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Abstract. A new high-spin level scheme of *°Nd has been identified, which is at variance with the one
previously published. The states have been populated in the 2C + 228U fusion-fission reaction at 90 MeV
bombarding energy and the emitted ~-transitions were detected using the Euroball III array. The yrast
band is built on the vi13/5 sub-shell as in the neighbouring isotones. Moreover, sign of octupole vibrations
has been found in “°Nd, as well as in *"Ce, where several new states decaying to the yrast band have

been newly observed.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels — 21.10.Re Collective levels — 23.20.Lv Gamma
transitions and level energies — 27.60.+j 90 < A < 149

1 Introduction

The N = 89 isotones belong to a transitional region where
a change occurs from vibrational behaviour (N < 88) to
rotational behaviour (N > 90). Their high-spin states
have been the subject of extensive experimental studies
for many years, those of the heavy isotones being pop-
ulated by fusion-evaporation reactions (see, for instance,
153Gd [1], and '%1Sm [2]), whereas those of the lighter
isotones, 149Nd [3], 147Ce [4,5], and *5Ba [6,7] have been
produced from spontaneous fission of actinides. In all these
isotones but one (1*Nd) the yrast band, a cascade of E2
transitions, is built on the vi;3/5 sub-shell, its orbits be-
ing located close to the neutron Fermi level for prolate-
deformed shapes. As for 19Nd, the authors of ref. [3] have
proposed the beginning of a A = 1 structure above a
493 keV level: This has been assigned to be the strongly
coupled band built on the 11/27[505] orbital. The (11/27)
state is found to decay to a 352keV level interpreted as
a (13/27) level. Surprisingly enough, they have not been
able to identify the band built on this (13/2%) state even
though it is located at lower energy than the (11/27) state.
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Therefore one casts some doubts on these high-spin levels
of M9Nd.

In this paper, we report on a new high-spin level
scheme of 1*9Nd from a fusion-fission reaction experiment.
The obtained level scheme is now very similar to the yrast
structures observed in the other N = 89 isotones. The
yrast band is built on the (13/27) level located at 340keV.
It is worth pointing out that such a state was already
known as it has been populated from several transfer re-
actions [8]. Moreover, the octupole vibrations, well known
in this mass region, manifest themselves via a sequence of
excited states decaying to the yrast states, as in *1Sm [2]
and *°Ba [7]. The same side structure has been also newly
observed in 147Ce.

2 Experimental methods

The high-spin states in #Nd and '4"Ce have been
populated using the fusion-fission reaction 2C 4 238U
at 90 MeV incident energy. The beam was provided by
the Legnaro XTU tandem accelerator. The target of
47mg/cm? 238U was thick enough to stop the recoiling
nuclei. The «-rays were detected with the Euroball IIT [9].
The spectrometer contained 15 cluster germanium detec-
tors placed in the backward hemisphere with respect to the
beam, 26 clover germanium detectors located around 90°,
and 30 tapered single-crystal germanium detectors located
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at forward angles. Each cluster detector consists of seven
closely packed large-volume Ge crystals [10] and each
clover detector consists of four smaller Ge crystals [11].

The data were recorded in an event-by-event mode
with the requirement that a minimum of five unsup-
pressed Ge detectors fired in prompt coincidence and
about 1.9 x 10% three- and higher-fold coincidence events
were registered in the experiment. The data were sorted
with the EURO14 software [12] and analysed using the
Radware package [13].

In such experiments without any kinematical informa-
tion, the Doppler shifts of the measured ~y-rays cannot
be corrected. Therefore, we only study the excited states
having lifetimes longer than the stopping time of the frag-
ments in the thick target (about 1ps). The placement of
the y-ray transitions in the level scheme is based on y-vy-v
coincidences and relative y-ray intensities. The fact that
prompt y-rays emitted by the complementary fragments
are detected in coincidence [14,15] has been used to iden-
tify the new transitions of *Nd. In this fusion-fission re-
action, the main complementary fragments of 49Nd are
92-94Gy.

Because of the asymmetry of the Euroball array com-
prising three types of Ge detectors, the statistics of our
149Nd data was too low to perform ~-ray angular correla-
tion analysis. Therefore, the spin assignments of the new
high-spin states are based i) on the assumption that in
the yrast decays spin values increase with excitation en-
ergy and ii) on the analogy with the level structure of the
well-known neighbouring isotones.

3 Experimental results
3.1 Study of *°Nd

Few high-spin levels were known in '4°Nd prior to this
work. From spontaneous fission of 22Cf, the bottom of
a AI = 1 band based on a level located at 493keV has
been proposed in ref. [3]. This has been interpreted as the
11/27[505] structure, which is expected in this N = 89
isotone even though this is not the yrast band.

In our experiment, none of the y-rays belonging to this
structure or directly depopulating the 493keV state has
been observed in coincidence with the transitions emit-
ted by ?2794Sr [16]. On the other hand, the 108keV and
162keV transitions corresponding to the decay of the
known (9/27) state at 270keV [8] have been found to
be correlated with the transitions emitted by the comple-
mentary fragments of *°Nd. The double-gated spectrum
set on these two transitions (see the top spectrum of fig. 1)
also exhibits a new sequence of very strong lines, at 247,
389, 493, 571, 632 and 673 keV, which are proposed to be
the yrast structure of *°Nd. Moreover, the 70 keV transi-
tion, which can be clearly seen in this spectrum, is known
to be located just above the (9/27) state [8], meaning that
the yrast band has to be built on the (11/2,13/2)7 level
known at 340keV excitation energy.
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Fig. 1. Double-gated spectra built from the data obtained in
the fusion-fission reaction *2C + 223U at 90 MeV beam energy.
Top spectrum: gates set on two transitions of *°Nd, 108 and
162keV. Transitions emitted by the Sr complementary frag-
ments are marked. Middle spectrum: gates set on one transi-
tion of '*°Nd (162keV) and one transition of ?*Sr (814keV).
Bottom spectrum: gates set on two transitions of *°Nd, 162
and 673 keV.

It is worth pointing out that all the transitions pro-
posed by the authors of ref. [3] are weakly observed in co-
incidence with the 108 keV and the 162 keV transitions:
82, 141, 206, 222 and 425keV lines. Nevertheless, being
not correlated with the Sr transitions, they cannot belong
to "9Nd. This is illustrated in middle spectrum of fig. 1
where one of the two gates is set on the first transition of
928r (814keV). The 82keV and 141keV lines have com-
pletely disappeared whereas they have almost the same
intensity as the 70keV one in the top spectrum. In our ex-
periment, the coincidence relationships of the 82, 108, 141,
162, 206, 222 and 425 keV transitions are very weak. More-
over, all of them are strongly contaminated by transitions
emitted by other fragments. Therefore, the order of the -
rays, previously proposed by the authors of ref. [3], cannot
be confirmed and the identification of the emitting frag-
ment is not possible from the data set of this experiment.

The third spectrum of fig. 1, which displays the com-
plete yrast structure newly identified in #°Nd, shows that
the 673 keV transition is a doublet. Additional support to
the assignment of all these new 7-rays comes from the co-
incidence spectra gated on the 37 keV X-ray of Nd and the
new transitions. The analysis of all the coincidence rela-
tionships has led to the new level scheme drawn in fig. 2.

In the two neighbouring isotones, '4"Ce [4,5] and
1518m [2], the yrast band is built on the 9/2T state lo-
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Fig. 2. New high-spin level scheme of 'a9Nd obtained in this
work. The three first transitions (108, 162 and 70keV) were
already known [8].

cated at 400keV and 92keV, respectively, and its first
transition (13/2% — 9/2%) has a very low energy (82keV
and 56keV, respectively). The new yrast band built on
the 270keV level in *9Nd is very similar to these ones
and hence the same spin-parity assignment as for the cor-
responding levels in '47Ce and '°'Sm has been adopted
(reported in fig. 2).

In addition, the level scheme of '*°Nd comprises sev-
eral weakly populated levels, each of them decays to one
state of the yrast band. An example of double-gated spec-
trum involving one of the transitions depopulating such
levels is shown in fig. 3 (bottom spectrum). These new
states, which can be arranged as members of a side band,
have very similar behaviour (excitation energy and decay)
as those of side bands with negative parity which have
been observed in the neighbouring isotones, 14°Ba [7] and
1518m [2]. Once more, the same spin-parity assignments
have been adopted.

3.2 Study of *’Ce

Previously, the yrast states of 147Ce had been studied from
the spontaneous fission of 24¥Cm [4]. Later on, several new
side bands had been identified from another experiment
using a 252Cf source [5]. In the present work, we could not
confirm any of these new side bands. The part directly
built on the first (7/27) state could be too weakly popu-
lated in our experiment to be observed, this is expected
if the corresponding states have low-spin values. On the
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Fig. 3. Double-gated spectra built from the data obtained in
the fusion-fission reaction *C 4 2**U at 90 MeV beam energy.
Bottom spectrum: gates set on two transitions of *°Nd, 555
and 493keV. Top spectrum: gates set on two transitions of
47Ce, 486 and 500keV.
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Fig. 4. Level scheme of 2 Ce obtained in this work.

other hand, we could expect to see some negative-parity
states strongly linked to the positive-parity yrast states,
as mentioned above for 1°Nd.

Among the four transitions proposed by the authors
of ref. [5], only one (566keV) has been confirmed by our
analysis. However, several other new transitions have been
found to populate the yrast states, they are shown in fig. 4
and an example of a double-gated spectrum involving one
of these new transitions is given in fig. 3 (top spectrum).
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4 Discussion

The previous high-spin studies of the heavy N = 89 iso-
tones using fusion-evaporation reactions had revealed a
lot of rotational sequences built of the numerous indi-
vidual states located close to the neutron Fermi levels.
Their properties are well described in the framework of
either the cranked shell model (see, for instance, the case
of 1%3Gd [1]) or particle-rotor model (see, for instance,
the case of *1Sm [2]). In all the heavy N = 89 isotones,
the AI = 2 decoupled band built on the 13/27 state is
much more populated than the other structures (about an
order of magnitude). Since only the yrast states can be ob-
served in the fusion-fission experiment, the high-spin level
schemes of 147Ce and *°Nd obtained in the present work
exhibit mostly the decoupled band corresponding to the
vi13/2 subshell.

It is worth noting that contrary to the well-known de-
coupled band [17], the first state of the positive-parity
structure has not the maximum spin value, I = j = 13/2,
but a lower spin value, I = j — 2 = 9/2. Moreover, the
13/2% and 9/27 states get closer and closer in energy
when the proton number increases (from 82keV in 55Ce
to 22keV in g¢Dy). This is due to the fact that the neu-
tron Fermi level is not located below the entire viq3/, set
of orbits. In addition, the position of the neutron Fermi
level is expected to fluctuate within the first viyz/, or-
bits because of the deformation changes of the N = 89
isotones and of the large number of negative-parity or-
bits lying close in energy (confirmed by the change of the
ground-state spin which is 5/27 in 14°Ba-15'Sm and 3/2~
in 3Gd). Its migration among the i3/, orbits leads to
the changes observed in the bottom of the yrast bands,
mentioned above.

As the 9Nd level scheme has been identified up to
spin (45/2%), its yrast band structure can be analyzed
in a large range of rotational frequency and compared to
the one of the neighbouring isotope, '®°Nd. The angular
momentum alignments have been calculated following the
procedure described in ref. [18], with the following Harris
parameters: Sy = 26 A*MeV~! and S = 80 A MeV 3.
They have been obtained in such a way that the initial
alignment values of the even-even isotope are close to 0
and the values of the odd-N one remain almost constant
up to 0.25 MeV rotational frequency. The results are pre-
sented in fig. 5, showing also the results of the 7-148Ce
isotopes. One can observe that the initial alignment of
19Nd and '7Ce is around 5#, that is less than the max-
imum value (6.57) expected from a i3/, shell, in agree-
ment with the location of the neutron Fermi level close
to the second or third orbit of the viy3/5 shell. The back-
bending observed around the rotational frequency of 0.28—
0.30 MeV in the even-even nuclei plots is due to the break-
ing of a viy3/ pair. It is also observed in 149Nd, although
slighlty delayed because of the blocking of one neutron
state.

In several nuclei of this mass region alternating-parity
sequences connected by strong electric dipole transitions
have been measured, in agreement with theoretical pre-
dictions of an island of stable octupole deformed nuclei
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Fig. 5. Experimental alignments for the yrast band of *°Nd
(filled squares) and **"Ce (filled circles), as compared to those
of the ground-state band of *"°Nd (empty squares) [16,19] and
18Ce (empty circles) [16]. The values of Harris parameters
are So = 22h*°MeV ™', 1 = 1007*MeV~? for "*"1**Ce and
So =26hA*MeV ", S1 =80 h*MeV~? for **15ONd.

1200
octupole
3
< 1000 -
>
(o)
I
c
()
c
.9
©
5 800 1
x
L
600

56 58 60 62

Proton number
Fig. 6. Excitation energy of the octupole mode in the N = 88,
89, 90 isotones as a function of the proton number, from 5¢Ba
to 62Sm. The energies of the 3™ states of the N = 88 isotones
(triangle right) and of the N = 90 isotones (triangle left) are

compared to the excitation energies of the 19/27 states relative
to the 13/27 states of the N = 89 isotones (filled diamond).

around Z = 56 and N = 90 [20]. Although the N = 89
isotones do not exhibit such alternating-parity sequences,
many observed structures are connected through strong
FE1 transitions which are interpreted as due to octupole
vibrations. In particular the coupling of the octupole vi-
bration of the core to the i13/5 neutron gives states with
I™ >19/27. The evolution of the energies of the octupole
phonon in the N = 89 isotones and in the neighbour-
ing even-even nuclei as a function of the proton number
(see fig. 6) shows that the odd-N behaviour is close to
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the even-N ones. In 183Sm, the 19/2~ state built on the
vhg /o configuration is expected in the same energy range
as the one from vi;3/,®37, their mixing explains the lower
energy quoted for Z = 62.

5 Conclusion

In the present work, we could not confirm any of the high-
spin levels (with I > 11/2) previously assigned to 14°Nd in
ref. [3] and reported in the last compilation [8]: The pro-
posed ~-transitions are not detected in coincidence with
those emitted by the Sr isotopes which are the comple-
mentary fragments of *Nd in our experiment. On the
other hand, new high-spin states in '4Nd have been iden-
tified up to spin value (45/2) and excitation energy around
4.6 MeV. The yrast band has been assigned to be based
on the vijz/, orbital, as the corresponding bands in the
other N = 89 isotones. The backbending observed at a
rotational frequency of hw ~ 0.33 MeV is slightly delayed
as compared to the one observed in °°Nd, because of the
blocking of one viy3/5 orbit. In 19Nd as well in '7Ce,
several states, lying between 1.3 and 3.3 MeV excitation
energy, mostly decay to the yrast states, as observed in
the other isotones. This is the only manifestation of oc-
tupole correlations in these N = 89 isotones, which are lo-
cated at the border of the mass region showing reflection-
asymmetric shapes.
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