Evidence for non-termination of rotational bands in “Kr
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Three smooth rotational bands in " Kr were studied up to (or one transition short of)
the maximum spin I,,,, for the assigned configuration. Their lifetimes have been deter-
mined using the Doppler-shift attenuation method. The deduced transition quadrupole
moments suggest a decrease, but not complete loss of collectivity at the maximum spin
Imaz. This feature together with the results of mean field calculations strongly suggest
that the observed bands do not terminate at I=1,,4:.

PACS numbers: 27.50.+€, 21.10.Re, 21.60.Ev, 21.10.Tg

The atomic nucleus reveals a number of features of a
finite many-fermion quantum mechanical system which
either do not exist or cannot be experimentally mea-
sured in other systems. One of these unique features
is smooth band termination, namely a continuous transi-
tion within the same configuration from collective rota-
tion at low spin to a non-collective single-particle (termi-
nating) state where the terminating spin coincides with
the maximum spin I,,4, which can be built in the pure
configuration. At present, considerable understanding of
this process has been achieved both experimentally and
theoretically (see Ref. [1l] and references quoted therein).
On the other hand, the conditions at which rotational
bands do not terminate in a single-particle state even
though they reach I,,,, have not been investigated ex-
perimentally so far.

Earlier studies within the harmonic oscillator [, 2]
showed that rotational bands do not terminate in a non-
collective state at I,,q. if the deformation exceeds some
well-defined limit at low spin. This ‘non-termination’

of rotational bands is due to the coupling of different
N-shells leading to a mixing of different configurations.
Then, even higher spins than I,,,, can be build within
the mixed configuration.

Nuclear orbitals cannot be described by the harmonic
oscillator but a realistic nuclear potential can be con-
structed as the modified oscillator potential where spin-
orbit and [? terms are added. These terms lead to a
separation into high- and low-j orbitals within the same
N-shell, making it possible to specify the configuration
and its maximum spin I,,., in terms of the distribu-
tion of particles and holes over low- and high-j subshells.
Known terminating bands are well classified within such
a scheme [l]. However, it is reasonable to expect similar
features as in the harmonic oscillator, i.e. with increas-
ing deformation the mixing between low- and high-j sub-
shells will become large leading to mixed rotational bands
which do not terminate at I,,,4,. Such a possibility was
first studied for rotational bands in 8!Sr [1l, ] within the
cranked Nilsson-Strutinsky (CNS) [1l, 4] approach. How-
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FIG. 1: Partial level scheme deduced from the current work
for "Kr. The energy of the y-ray transitions are given in keV
and arrow widths are proportional to relative «-ray intensities.

ever, the experimental data in this nucleus are limited,
and do not extend to the maximum spin, I,q.-

Optimal conditions for the study of possible collectiv-
ity at the I,,4, state seem to be present in the neutron-
deficient A~75 region. The maximum spin that can
be generated in the valence-space subshells between the
Z,N=28 and 50 gaps is around I=35h. Such spin values
are within reach of modern facilities. Furthermore, the
appreciable deformation of the rotational bands in the
middle of the region suggests strong mixing of low- and
high-j orbitals. In this Letter we report the observation
of rotational bands up to the I,,4; value in the nucleus
"Kr, where measured transition quadrupole moments
indicate that they do not terminate in a non-collective
state at I,,q.. This represents the first observation of
‘non-termination’ of rotational bands at I,,,qz.

High-spin states in 7*Kr were studied using the
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FIG. 2: Experimental F(7) values for the ground-state band
and Band A as a function of y-ray energy in “*Kr. The solid
line shows the calculated F(7) values. The dashed line rep-
resents the saturation F(7) value, when the recoils leave the
target.

40Ca(*9Ca,2pa)™Kr fusion-evaporation reaction with
two different setups. The first experiment was performed
at Laboratori Nazionale di Legnaro (LNL), using a 185-
MeV beam delivered by the XTu Tandem accelerator.
The experiment was performed using an 4°Ca target with
a thickness of 900 pg/cm?. The v rays produced in the
reaction were measured with the EUROBALL IIT array [4],
which was equipped with 26 clover and 15 cluster com-
posite Compton suppressed Ge detectors. EUROBALL III
was coupled to the 47 charged particle detector Isis [6],
consisting of 40 silicon AE/E telescopes, and to a Neu-
tron Wall [7], which comprised 50 liquid scintilator neu-
tron detectors covering the forward 1m section of Eu-
ROBALL III. A total number of 1x10° y—y— events were
recorded with an event trigger requiring coincidences be-
tween three or more HPGe detectors. The second ex-
periment was carried out at Argonne, using a 165-MeV
beam delivered by the Tandem Linac Accelerator Sys-
tem (ATLAS). A thin 350 pg/cm? 4°Ca target was used.
The target was sandwiched between two 150 pg/cm? Au
layers. The ~ rays of the reaction were detected with 99
Compton-suppressed HPGe detectors of the GAMMAS-
PHERE array [§], with the heavimet collimators removed
to obtain summed ~-ray energy per event. The evapo-
rated charged particles were detected in coincidence with
the v rays and identified with the 95-element CsI(T1)
MICROBALL detector [9]. A total of 1.5x10° particle—
~ coincidence events were recorded with an event trig-
ger requiring coincidences between four or more HPGe
detectors. The 2pa channel was enhanced, in this ex-
periment, by applying the total energy plane channel-
selection method [10].

A partial decay scheme for "*Kr showing the ground-
state band and the favoured negative-parity band (Band



A) is presented in Fig. [ The relative spin values
for the highest spin states were deduced from an anal-
ysis of y—y directional correlations of oriented states.
These bands were previously observed up to a tenta-
tive I™=(281), (297) and (287) [L1] for the ground-
state band , Band A (a=1) and Band A (a=0), respec-
tively. The deformation of the ground-state band and
Band A (a=1) were previously measured up to I["=18"
and 17~ [12], respectively, using the Doppler-shift atten-
uation method. In order to study the evolution of the
deformation at high spins we measured the lifetimes of
the high-spin states of the ground-state band and the
favoured negative-parity band (Band A) in “Kr using
the centroid-shift Doppler attenuation method [13]. The
measured fraction F of the full Doppler shift is plot-
ted for the three bands as a function of y-ray energy
in Fig. B The F values were measured by gating on the
top three transitions of the band of interest. Due to the
collectivity and high transition energies at high spins, all
the top transitions decay within the target while the nu-
cleus is slowing down. The transitions from states with
I<11 decay outside the target, showing a constant F
see Fig. The experimental F' values were fit taking
into account the slowing down process of the recoil in
the target, that was modelled using the stopping powers
obtained by the SRIM-2003 code [14]. The fitting pro-
gram takes into account the momentum distribution of
the recoils, due to particle emission. It has been shown
previously |15, [16] that in the channels where « parti-
cles are present the angular dependence in the particle
detection efficiency of MICROBALL is not isotropic and
must be included in the lifetime analysis. The decay of
the nucleus was modelled using the empirical equation
Q:(I) = QI + 6Qv/Ttor — T [11], to fit the experimen-
tal data. The top superscript indicates the highest-spin
state observed experimentally in a given band for the
current work, for which a centroid shift could be mea-
sured. In the current data, this corresponds to I*°P=307,
32~ and 33~ for the ground-state band, Band A (a=0)
and Band A (a=1), respectively. The dQ; represents the
variation of the Q; value within the band. The side feed-
ing is only considered into the top three states and was
modelled assuming a rotational band sequence, with four
transitions with the same Q; as the band that is fed. It
should be noticed that if a lower Q" is consider in any
of the studied bands, then the fit curve will lie all along
the band below the experimental points.

Figure shows the kinematic () and dynamic
3 moments of inertia for the ground-state band and
Band A in ™Kr. Above the paired band crossing at
w~0.6 MeV these bands show all features typical for
the rotation in the unpaired regime such as (<3
and a smooth decrease of both quantities with increas-
ing rotational frequency |1]. The cranked relativistic
Hartree-Bogoliubov calculations of Ref. [1§] clearly show
that pairing has little effect on the moments of inertia
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FIG. 3: (a) Kinematic and (b) dynamic moments of inertia
for the ground-state band and Band A in "*Kr plotted versus
rotational frequency.

above the band crossing. Indeed, in this regime, the en-
ergies of the bands are well described [18] by the CNS
and the cranked relativistic mean field (CRMF [19]) cal-
culations without pairing. According to these calcula-
tions the [2,4](a=0) and [3,4](a=0,1) configurations are
assigned to the ground state and two branches of Band
A. Here the shorthand notation [p, n](ayet) indicates the
number p(n) of occupied gy, proton (neutron) orbitals
in the configuration having a total signature a;,;. The
number of low-j N = 3 protons and neutrons is then fixed
from the total number of particles, Z = 36 and N = 38.

The maximum spins I,,q, of the [2,4](a=0), [3,4](a=0)
and [3,4](a=1) configurations are 32%, 34~ and
357, respectively. For example, the detailed struc-
ture of the [2,4](a=0) configuration with respect of
the °°Ni spherical core is m[gg/2]3[p1/2p3/2.5/2)8 ®
V[gg/Q]iLQ [p1/2p3/2f5/2]2, where the subscripts indicate the
maximum spin built within the group of orbitals, i.e.
Iae=8+6+4+1246=32. Thus the ground-state band and
Band A (a=1) are observed up to their maximum spins,
and Band A (a=0) is one transition short of I,;,4,. How-
ever, the minima of calculated potential energy surfaces
of these configurations at I,,,,, are associated with some
collectivity (g2~0.2, ¥~20°) and do not correspond to
non-collective y=60° value, as illustrated for the ground
band configuration in Fig. @l Thus, contrary to for ex-
ample the terminating bands in the A = 110 region [1],
the CNS calculations suggest that these smooth bands
remain collective at I,,4, and that it might be possi-
ble to follow them to even higher spins. These higher
spin states are formed mainly because of the coupling to
the £7/2 orbitals, which are outside the valence space, in
a similar way as higher spin states might be formed in
strongly-deformed harmonic oscillator configurations due
to the coupling to other N-shells [2].

The experimental and theoretical Q; values as a func-
tion of spin for the ground-state band and the two
signature-partners of Band A are shown in Fig. Bh,c,d.
The calculations were performed within the CNS and
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FIG. 4: Potential energy surfaces at 1=30,32,34 calculated in
the CNS formalism for the [2,4] configuration. The contour
line separation is 0.2 MeV. Note that the minimum remains at
£2~0.2, 7~20° for all these spin values corresponding to I qz-
2, Imaz and Inae.+2. No non-collective state can be defined
for I>I,,q. explaining why a region around the y=60° axis is
excluded from the =34 surface.
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FIG. 5: (a) The measured transition quadrupole moments Q:
for the ground-state band and Band A. (c,d) The calculated
Q¢ values for the [2,4] and [3,4] configurations assigned to the
ground-state band and Band A, respectively. (b) Transition
quadrupole moments of the bands in 2Zn, ™Kr and '°°Sb,
normalized at I/Imq-=0.68, as a function of I/Imaz.

CRMF approaches which describe the @; values in the
smooth terminating bands of %2Zn [2(] and 19°Sb [21, 22]
with a good accuracy. The experimental values show
a smooth decrease of (); as the spin increases. How-
ever, this decrease is very marginal compared with that
of the smooth terminating bands in %2Zn and '°°Sn
(Fig. Bb). Although, the transition quadrupole moments
have not been measured for the (Iqz—Imaz-2) transi-
tion, this result strongly suggests that the experimental
bands do not terminate at I,,4,. This conclusion is sup-
ported by the comparison with @; values obtained in
the CNS and CRMF calculations which reproduce the
transition quadrupole moments, including their modest
decrease. The decrease is somewhat better reproduced in
the CRMF approach where the discontinuities observed
at highest spins are explained by the difficulties to follow
the configurations close to Iyqz.

In summary, three smooth rotational bands have been
observed in ™Kr up to (or one transition short of)

the maximum spin I,,q;. Contrary to the previously
known cases of rotational bands, which terminate in
a non-collective state at I,,4., the measured transition
quadrupole moments strongly suggest that these bands
do not terminate. This feature, which is supported by
mean field calculations, represents the first observed case
of ‘non-termination’ of rotational bands at I=1,,4%.
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