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Observation of simultaneous gst, proton and neutron alignment in 4Kr
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High spin states in Kr were investigated in the reaction Ca( Ca, o2p) E&r at 125 and
140 MeV. A new decay scheme was established up to probable spin I=20. The rotational
structure was found to be similar to Kr, showing a double alignment in the ground-state band
and sidebands with constant moments of inertia. Measured lifetimes using the Doppler-shift
attenuation method indicate very collective E2 transitions in the ground-state band.

Light krypton isotopes were among the first medium-
mass nuclei to indicate very large prolate deformation
(P2=0.35) stabilized by shell structure. However, the
ground-state bands of the even-even isotopes Kr
(Refs. 1—5) show pronounced deviations from simple ro-
tational behavior, because of shape coexistence eA'ects

and because of particle alignments. The interplay of
these eAects is a result of competition between proton
and neutron occupancy of levels near subshell gaps at
Z, %=34,36 for oblate shapes and Z, %=38,40 for pro-
late shapes. Understanding this interplay and its devel-
opment with rotational frequency is the object of this
work.

Levels in Kr have been reported up to a tentative
spin of 20+ by loth e$ al. and up to 14+ by Tabor e$

a/. Both authors used the reaction 5sNi(~sF, 2pn) 4Kr
at 56—62 and 62 MeV, respectively. The level schemes
deduced from these works disagree in essential points.
The ground-state band of Ref. 6 shows two irregulati-
ties: a backbending at a rotational frequency her=0. 57
MeV, followed by an additional upbending at her=0. 66
MeV. In the work of Tabor et al. , the yrast states
above 10+ and the sidebands of Ref. 6 were not con-
firmed. In recent studies of Kr, the known level

schemes were extended to I &20 and the upbendings
in the ground-state bands were interpreted as g9~2 pro-
ton and neutron alignments. Evidence for particle align-
ment in 4Kr was reported in Ref. 7 at h~=0.66 MeV
in good agreement with Hartree-Fock-Bogolyubov crank-
ing (HFBC) calculationss which suggested 74Kr should
have an alignment scheme similar to that of Kr, i.e.,

simultaneous g9gz proton and neutron alignment. Life-
times of the 2+ and 4+ state in Kr have been mea-
sured using the recoil distance Doppler shift (RDDS)
technique~ and of the 6+—14+ states with the Doppler-
shift attenuation (DSA) method. The lifetimes of the
2+ and 4+ states indicate quadrupole deformation of
P2 ——0.31 and 0.24, respectively, while the higher-lying
states show larger E2 transition strengths indicating a
quadrupole deformation Pq

—0.41.
In the present work, interest was focused on the ex-

tension of the ground state band. As the sidebands ob-
served in 7 Kr were crucial in the interpretation of the
level schemes, considerable attention was paid to those
in Kr. In order to populate Kr at high spins, the
reaction 4oCa(4sCa, n2p) 7~Kr was used at beam energies
of 125 and 140 MeV. The beam was supplied by the new
Yale ESTU tandem accelerator. Two experiments, using
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backed and unbacked target were performed. In both
experiments, p rays were detected in the Yale p array
consisting of five HP Ge detectors of 23—25%%up efficiency
in Compton suppression shields mounted at 143' to the
beam. In the first run, the 125 MeV 4 Ca beam was fo-
cused on a 800 pg/cm Ca layer of natural composition
evaporated onto a 30 mg/cm gold foil. Only y-p coin-
cidences were recorded in this experiment. In the second
experiment, a Ca beam of 140 MeV was used with a
470 Ijg/cm~ natural calcium target, the beam entering
the calcium layer through a 1 mg/cm2 gold support foil
on which the target layer was evaporated. The Ca layer
was covered with an additional 48 pg/cm2 layer of gold
to prevent oxidation. The thin target and gold layers
allowed the recoils to escape and decay in Right. The
recoils were stopped after a Bight distance of 1.65 mm in
a 27 mg/cm~ gold foil which also served as a beam stop-
per. With an average recoil velocity P=3.51(12)'Fo, this
geometry corresponds to a mean Qight time of 157 ps.
The beam stopper was thin enough to allow the detec-
tion of evaporated alpha particles and protons in four 10
mmx10 mm square Si surface barrier LE-E telescopes
of 90 pm and 1000 pm mounted at, forward angles behind
the beam stopper. In this experiment, p-p and (charged
particle)-p-p coincidences were recorded.

The new 4Kr level scheme is presented in Fig. 1. It
is in full agreement with the work of Tabor e$ al. The
sidebands are labeled NE and NO for negative parity and
even and odd spin, respectively. Figure 2 shows a gate
on the 558 keV line from p-p coincidence data. The in-
tensities of the coincident lines clearly give the order of
the ground-state band transitions. The line at 1338 keV
is a doublet with components at 1334 and 1342 keV as
visible from Fig. 3 which shows a gate on the 1342 keV
line. The gate was chosen only two channels wide in
order to suppress contaminant Rb lines. Angular cor-
relations were not measured in this work, so the proposed
sequence of spins is based on the measurements of Refs. 6
and 7 combined with the p-p coincidences and transition
probabilities of this study. The assignments show close
similarities to bands recently found in Kr. By com-
paring the data from backed and unbacked targets the
intraband transitions were all limited to have lifetimes
between 4 and 50 ps, which are consistent with those
expected for E1 transition strengths in this region.

Figure 4 shows the aligned single-particle momentum
in. the ground-state bands of Kr as a function of
the rotational frequency. Due to similar deformations,
the reference angular momentum was parametrized as
I«f ——21m —3.5 in all nuclei. In Kr, the gains in align-
ment at hu=0. 55 MeV and hu=0. 90 MeV have been in-
terpreted as alignments of gg~~ protons and neutrons,
respectively. In Kr the alignment at h~=0.65 MeV
shows an increase which is as large as both alignments in

Kr. Therefore, it was concluded that g9~~ protons and
neutrons align simultaneously in Kr. The comparison
of the alignment plots of the 4Kr and 76Kr ground-state
bands now suggests that the same eKect occurs in Kr.

TABLE I. Lifetimes, B(E2) values, transitional quad-
rupole moments, and deformations in Kr.

I
2+
4+
6+
8+

10+
12+

r (ps)

28.8(58)
za. 2(7)'
0.9i(io)
O.24(4)
0.10(a)'
&0.11

B(E2)
(e'fm')

aa80('„",)
40ao(sso)
&3190
&2100

(W.u. )

78
62

182
218

&172
&114

I (b)

2.69(2a )
2.oo(,')
a.28(,"„)
8.5i(",,)
&3,08
&2.48

o.al(a)
0.24(j.)
o.a7(2)
o.4o(a)
&0.35
&0.28

Woods-Saxon deformation parameter assuming axial sym-
metry.

Taken from Roth et al.
'Effective lifetime not corrected for feeding.

The constant alignments in the Kr sidebands also vis-
ible in Fig. 4 suggest that the NE and NO bands shov.
no pronounced irregularities of the moments of inertia
and contain aligned particles (most likely gg~q protons)
as was suggested for the sidebands jn '" Kr.

Two diferent theoretical approaches predict the simul-
taneous alignment of g9~2 protons and neutrons, which
is in other words a transition from the ground-state con-
figuration to a four-quasiparticle (qp) structure. Sheikh
et al. suggested that the population of 4qp structures
containing rotational aligned proton and neutron pairs
at lower frequencies than 2qp bands may be a conse-
quence of the np interaction taking place in N Z nu-
clei. The role of the np interaction as the driving force
for the development of collectivity in this mass region is
well known. Despite this fact, one of the most success-
ful descriptions of the features of collective nuclei is the
HFBC model which does not take the np interaction into
account explicitly. If N and Z approach each other, the
active Nilsson orbits for protons and neutrons are very
close. Therefore, the HFBC model predicts protons and
neutrons to align at similar frequencies due to the Cori-
olis interaction. The occurrence of a double alignment
in Kr and its measured frequency is in excellent agree-
ment with predictions of the HFBC model.

Doppler broadened line shapes observed at 143' were
analyzed using the code GNOMON. To fit the line shapes,
we used the parametrization of Ziegler, Biersack, and
I ittmark for the electronic component of the stopping
power; for the nuclear part the formula of Kalbitzer and
Oetzmanni2 was applied and the angular straggling of
the ions was treated according to Blaugrund. The kine-
matic eA'ects of the o. evaporation were taken into account
with a Gaussian recoil energy distribution. The inset of
Fig. 2 shows the Doppler-broadened line shape of the 967
keV transition. States with very short lifetimes (v (0.14
ps) decay almost exclusively in the calcium layer. The
line shapes for these transitions have poor sensitivity to
lifetime, due to the slow deceleration of recoils in cal-
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FIG. 1. The proposed Kr level scheme. p-ray energies given accurate to O.l keV were taken from the backed target run.
For the other 7 energies precision is reduced due to the large Doppler broadening in the in-Bight spectra.
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FIG. 2. p-ray spectrum in coincidence with the 558 keV transition in IZr taken from the unbacked target experiment.
The insert shoves the line-shape of the 968 keV transition from the backed target run.
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FIG. 3. 7 spectrum in coincidence ~ith the 1342 keV line

from p-p data of the unbacked target run.

cium. The short effective lifetimes of the 10+ and 12+
levels suggest fast continuum feeding times which were
assumed to be less than or equal to the cascade feeding
times in the analysis. The time constants of the discrete
feeding from the negative-parity sidebands are unknown,
but this feeding contributes only 5% of the total inten-
sity. Since the lines at 1386 and 1587 keV show no vis-

ible Doppler broadening in the backed target spectra, a
time constant of 3(l) ps was used. Table I summarizes
the measured lifetimes and the resulting B(E2) values,
quadrupole moments, and deformations. The values are
in good agreement with those of Ref. 7 except for the 12+
lifetime. The deexciting 1287 keV transition only shows a
fully shifted peak, yielding a lifetime 7 &0.14 ps. There-
fore, a reduction of the E2 strength above spin 12+ is not
visible in our data. Especially noteworthy is the jump in
the collectivity between the 4+ and 6+ state. The lower
transition rates in the 2+ and 4+ states reflect coexis-
tence of shapes which has been suggested for some time
at low spins in Kr. This type of reduction of transi-
tion strength due to the interference of coexisting prolate
and oblate minima in the potential energy surfaces has
been observed before in 7oSe and 7~Se.~4 ~s However, in

the selenium isotopes the proton alignment and decline
of shape coexistence occur at the same rotational fre-
quencies. Therefore, for selenium, it is not clear whether
the stabilization of the prolate shape is driven by polar-
izing effects of the aligned protons, driven by rotational
frequency, or a mixture of both. En Ekr, the situation
appears clearer. The rapid increase in transition strength
occurs erst, as the more deformed prolate shape is ener-
getically favored by rotation, and so is rapidly separated
from the competing oblate shape and mixing decreases.
This occurs at bee=0.4 MeV, and is then followed by pro-
ton (and neutron) alignment at h~=0. 67 MeV.

In summary, a new Kr level scheme was established
which shows close similarities to the known level schemes
of the even-even neighbors s 7sKr and fully agrees with
that of Ref. 7. The low-spin shape coexistence in Kr
disappears at spin 6+ as a consequence of rotation. This
is followed by a simultaneous alignment of g9~2 protons
and neutrons which is found to be in very good agree-
ment with predictions of the HFBC model. The mea-
sured transition strengths of the 6+ ~4+, 8+ ~6+, and
10+ —+8+ transitions suggest an average deformation of
Pz

—0.39 for an axially symmetric shape, making Kr
one of the most deformed nuclei known.
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