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Evidence for a highly deformed oblate 0" state in JeKr
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We present the observation of an isomeric decay in the very neutron deficient n@@t(em’he isomer is
interpreted as an excited'Ostate, consistent with the long standing prediction of high deformation prolate/
oblate shape coexistence in this nucleus. The magnitude dQ@hmatrix element deduced for the 0-0;
transition gives strong support to the prediction of a highly deformed oblate [&0556-281@7)50712-6

PACS numbgs): 21.10.Tg, 23.20.Lv, 25.70.Mn, 27.50e

Spectroscopic studies of neutron deficient nuclei aroundhuclear shape can change dramatically with the addition or
A~80 have produced a wealth of information on the phe-subtraction of only a few nucleons.
nomenon of nuclear shape coexisteride-4]. This effect There has been a significant body of work investigating
arises from the competition between nuclear configurationthe competition between these different configurations, nota-
polarized by the presence of regions of low level density, obly by the Vanderbuilt/ORNL collaboratiof?,3]. This has
“shell gaps” in the nuclear potential and is well documentedprovided convincing evidence for shape coexistence in
in a number of regions of the nuclear chigl. In most cases  ®7%r, with 0" states observed corresponding to the basis
of observed shape coexistence, the competition is betweenstates of both the spherical and prolate deformed minima.
well-deformed prolate minimum and a spherical or weaklyThe study of ®r by Billowes et al.[8] suggested an oblate
oblate configuration. Indeed, convincing evidence for well-shape for the yrast two-quasi-particle structure above spin
deformed oblate nuclear rotors in heavy nuclei is rather 8% on the basis of the measurgdfactors for these states.
sparse, usually coming from either information on the sign ofThe presence of the oblate shell gap is proposed to become
the mixing ratio forM1/E2 decayd6] or direct measure- more influential in the krypton isotopes with decreasing neu-
ment of g-factors[7]. tron number[6]. The reduction in the excitation energy of

In this Rapid Communication we report the observation ofthe first excited state in going from tHé=Z=36 system
a 0" isomeric state in the very neutron deficient nucleus,53Kr to the N=Z=38 nucleus 53Sr has been interpreted
19Kr with decay properties consistent with a highly deformed[6,10,1] as being due to a sudden alteration in the nuclear
oblate shape. It will be demonstrated that the magnitude cshape, from deformed oblate #Kr to deformed prolate in
the electric monopole transition connecting this isomer with2eSr. The study by Dejbakhskt al. [4] inferred a well-
the ground state gives strong support to the deformations dfeformed oblate ground state in tNe=Z=36 system,’’Kr,
the configurations built on the two'Ostates being large and Which is crossed at spin‘2by the highly deformed prolate
of opposite sign. configuration(although in this case, the decay from the pro-

The neutron deficient nuclei in the~ 7080 region have Posed excited 0 state was not observedNotably, the study
long been proposed as good candidates for well-deforme@f the odd-N neighboring nucleuggKr did not reveal any
oblate rotors B,~ —0.35) due to the presence of theZ evidence for a well deformed oblate struct(it].
=36 shell gap in the deformed shell model potenfial. The question then arises as to the nature of shape coex-
Indeed, well-deformed oblate shapes have been suggestisfience expected in té= 38 isotope J&Kr. The discontinu-
from lifetime measuremen{®] and angular distribution in- ity in the moment of inertia of the yrast band in this nucleus
formation[7] in the very light selenium nuclei. Competing has been put forwarded by Pierceyal. [2] as evidence for
prolate and spherical structures are also predicted to be fa well-deformed, prolate ground state, with a spherical 0
vored in this region, due to the presence of competing sheltate predicted to lie at an excitation energy of approximately
gaps at nucleon numbers 38 and 40, corresponding to welB80 keV (assuming a similar mixing matrix element as ex-
deformed prolate §,~0.4) and spherical£,~0) minima tracted between the prolate and spherical configurations in
respectively. The effect of these three shell gaps is that thé®"Kr). Theoretically, 50Krs has been put forwarf5,6,13
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FIG. 1. Gamma-ray and time spectra f8Kr showing the decay from the proposed &omer.

as a prime candidate for prolate/oblate shape coexistenceéme of flight (TOF) and energy losses, respectively7].
Nazarewiczet al.[6] have suggested that an oblate §truc- Gamma rays emitted from isomeric states were measured
ture lies approximately 600 keV above the prolate groundvith an array of seven 70% germanium detectors in close
state configuration if*Kr. Similar predictions regarding the geometry around the silicon stack. The measured absolute
presence of a low-lying oblate bandhead in this nucleus havehotopeak efficiency of this array was approximately 3% for
been made by Bonchet al. [13] and Petroviciet al. [14]. a 1.33 MeV gamma ray.
Heeseet al. [15] pointed out that the measured decay life- On detection of an ion passing through th& detector,
times for the yrast 4 and 2" states are consistent with an the data acquisition electronics were enabled, allowing the
interference effect between coexisting prolate and oblatgheasurement of delayed gamma rays in each germanium de-
minima at low spins. tector during the subsequent &3 period. Information on
Despite this large degree of experimental and theoreticahe lifetimes of isomeric states was obtained by recording the
interest, experimental evidence supporting or refuting the extime difference between AE timing signal and the detec-
istence of a well-deformed oblate minimum ifKr has been tion of a delayed gamma ray. Time spectra over the ranges
elusive for two principal reasons. First, the production of0—600 ns and 6-80 us were recorded separately, thus
N~Z nuclei in this region is very difficult and up to now, allowing good resolution over a wide time range.
has been most commonly achieved using fusion evaporation In offline analysis, two-dimensional spectra of gamma-ray
reactions, where the nuclei of interest represent small fracenergy versus delay time were constructed for individual
tions of the total fusion cross section. Second, finding experinuclear species. Prompt gamma rays from secondary reac-
mental signatures in even-even nuclei, which can provide &ons in the silicon telescope were used to identify and cor-
plausible argument for an oblate, rather than prolate, shape igct for “time walk” effects in the germanium counters for
not simple. low energy gamma rays. Observed decays of previously re-
In the current work, thé*Kr nuclei were produced via the ported isomers irf’Ge, ®°Se, "Kr, and "°Rb[18] were used
fragmentation of a®Mo beam at an energy of 60 MeV/ to verify the experimental method and to provide internal
nucleon, on a selection of natural nickel targets with thick-checks for the energy and time calibrations.
nesses between 50m and 100um. The average primary Figure 1 shows the energy spectrum ﬁéh(r38 for gamma
beam intensity was 1:710'° particles per second. The rays detected after the prompt peak and within 150 ns of the
LISE3[16] spectrometer was used with a Be achromatic deimplantation. The yrast 456 keV,"2-0" transition is the
grader of thickness 5@:m to separate the beam particles only line which is clearly visible. In particular, the yrast
from the fragmentation products. In general, the fragmentd™—2", 558 keV line isnot present. The time spectrum
were fully stripped of their atomic electrons in flight. A four gated by the 456 keV lin€Fig. 1), fitted using the maximum
element silicon detector telescope was placed at the findikelihood method 19] yielded a mean lifetime of 428 ns.
focus of the spectrometer. The first element was @0  The lifetime of the yrast 2 state in’*Kr has previously been
thick and acted as an energy lossXE detector. The final measured20] to be 25 ps. We therefore conclude that the
three silicon detectors each had a thickness of Af0and 2" level is directly fed by an isomeric state with mean-life
were used to stop the fragments. The secondary fragmen#®2+8 ns. The non-observation of a transition linking the
were identified unambiguously by their mass to charge statsomer to the 2 state implies a limit of this transition of
ratio (A/Q) and proton numberZ) from their measured <85 keV (set by the energies of the background lead x yays
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The measured flight time for fully strippet’Kr ions in
the LISE3 spectrometer was 480 ns. For the measured iso- 3 |-
meric mean lifetime of 42 8 ns, the fraction of ions which
could be created in the isomeric state and reach the end of
the LISE3 spectrometer is given by expd80/42+8). This
puts a three standard deviation limit on the fraction of ions in
the isomeric state which one would expect to survive transit
through the separator of less than one in 1440. The total
number of 5Kr ions recorded was 2.321CF. Of these,
320+ 10 vyielded counts in the full energy peak for the 456
keV line. From the measured absolute photopeak gamma-ray
efficiency of 5% for a 456 keV gamma ray, this corresponds | &
to approximately 6400"Kr ions (1 in 360 being in the Exp Th
isomeric state, far more than expected from the measured
lifetime of the state. This anomaly can be understood if the 5 5 Results of the EXCITED VAMPIR calculations for
decay of the isomer is hindered in flight. One possible expla74; The |abelso; and p; correspond to intrinsically oblate and
nation for the apparently anomalous lifetime for the isomeryolate deformed configurations, respectively.
in "Kr arises if the isomer has a spin/parity 0

Assuming a 0 assignment for the isomer, the direct de-yije the yrast states up to spin “L@re prolate deformed,
cay to the ground state can only proceed thro@hintemal e first excited 0 bandhead at approximately 600 keV is
conversion. However, the’r ions are fully stripped of  predominantly oblate deformed. The oblate-prolate mixing in
electrons before their flight through the spectrometer anghe structure of the wave functions for the first two tates
hence the isomer can only decay via & gamma-decay to s predicted to be approximately 30% and reduces with in-
the yrast Z state, increasing theffectivelifetime of the  creasing spin, essentially disappearing above sgin Ehe
isomeric state(The decay byE2 electron conversion to this calculatedB(E2;2" —0*) strengths are 141@? fm* and
state is also not possible from the fully stripped ion in flight. 1385e2 fm? for the yrast(prolate and yrare(oblate band,
Once the ion is stopped in the silicon stack detector, it rerespectively, suggesting approximately equal magnitudes for
gains its atomic electrons and th® andE2 electron con-  the deformation but opposite signs. The predicted strength of
version partial decay Wl_dth_s take their usual valu“es, al!oxvmghe 0; -2} partial decay isB(E2;0; —2}) =123 fm?.
the isomer to decay with itsshortey measured “atomic”  The calculations give a value for tHeD matrix element for
lifetime. . . . the 0} —0; decay ofp(E0)=0.17 (p?=0.029).

. The Weisskopf single particle estimate fo'r the mean- The p? value can be directly related to the partial lifetime
lifetime of an 85 keV, 0 —2*, E2 transition in “Kr is for the EO decay.r, using the expressioi22]

approximately 2us, rising to 11us for a 60 keV decayThe Yo7 g P '
elegjron conversion coefficient for an 85 kel¥2 transition
in "““Kr is 1.7, increasing to 6.1 for an energy of 60 kgV.
Since the flight time through the LISE3 spectrometer is less ;ZPZ(EO); Q(Z,K), @

than 0.5us this would explain why the fully stripped iso-

meric state does not decay in flight. Note that the present ) _ _ )
experiment was only sensitive to branches of this isomeWhere Q;(Z,K) is the electronic factor for thgth atomic
which gamma-decayed from the yrast 2tate. Under nor- Shell[23]. For a 518-50 keV transition inKr, the ¢/,

mal conditions, the O isomer will decay principally vi&0 ~ 'atio is greater than 90% and thus we can assume
electron conversion directly to the'Gyround state. The mea- 2j€2j(Z,K)~Q (i.e., K-shell electron emission dominajes
sured value of the isomeric ratio for the isomerir of ~ and from Ref.[23], (0, =2.64+0.30x 100 s L. Assuming
approximately 0.3%, although anomalously large compareéhat the partial lifetime for th&0 decay branch is consider-
with the measured isomeric lifetime, is much lower than theably shorter than the 0—2; branch(which seems reason-
isomeric ratios observed for other nuclei in this region usingable in light of the anomalously large isomeric ratio deduced
fragmentation reactions where typical values are in the refrom the observed lifetime for 7=42+8 ns, we obtain an
gion of 10-30 %[17]. The value for the isomeric ratio in experimental value gf?=0.090=0.020 (3.23-0.71 single
*Kr is consistent with most of the decay strength decayingoarticle units[22]).

by 0t —0" electron emission after implantation. Heyde and Meyef24] have pointed out that the size of

We propose that the isomeric state is theltandhead of the EO matrix element can be used as a measure of the mix-
the predicted, well-deformed oblate structure’fikr. Figure  ing between nuclear states with largely different radii, and
2 shows the predicted level scheme for this nucleus obtainedence differing deformations. The monopole operator can be
using a version of the EXCITED VAMPIR approadfor ~ expanded in terms of the deformation variabesind y as
details sed21]). The calculations assumed a clos&ita [25]
core with valence basis states from they 4, 1ps,, Ofs)p,
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0f», 1dsp, and gy, single particle orbits for both protons 37\[4 5.5
and neutrons and effective two-body interactions taken from m(EO0) = (_) _W+32+(_> B3cosyl. (2
a renormalizeds matrix [21]. The calculations suggest that Am|| 5 21w
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0.50 ; , ‘ term is small and, foexactlyequal deformations of opposite
©—850% mixing sign, is not sufficie_nt to account for the obse_rved v_alue of
G—E130% mixing p?(E0). The experimental value can be explained either by

A—A 10% mixi .. . .
040 e strong prolate-oblate mixing between two configurations of

large and similafbut not identical magnitudes of3; and 3,
(|82]=0.3) or by a much weaker degree of mixing between
two prolate configurations with a much larger difference in
deformation. The third solution, which appears in Fig. 3 in-
volving two configurations that both have large and similar
prolate deformations, can be discounted on the grounds that
potential energy surface calculations do not predict minima
CRTY i | separated by such a small differencedrand also because

" the simple formalism of Eq€2) and(3) would not be appli-
cable, given the probable overlap of the collective wave
functions in such a cade7].

This analysis shows the dependence of the monopole
strength on the mixing amplitude and deformation of the

FIG. 3. Variation ofp?(E0) value withs, for "*Kr assuming a  excited configuration and an unambiguous empirical deter-
B1 value of +0.38. The dotted lines represent the limits of the mination of one would require an equivalent knowledge of
experimentally deduced value. the other. Nevertheless, the treatment shows that the ob-

servedEOQ strength is fully consistent with theredicted[8]
In the limit of simple two-state mixing between configu- deformation of8,= —0.32 of the oblate state.

0.30

P'(EO)

0.20

0.00

rations with deformationsy;, B, and y,, B, if aisthe  |n summary, we have used fragmentation reactions to
mixing amplitude between the configurations, the resultingyopulate a 0 isomeric state in th&=Z+2 system, 2Kr

monopole strength is given by which supports the predictions of prolate/oblate shape coex-

5 istence in this nucleus. A simple treatment based on two-

p?(E0) = 3_Z a%(1-a?)| (B2— B2+ 5\5 state mix_ing between configurations of differing qugdrupole

4 R Y deformation suggests that an oblate deformation in the re-

gion of 8,=—0.3 is required to produce the observed result.

The identification of isomeric states can be useful as an ex-
. 3 perimental “tag” for future in-beam experiments, where the
delayed gamma rays from decays via an isomer can be cor-
related with prompt, in-beam decays. Using a high-
igranularity, high-efficiency gamma-ray array, further de-
tailed spectroscopy in*Kr should be possible and may
reveal the structure of the band built on the excitédslate
nidentified here, thus shedding further light on the extent of
ep_he configuration mixing.

2
X(B] €08y~ B3 COS y2)

Most observed O—0% EO decays are between states
where at least one of the states is predominantly spherical
nature[22,24] and it is usual to keep terms only up to order

2 in Egs.(2) and(3). However, it has been suggesi@s]
that in the case of prolate/oblate mixing, the second ter
may become important since the first vanishes for equal d
formations of opposite sign. The authors are grateful to Prof. R. Julin and Dr. T.

The results of applying Eq3) to “*Kr are shown in Fig.  Kibédi, for discussions on EO decays. This work was sup-
3 for three values of the mixing amplitude using the de- ported by EPSRQUK), IN2P3 and CEA(France, the Pol-
duced ground state deformation 8f=0.38[20]. We have ish Committee of Scientific ResearcHGrant No.
also assumed triaxiality parameterspf=0° andy,=60° 2P0O3B03918 and The European Community under Con-
for the nominally prolate and oblate configuations respectract No. CHGE-CT94-0056Human Capital and Mobility,
tively. A number of important points emerge. First, the cubicAccess to the GANIL large scale faciljty
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