A new shape isomer in the self-conjugate nucleus "*Kr

E. Bouchez,! I. Matea,> W. Korten,! F. Becker,"? B. Blank,®> C. Borcea,* A. Buta,* A. Emsallem,” G. de France,?
J. Genevey,® F. Hannachi,” K. Hauschild,! A. Hiirstel,' Y. Le Coz,! M. Lewitowicz,? R. Lucas,! F. Negoita,* F. de
Oliveira Santos,? D. Pantelica, J. Pinston,® P. Rahkila,® M. Rejmund,"*? M. Stanoiu,?> and Ch. Theisen!

!CEA Saclay, DAPNIA/SPhN, F-91191 Gif-sur-Yvette, France

GANIL, BP-5027, F-14076 Caen Ceder, France
3CEN Bordeauz-Gradignan, IN2P3-CNRS, F-33175 Gradignan Cedexr, France
4IFIN-HH, P.O. Boz MG6, ROM-76900 Bucarest-Magurele, Romania

SIPN Lyon, IN2P3-CNRS, F-68622 Villeurbanne Cedex, France

6ISN, IN2P3-CNRS, F-38026 Grenoble, France
"CSNSM, IN2P3-CNRS, F-91405 Orsay Cedezr, France
8Dep. of Physics, University of Jyviskyld, P.O. Box 85, Fin-40014 Jyvdskyld, Finland
(Dated: December 11, 2002)

A new isomeric 07 state was identified as the first excited state in the self-conjugate (N=Z)
nucleus ?Kr. By combining for the first time conversion-electron and gamma-ray spectroscopy with
the production of meta-stable states in high-energy fragmentation, the electric-monopole decay of
the new isomer to the ground state was established. The new 07 state is understood as the band
head of the known prolate rotational structure, which strongly supports the interpretation that "?Kr
is one of the rare nuclei having an oblate-deformed ground state. This observation gives in fact the

first evidence for a shape isomer in a N=Z nucleus.

PACS numbers:

The shape of an atomic nucleus is governed by a del-
icate interplay between macroscopic effects, i.e. the re-
sponse of the nuclear fluid to shape changes, and micro-
scopic effects as given by the shell structure of the nucleon
orbitals. Nuclei with closed proton and neutron shells are
always spherical in their ground state, but nuclei with
open shells can exhibit non-spherical equilibrium shapes.
The most important deviation from sphericity is that of
a quadrupole type observed for many ground states of
nuclei with open shells. To first order the binding energy
should be independent of the sign of the quadrupole de-
formation parameter and compressed ellipsoidal shapes
(oblate nuclei) should be as equally probable as elongated
ellipsoidal shapes (prolate nuclei).

In real nuclei a prolate ground-state deformation is
found to be much more abundant than oblate deforma-
tion. This finding can be related to macroscopic as well
as microscopic effects. In the liquid-drop energy of pro-
late states higher-order terms in the multipole expan-
sion (including odd powers) can (partially) account for
a stronger binding [1]. For realistic nuclear potentials
both the 12 term, leading to a flat bottom of the poten-
tial well, as well as the spin-orbit term, needed in order
to account for the shell structure, tend to favour pro-
late deformation [2]. Hence, most of our knowledge on
nuclear shape polarisation comes from the study of pro-
late nuclei. More complete information on the occurrence
of oblate-deformed nuclei is clearly required in order to
complete our understanding of nuclear shapes.

An area of great interest in this regard is a small is-
land of nuclei between Se and Kr close to the N=Z line
where calculations predict oblate-deformed ground-state
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shapes [3-6]. There is a general agreement that the shape
evolution in these nuclei is rather complex due to pro-
nounced shell gaps at nucleon numbers 34, 36 (oblate)
34, 38 (prolate) and 40 (spherical). Adding or removing
a few nucleons can hence have a dramatic effect on the
nuclear shape. Competing prolate, oblate and spherical
shapes are even expected within one nucleus. Significant
differences are, however, observed in the predicted bind-
ing energies for the different shapes and in the electro-
magnetic decay properties (see also the review on shape
coexistence in [7]).

One of the fingerprints for shape coexistence in even-
even nuclei is the observation of low-lying excited 0%
states, which can be interpreted as the “ground state”
of a different shape. If an excited 0T state comes close in
energy to the lowest 27 state (or even below) its favoured
(or unique) decay mode is by an electric-monopole (EO)
transition to the ground state. EQ transitions are non-
radiative and can proceed either via internal conversion,
i.e. the emission of atomic electrons from (inner) shells
or via internal pair creation if the decay energy is above
1.022 MeV. Experimentally only very few nuclei below
mass A=100 show a first excited 0% state, namely 60,
40Ca, %8Ni, ™2Ge, 299671 and "*Mo. Most of them have a
closed proton and/or neutron shell and consequently the
07 state is located at high excitation energy leading to
a fast EO decay dominated by internal-pair creation. For
lower excitation energies, as for example in °®Mo, the EO
decay is rather slow, especially in low-Z nuclei, and the
excited 0T state becomes a metastable “shape isomer”.

First evidence for shape coexistence in neutron-
deficient Kr isotopes was reported by Piercey at al. [§],



from irregularities observed at the bottom of the rota-
tional bands, characteristic for a deformed shape. The
high-spin states are believed to be prolate deformed since
those are favoured in excitation energy due to the larger
moment-of-inertia for a prolate shape. The perturbation
of the regular level sequence at lower spins is supposed to
result from mixing with the coexisting oblate states. In
order to prove the shape coexistence scenario it is essen-
tial to find evidence for the oblate states and in particular
for the excited 0T states.

First evidence for a 01 shape isomer in *Kr was re-
ported by Chandler et al. [9] and later confirmed by
Becker et al. [10]. Here, the ground state is supposed to
be prolate deformed while the isomeric 0T state is pre-
sumed to be of oblate deformation. The N=Z nucleus
"2Kr, finally, is predicted to exhibit a quite unique case
of shape coexistence. A low-lying excited 0T state of pro-
late shape is expected to coexist with an oblate-deformed
ground state. Both states are believed to have a large de-
formation parameter of the order of |3] ~ 0.3 - 0.4 [3, 4].

We have performed a search for isomeric states in nu-
clei around mass A=70 close to the N=Z line by applying
for the first time combined conversion-electron and ~y-ray
spectroscopy to nuclei produced in a fragmentation re-
action. A 73 MeV /nucleon ®Kr beam delivered by the
GANIL facility was fragmented on a Be target of 530 ym
effective thickness. The fully stripped fragments were
separated in-flight using the LISE3 magnetic spectrom-
eter [11]. Using a primary beam intensity of ~20 pnA
the ™Kr ("?Kr) ions were produced at an average rate
of ~240 (~3) nuclei/s corresponding to a purity of 18%
(0.4%). At the focal plane of the spectrometer (fig. 1),
the fragments passed through three ~300 pm thick sil-
icon (Si) detectors, providing A and Z identification for
each fragment by energy-loss and time-of-flight informa-
tion, before being implanted into a 25 pm thick Kapton
catcher foil. The third revolving Si detector allowed to
adjust the effective matter thickness and to implant the
ions of interest precisely in the last 10 pm of the catcher
foil. A final Si detector was used in order to veto other
fragments that passed through the implantation foil.

The detection set-up surrounding the catcher foil con-
sisted of two segmented EXOGAM Clover Ge detectors
[12], a low-energy photon detector and a liquid-nitrogen
cooled Si(Li) detector for conversion-electron detection
arranged perpendicularly to the beam axis. The Si(Li)
detector was shielded towards the heavy-ion Si detectors
in order to prevent detection of scattered ions and ¢ elec-
trons abundantly produced during the slowing-down pro-
cess. A careful determination of the detection efficiency
taking into account the influence of the exact implanta-
tion point yielded absolute values of 1.1(2)% for 1.3 MeV
~-rays and 6.2(15)% for electrons between ~ 100 keV and
2 MeV.

A spectroscopic investigation of isomers produced in
projectile fragmentation is limited to states with lifetimes
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FIG. 1: Schematic view of the focal-plane detection setup.
The distances are given relatively to the active surface of the
detectors.

longer than ~100 ns, i.e. not much shorter than the time-
of-flight through the spectrometer. Transitions proceed-
ing predominantly by internal conversion present a spe-
cial case. Since the fragments are fully stripped of their
electrons while in flight, the decay is partially blocked.
In this case the time-of-flight limit applies to the much
longer “apparent” lifetime of the isomeric state [13].

In fig. 2 conversion-electron and gamma-ray spectra in
coincidence with the implantation of "?Kr and "Kr frag-
ments are shown as obtained following the procedure de-
scribed in [13]. In order to demonstrate the exceptionally
clean experimental conditions, the spectra are shown on
a logarithmic scale. Note also the energy threshold well
below the Kr X-ray lines giving access to very low energy
transitions.

For "Kr two electron lines are observed (fig. 2a) that
correspond to K- and L-shell conversion of a 671 + 2
keV transition. No corresponding transition is found in
the y-ray spectrum (not shown) as expected for an EQ
transition. This observation establishes a new 07 state as
the first excited state in “2Kr and extends the systematics
of low-lying excited 0T states in the Kr isotopes to the
N=Z line. From the lifetime of the new isomer (7 = 38
+ 3 ns) the reduced electric-monopole strength can be
determined as p? = (72 £ 6) - 1073.

Similarly, for “*Kr two electron lines are observed (fig.
2b) corresponding to a 508 keV transition. Again no cor-
responding y-decay is observed confirming our previous
finding of an EQ transition at this energy [10] and assign-
ing the corresponding 01 isomer firmly to “Kr. In both
cases, the K/L ratio is in accordance with the theoreti-
cal value for an EO transition when taking into account
the pile-up probability for K X-rays being detected in
coincidence with a K electron. The 456 keV transition
observed in the y-ray spectrum associated with “#Kr ions
(fig. 2¢) corresponds to a second decay branch of the iso-
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FIG. 2: Conversion-electron spectra obtained in coincidence
with “Kr ions (a) and "Kr (b). The insets show an expansion
of the region around the EO decays and the corresponding time
spectrum. (c) y-ray spectrum obtained from "*Kr fragments
including the time spectrum corresponding to the 456 keV E2
transition.

mer through the first excited 2% state. The low-energy
04 — 2] E2 transition is observed as a (very weak) line at
~52 keV in both the Si(Li) and the Ge detectors, confirm-
ing the indirect evidence reported in [9]. We were only
able to detect y rays from this transition, but no conver-
sion electrons, most likely due to strong straggling effects
in the implantation foil. From both decay branches a new
improved lifetime value of 18.8 & 0.5 (stat.) £ 0.5 (syst.)
ns is obtained.

In order to determine the EO strength in “Kr, the par-
tial lifetime for the EO decay has to be deduced from the
E2 to EO branching ratio T(E2)/T(E0). The best esti-
mate for this ratio is obtained by comparing the intensi-
ties of the EO transition (observed in the Si(Li) detector)
and the 456 keV E2 transition (observed in the Ge de-
tectors). This results in a value of T(E2)/T(E0) =1.2 +
0.2 (stat.) £+ 0.3 (syst.). The rather large systematic un-
certainty is mainly related to the efficiency corrections,
especially for the electrons, due to a rather strong de-
pendance on the exact implantation point in the close
geometry. This ratio is significantly larger than the one
obtained in a recent beta-decay study [18], but the sta-

FIG. 3: Systematics of excited 0" states in neutron-deficient
Kr isotopes and other low-spin states (from ref. [14-17]). The
(presumably) prolate states are shown on the left-hand side
of each level scheme, while the oblate (or spherical) states
are shown on the right. The position of the unperturbed 0"
states (and their energy difference A) as obtained from an
extrapolation procedure [8, 10] are indicated as dashed lines.

tistical significance of the E2 branch is much higher in
our experiment. From the branching ratio a reduced E2
transition strength of B(E2, 0 — 2]) = 0.56 + 0.23
e?b? and a monopole strength of p?(E0) = (85 £ 19) -
103 has been determined.

The low-spin level schemes of neutron-deficient Kr iso-
topes including the new excited 0% states are shown in
fig. 3. In all the isotopes a regular rotational band, char-
acteristic for a well-deformed shape, is observed at higher
spins (not shown in fig. 3), but for the lowest states
(I<6h) this regularity is lost, which is interpreted as ev-
idence for a perturbation from other close lying states
[8]. The energetic position of the unperturbed states can
be obtained by an extrapolation of the rotational states
towards lower spins (see [8, 10]). This procedure relies
on the reasonable assumption that the higher spin states
are not perturbed. From the energy difference of the per-
turbed and unperturbed states for a given spin (denoted
as A’ and A) the mixing matrix element (V) and the
(squared) mixing amplitudes can be derived in a two-
level mixing calculation [19] (see table I).

TABLE I: Results of a two-level mixing calculation [19] for
the coexisting 07 states in Kr isotopes. From the energy dif-
ferences of the perturbed (A’) and unperturbed (A) states,
the mixing matrix element (V) and the (squared) mixing am-
plitudes for the prolate (a?) and the oblate configuration (b
=1 - a?) are obtained.

Nuclide A A 14 b’
[MeV] [MeV] [MeV]
Kr  1.01718(3) 0.80(1) 0.31(1) 0.11(2)
Kr  0.7700(2) 0.36(1) 0.34(1) 0.27(1)
™Kr 0.508(1) -0.02(1) 0.25(1) 0.52(1)
Kr 0.671(1) -0.54(1) 0.20(1) 0.90(1)




From the systematic behaviour of the Kr isotopes the
following conclusions can be drawn. The energy of the 05
states follows a parabolic trend with a minimum in "Kr.
Here, the unperturbed states are practically degenerated
(A =~ 0) leading to a squared mixing amplitude of ~50%,
i.e. the physical states have almost the same amount of
both configurations. In fact, the experimentally observed
displacement of the second 07 state by 508 keV is almost
entirely the result of a strong repulsion of the intrinsic
states [10].

In "?Kr the mixing of the 01 states is reduced again,
but now the energy difference of the pure states has
changed sign, i.e. A < 0, indicating that the two shapes
have exchanged their relative positions. For this impor-
tant conclusion the exact location of the excited 0 state
is crucial. Only the fact that the 0] state is located close
in energy to the 27 state allows it to be identified as the
prolate band head. All observations are in agreement
with the theoretically expected shape change [3, 4] of the
ground-state from being predominantly prolate in "Kr
to being oblate in "?Kr.

This scenario is also supported by the EO strength pa-
rameters p° as summarised in table II. In the isotopes
"8,76Kr the decay of the excited 0% state is actually dom-
inated by a fast high-energy E2 decay, but the much
weaker EO decay branch was also established [20]. Below
mass A=78 a very large and rather constant monopole
strength is observed. The electric monopole transition
strength is related to the change in the root-mean-square
charge radius of the nucleus between the initial and fi-
nal states. It therefore carries important information
about the change in deformation and the overlap of the
wavefunctions. The largest EO strength known in heavy
atomic nuclei (p? ~ 0.1) are observed for shape-coexisting
states around A ~ 100 [21]. The values reported here for
the Kr isotopes are of very similar size.

Finally, we compare our results with the predictions
from a recent HFB calculation [22]. It is important
to note that only very few of the many calculations,
which have been performed for these nuclei, concern
electro-magnetic transition properties, and especially
the monopole strength. The experimentally observed
monopole strength is larger than the values obtained in
the HFB calculation (p%yp in table 2), especially for
"Kr. The authors of reference [22] note that the oblate-
prolate shape mixing and hence the monopole strength
are very sensitive to small changes in specific isospin T=0
matrix elements involving the f5 /5, 7/, and gy orbitals.
The new experimental results may help to understand
the role of the proton-neutron interaction for the devel-
opment of deformation in this mass region.

In summary, we have observed the first case of shape
isomerism in a N=Z nucleus, which at the same time
supports the predicted scenario of oblate-prolate shape
coexistence in this mass region. "?Kr seems to be one of
the rare nuclei with a rather pure oblate-deformed ground

TABLE II: Experimental EO strength parameter p? in light
Kr isotopes as determined from the lifetime and the branching
ratio of the 07 states. The experimental values for "*"®Kr are
taken from [20] and the HFB results from [22].

Nuclide "Kr TSKr TKr Ky
7(03) 11(3)ps  61(9)ps 18.8(10)ns 38(3)ns
Trmeb 3360(150) 490(19)  1.2(5) 0

P2, 0.047(13) 0.079(11) 0.085(19) 0.072(6)
PHFB - - ~0.035 ~0.063

state. The low-energy spectra of the Kr isotopes can be
understood in terms of a simple two-level mixing model.
The large EO matrix elements connecting the 07 states
are consistent with a large difference in deformation and
should allow for a more stringent test of nuclear models.
While our studies yield the strongest evidence so far ob-
tained in this mass region for the scenario of (strongly)
interacting states with very different shapes, the exper-
imental proof for large (intrinsic) quadrupole moments
having opposite signs for the presumed oblate and pro-
late configurations is still missing. Coulomb excitation
experiments with radioactive Kr beams from the SPI-
RAL facility at GANIL are currently under way in order
to solve this puzzling question.
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