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Abstract. Lifetimes of excited states in the ground-state bands of “Kr and "®Kr were measured using
the recoil-distance Doppler-shift and the differential decay curve methods. The states were populated in
the *°Ca(*°Ca, a2p) and *°Ca(*°Ca, 4p) reactions. Gamma rays were detected with the GASP array which
was coupled to the Cologne Plunger device. The results resolve discrepancies between earlier lifetime
measurements and a recent Coulomb excitation experiment. Experimental transition rates are compared
to theoretical calculations. The results support a strong mixing between prolate and oblate configurations
for the low-spin states, and represent an important basis for the interpretation and understanding of the

shape coexistence phenomenon in this mass region.

PACS. 21.10.Re Collective levels — 21.10.Tg Lifetimes — 27.50.4+e 59 < A < 89

The proton-rich krypton nuclei near the N = Z line
exhibit some of the best examples for shape coexistence
in nuclei. The competition of prolate and oblate shapes
in this mass region is caused by large shell gaps that oc-
cur both for oblate and prolate quadrupole deformations
at proton and neutron numbers 34, 36, and 38. Several
theoretical models predict coexisting prolate and oblate
states in the nuclei with these proton and neutron num-
bers [1-7]. While the different approaches generally agree
on the equilibrium shapes involved, they find different re-
sults for the precise excitation energies of the states and
the transition rates between them.

An experimental indication for shape coexistence (in
even-even nuclei) is the observation of low-lying excited
0T states. Such a state can be understood as a “second
ground state” corresponding to a coexisting shape differ-
ent from that of the ground state. Such states are indeed
observed throughout the chain of light even-even Kr iso-
topes between "?Kr and 3°Kr. Their excitation energy de-
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creases with decreasing neutron number to a minimum
in ™Kr, and increases again in the self-conjugate nucleus
"Kr. The 0 states in “?Kr and "Kr are isomeric (i.e.
shape isomers) and decay via E0 transitions to the ground
state [8-10]. The rotational cascades of the ground-state
bands are strongly distorted at low spin, pointing to a mix-
ing of the prolate and oblate configurations. The mixing
amplitudes can be inferred from an extrapolation of the
rotational bands at high spin. This analysis shows for the
ground state of “*Kr a maximum mixing of the oblate and
prolate configurations which are almost degenerate [10].
Together with the energy dependence of the excited 0T
states and the electric monopole strengths p?(E0) of the
transitions to the 07 ground states, this suggests an inver-
sion of the ground-state shape from prolate in the heavier
isotopes to oblate in "?Kr.

This scenario has recently been confirmed by a direct
measurement of the spectroscopic quadrupole moments
of states in "Kr and "®Kr through low-energy Coulomb
excitation with radioactive beams [11,12]. A large number
of both transitional and diagonal matrix elements for the
two isotopes was determined in this measurement. The
results for the transitional matrix elements are partly in
conflict with previously measured lifetimes, in particular
for the 4" state in "*Kr [13]. On the other hand, the precise
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knowledge of the transitional matrix elements is needed
in this case of Coulomb excitation with weak radioactive
beams in order to be sensitive to the reorientation effect,
and therefore to determine the spectroscopic quadrupole
moments (including the sign of the deformation).

In order to resolve the discrepancies between the recent
Coulomb excitation results and the previously published
lifetimes, a new measurement of lifetimes has been per-
formed in “Kr and “SKr using the recoil-distance Doppler-
shift method (RDDS). A higher precision was expected
from the new measurement, as the lifetime data in the lit-
erature for low-spin states in both ™Kr [13] and “5Kr [14-
16] are based on singles measurements which suffered
from contaminations from other reaction products and
unknown side feeding. Several lifetime measurements em-
ploying the Doppler-shift attenuation method (DSAM)
have been performed for ™Kr [17-19] and "Kr [20-22].
They are, however, not sensitive to the relatively long life-
times below the 67 state in the respective ground-state
bands.

The present RDDS measurement was performed us-
ing the Cologne Plunger device [23] coupled to the
v spectrometer GASP [24] at the Laboratori Naziona-
li di Legnaro. Excited states in ™Kr and "*Kr were
populated in the reactions #°Ca(*°Ca,a2p)™Kr and
40Ca(40Ca, 4p)"Kr at a nominal beam energy of 147 MeV.
The target consisted of a 800 ym/cm? thick layer of 4°Ca
evaporated onto a Au foil of 2 mg/cm? that was facing the
beam. The downstream side of the target was also covered
by a thin Au layer of approximately 100 ug/cm? in order
to prevent oxidation. Slowed down in the support layer
and the target itself, the average beam energy at the cen-
ter of the target was 124 MeV. The recoils had an average
velocity v/c = 3.50(5)% and were finally stopped in a Au
foil of 12 mg/cm? thickness. Data were collected for 13
different distances between the target and the stopper foil
ranging from 7.5 pm to 1500 pm, with an average of 12
hours beam on target for each distance. Gamma rays were
detected with the GASP array, which, for this experiment,
comprised 32 Compton-suppressed Ge detectors in the so-
called configuration II, i.e. in a close geometry without the
BGO scintillators of the inner ball. Most of the detectors
were placed at forward and backward angles where the
sensitivity to the Doppler shift is highest. For the data
analysis the detectors were grouped into seven rings with
respect to the beam axis. Events were recorded when at
least two Compton-suppressed Ge detectors gave coinci-
dent signals. For the off-line analysis the data were sorted
into 7y coincidence matrices. Separate matrices were
sorted for all combinations of rings and for all distances.

The spectra in fig. 1 show the first three transitions
of the ground-state band in "*Kr for several distances as
indicated. The spectra were observed by the first ring of
detectors placed at 36° with respect to the beam axis, so
that the components of the transitions emitted in flight
are shifted to higher energies. All spectra are gated from
above on the shifted components of the transitions directly
feeding the state of interest. Different gates were used de-
pending on the angle of the detector in which the gating
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Fig. 1. Gamma-ray coincidence spectra showing the transi-
tions depopulating the 2%, 4%, and 67 states in "*Kr, observed
at 36° with respect to the beam axis for various distances be-
tween the target and the stopper foil. See text for details.

transition was observed, and the spectra were then added
to result in seven individual spectra, one for each angle un-
der which the depopulating transition was detected. Care
was taken to set symmetric gates on the shifted compo-
nents of the peaks in order to avoid a bias toward faster
or slower recoil velocities. This procedure was repeated
for all 13 distances. The spectra of the 768 keV transition
depopulating the 67 state show triple coincidences with a
gate on the shifted component of the transition above and
an additional gate on either component of the transition
below. The triple-coincidence condition eliminated con-
taminations from cascades with similar transition energies
in a negative-parity band of "Kr and in ""Rb, strongly
populated in the 3p reaction channel. The intensities of
the shifted and stopped components were extracted from
these and the corresponding spectra for the other detector
angles.

The lifetimes of the states were determined from the
intensities of the shifted and stopped components of the
transitions using the differential decay curve method [25].
Since the spectra were gated from above, all uncertainties
from unknown side feeding are eliminated. The peak in-
tensities of the shifted (sh) and stopped (st) components
have to be corrected for differences in the running time
and beam intensity for the different distances. The com-
mon normalization factors N(z) for each distance were
determined from the total number of coincidences for sev-
eral strong cascades in different nuclei. For coincidences
between transitions directly populating and depopulating
the state of interest, the lifetime is extracted from the
coincidence intensities for each distance as

N%m)‘[(’\/iqhvﬁystvx) (1)
IOy ystm) 7
N(z)

7(2) = =2
Vaz
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Table 1. Summary of the lifetimes in "*Kr and "®Kr measured in the present and in previous RSSD and DSAM experiments.

I , (keV) 7 (ps)  Previous results (ps) Adopted  B(E2) (e*fm?)

TiKr 2t 455.7 33.8(6)  28.8(57) [13] 23.5(20) [17] 33.8(6) 1223(22)
4t 557.9 52(2)  13.2(7) [ 3] 5.2(2) 2895(111)
6t 7684  1.09(23) 0.91(10) [18] 1.08(14) [19]  0.90(15) [17] 0.96(7) 3169(231)
8t 966.9 0.24(4) [18]  0.35(5) [19] 0.28( ) [17] 0.28(3) 3445(324)
10" 1144.8 0.16(3) [19] 0.10(3) [17] 0.13(2) 3190(521)
Ky 2% 423.7 41.5(8)  36.0(10) [16] 53 4(72) [14]  35.0(30) [15] 41.5(8) 1433(28)
4t 6107 3.67(9) 4.9(4) [16]  5.0(20) [20] 8.2(23) [14] 3.67(9) 2612(64)
6t 8250  0.97(29) 15(2) [16]  125(12) [20]  1.18(13) [21] 0.86(6) [22] 1.00(5) 2132(107)
8t 1019.7 0.33(3) [21]  0.30(3) [20]  0.29(3) [22] 0.31(2) 2411(136)
100 1189.2 0.14(2) [20]  0.144(16) [22] 0.142(12)  2407(211)
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Fig. 2. Example for decay curves of the shifted (bottom) and
unshifted (center) components of the transition depopulating
the 47 state in “*Kr. The intensities are normalized to the dis-
tance with the highest level of statistics. The top panel shows
the derived lifetimes for each measured distance.

where v is the recoil velocity. Piecewise continuous and dif-
ferentiable polynomials were fitted to the intensity curves
of the shifted components I(v{",v3", x) in order to deter-
mine their derivatives. An example for the stopped and
shifted intensity curves is shown in fig. 2 for the 4™ state
in ™Kr together with the resulting lifetime of the state.
The differential decay curve method gives an independent
value for the lifetime for each target-to-stopper distance
that lies within the sensitive range for this particular life-
time according to eq. (1). A scattering or slope of the
lifetime values for different distances would indicate the
presence of systematic errors. As this is not the case, the
values can be combined in a weighted mean value. The
six rings of the GASP spectrometer at forward and back-
ward angles also give independent measurements of the
lifetimes. The results for the different rings are very con-

be suspected that the very long lifetime for the 41 state in
TKr of 13.2(7) ps reported in ref. [13] is due to this effect,
whereas in the present coincidence measurement such con-
taminations can be excluded, and a much shorter lifetime
of 5.2(2) ps is found. Since the lifetimes measured in a sin-
gles measurement depend on those of the states above, it is
then not surprising that the lifetime of the 27 state in “*Kr
reported to be 28.8(57) ps in ref. [13] is shorter than that of
33.8(6) ps found in this work. The only other measurement
for the 2% state [17] used only one target-to-stopper dis-
tance, which is not enough to determine the lifetime and
can at most give a rough estimate. The new lifetime results
for the 2% and 4% states in "®Kr do not agree with any
of the previously measured values, even though the differ-
ences are not quite as severe as in the case of "*Kr. Again,
the new lifetime for the 41 state is shorter and that of the
27 state longer than the previously published values.

For the 67 states in both ™Kr and “SKr the lifetimes
are already so short that they become comparable to the
slowing-down time in the stopper foil. As can be seen
in fig. 1, the stopped component is therefore not a sym-
metric Gaussian peak anymore, but has a tail from the
~-rays that were emitted during the slowing-down process
of the recoils. However, at least for the spectra from the
most forward and backward detectors at 36° and 144°,
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Fig. 3. Experimental and theoretical reduced transition prob-
abilities B(E2;T — I — 2) for "*Kr and "®Kr.

the two components are well enough separated and the
spectra clean enough (in triples) to distinguish the differ-
ent components and include the tail in the intensity of the
stopped peak, as required by the differential decay curve
method. The distances between the target and the stop-
per foil were, however, chosen to give the best sensitivity
for longer lifetimes around 5 ps. With only few distances
sensitive to short lifetimes around 1 ps and the additional
uncertainty from the slowing-down effect, the lifetimes for
the 6 states are less accurate than those of the longer-
lived states. The agreement with the results from Doppler-
shift attenuation measurements both in ™Kr [17-19] and
T0Kr [20-22] is satisfying, in particular in consideration of
the fact that DSAM measurements generally suffer from
systematic uncertainties from the treatment of the stop-
ping powers, which can be as large as 20%, and which do
not affect the precision of the RDDS measurement. The
agreement between the values extracted with both tech-
niques gives additional confidence in the results. Because
of the significantly improved experimental conditions that
permitted to determine the lifetimes of the 2 and 47T
states in both isotopes with high precision, the new values
are adopted in the following discussion, ignoring the pre-
viously published results. For the 67 states, on the other
hand, the weighted mean of all RDDS and DSAM mea-

surements is used.

The B(E2) values for the lowest transitions in the
ground-state bands in ““Kr and "®Kr are plotted in fig. 3.
They are compared to the values found for the lowest pro-
late bands in recent theoretical works using the complex
Excited Vampir approach [4] and to configuration mixing
calculations of particle-number— and angular-momentum-—
projected mean-field states from Skyrme-Hartree-Fock-
Bogolyubov calculations [7]. The two principal observa-
tions are the much reduced transition strengths for the
27 — 07 transitions and the generally higher values for
74 Kr. The first can be attributed to the strong mixing of
prolate and oblate configurations in the 0% and 27 states,
which has also been observed experimentally in particular
for ™Kr [10]. While the Skyrme beyond-mean-field cal-
culations reproduce this increasing trend qualitatively for
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"Kr, they overestimate the experimental values by about
35%. The discrepancy between the calculation and exper-
iment is somewhat larger in the case of "®Kr, and the
difference between "*Kr and "®Kr is not reproduced. The
Vampir calculations, which are only available for "*Kr, on
the other hand, underestimate the B(E2) values. They,
too, reproduce the increase very well. It seems that both
calculations describe the mixing of the prolate and oblate
wave functions correctly, while the absolute size of the de-
formation seems to be too large in the Skyrme calculations
and too small in the Vampir ones.

The new lifetime results, in particular that for the 41
state in "*Kr, are not in conflict anymore with the tran-
sitional matrix elements found in the Coulomb excitation
experiments with radioactive ™Kr and “Kr beams [11,
12]. The rather precise knowledge of the lifetimes can be
used as constraint in the analysis of the Coulomb ex-
citation data and thus enhances the sensitivity to de-
termine the diagonal matrix elements, i.e. the spectro-
scopic quadrupole moments, for several yrast and non-
yrast states in both isotopes [12].

In summary, lifetimes of low-lying states in "Kr and
"6Kr have been measured with high precision in a recoil-
distance Doppler-shift experiment. The results resolve dis-
crepancies between previous lifetime measurements and a
recent Coulomb excitation experiment. The reduced tran-
sition probabilities are compared with theoretical calcula-
tions which take into account a mixing between coexisting
prolate and oblate states. The results support a strong
shape mixing for the 07 and 27 states, while the abso-
lute value of the deformation is not exactly reproduced by
the calculations. The precise knowledge of the lifetimes
will give sufficient sensitivity to extract the spectroscopic
quadrupole moments from the Coulomb excitation data.
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