest in this context is the A ~ 70 region
around selenium (Z=34) and krypton (Z=36) isotopes near the N = Z line, in which oblate ground-state configurations
are predicted. This can be understood qualitatively from the single-particle level scheme, where pronounced gaps
are found at large values of both prolate and oblate deformations for proton and neutron numbers 34 and 36. As
a consequence of this competition of shell gaps, states with configurations based on different deformations coexist
within a narrow energy range. This phenomenon is called shape coexistence. Many calculations have been performed



in the Se-Kr region using various mean-field approaches [1, 2, 3]. All these studies find oblate and prolate shapes
competing in these nuclei. However, they predict significant differences in the excitation energy of shape-coexisting
states and in their decay properties.

An experimental fingerprint of shape coexistence in even-even nuclei is the observation of low-lying excited 0 ™
states. Such a state can be understood as the “ground state” of a different shape. If two such 0" states are close
in energy, one would expect a strong mixing of the different configurations. If in addition to that the difference in
deformation is large, e.g. in the case of oblate-prolate shape coexistence, the electric monopole (E0) strength p 2(EO0)
for transitions between such states becomes large. Electric monopole transitions are non-radiative and can only proceed
via internal conversion or internal pair creation (if the energy is above the rest mass of the electron-positron pair). If the
excited O;r state is near or even below the 21+ state, it decays predominantly or even exclusively via the EQ transition
to the ground state. In these cases the excited 0; state becomes a metastable shape isomer.

An experiment to search for such shape isomers in the light krypton isotopes is discussed in the first section. The
results support a shape coexistence scenario with an inversion of the ground-state shape from prolate to oblate going
from 7®Kr to 7>Kr and almost degenerate unperturbed prolate and oblate states in ’*Kr. While this interpretation is
very conclusive, it is only based on indirect observations. In order to prove the scenario, direct measurements of the
shapes have been performed using Coulomb excitation of low-energy radioactive beams and the reorientation effect
[4]. These experiments are discussed in the second section.

Shape isomers in the light krypton isotopes

Low-lying 05 states were known in the light even-even Kr isotopes with N > Z. The relevant parts of the level
schemes are shown in Fig. 1. The excitation energy of the 03’ states is decreasing going from "8Kr to 7#Kr, where it
is very close to the 2| state. While these states decay predominantly via E2 transitions to the 2" states in the heavier
isotopes, the direct EO decay to the ground state becomes competitive to the highly converted low-energy transition
to the 2| in 7#Kr. This results in a relatively long lifetime of ~20 ns for the 0 [5, 6]. A search for such isomers was
performed at GANIL and revealed a new 0" isomer in 72Kt and confirmed the results for *Kr [7].
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FIGURE 1. Partial level schemes of the even-even Kr isotopes from 72Kr to 78Kr illustrating the systematics of excited 0T states.
States with proposed prolate configuration are shown on the left, those with proposed oblate configuration on the right of each level
scheme. Transitions proceeding via conversion electrons are shown as open arrows.

A primary beam of 78Kr was accelerated to 73 MeV/A in the GANIL cyclotrons and then fragmented on a Be
target of 530 um thickness. The primary beam intensity was ~20 pnA. The fragments were separated in the LISE3
spectrometer [8] consisting of two dipole magnets with a degrader wedge in between, and a Wien velocity filter. The
intensity of the fragments was ~240 ions/s for 7*Kr and 3 ions/s for 7>Kr. The ions were identified event-by-event by
measuring the time of flight and the energy loss in a stack of three silicon detectors. These detectors were used at the
same time to slow down the ions in order to implant them into a Kapton catcher foil of 25 um thickness. Subsequent
isomeric decays were recorded in a liquid-nitrogen cooled Si(Li) detector for conversion electrons and two EXOGAM
Clover and a LEPS detector for 7y rays.

The spectrum of the Si(Li) detector in coincidence with ions identified as 7?Kr is shown in Fig. 2. Two peaks are
present corresponding to the K and L conversion lines of a 671 keV transition. The corresponding y-ray spectra from
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FIGURE 2. Conversion-electron spectrum in coincidence with 7>Kr fragments. The insets show the time spectrum of the electrons
and the energy spectrum on a linear scale, respectively. The figure is taken from ref. [7]

the Ge detectors do not show any lines, suggesting EQ character of the transition, which is confirmed by the intensity
ratio of the K and L lines. Thus, a new 07 state is placed at 671 keV excitation energy, just below the first 2 state at
710 keV.

The ions are fully stripped of their atomic electrons when passing through the spectrometer. Since conversion-
electron decay is the only decay mode of the 02+ state, the nucleus is trapped in this state and can only decay after it
was slowed down in the stack of Si detectors and finally stopped in the Kapton foil, regaining atomic electrons in the
process. Therefore the lifetime has to be measured against the signal coming from the last Si detector in which the
ions are slowed down, and it can be much shorter than the flight time through the spectrometer, which is of the order
of ~400 ns. The lifetime of the 0; state was in this way measured to be 38(3) ns. This results in an electric monopole
strength of p2(E0) = (724 6) x 1073, which is among the largest EO strengths to be found in nuclei. The lifetime of
the 02+ state in 7*Kr was measured to be 19(2) ns, in agreement with the earlier measurements. Taking into account
the branching ratio of the EQ transition and the decay to the 2T state, this results in an even bigger electric monopole
strength of p2(E0) = (85 +19) x 1073 for 7K.

The new shape isomer completes the systematic of low-lying excited 0" states in the Kr isotopes down to the N = Z
line, as is illustrated in Fig. 1. The excitation energy of the O; states reaches a minimum in "*Kr and is increasing again
in 72Kr. All isotopes show a regular rotational behavior at high spin and a perturbation at low spin, indicating a mixing
of different configurations. It can be assumed that the configurations are pure at high spin, where the bands are regular,
so that the energies of the pure low-spin states can be extrapolated. The energy difference of the extrapolated pure
states and the observed mixed states can be used to derive the interaction strength and the mixing amplitudes for the
assumed prolate and oblate configurations. It is found that the mixing is increasing going from "8Kr to 7*Kr, where the
pure states are practically degenerate and the observed energy difference of ~500 keV is entirely due to the maximal
mixing of the configurations. For 7?Kr the mixing is reduced again, which together with the parabolic behavior of
the 02+ states can be interpreted as an inversion of the ground-state shape. While the ground states are assumed to be
prolate in the heavier isotopes, the oblate configuration is coming down in energy, crossing over in "#Kr, and becoming
the new ground-state configuration in 7?Kr, while the new shape isomer is believed to be the band head of the known
prolate rotational band.

It was the aim of the Coulomb excitation experiments, which can give information on the intrinsic shape of the
nuclei, to prove this scenario of shape coexistence in the light Kr isotopes.

Coulomb excitation of 7°Kr and 7*Kr SPIRAL beams

Coulomb excitation is a well-established technique to populate collective states that are linked to the ground state by
E2 matrix elements. At energies well below the Coulomb barrier it is a pure electromagnetic process and the interaction
time between the projectile and the target is long enough to populate higher-lying states in a multiple-step process.
The electromagnetic interaction can be calculated with high precision, including higher-order effects like the so-called



reorientation effect [4] which causes a difference in the differential Coulomb excitation cross section for different
intrinsic shapes of the nuclei. By measuring the excitation probability as a function of the scattering angle and/or as a
function of the atomic number Z, diagonal matrix elements, and therefore the intrinsic shape, can be extracted, if the
the precision of the measurement is high enough.

A primary "Kr beam of ~ 10'? pps was accelerated in the GANIL cyclotrons to an energy of 68.5 MeV/A and then
fragmented on a carbon target of the SPIRAL facility. The radioactive ions were extracted using the ISOL method and
then re-accelerated in the compact CIME cyclotron to energies below the coulomb barrier. A secondary beam intensity
of 5 x 10° pps for 7°Kr and 10* pps for *Kr was reached. The projectiles were Coulomb excited on 2%®Pb targets of
~1 mg/cm? thickness at 4.4 MeV/A ("°Kr) and 4.7 MeV/A (7*Kr). In the 7°Kr case also a *Ti target was used with
a beam energy of 2.6 MeV/A. An annular double-sided silicon detector segmented into 16 concentric rings and 16
sectors was used to detect either the scattered projectiles or the recoiling target nuclei. The energy resolution of the
silicon detector and the kinematics of the reaction allowed to distinguish between the Kr and Pb nuclei detected in the
Si detector. The distance between the target and the detector was chosen such that a continuous range of scattering
angles between 18° < O¢ys < 128° in the center-of-mass frame was covered by either detecting the projectile or the
target nucleus. Gamma-rays were detected in the EXOGAM array, which comprised 7 (7°Kr) and 11 (7*Kr) Clover
detectors at the time of the experiments, respectively. The emission angle of the y rays relative to the direction of the
scattered projectile was measured with good precision due to the segmentation of both the silicon and the germanium
detectors. This reduced the Doppler broadening of the peaks to 8 keV for transitions of 500 keV.

In both the 7°Kr and the 7#Kr experiments, states up to the 8 were populated in the ground-state bands, and
several transitions connecting non-yrast states were observed. All transitions that were observed are shown in the level
schemes of Fig. 4. The total data sets were divided into four subsets corresponding to different ranges of the scattering
angles. Example spectra for large and small scattering angles are shown in Fig. 3. At large scattering angles, where the
impact parameter is small, there is a much higher probability to populate high-lying states in a multiple-step process.
The resulting y-ray yields for all transitions observed for the four different angular ranges were analyzed with the
code GOSIA [9]. Both transitional and diagonal matrix elements are found in a ¥ > minimization by comparing the
observed y-ray yields with the ones calculated from the matrix elements. Any known spectroscopic information such
as lifetimes, mixing and branching ratios can and should be used as constraints in the minimization process.
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FIGURE 3. Gamma-ray spectra observed after Coulomb excitation of the 7°Kr and 7*Kr projectiles on 29®Pb targets for
different scattering angles (given in the center-of-mass frame) of the projectiles: (a) ®Kr with 40° < 6y < 49°, (b) 7°Kr with
71° < s < 88°, () "*Kr with 18° < Oy < 41°, (d) "*Kr with 51° < Oy < 77°
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FIGURE 4. Partial level schemes of 74Kr and 7°Kr showing the observed transitions after Coulomb excitation. Transitions that
could not be identified unambiguously are shown as dashed arrows.

Results for "°Kr

The y-ray yields observed at four different ranges of the center-off-mass scattering angle for the 2°Pb target and
at three different ranges for the *8Ti target were analyzed with the code GOSIA [9]. A total of 35 matrix elements,
both transitional and diagonal, enter into the calculation and are found in a least-squares fitting procedure. Known
spectroscopic information such as lifetimes, branching and mixing ratios [10] are used as constraints of the fit. For
the transitional quadrupole moments in the ground-state band a constant value of 2.8 eb was found. A precision
between 1% and 3% was reached for the individual values. These results confirm the B(E2) strengths known from
lifetime measurements [11]. The static quadrupole moments for the states in the ground-state band were extracted
from the diagonal matrix elements. The absolute values are similar to the transitional quadrupole moments and have
positive sign, indicating that the deformation of the ground-state band is prolate, as expected in the shape coexistence
scenario. The precision reached for the static quadrupole moments is about 10%, leaving no doubt about the sign of
the quadrupole moment. It was for the first time that static quadrupole moments were measured in a radioactive-beam
experiment.

While transitional quadrupole moments were also found for non-yrast transitions, it was not possible to extract the
diagonal matrix elements of any non-yrast states. Since the 42+ — 22+ transition was not observed, no diagonal matrix
element was found for the 22+ state. This structure is interpreted as a y-vibrational band. The 23+ — 02+ transition has the
same energy as the 42+ — 4T transition and the states are populated only very weakly. Therefore the static quadrupole
moment of the 2; state, which is believed to have an oblate configuration, could not be extracted, either.

Results for "*Kr

The experiment on "*Kr showed that low-energy Coulomb excitation and reorientation measurements are possible
with beam intensities of 10* pps. However, the level of statistics is at the very minimum required for such a
measurement. A small contamination of the isobar 7*Se of ~2% was present in the beam, and the ZT — OT transition
of that nucleus is visible in the spectra. No sign of the 4] — 2 transition in #Se could be found. Like in the "Kr
case, the total data set was divided into four subsets corresponding to different ranges of scattering angles. It should be
mentioned that the data are still under evaluation and that the results presented here are preliminary. The transitional
quadrupole moments within the ground-state band could be measured with a similar precision as in the 7®Kr case.
However, the measured lifetimes of the 2] and 41+ states [12] cannot be reproduced when they are treated as free
parameters in the GOSIA fit. Using these lifetime values as constraints in the fit results in a distinctly lower quadrupole
moment for the 4] state compared to the other states in the band. In order to base the Coulomb excitation results on a
more solid footing, a new lifetime measurement using the recoil-distance method will be performed in the near future.

As in the case of 7°Kr, the static quadrupole moment of the ZT state has positive sign, confirming the prolate



character of the ground-state band. The absolute value might change somewhat depending on the outcome of the
new lifetime measurement, but the sign of the quadrupole moment would not change even if significantly different
lifetimes were found in the new experiment. An important result with respect to the shape coexistence scenario is the
static quadrupole moment for the 25 state. The value derived from the diagonal matrix element is negative, confirming
the oblate shape of this structure. The absolute value of the quadrupole moment of the 2; state depends on the yield
for the 4; — 23“ transition. The 4;’ state, however, is not known. The most consistent fit of the data is achieved if the
910 keV transition, that cannot be attributed otherwise, is assumed to be the missing 42+ — 2; transition. We hope
to observe this transition in the future lifetime experiment, and in addition to that to measure the lifetime of the 2 2+
state. A more precise value for the static quadrupole moment will be achievable with these additional constraints. The
observed y-ray yields cannot be reproduced and consistently explained if the opposite (prolate) sign is assumed for
the 2; state. Even though we are not in the position to give an absolute value for the static quadrupole moment at this
time without a more reliable lifetime measurement, there is no doubt about the sign of the static quadrupole moment,
and therefore about the oblate shape of the 2; state.

High-lying O; and 27 states were observed recently after 8 decay [13]. Transitions depopulating these states are
observed only tentatively, and no information about their structure can be extracted from the data.

Summary and outlook

A new shape isomer was observed in 7?Kr in conversion-electron spectroscopy after fragmentation reactions,
extending the systematics of excited 0" states in the light Kr isotopes to the N = Z line. The lifetimes of the 02+
states were measured in >Kr and 7#Kr and the strengths of the electric monopole transitions depopulating these states
were derived. Mixing amplitudes of the prolate and oblate configurations were extracted; they suggest together with
systematics of the excitation energies of the 02+ states an inversion of the ground-state shapes from prolate in "°Kr to
oblate in "?Kr.

In another series of experiments, low-energy Coulomb excitation has been performed with 7°Kr and 7#Kr projectiles
produced at the SPIRAL facility at GANIL. States up to the 8™ and several non-yrast states were populated. Transi-
tional and diagonal matrix elements were extracted from the y-ray yields observed at several ranges of scattering
angles. The results confirm the prolate shape for the ground-state bands in 7°Kr and "#Kr, and an oblate shape is found
for the 2 state in 7#Kr.

It would be highly desirable to study 7>Kr with low-energy Coulomb excitation. Unfortunately the beam intensities
currently available for 7>Kr from SPIRAL are too low to perform such a measurement. Coulomb excitation of 7?Kr and
%8Se was recently performed at intermediate energies of ~60 MeV/A. This method has the advantage that very thick
targets can be used, partly compensating the low beam intensity. However, only single-step excitations populating
2% states are possible due to the short interaction times. While it is not possible to measure the intrinsic shape
using the reorientation effect at intermediate energies, the excited 2 states with prolate and oblate configuration
can be identified and the B(E?2) transition strengths can be measured. The data for "Kr and %8Se are currently under
investigation.
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