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Rotational bands in 133Nd
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The high-spin structure of the nucleus133Nd has been studied with the GASP array using the104Pd(32S,2pn)
and 105Pd(32S,2p2n) reactions. The observed levels have been organized into nine rotational bands including
the well-known highly deformed band which has been linked to the states at normal deformation. The bands,
which have been classified as being built on different Nilsson orbitals, are discussed in the framework of the
interacting boson fermion, particle-plus-triaxial rotor, and cranked shell models.@S0556-2813~98!05110-3#

PACS number~s!: 21.10.Re, 21.60.2n, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

After the first superdeformed~SD! band identification in
132Ce @1#, many other bands characterized by narrow ('70
keV! and fairly regular energy spacings have been disc
ered in the nuclei of the massA5130 region@2,3#. Such
bands arise from a second minimum in the potential ene
surface, corresponding to prolate shapes withb2
50.35– 0.40, whereas the first minimum has a deforma
b250.20– 0.25@4#. They are also often called highly de
formed ~HD! bands~as we will do in the present paper! in
order to emphasize their smaller deformation with respec
the SD bands in theA580, 150, 190 regions (b2
'0.5– 0.6).

The study of HD band properties in the massA5130
region has attracted much interest, and by now a lot of da
available on such bands in the whole region. In many ca
the discovery of the HD bands in a particular nucleus
preceded a detailed spectroscopy study of the same nu
at normal deformation. This was the case of133Nd where,
beside the HD band, which has been the object of m
studies@2,5–8#, only few g rays assigned to the decay
levels with spins and parities given just on the basis of s
tematics were known@9#. The complicated decay out of th
HD bands, together with the poor knowledge of the le
scheme at low energy, was the main reason which preve
for a long time the identification of the decay out of the H
bands toward normally deformed~ND! states in the massA
5130 region.

The 133Nd nucleus was the one with the largest repor
population of a HD band in theA5130 region@2# and we
therefore chose it as the best candidate for the search
clear connection between HD and ND states. Experime
have been carried out at the GASP array, with the goa
establish a level scheme as complete as possible for133Nd at
normal deformation and to find the transitions linking t
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HD band to the rest of the level scheme. Indeed, such link
transitions have been found allowing the spin-parity assi
ments for the HD band. The results on the decay out h
been already published in form of letters@10,11#.

Several rotational bands, at lower deformation, have b
found in 133Nd during the course of this study. They cou
be followed up to relatively high spins and excitation en
gies. Preliminary reports on some of these structures h
been given already in Refs.@10,11#. In this paper, a full
account of the experimental results on rotational bands in
133Nd nucleus will be presented.

The HD band has been interpreted through the occupa
by the 73rd neutron of the@660#1/2 Nilsson orbital~arising
from then i 13/2 sphericalj shell! which is strongly downslop-
ing and approaches the Fermi surface at high deforma
(b250.35). In a first approach, also the other rotation
bands can be classified, according to the Nilsson schem
being built on the various orbitals available to the odd ne
tron at normal deformation. This description, based on a
ally symmetric rotor, can be anyway too simple and may
be able to reproduce all the properties of the bands. I
known in fact that133Nd belongs to a region of transitiona
nuclei in which theg degree of freedom plays an importa
role. About 20 years ago the triaxial-core model of Meye
ter-Vehn @12# has been applied to describe the low-lyin
negative-parity bands built on theh11/2 neutron orbital
known in several odd-mass Ba@13,14#, Ce @15#, and Nd
@9,12# nuclei with mass numberA'130 and a significant
departure from axial symmetry has been established. Th
nuclei are characterized by softness with respect to thg
deformation and therefore shape polarization could oc
due to the particles occupying different orbitals. Recently
has been shown that theg-soft nuclei of theA5130 region
can be satisfactorily described by assuming a rigid triax
core characterized by an averageg value @16#. A detailed
analysis of the observed properties of the low-lying bands
the odd-mass neutron-deficient Xe, Ba@17,18#, and Ce@19#
nuclei have been performed within the particle-plus-triax
rotor model~PTRM! of Ref. @20# and large triaxial deforma-
tions with g in the range 15°–30° have been established

ity
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PRC 58 2003ROTATIONAL BANDS IN 133Nd
the negative-parity structures and, in some cases, also fo
positive-parity structures.

An alternative to the particle-triaxial rotor model descri
tion is offered by the interacting boson fermion mod
~IBFM! @21#. This model was recently applied in theA
'130 mass region to the neutron-deficient isotopes of
@22#, Ba @23#, and Ce@24#. It is of interest to compare the
description provided for the low-lying structures of133Nd by
these two different approaches, and for this purpose calc
tions were performed using both the interacting boson
mion and particle-plus-triaxial-rotor models. As concern t
high-spin states, the discussion is based on the the cra
shell model~CSM!, following a procedure similar to tha
recently applied to the129Ba isotone@25#.

II. MEASUREMENTS AND RESULTS

Two independent experiments have been performed in
der to study rotational bands in133Nd. In the first one, a 155
MeV 32S beam was bombarding a thin105Pd target consist-
ing of two self-supporting foils for a total thickness of
mg/cm2 ~from here on‘‘thin target experiment’’!. In the sec-
ond one, the reaction104Pd132S at 135 MeV has been use
and the target consisted of 1.1 mg/cm2 of 104Pd evaporated
on a 15 mg/cm2 gold foil ~thick target experiment!. A differ-
ent reaction has been chosen in the second experimen
stead of the32S1105Pd one because exploratory runs ha
shown that the channel of interest, namely133Nd, was popu-
lated in a cleaner way. The beam was provided by the T
dem XTU accelerator of Legnaro andg rays have been de
tected using the GASP array which in its standa
configuration consists of 40 high efficiency Compton su
pressed germanium detectors and of a bismuth germa
~BGO! inner ball acting as multiplicity filter and total-energ
spectrometer. In the thin target experiment the numbe
installed Ge detectors was 31, while in the thick target on
was 38. In this second case also two planar germanium
tectors were used for the detection of low-energyg rays.
Events were collected when at least three suppressed G
tectors and three detectors of the inner ball fired in coin
dence. With such conditions the event rate was ranging f
5 to 7 kHz by keeping a singles rate in the germanium
tectors of 8–10 kHz. The beam current was 4 and 10 pnA
the thick and thin target experiments, respectively. After
folding the stored events, 23109 and 1.23109 triples coin-
cidences data were available for the off-line analysis in
thin and thick target experiments, respectively.

Energy calibrations of the spectra and gain matching
tween the different Ge detectors have been performed u
standardg-ray sources as well as knowng-ray transitions of
the nuclei populated in the reactions. The data have b
sorted into fully symmetrized matrices and cubes with pro
conditions on the fold and on the sum energy of the BG
ball. In order to enhance the different band structures see
133Nd, we made use of the triples data by constructingg-g
matrices in coincidence with the strongest transitions in e
observed rotational band. Examples of doubly gated spe
showing various rotational sequences in133Nd are given in
Figs. 1 and 2 for the thick target and thin target experime
respectively. As it is evident from Fig. 1 the thick target da
which have been essential in constructing the low spin p
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of the level scheme, limit the observation of high-spin sta
up to spin'20. The thin target data on the other side ha
allowed us to extend the observation of levels in133Nd up to
spin 89/21, which is the highest in the HD band.

The spins and parities of the levels have been dedu
from the analysis of the directional correlation ratios fro
oriented states~DCO! @26# for the 133Nd transitions. A DCO
g-g matrix has been created sorting on one axis the detec
lying at 90° with respect to the beam direction and on
other those at 34° and 146°. In the GASP geometry, if o
sets a gate on a stretched quadrupole transition, the the
ical DCO ratiosI 90°(g)/I 34°(g) are '1 for stretched quad-
rupole transitions and'0.5 for pure dipole ones. If, on the
contrary, gates are set on a pure dipole transition, the
pected DCO ratios for quadrupole and dipole transitions
2 and 1, respectively. Obviously, if the transition of intere
is of mixed dipole/quadrupole character, different values
obtained depending on the sign and value of the mixing ra
d @26#.

The energies and relative intensities of theg transitions
belonging to 133Nd, together with the DCO ratios and th
spin-parity assignments are reported in Table I. The rela
intensities of the low-lying transitions were determined fro
the total projection of the thick target experiment and n
malized to the 162.9 keV 11/22→9/22 transition. For the
transitions lying at higher excitation energy, the relative
tensities are extracted from gated spectra. For weak or c
taminated transitions and some of those linking differe
bands it has not been possible to deduce the intensity va
In Table I, for the sake of clarity, theg-ray transitions are
arranged according to their placement in the level schem
Fig. 3 and/or their character~in-band transitions, transition
connecting different bands!.

III. THE LEVEL SCHEME OF 133Nd

The level scheme of the133Nd nucleus deduced from th
present study is shown in Figs. 3~a! and 3~b!. It is organized
into nine different structures labeled from 1 to 9. Negativ
parity bands are presented in Fig. 3~a!, whereas the positive
parity bands are displayed in Fig. 3~b!. The HD band~band
5! is shown in both figures together with its decay out to bo
negative- and positive-parity states.

The transitions have been placed in the level scheme
the basis of coincidence relationships and relative intensit
Spin assignments are based on DCO analysis and on d
patterns. The parity of the levels has been established as
ing that, when gating on aDI 52 stretched quadrupole tran
sition, the strong transitions with DCO ratios'1 haveE2
character and the transitions with DCO ratios definitely d
ferent from 1 and 0.5 are of mixed multipolarity (M11E2
character!.

Apart from the HD band, only a strongly populated ban
that from systematics was assigned to have negative p
and be based on a 9/22 state@9#, was known in133Nd before
our study began. In our thick target experiment we co
observe that this band is built on an isomeric state wh
decays withT1/25301618 ns through a 176 keV transitio
~see Fig. 4!. An analogous isomer is known in the131Ce
isotone where the 9/22 state~on which a similar negative-
parity band is built! has a half-life of 80 ns and decay
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FIG. 1. Doubly gated coincidence spectra, from the thick target experiment, showing the low energy part of some rotational
133Nd. They were obtained by summing the spectra resulting from various combinations of twofold gates on clean transitions belo
each band. When a gate is indicated, that transition’s energy is always entering in the double-gate condition.
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through a 162 keV transition to the 7/21 ground state@27#. In
this way we have assumed a 7/21 ground state also in133Nd.

Of great help in confirming the low-energy part of th
level scheme has been the recent, parallelb-decay study of
133Pm @28# performed at Georgia Institute of Technology.
this study a spin-parity 7/21 is assigned to the133Nd ground
state and furthermore a newb1 decaying state with spin
1/21 was identified at 128 keV. We had in fact the puzzli
situation that the two signature partners of band 6, the
getting the higher feeding from the decay of the HD ba
were terminating, at low spin, 128 and 173 keV above
ground state, respectively. And in fact, theb1 study shows
also a 45 keV transition~not seen in our experiment! con-
necting a 3/21 state at 173 keV to the 1/21 b1 decaying
state. The electron conversion data@28# together with our
DCO ratios allow for an unambiguous spin-parity assig
e
,
e

-

ment for all the relevant low-spin states~up to Ex' 500
keV! of 133Nd. In the low-spin part of the band 4 three leve
(3/22, 5/22, and 7/22) are in common with theb-decay
work. In our experiment we have found a weak 137 ke
transition deexciting the 5/22 level. Although the DCO ratio
for this transition could not be determined we interpret t
new level as the missing 1/22 member of the band, expecte
near the 3/22 state and in fact lying only 33 keV above. Th
(1/22) level decays through a 259 keV transition to t
1/21b-decaying isomer.

Beside theT1/25301 ns isomeric state at 176 keV, als
the 3/22 state at 353.6 keV exhibits a half-life in the n
range. It has been measured in@28# asT1/2546 ns. Because
of the presence of the isomer the intensity of the 181 k
transition, derived from coincidence data, results much low
than the intensity of the transitions populating the isom
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PRC 58 2005ROTATIONAL BANDS IN 133Nd
~see Table I!. Time spectra obtained by gating on the 1
keV transition indicate clearly the presence of this isom
with a half-life consistent with the value given in@28#.

For the states above 500 keV, which are members
regular rotational bands, spins and parities are straight
ward from DCO ratios. They are in fact'1 for all in-band
E2 transitions and'0.5 for theM1 transitions connecting
signature partners bands~see Table I!. Exceptions to this rule
are the 225, 334, 397, and 422DI 51 transitions of the band
6 and the 170, 266, and 309DI 51 transitions of the band 4
which all have large DCO ratios explained by a mix
E2/M1 character with rather larged values~0.3–0.4!.

Spin, parity, and absolute excitation energy of the H
band levels could be determined in this work through
identification of 10 transitions linking the HD band to no
mally deformed states of both positive and negative par
They are listed in Table I together with their intensities a
DCO ratios which result in unambiguous spin-parity assi
ment for the HD band levels. The mechanism of the de

FIG. 2. Doubly gated coincidence spectra, from the thin tar
experiment, showing the extension to high energy of some of
bands of133Nd. They were obtained by summing the spectra res
ing from various combinations of twofold gates on clean transitio
belonging to each band. The stars in the lowest spectrum indi
the E2 transitions from thea511/2 member of band 9, see
through theDI 51 transitions which connect the two signature pa
ners of band 9.
r
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out of the HD band has been already discussed in deta
Refs.@10,11#.

From theg-ray intensities reported in Table I we hav
revaluated the relative intensity of the HD band with resp
to the total population of the133Nd nucleus, which results
now to be'6.5%. This value is comparable with those
similar bands in odd-even nuclei of the massA5130 region
and much lower than the'20% value earlier reported@2#,
derived when the knowledge of the133Nd level scheme was
much poorer.

IV. DISCUSSION

The low-spin states of133Nd populated in theb decay of
133Pr have been recently discussed@28# in the framework of
the particle-plus-triaxial rotor model. The calculations we
performed by using, for the deformed mean field, a Woo
Saxon potential with a quadrupole deformation parame
b250.256 under the assumption of axial symmetryg
50°) and a good qualitative description of the experimen
low-energy spectrum was obtained. The experimental ba
heads could be readily identified with the calculated on
characterized by the Nilsson labels which are dominan
their wave function~see Fig. 8 of Ref.@28#!. The same labels
are reported in our Figs. 3~a! and 3~b!, which characterize
now regular rotational bands built on specific Nilsson orb
als. Only at high spins, a new~with respect to theb-decay
study! regular rotational band appears which is interpreted
being built on the@660#1/2 n i 13/2 intruder orbital. Some dis-
crepancies between the experimental features~relative posi-
tion of the bandheads, signature splitting of some low-lyi
states! and the calculated ones have been already notice
@28# indicating that an improvement of the mean-field d
scription is necessary and/or that the observed struct
could have triaxial shapes. Before going into a detailed d
cussion of the properties of the various bands in the fram
the IBFM, PTRM, and CSM, we would like to point out th
similarity of the level structure of the odd-N nucleus133Nd
(N573) with the corresponding odd-Z nuclei withZ573. In
fact, very similar band structures have been seen in171,173Ta
based on the@402#5/21, @404#7/21, @411#1/21, @514#9/22,
@541#1/22 and @660#1/21 Nilsson orbitals@29,30#.

A. IBFM description of the low-lying states

As already mentioned in the Introduction, the interacti
boson fermion model was recently applied to the neut
deficient isotopes of Xe@22#, Ba @23#, and Ce@24#. A rea-
sonable description of the low-lying states of both parities
these nuclei has been achieved within the model by coup
a neutron which can occupy essentially the ‘‘valence’’ orb
als 1g7/2, 2d5/2, 3s1/2, 2d3/2, and 1h11/2, to the states of the
even-even core described by the interacting boson mode
describing the isotonic Ba and Ce nuclei, it was found t
the same set of model parameters could be used@24#. It was
therefore interesting to see to which extent the same par
eters are able to predict the properties of Nd isotopes. W
this purpose, we have performed an IBFM-1 calculation
the positive parity states in133Nd in which we have adopted
an approach similar to that for its isotones129Ba and 131Ce
@23,24#.
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TABLE I. Energies, relative intensities, and DCO ratios ofg-ray transitions assigned to133Nd from the
reactions used in this experiment. The intensities are normalized to that of the 162.9 keV transition~assumed
to be 1000!. Errors in theg-ray energies are below 0.2 keV for strong transitions, and up to 1 keV for
weakest transitions on top of the bands. The DCO ratios are obtained by gating on stretchedDI 52 transi-
tions, unless otherwise stated.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

Band 1
a511/2
370.9 3401.9 29/22 25/22

598.6 4000.7 33/22 29/22 110~10!
786.9 4787.5 37/22 33/22 50~5!
934.3 5722 41/22 37/22 25~5!
1022.9 6745 45/22 41/22 25~5!
a521/2
490.2 3659.3 31/22 27/22 90~10! 1.1~2!
708.5 4367.7 35/22 31/22 70~5! 0.8~2!
871.1 5238.6 39/22 35/22 70~5! 1.4~4!
DI 51 transitions
137.6 3168.9 27/22 25/22 28~5!
233.0 3401.9 29/22 27/22 340(10)a 0.56~6!
257.4 3659.3 31/22 29/22 240~10! 0.53~6!
341.4 4000.7 33/22 31/22 230~10! 0.42~6!
367.0 4367.7 35/22 33/22 145~10! 0.40~6!
419.8 4787.5 37/22 35/22 70~5!
451.1 5238.6 39/22 37/22 60~5!
482.9 5722 41/22 39/22 40~5!
Other transitions related to band 1
302.6 4406.1 30~5!
588.1 3401.9 29/22 25/22 170~5!
701.6 4103.5 29/22 30~5!
Band 2
a511/2
470.5 647.0 13/22 9/22 145~8! 1.5~2!
625.0 1272.0 17/22 13/22 190~10!
738.9 2010.9 21/22 17/22 150~10! 1.2~1!
802.8 2813.7 25/22 21/22 104~5! 1.0~2!
754.9 3568.6 29/22 25/22 55~5! 0.9~9!
a521/2
498.3 837.5 15/22 11/22 650~25! 1.2~1!
623.5 1461.0 19/22 15/22 685~25! 0.98~3!
738.9 2199.9 23/22 19/22 665~23! 1.1~1!
827.8 3027.7 27/22 23/22 310~12! 0.95~6!
881.9 3909.6 31/22 27/22 70~5! 0.8~2!
776.0 4685.6 35/22 31/22 30~5! 0.8~2!
805.7 4715.3 31/22 15~5!
DI 51 transitions
162.9 339.2 11/22 9/22 1000 0.44~3!
307.8 647.0 13/22 11/22 350~15! 0.41~3!
190.6 837.5 15/22 13/22 190~7! 0.48~2!
434.5 1272.0 17/22 15/22 115~6! 0.27~6!
188.9 1461.0 19/22 17/22 40~3!
550.0 2010.9 21/22 19/22 60~4! 0.33~6!
189.0 2199.9 23/22 21/22 20~5!
614.0 2813.7 25/22 23/22 50~4!
214.0 3027.7 27/22 25/22 20~5!
541.1 3568.6 29/22 27/22 15~3!
Band 3
539 1186 15/22 13/22 80~10! 0.2~1!
630 1816 19/22 15/22 80~10! 2.3(9)b

712 2528.0 23/22 19/22 80~10! 0.96~5!
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TABLE I. ~Continued!.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

Band 4
a521/2
138.9 492.6 7/22 3/22 75~5! 1.50~15!
316.0 808.6 11/22 7/22 225~15! 0.88~2!
472.4 1281.0 15/22 11/221 225~15! 1.05~3!
591.4 1872.4 19/22 15/22 215~15! 0.96~3!
666.8 2539.2 23/22 19/22 185~15! 0.94~3!
668.2 3207.4 27/22 23/22 185~15!
565.0 3772.4 31/22 27/22 155~10! 1.1~1!
637.3 4409.7 35/22 31/22 115~10! 0.8~3!
760.5 5170 39/22 35/22 51~5! 1.1~3!
884.6 6055 43/22 39/22 27~3! 1.0~3!
987.0 7042 47/22 43/22 25~3!
1076.9 8119 51/22 47/22 18~9!
1159.6 9278 55/22 51/22 10~5!
1238.0 10516 59/22 55/22 10~5!
Other transitions related to band 4(a521/2)
655.6 2528.0 23/22 19/22 30~4! 1.2~4!
679.4 3207.4 27/22 23/22 90~10!
702.4 3909.8 31/22 27/22 60~6! 0.8~1!
740.8 4650 35/22 31/22 50~5! 1.2~4!
778.0 5428 39/22 35/22 30~5! 1.0~3!
830.3 6258 39/22 15~10!
a511/2
137.0 523.9 5/22 (1/22) 15~5!
235.0 758.9 9/22 5/22 80~10! 1.1~1!
358.1 1117.0 13/22 9/22 120~10! 0.99~6!
482.3 1599.3 17/22 13/22 150~8! 1.01~2!
587.2 2186.5 21/22 17/22 155~8! 0.98~9!
663.1 2849.6 25/22 21/22 145~8! 1.1~2!
702.3 3551.9 29/22 25/22 90~5! 1.0~1!
730.2 4282.1 33/22 29/22 55~3! 0.9~2!
775.3 5057.4 37/22 33/22 25~3!
841.8 5898 41/22 37/22 20~3!
920.3 6818 45/22 41/22 15~3!
1006.2 7824 49/22 45/22 8~2!
1087.8 8912 53/22 49/22 6~2!
1181.7 10094 57/21 53/22 4~2!
Other transitions related to band 4(a511/2)
719.2 2905.2 29/22 25/22 30~3! 1.1~2!
740.4 3645.6 33/22 29/22 20~3! 1.0~2!
795.4 4441.0 37/22 33/22 15~5! 0.9~3!
DI 51 transitions
170.3 523.9 5/22 3/22 55~5! 1.21~7!
266.3 758.9 9/22 7/22 35~10! 1.0~15!
308.5 1117.0 13/22 11/22 25~10! 0.85~2!
Band 5: Highly deformed band
345.3 2372.4 21/21 17/21 70~8! 1.0~2!
440.9 2813.3 25/21 21/21 120~10! 0.9~2!
514.1 3327.4 29/21 25/21 130~10! 1.0~2!
604.3 3931.7 33/21 29/21 190~15! 1.0~2!
683.5 4615.2 37/21 33/21 180~15! 1.2~3!
761.8 5377.0 41/21 37/21 160~15! 0.9~2!
835.6 6212.6 45/21 41/21 145~10! 1.0~2!
903.6 7116.2 49/21 45/21 125~10! 1.1~2!
967.0 8083.2 53/21 49/21 105~10! 1.2~4!
1029.2 9112.4 57/21 53/21 80~10! 0.9~2!
1092.4 10204.8 61/21 57/21 60~7! 0.9~2!
1158.7 11363.5 65/21 61/21 37~5! 1.2~3!
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TABLE I. ~Continued!.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

1228.0 12591.5 69/21 65/21 33~5! 0.9~2!

1300.9 13892.4 73/21 69/21 15~5! 1.0~2!

1378.0 15270.4 77/21 73/21 17~5!

1458.0 16728.4 81/21 77/21 9~5!

1545.2 18273.6 85/21 81/21 5~3!

1632.1 19905.7 89/21 85/21 5~3!

Band 6
a511/2
270.0 398.0 5/21 1/21 50~10! 1.1~1!

427.6 825.6 9/21 5/21 75~15! 1.0~2!

534.3 1359.9 13/21 9/21 85~5! 1.1~1!

603.2 1963.1 17/21 13/21 50~5!

590.9 2554.0 21/21 17/21 15~3!

575.1 3129.1 25/21 21/21 10~3!

635.7 3764.8 29/21 25/21 10~3!

704.2 4469.0 33/21 29/21 10~3!

742.0 5211.0 37/21 33/21 5~3!

758.0 5969.0 41/21 37/21 5~3!

a521/2
318.9 492.2 7/21 3/21 160~20! 0.94~4!

471.0 963.2 11/21 7/21 150~15! 0.94~7!

577.8 1541.0 15/21 11/21 140~8! 1.02~3!

619.5 2160.5 19/21 15/21 130~7! 1.0~1!

605.2 2765.7 23/21 19/21 70~7! 0.89~9!

654.2 3419.9 27/21 23/21 20~3! 1.2~2!

705.1 4125.0 31/21 27/21 20~3! 1.0~2!

753.5 4878.5 35/21 31/21 20~5!

790.3 5668.8 39/21 35/21 10~3!

DI 51 transitions
225.0 398.0 5/21 3/21 55~5! 1.12~5!

333.6 825.6 9/21 7/21 10(3)a 1.09~12!

396.9 1359.9 13/21 11/21 10~3! 1.01~3!

422.3 1963.1 17/21 15/21 5~3! 1.05~7!

Band 7
a511/2
495.4 3271.4 (27/21) 23/21 25~5!

670.2 3941.9 (31/21) (27/21) 30~5! 1.1~2!

785.3 4726 (35/21) (31/21) 20~5! 1.6~4!

834.0 5560 (39/21) (35/21) 10~3!

a521/2
750.6 4347 (33/21) (29/21) 10~3!

810 5157 (37/21) (33/21) 10~3! 0.7~3!

DI 51 transitions
216.6 2992.5 25/21 23/21 30~5! 0.27~6!

278.9 3271.4 (27/21) 25/21 25~5! 0.53~4!

325.5 3396.9 (29/21) (27/21) 30~5! 0.52~7!

345.0 3941.9 (31/21) (27/21) 30~5! 0.49~8!

405.0 4346.9 (33/21) (31/21) 10~3!

379.1 4726.0 (35/21) (33/21) 10~3!

431 5157 (37/21) (35/21) 5~3!

~403! 5560 (39/21) (37/21) 5~3!

Other transitions related to band 7
643.8 3419.8 27/21 23/21 15~5! 1.1~2!

730.2 4150.0 27/21 5~3!
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TABLE I. ~Continued!.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

Band 8
a511/2
396.4 687.9 9/21 5/21 40~10! 1.10~13!

443.0 1130.9 13/21 9/21 65~10! 1.7(2)b

493.0 1623.9 17/21 13/21 70~10!

688.8 2312.7 21/21 17/21 50~10!

777.8 3090.5 25/21 21/21 10~5!

a521/2
429.8 913.6 11/21 7/21 50~10! 1.8(2)b

452.5 1366.1 15/21 11/21 50~10! 0.94~10!

570.8 1936.9 19/21 15/21 50~10!

740.9 2677.8 23/21 19/21 50~10!

DI 51 transitions
192.3 483.8 7/21 5/21 45~10! 0.60~3!

204.3 687.9 9/21 7/21 30~10! 0.39~7!

225.6 913.6 11/21 9/21 50~10! 1.2(2)b

217.5 1130.9 13/21 11/21 45~10! 1.0(2)b

235.1 1366.1 15/21 13/21 35~10! 0.9(2)b

258.0 1623.9 17/21 15/21 30~10! 1.1(2)b

313 1936.9 19/21 17/21 10~5!

~377! 2312.7 21/21 19/21

Band 9
a511/2
581.4 827.0 13/21 9/21 500~25! 1.11~9!

665.0 1492.0 17/21 13/21 490~25! 0.91~6!

597.5 2089.5 21/21 17/21 445~20! 0.94~15!

604.7 2694.2 25/21 21/21 420~40! 0.99~15!

672.0 3366.2 29/21 25/21 240~15! 1.0~1!

712.2 4078.4 33/21 29/21 130~7! 0.8~2!

782.8 4861.2 37/21 33/21 65~5!

851.9 5713.1 41/21 37/21 55~10!

906.6 6619.7 45/21 41/21 45~10!

967.5 7587.2 49/21 45/21 15~5!

1035.6 8622.8 53/21 49/21 15~5!

1106.9 9729.7 57/21 53/21 15~5!

1183.5 10913.2 61/21 57/21 10~5!

1266 12179 65/21 61/21

a521/2
519.5 519.5 11/21 7/21 380~25! 0.95~6!

631.0 1150.5 15/21 11/21 480~25! 0.92~6!

648.6 1799.1 19/21 15/21 440~23! 0.91~6!

585.5 2384.6 23/21 19/21 400~23! 0.96~6!

636.1 3020.7 27/21 23/21 375~20! 0.90~6!

694.7 3715.4 31/21 27/21 270~15! 1.1~1!

743.4 4458.8 35/21 31/21 165~10! 0.9~3!

821.0 5279.8 39/21 35/21 50~3! 0.9~3!

879.1 6158.9 43/21 39/21 (70)a

937.1 7096.0 47/21 43/21 (70)a

1001.7 8097.7 51/21 47/21 33~5!

1072.0 9169.7 55/21 51/21 20~5!

1146.6 10316.3 59/21 55/21 20~5!

1224.5 11540.8 63/21 59/21 10~5!

1300 12841 67/21 63/21 5~3!

DI 51 transitions
245.6 245.6 9/21 7/21 575~35! 0.41~3!
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TABLE I. ~Continued!.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

274.0 519.5 11/21 9/21 125~10! 0.51~6!

307.4 827.0 13/21 11/21 50~3!

323.6 1150.5 15/21 13/21 40~3! 0.2~1!

341.5 1492.0 17/21 15/21 40~3! 0.46~6!

307.0 1799.1 19/21 17/21 105~7!

290.5 2089.5 21/21 19/21 125~7! 0.56~6!

295.3 2384.6 23/21 21/21 140~8! 0.56~6!

309.6 2694.2 25/21 23/21 140~8!

326.6 3020.7 27/21 25/21 80~5! 0.65~6!

345.5 3366.2 29/21 27/21 80~5! 0.3~1!

349.3 3715.4 31/21 29/21 75~5!

363.0 4078.4 33/21 31/21 40~3!

380.5 4458.8 35/21 33/21 35~3!

402.6 4861.2 37/21 35/21 20~3!

418.5 5279.8 39/21 37/21

Other transitions related to band 9
269.2 2946.9
741.0 2677.7 19/21

755.6 4121.8 29/21 90~5!

786.2 1936.7 15/21

796.2 4511.6 31/21 45~3!

820.8 2312.8 17/21 110 ~20!

806 4927 40~5!

856.7 5368.3 25~3!

878.4 2677.7 19/21 20~3!

914 5841
Interband transitions
Band 1→ Band 2
141.3 3168.9 27/22 27/22 20~3! 1.5~2!

149.2 3168.9 27/22 (23/22) 15~5! 0.7~1!

374.2 3401.9 29/22 27/22 120~5! 0.3~2!

631.2 3659.3 31/22 27/22 45~3! 0.8~1!

969.0 3168.9 27/22 23/22 280~10! 1.06~6!

1009.0 3019.9 (23/22) 21/22 15~5!

1020.3 3031.0 25/22 21/22 65~5! 1.1~7!

Band 2→ Band 9
176.3 176.3 9/22 7/21

Band 4→ Band 2
316.1 492.6 7/22 9/22

Band 4→ Band 6
180.8 353.6 3/22 3/21 15~5! 0.75~6!

258.5 386.9 (1/22) 1/21

HD band→ other bands
306.6 3327.4 29/21 27/2band 9

1 10~3!

409.1 2372.4 21/21 17/2band 6
1 50~6! 1.03~9!

486.2 2027.1 17/21 15/2band 6
1 5~3! 0.8~1!

500.1 2372.4 21/21 19/2band 4
2 10~3! 0.71~5!

565.6 3931.7 33/21 29/2band 9
1 14~4!

633.2 3327.4 29/21 25/2band 9
1 50~6! 1.06~9!

667.1 2027.1 17/21 13/2band 6
1 40~6! 0.9~1!

723.7 2813.3 25/21 21/2band 9
1 5~2!

746.3 2027.1 17/21 15/2band 4
2 10~3! 0.75~11!

1189.7 2027.1 17/21 15/2band 2
2 10~3!

Band 6→ HD band
527.0 2554.0 21/21 17/21 5~3!
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TABLE I. ~Continued!.

Eg ~keV! Ei ~keV! I i I f Intensity RDCO

Band 6→ Band 8
200.7 492.2 7/21 5/21 20~3! 0.42~6!

342.0 825.6 9/21 7/21 25~5! 0.60~6!

479.5 963.2 11/21 7/21 15~3! 1.0~2!

~534! 825.6 9/21 5/21

~672! 1359.9 13/21 9/21

Band 7→ Band 6
226.7 2992.5 25/21 23/21 40~5! 0.50~25!

615.5 2776.0 23/21 19/21 60~20! 1.0~1!

Band 8→ Band 6
118.5 291.5 5/21 3/21 2.5(4)b

196.1 687.9 9/21 7/21 30~5! 0.56~9!

310.2 483.8 7/21 3/21 30~5!

Band 8→ Band 9
291.5 291.5 5/21 7/21 125~15! 0.8~8!

442.5 687.9 9/21 9/21

483.8 483.8 7/21 7/21 45~5!

Band 9→ HD band
553.1 3366.2 29/21 25/21 5~3! 1.0~1!

Band 9→ Band 8
433.3 1799.1 19/21 15/21 55~3!

465.5 2089.5 21/21 17/21 50~3!

aDoublet.
bDCO ratio obtained by gating on a dipole transition.
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In its IBFM-1 version, this model does not distinguis
between the neutron and proton degrees of freedom.
132Nd nucleus was chosen as core of133Nd, and described
by an IBM-1 parametrization very close to that used
128Ba and 130Ce in Refs.@23,24#. The odd fermion was al-
lowed to occupy the four positive parity valence orbita
specified above. The IBFM-1 Hamiltonian@21# consists of
the IBM-1 Hamiltonian of the even-even core, a sing
nucleon energy term, and a boson-fermion interaction te
(VBF). The latter contains a monopole-monopole,
quadrupole-quadrupole, and an exchange interaction, res
tively:

VBF5V01Vqq1Vexch, ~1!

where

V05(
j

Aj@~d†d̃!~0!~aj
†ã j !

~0!#0
~0! ,

Vqq5(
j j 8

G j j 8@QB
~2!~aj

†ã j 8!
~2!#0

~0! ,

Vexch5(
j j 8

(
j 9

L j j 8
j 9 :@~d†ã j !

j 9~ d̃aj 8
†

! j 9#0
~0! :.

d† andaj
† are the usuald-boson and fermion creation oper

tors, respectively,QB
(2) is the IBM quadrupole operator, an

the sums run over the valence orbitalsj considered. By using
a simplified form based on microscopic arguments@31#, the
boson-fermion interaction is fully determined by three p
he

r

s

-
rm
a
ec-

-

-

rametersA0 , G0 , andL0 , which specify the strengths of th
monopole, quadrupole, and exchange terms, respecti
Both the IBFM Hamiltonian and the electromagnetic tran
tion operators have been chosen as in the previous cal
tions for 129Ba @23# and 131Ce @24#. Thus, the boson-fermion
interaction strengths wereA0520.15 MeV,G050.49 MeV,
andL050.5 MeV. In this way, no parameters were adjus
and this calculation had a predictive character. The res
are shown in Fig. 5. The calculations provide the three lo
lying positive parity band structures~below the backbend!
which have been observed experimentally@bands 6, 8, and 9
in Fig. 3~b!#. Their relative positions are not perfectly repr
duced but the calculations can be easily improved from
point of view by slightly readjusting the single particle ene
gies of the considered spherical shell model orbitals. On
other hand, the decay modes~branching ratios! of these
bands are reasonably well reproduced.

The structure of the calculated states is as follows. Ban
@see Fig. 3~b!# is dominated by the sphericalg7/2 orbital
coupled to the states of the core ground-state band, whe
band 8 is dominated by the sphericald5/2 orbital ~which
gives a 80% contribution! with a smaller component~20%!
from theg7/2 orbital. Finally, band 6 is a mixture between th
s1/2 and d3/2 orbitals, with the two signature partners bei
dominated one by thes1/2 orbital ~the a51/2 one!, and the
other by thed3/2 orbital. The calculations predict some co
nections between the ‘‘d5/2’’ and ‘‘ g7/2’’ bands. Experimen-
tally these linking transitions were not observed due, m
likely, to the fact that the ‘‘d5/2’’ band is very weakly popu-
lated. These wave function compositions correspond ind
qualitatively, to the Nilsson assignments shown in Fig. 3~b!.
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FIG. 3. ~a! Negative parity band structures in133Nd observed in the present experiments: the positive parity HD~band 5! is also shown
partially ~only its lowest portion! to illustrate its decay to the positive parity levels. The dominant Nilsson configuration assigned to
band is indicated.~b! Positive parity band structures in133Nd observed in the present experiments. The dominant Nilsson configur
assigned to each band is indicated.
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One may conclude at this point that the lowest part of
positive-parity band structures observed in133Nd is reason-
ably well understood on the basis of a multishell IBFM
calculation with the same parameters that were previou
used to describe its isotones129Ba and 131Ce. One should
add that we have also verified that the calculation of R
@23# describes well the more recent, richer experimental d
obtained in the meantime for129Ba @25#.

A similar approach to the negative-parity states is o
partly successful. Both in Ba and Ce isotopes the ba
based on the unique parity orbitalh11/2 can be easily de-
e

ly

f.
ta

y
s

scribed by IBFM calculations with appropriate paramet
@23,24#, and a similar approach for133Nd provides a good
description for band 2. In the isotonic Ba and Ce nuc
however, the other, low-K band, originating from the in-
truderh9/2 orbital has not been observed. Such a band can
be predicted at low excitation energy on the basis of
IBFM calculation performed, as usually, using a realistic
of spherical single-particle levels. The reproduction of t
low-lying part of band 4 in such a calculation would requi
at least a largead hoc lowering of theh9/2 single-particle
energy, which is difficult to justify.
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FIG. 3. ~Continued.!
um
the
r-
B. Particle-plus-triaxial-rotor model and cranked shell-model
interpretation

1. Model description and calculation procedures

In order to describe the low-lying structures in133Nd
PTRM calculations have been performed applying the f
malism of @20#. The rotor-plus-particle Hamiltonian has th
form

H5 (
k51

3

~ I k
222I kj k1 j k

2!/2Qk1Hpart~«2 ,g!. ~2!
or-
e

I k and j k are the projections of the total angular moment
and of the particle angular momentum, respectively, on
intrinsic axes. In this Hamiltonian the particle-rotation inte
action emerges in the form of a Coriolis term2(I kj k /Qk

and a recoil term( j k
2/2Qx .

The moments of inertia of the rigid coreQk are given by
the hydrodynamical formula

Qk5
4

3
Q0 sin2S g1

2

3
pkD . ~3!
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The particle HamiltonianHpart(«2 ,g) describes the par
ticle motion in a Nilsson potential with deformation param
eters«2 andg. For the oscillator potential parametersk and
m the standard values given in@32# have been used. Pairin
was treated in the usual way within the BCS approximat
with standard value for the pairing strength@33#.

In the negative-parity state calculations, the 1h11/2, 2f 7/2,
and 1h9/2 single-particle orbitals have been considered, wh
in the positive-parity state calculations all theN54 single-

FIG. 4. Decay curve of theEx5176 keV isomer obtained in the
thick target experiment. The experimental error bars are within
drawn symbols. The error given for the half-life is larger than t
statistical one, and corresponds mainly to the uncertainty in
background of the time spectrum.
-

g
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ile

particle orbitals were included. Calculations were perform
using either a constant or a variable moment of inertia for
core. In the first case the parameterQ0 was calculated for a
core excitation energyE(21)5200 keV close to the experi
mental energy of 213 keV of the first 21 state in the neigh-
boring even-even132Nd nucleus. Another model paramete
the coefficientj representing the attenuation of the Corio
matrix elements, has been varied between 1~no attenuation!
and 0.6. In evaluation of the electromagnetic moments,
effectivegs factor of 0.6gs

free has been used andgR has been
taken asZ/A. Quadrupole moments of the core were calc
lated macroscopically. For the quadrupole deformation
rameter of the harmonic oscillator potential a value of«2
50.23 has been used, which corresponds, according to@33#,
to the deformationb250.26 derived from recently reporte
lifetime measurements in the low-lying bands of133Nd @34#.
The calculations have been done for a wide range ofg val-
ues. Optimum values of this parameter have been determ
from the comparison of the experimental and calculated le
energies. We have to point out that in the PTRM the triax
deformation parameter characterizing the rigid core has p
tive values ranging fromg50° ~prolate shape! to g560°
~oblate shape!. They correspond to the interval of negativeg
values 0°–260° in the Lund convention, which we will fol
low in the paper.

In the CSM analysis the cranking formalism outlined
Ref. @35# has been applied to transform the experimen
excitation energies and spins of the bands into Routhians
alignments as a function of rotational frequencyv. The ref-

the
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e
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FIG. 5. Comparison between the lowest part of the positive parity band structures with IBFM-1 calculations. The arrows show
importantg-ray decays, with the branching ratios indicated~for each level the strongest branch is taken 100!. The experimental bands ar
marked with their numbering of Fig. 3, whereas for the calculated ones the dominant spherical shell-model configuration is indic~see
text for details!.
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erence Harris parametersJ0517.0 \2MeV21 and J1525.8
\4MeV23, obtained from fitting the levels of the130Ce S
band @36#, have been used for all the bands. The130Ce S
band reference has been preferred to the132Nd ground-state
band reference because we aim to apply the CSM to stat
frequencies higher than the first band crossing, where a
erence obtained from the fit of the three lowest states
132Nd would be less suitable@37#. The same Harris param
eters have been used to describe a large number ofSbands in
the Xe-Ba-Ce isotopes@38# and in Nd isotopes@39#. The
discussion below will be of course only qualitative, due
the fact that in ag-soft region the deformation can chang
slightly from a band to another. The experimental Routhia
and alignments are shown in Fig. 6 for the negative-pa
bands and in Fig. 7 for the positive-parity bands.

CSM and total Routhian surface~TRS! calculations have
been performed using a Woods-Saxon potential with mo
pole pairing interaction described in@4#. Figure 8 shows cal-
culated Routhians for both proton and neutron quasiparti
in 133Nd, at deformationsb250.25 andb450.01, for g
50° andg5220°. In the notation adopted the lowest e
ergy neutron~proton! orbitals of positive parity are labeleda,
b, c, . . . ~A, B, C, . . . !, while the corresponding negative
parity orbitals are labelede, f, g, . . . ~E, F, G, . . . !.

Valuable information about the structure and the deform
tion of the bands was provided by the analysis of the redu
transition probabilities ratios,B(M1)/B(E2). The experi-
mental ratiosB(M1)/B(E2) have been derived from th
g-ray branching ratios using the relation

B~M1!

B~E2!
50.6967

Eg
5~ I→I 22!

Eg
3~ I→I 21!

1

l~11d2!
, ~4!

FIG. 6. Experimental Routhians and alignments of the nega
parity band structures of133Nd. A reference with the Harris param
etersJ0517.0 \2MeV21 and J1525.8 \4MeV23 has been sub-
tracted. TheK values assumed correspond to the Nilsson ass
ments shown in Fig. 3~a!. Open symbols correspond to signatu
a511/2, filled ones toa521/2.
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where theg-ray energiesEg are given in MeV,l5I g(I
→I 22)/I g(I→I 21) is the branching ratio, andd is the
E2/M1 mixing ratio. The correction for the mixing ratio
could be important for low-lying transitions, especially
strongly coupled bands. In the present case however mix
ratios were determined experimentally only for few tran
tions. We have therefore evaluated them from the measu
branching ratios using the rotational model relation@40#, as-
suming pureK:

e

n-

FIG. 7. Same as in Fig. 6, but for the positive parity band str
tures of133Nd. The alignment determined for the HD band 5 is al
given for comparison, in the region of frequencies of the oth
bands.

FIG. 8. Single quasiparticle Routhians for protons~top! and
neutrons~bottom! in 133Nd, calculated atb250.25, b450.01 and
for g values of 0°~left! and220° ~right!. The following line con-
vention has been used in the Routhian diagram:p:1,a511/2
solid, p:1,a521/2 dotted, p:2,a511/2 dashed-dotted, and
p:2,a521/2 dashed line.
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1

d2
5

1

l

Eg
5~ I→I 22!

Eg
5~ I→I 21!

^IK20uI 22K&2

^IK20uI 21K&2
21, ~5!

and from PTRM calculations using the theoretical reduc
transition probabilities and the experimental energies for
I→I 21 transitions. Thed values derived by the two proce
dures were quite similar.

The B(M1)/B(E2) values determined for the high-sp
structures above particle alignment were interpreted un
the assumption af axial symmetry by means of the semic
sical Dönau-Frauendorf~DF! formula @41,42#:

B~M1!

B~E2!
5

16

5Q0
2

K2

I 2
~12K2/I 2!22$~gn2gR!

3@~ I 22K2!1/22 i n#2~galign2gR!i align%
2, ~6!

wheregn and i n are theg factor and the alignment of th
valence neutron, whilegalign andi align are the same quantitie
for the aligned particles. The quadrupole momentQ054.8
eb, derived from lifetime measurements@34#, was used in all
calculations. The experimental ratiosB(M1)/B(E2) are
shown in Fig. 9 together with the theoretical estimates
tained within the PTRM for the lower part of the bands b
low the particle alignment and with the DF formula for th
bands above it. Theg factors for quasiparticle excitation
were taken from the compilation of Ref.@43#. In the follow-
ing we shall analyze the observed bands using both
PTRM and CSM predictions.

FIG. 9. ExperimentalB(M1)/B(E2) values~filled and open
symbols! for several bands in133Nd compared to the calculate
values~lines! using the PTRM and the DF formula. Empiricalg
factors were used for the single-particle configurations as follo
g(nh11/2)520.2, g(ng7/2)510.27, g(ns1/2)521.3, g(nd3/2)
510.6, g(ph11/2)511.25.
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2. Negative-parity bands

We will first discuss the negative-parity bands of133Nd
displayed in Fig. 3~a!. One has to point out that collectiv
structures rather similar to bands 1, 2, and 3 in133Nd have
been also observed in both129Ba @25# and 131Ce isotones
@27#.

a. Band 2. Band 2 is the yrast one and the most strong
populated at low spin. Few transitions belonging to it we
first reported in Ref.@9# where an interpretation was give
within the model of Meyer-ter-Vehn@12# by assuming a
large triaxiality. This band, showing strong signature sp
ting, is built on the 9/22 T1/25301 ns isomer, described by
configuration involving the mixing of intrinsic orbitals from
the h11/2 neutronj shell, with a dominant@514#9/2 compo-
nent. Our present PTRM calculations have confirmed the
treme sensitivity of the signature splitting of the yra
negative-parity levels on theg deformation. The signature
splitting functionS(I ) defined as@44#

S~ I !5
E~ I !2E~ I 21!

E~ I !2E~ I 22!

I ~ I 11!2~ I 22!~ I 21!

I ~ I 11!2I ~ I 21!
21, ~7!

is illustrated in Fig. 10 for the experimental and PTRM ca
culated levels of band 2. The observed splitting cannot
explained assuming axial symmetry, but it is very well r
produced with a value ofg5222°. The optimumg value
was found to be slightly dependent on the values used for
moment of inertia and the attenuation of the Coriolis int
action, a variation by no more than62° being obtained at
reasonable changes of these PTRM parameters. Simila
the 129Ba @18# and 131Ce @19# isotones, the description of th
level energies has been considerably improved when an
tenuation of the Coriolis matrix elements was included,
optimum value being found forj50.8. The experimenta
staggering in this band is decreasing slightly along the i
tonic chain, corresponding to a decrease of about 15% in
g value from 129Ba to 133Nd. We note that the experimenta
B(M1)/B(E2) ratios in the band are also better reproduc
by PTRM calculations with triaxiality~see Fig. 9!.

s:

FIG. 10. Experimental signature splitting for band 2 in133Nd
compared with PTRM calculations using two different values
the triaxiality parameterg.
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PRC 58 2017ROTATIONAL BANDS IN 133Nd
TRS calculations predict, as lowest in energy, a confi
ration withb250.256 andb450.01 characterized byg soft-
ness at low rotational frequency~i.e., below the alignment!,
which corresponds to thee, f trajectories in Fig. 8. Both
signatures of this band show the beginning of a large ali
ment at\v'0.4 MeV, apparently keeping the large sign
ture splitting~see Fig. 6!. The experimental alignment is we
described by assuming the configurationn @514#9/2 for the
band. A similar jump in alignment at\v'0.4 MeV has been
observed also in the isotones131Ce @27# and 129Ba @25#, and
is interpreted as the alignment of a pair ofh11/2 neutrons,
which polarizes the core even more towards an oblate sh
Only a few other candidates for the crossing between
one-quasiparticlenh11/2 band and the three-quasipartic
n(h11/2)

3 band have been found in the Xe, Ba, and Ce i
topes @45#, where a TRS analysis has also shown that
crossing frequency of these configurations depends very
sitively on theg parameter.

b. Band 1. Band 1 has a large initial alignment gain~Fig.
6! and no signature splitting. These facts strongly sugges
alignment of a pair ofh11/2 protons, which should take plac
at a frequency of about 0.3 MeV (E,F trajectories in Fig. 8!
to thenh11/2 configuration. The protons and neutrons in t
h11/2 orbital are polarizing the nucleus towards positive a
negativeg- deformations, respectively@46# and therefore the
three-quasiparticlenh11/2^ p(h11/2)

2 configuration is ex-
pected to have a prolate shape with no signature splitt
TRS calculations predict indeed the sameb2 andb4 values
and g50° above this alignment. The band 1 behaves v
similarly to the band V in131Ce @27# and band 1 in129Ba
@25# which are also interpreted as having a thre
quasiparticle configurationnh11/2^ p(h11/2)

2. In 129Ba the
band shows a small signature splitting@25#, interpreted as
evidence of triaxiality with positiveg deformation. This fea-
ture points to an increasedg softness for the129Ba isotone.
On the other side, the quadrupole momentQ053.4 eb de-
duced on the basis of static quadrupole moment@43# and
lifetime measurements@47# indicates a lower quadrupole de
formation for 129Ba when compared with133Nd. The larger
deformation in133Nd seems to stabilize the shape againsg
softness. The assigned configuration is supported by
B(M1)/B(E2) ratios. As seen in Fig. 9, the large expe
mental B(M1)/B(E2) values are rather well described b
the estimates obtained with the Do¨nau-Frauendorf formula
for K59/2 andi align510\.

c. Band 3. There is a shortDI 52 cascade, band 3, als
assigned as a negative-parity structure, namely a sequen
states with spins 15/2, 19/2, 23/2, feeding the 13/22 state of
the @514#9/2 band, by a 539 keV transition. Our PTRM ca
culations performed withg5222° have reproduced ver
well these yrare states of thenh11/2 configuration, the calcu-
lated energy being 493 keV for the 15/22→13/21 transition.
The band is predicted much higher in energy by the calc
tions withg50°, the energy for the 15/22→13/21 transition
being 1294 keV in this case. The occurrence of this ba
gives therefore further support to the triaxial shape ass
ated to thenh11/2 configuration. Similar results were found i
recent PTRM calculations with largeg for 129Ba @18# and
131Ce @19#. In both 129Ba and 131Ce this structure is fed by
the nh11/2^ p(h11/2)

2 one and has more than one link wi
-

-

e.
e

-
e
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thenh11/2 structure. In133Nd we have found only the lowes
transition which connects it to thenh11/2 band. In addition, in
our case this structure feeds, and is fed by, the@541#1/2 band
@Fig. 3~a!#.

d. Band 4. Several low-lying members of band 4 hav
been observed in theb decay of133Pm and have been inter
preted within the PTRM as part of the intruder@541#1/2 band
@28#. We note that the new (1/22) state placed atEx5387
keV in the present work fits nicely with the predictions of th
PTRM calculations which indicate that the 1/22 state should
lie very close to the 3/22 level ~see Fig. 9 of Ref.@28#!. Our
PTRM calculations performed atg50° are very similar to
those reported in@28#. A mixed single-particle wave func
tion, with almost equal amplitudes for theV51/2 states
~@541#1/2 and@530#1/2! from the h9/2 and f 7/2 orbitals, has
been obtained for this band and the observed level sequ
has been well described by the PTRM calculations.

Up to now 133Nd is the only odd-mass, odd-N nucleus
the region where this intruder band has been identified.
the other hand, such a structure has been recently studie
theZ573 171,173Ta isotopes@29,30#. In these latter cases, th
band exhibits a decoupled feature, with the unfavored par
pushed at higher energy. It was interesting to see if this
ferent behavior compared to133Nd could be described by
particle-rotor calculations. For this purpose a PTRM calc
lation for 173Ta has been performed, usinge250.26 andg
50°. A much purer single-particle wave-function, dom
nated by theh9/2 orbital, has been calculated for the intrud
band, and the decoupled character observed experimen
has been nicely reproduced.

Band 4 is predicted to be axially symmetric by TRS c
culations with a small shape coexistence atb250.29. The
somewhat larger deformation compared to the other lo
lying bands was confirmed by recent lifetime measureme
@34,48#. The CSM diagrams of Fig. 8 describe reasonably
experimental situation. We assign this band to theg, h tra-
jectories in Fig. 8, which come very close to theh11/2 band
~e, f! for b2 deformations larger than 0.24. The singl
particle alignment of about 2.0\ at \v.0.2 MeV is compa-
rable with the value observed experimentally. Below t
backbending this band has a rather large signature splitt
Slightly above\v50.30 MeV, it experiences the alignmen
of a ph11/2 proton pair, and above the alignment it still pr
serves a sizeable signature splitting. NoDI 51 transitions
have been observed experimentally above the alignment
dicating M1 branching lower than 5%. This feature is
accordance with the DF formula, which predict extreme
smallB(M1)/B(E2) values for thisK51/2 band in spite of
the largeg factor of the aligned protons.

3. Positive-parity bands

a. The highly-deformed band. The properties of the HD
band and of its decay out have been discussed in deta
Refs. @10,11#. The quadrupole deformation of the band
calculated to beb2'0.35 @4,10#, a value which has been
confirmed experimentally@5,34,48#. On the other side, the
quadrupole deformation of the normal deformed rotatio
bands has been measured to beb2'0.25 @34#. A peculiar
aspect of the HD band of133Nd, as well as of some othe
nuclei in the region, is the rather smooth alignment proce
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FIG. 11. Comparison between the experimental and the calculated positive-parity low-lying bands. The core energyE(21)5200 keV has
been used for moment of inertia calculations. No attenuation of the Coriolis interaction has been applied (j51). The theoretical branching
were obtained using the reducedB(M1) andB(E2) transition probabilities derived by PTRM and the experimental transition energies
levels are labeled with twice the value of their spin.
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visible by the hump in the dynamical moment of inertiaJ(2)

at \v50.5 MeV, which has been associated with theh11/2
proton crossing. Self-consistent cranked Strutinski calcu
tions, based on a Woods-Saxon potential and includ
monopole pairing correlations, were performed in the
tempt to reproduce the experimentally determinedJ(1) and
J(2) moments of inertia@10#. Those calculations were no
able to reproduce the data, encountering serious probl
with the ph11/2 alignment, predicted to occur at a frequen
0.1 MeV lower. Recently, more realistic, self-consistent T
calculations, including a separable pairing force of the mo
pole plus quadrupole type@49#, have been performed for th
HD band in 133Nd, which reproduce quite well theph11/2
alignment within this band~see Fig. 3 in Ref.@49#!.

b. The normally-deformed bands. The experimental exci-
tation energies and branching of the low-lying positive-par
bands are compared in Fig. 11 with the results of our PTR
calculations performed atg50° andg5222°. The value
g5222° gives the best description of band 2~as shown
above! and also of band 6~see below!.

Band 6. A good description of band 6 is provided by th
PTRM assuming triaxiality~see Fig. 11!. In particular, the
bandhead excitation energy is very well reproduced by
culations atg5222°, while for g50° it is predicted too
high. The structure of thisK51/2 band involves a mixing o
components coming from thes1/2 and d3/2 neutron orbitals.
Similar conclusions concerning triaxiality have been o
-
g

t-

s

-

l-

-

tained from the analyses of the correspondingK51/2 band
in 129Ba @50# and 131Ce @19#. In 129Ba the 1/21 state be-
comes the ground state, which indicates a somewhat largg
value, similarly to the@514#9/2 band. In the case of133Nd the
band has been followed at much higher spins. The band
be assigned as thea8,b8 positive-parity Routhians in Fig. 8
which reproduce the signature splitting of about 100 k
around the 0.2 MeV frequency and have thea521/2 sig-
nature as favored in energy. Above\v.0.3 MeV, band 6
shows a peculiar alignment increase~see Fig. 7! which could
be attributed to thenh11/2 alignment, since no blocking is
expected for this configuration.

Band 7. Band 7, characterized by a large alignment~see
Fig. 7!, feeds band 6 in a similar way as band 1 feeds ban
It is therefore natural to suggest a similar mechanism of p
ton alignment as in the case of band 2 where theg-soft
nucleus is driven to a prolate shape. The band starts
regular band, in spite of the fact that for aK51/2 band one
usually expects signature splitting atg50°. The absence o
a relevant signature splitting could be due to a compensa
of the decoupling effects of thes1/2 and d3/2 components.
Rather largeB(M1)/B(E2) ratios~although with big errors!
have been experimentally found as shown in Fig. 9, giv
support to the proton alignment picture. The DF formula~3!
predicts howeverB(M1)/B(E2) values which are much
lower than the measured ones~see Fig. 9!. In order to explain
the large experimentalB(M1)/B(E2) values, one could as
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PRC 58 2019ROTATIONAL BANDS IN 133Nd
sume that the band has a larger effectiveK value due to
Coriolis mixing and/or that some triaxiality is present at hi
spins due to the driving force ofh11/2 protons towards posi
tive g. We applied the DF formula~3! in which theQ0

2 was
replaced byQ0

2 cos2(g130°)/cos2(30°) and, as seen in Fig
9, a satisfactory agreement with the experimental data
reached forK51 andg520°. We mention however that th
proposed interpretation is only qualitative, as the applicat
of the DF formula for mixed bands or in the case of triax
shapes is only a rough approximation. In this band there i
indication of a crossing with a 5-qp band, at a frequency
about 0.4 MeV, which is likely due to the alignment of tw
nh11/2 neutrons.

Band 8. The structure of band 8 is dominated by t
@402#5/2 neutron orbital with small mixing~less than 10%!
of the @404#7/2 neutron orbital. PTRM calculations indica
an overall agreement assuming axial symmetry. Both
bandhead excitation energy and theB(M1)/B(E2) ratios are
better reproduced atg50° ~see Figs. 9 and 11!. Moreover
one can see that the triaxiality would induce signature sp
ting, in disagreement with the observed regularity of t
band. The somewhat smaller energies of the transitions in
experimental band compared to the PTRM predictions ag
50° indicate a larger moment of inertia compared to tha
the neighboring even-even nucleus. Such effects were
served also in the ground-state bands of Ce isotopes@19#.
Similar to the IBFM calculations, the PTRM calculation
predictDI 51 transitions from this band to the ground-sta
band levels. As already mentioned, such links were not
served experimentally as the band 8 is very weakly po
lated.

TRS calculations predict for this band an axially symm
ric shape. The Routhian of band 8 can be identified w
trajectoriesc, d in Fig. 8, corresponding to the@402#5/2 or-
bital. The band could not be observed up to very high sp
No structure similar to this band has been identified in
129Ba and 131Ce isotones.

Band 9. As seen in Fig. 11, band 9~the ground-state band!
is rather well described by PTRM with bothg50° andg
5222°. The experimental branching are in agreement w
those calculated atg50°. Similar to band 8, a better de
scription of the level energies could be obtained atg50°
with a higher moment of inertia or with VMI.

The band is predicted to be axially symmetric by TR
calculations. This band, having the lowest energy Routh
an initial alignment of about 1\ and no signature splitting
can be readily identified with thea, b orbitals ~see Fig. 8!
which correspond to the@404#7/2 Nilsson configuration. The
alignment plot shows a peculiar behavior which is quite d
ferent from that displayed in the129Ba and 131Ce isotones
@25,27#. In both these nuclei only the crossing at.0.3 MeV
with the ng7/2^ p(h11/2)

2 3-qp band is observed, perhap
followed by the beginning of then(h11/2)

2 alignment at
.0.55 MeV in 129Ba @25#. In the present case, as shown
the alignment plot of Fig. 7, shortly after theph11/2 pair
alignment ~at about 0.35 MeV! a smooth alignment gain
starts. The behavior of theB(M1)/B(E2) ratios for this
band is also quite different from that observed in129Ba. In
129Ba this ratio has very small values below the backbe
and it jumps at values of 3–4mN

2 /e2b2 above the backbend
as
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this effect was shown to be consistent only with t
p(h11/2)

2 alignment assuming also a positive triaxialityg
5200 @25#. In our case~Fig. 9!, smallB(M1)/B(E2) values
were also found before the backbend whereas for the re
of frequencies from about 0.3 to 0.4 MeV values of 0.5–0
mN

2 /e2b2 have been determined. We have applied the Do¨nau-
Frauendorf formula~3! assuming then@404#7/2^ p(h11/2)

2

configuration and taking the experimental alignments~gradu-
ally increasing from a value ofi align'4\ at I 519/2 to a
value of i align'10\ at I 535/2, see Fig. 7!. The calculated
B(M1)/B(E2) ratios reproduce well the experimental b
havior, as seen in Fig. 9. The alignment plot suggest
strong interaction of the ground-state band with theh11/2 pro-
ton pair band, which can be considered as an indication
an axial symmetric shape, while theg-soft bands 2 and 6
present a weak interaction. The smooth alignment gain
served after theph11/2

2 alignment may indicate some ove
lapping with a second alignment, probably due to neutro

Such smooth alignment behavior of band 9 has been
cussed in some detail in Ref.@10# and alternatively attributed
to a change from the configuration withb250.25 encoun-
tered at the lowest frequencies, to a more deformed
(b250.30) in which two nonaligned neutrons were pr
moted from the Nilsson orbital@402#5/2 ~immediately below
the Fermi surface! into theh9/2 orbital which becomes yras
in the region of frequencies of the proton alignment. Th
assignment is also supported by the observed interaction
tween the levels of band 9 in this region (I'25/2\) and the
highly deformed intruder band~band 5! which involves also
two h9/2 neutrons in a nonaligned configuration@10#. This
description should be tested experimentally through DSA
lifetime measurements at high spin.

It is worthwhile to mention that a shape-change mec
nism similar to that presented above has been recently
cussed in theZ573 173Ta nucleus, in order to explain th
gradual upbend observed experimentally in the alignmen
the @404#7/2 band@30#. Like in 133Nd, the shape change ha
been attributed to the crossing with a more-deformed b
containing a pair of spin-zero coupled particles~protons in
the 173Ta case! in the h9/2 orbital.

V. CONCLUSIONS

In this paper we have presented and discussed the l
scheme of133Nd obtained in a series of experiments pe
formed with the GASP spectrometer. The well known H
rotational band has been firmly linked to the other exci
states at normal deformation. The rich variety of band str
tures observed has been interpreted according to various
oretical models, which had demonstrated their validity in t
A5130 mass region. In particular, a good description of
low-lying states of the positive-parity bands has been giv
by the IBFM. More extensive PTRM calculations reprodu
quite nicely many properties of both positive- and negati
parity low lying states, giving evidence of the coexistence
low spin, of bands~built on intrinsic states! with different
triaxial and/or axially symmetric shapes. The high spin p
of the level scheme, including the HD rotational band,
interpreted in the framework of the CSM and TRS calcu
tions.

The data obtained in the present Au-backed target m
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surement as well as those of Gd-backed target experimen@8#
have been analyzed by using the Doppler-shift attenua
method, for lifetime determination in the rotational band
The results of this analysis will be presented in a forthco
ing paper.
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