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The high-spin structure of the nuclet&Nd has been studied with the GASP array using*{ed(?s,2on)
and 19%Pd(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 md&0556-28188)05110-3

PACS numbses): 21.10.Re, 21.60:n, 23.20.Lv, 27.60t]

I. INTRODUCTION HD band to the rest of the level scheme. Indeed, such linking
transitions have been found allowing the spin-parity assign-
After the first superdeforme@SD) band identification in  ments for the HD band. The results on the decay out have
132Ce[1], many other bands characterized by narrew7Q)  been already published in form of lettds0,11].
keV) and fairly regular energy spacings have been discov- Several rotational bands, at lower deformation, have been
ered in the nuclei of the mass=130 region[2,3]. Such  found in *3Nd during the course of this study. They could
bands arise from a second minimum in the potential energpe followed up to relatively high spins and excitation ener-
surface, corresponding to prolate shapes wif,  gies. Preliminary reports on some of these structures have
=0.35-0.40, whereas the first minimum has a deformatiomeen given already in Ref$10,11]. In this paper, a full
B,=0.20—0.25[4]. They are also often called highly de- account of the experimental results on rotational bands in the
formed (HD) bands(as we will do in the present papen  '3Nd nucleus will be presented.
order to emphasize their smaller deformation with respect to The HD band has been interpreted through the occupation
the SD bands in theA=80, 150, 190 regions A, by the 73rd neutron of thgs60]1/2 Nilsson orbital(arising
~0.5-0.6). from the vi 3, spherical shell) which is strongly downslop-
The study of HD band properties in the ma&s-130 ing and approaches the Fermi surface at high deformation
region has attracted much interest, and by now a lot of data i§8,=0.35). In a first approach, also the other rotational
available on such bands in the whole region. In many case$ands can be classified, according to the Nilsson scheme, as
the discovery of the HD bands in a particular nucleus hadkeing built on the various orbitals available to the odd neu-
preceded a detailed spectroscopy study of the same nucletren at normal deformation. This description, based on axi-
at normal deformation. This was the case 6fNd where,  ally symmetric rotor, can be anyway too simple and may not
beside the HD band, which has been the object of manpe able to reproduce all the properties of the bands. It is
studies[2,5-8, only few y rays assigned to the decay of known in fact that'**Nd belongs to a region of transitional
levels with spins and parities given just on the basis of sysnuclei in which they degree of freedom plays an important
tematics were knowf9]. The complicated decay out of the role. About 20 years ago the triaxial-core model of Meyer-
HD bands, together with the poor knowledge of the levelter-Vehn[12] has been applied to describe the low-lying
scheme at low energy, was the main reason which preventetegative-parity bands built on thé;;, neutron orbital
for a long time the identification of the decay out of the HD known in several odd-mass Hd3,14], Ce [15], and Nd
bands toward normally deformd&8iD) states in the mas&  [9,12] nuclei with mass numbeA~130 and a significant
=130 region. departure from axial symmetry has been established. These
The 3Nd nucleus was the one with the largest reportechuclei are characterized by softness with respect tojthe
population of a HD band in th&=130 region[2] and we deformation and therefore shape polarization could occur
therefore chose it as the best candidate for the search ofdue to the particles occupying different orbitals. Recently, it
clear connection between HD and ND states. Experimenthas been shown that thesoft nuclei of theA=130 region
have been carried out at the GASP array, with the goal tean be satisfactorily described by assuming a rigid triaxial
establish a level scheme as complete as possibl&fhid at  core characterized by an averagevalue [16]. A detailed
normal deformation and to find the transitions linking the analysis of the observed properties of the low-lying bands in
the odd-mass neutron-deficient Xe, B&/,18, and Ce[19]
nuclei have been performed within the particle-plus-triaxial
*Permanent address: Departamento de Fisica Nuclear, Universitptor model(PTRM) of Ref.[20] and large triaxial deforma-
of Sao Paulo, Sao Paulo, Brazil. tions with y in the range 15°-30° have been established for
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the negative-parity structures and, in some cases, also for tlod the level scheme, limit the observation of high-spin states
positive-parity structures. up to spir=20. The thin target data on the other side have
An alternative to the particle-triaxial rotor model descrip- allowed us to extend the observation of levelsfiNd up to
tion is offered by the interacting boson fermion modelspin 89/2, which is the highest in the HD band.
(IBFM) [21]. This model was recently applied in the The spins and parities of the levels have been deduced
~130 mass region to the neutron-deficient isotopes of Xdrom the analysis of the directional correlation ratios from
[22], Ba[23], and Ce[24]. It is of interest to compare the oriented state6DCO) [26] for the 3Nd transitions. A DCO
description provided for the low-lying structures B¥Nd by y-y matrix has been created sorting on one axis the detectors
these two different approaches, and for this purpose calculdying at 90° with respect to the beam direction and on the
tions were performed using both the interacting boson ferother those at 34° and 146°. In the GASP geometry, if one
mion and particle-plus-triaxial-rotor models. As concern thesets a gate on a stretched quadrupole transition, the theoret-
high-spin states, the discussion is based on the the crankéchl DCO ratiosl g-(v)/134+(y) are ~1 for stretched quad-
shell model(CSM), following a procedure similar to that rupole transitions ane=0.5 for pure dipole ones. If, on the
recently applied to thé?®Ba isotone[25]. contrary, gates are set on a pure dipole transition, the ex-
pected DCO ratios for quadrupole and dipole transitions are
2 and 1, respectively. Obviously, if the transition of interest
is of mixed dipole/quadrupole character, different values are
Two independent experiments have been performed in oebtained depending on the sign and value of the mixing ratio
der to study rotational bands #¥3Nd. In the first one, a 155 & [26].
MeV 32S beam was bombarding a thifi®Pd target consist- The energies and relative intensities of thdransitions
ing of two self-supporting foils for a total thickness of 1 belonging to***Nd, together with the DCO ratios and the
mg/cnt (from here on*“thin target experimeny’ In the sec-  spin-parity assignments are reported in Table I. The relative
ond one, the reactio®*Pd+32S at 135 MeV has been used intensities of the low-lying transitions were determined from
and the target consisted of 1.1 mgfof 1%%Pd evaporated the total projection of the thick target experiment and nor-
on a 15 mg/crhgold foil (thick target experimentA differ- ~ malized to the 162.9 keV 11/2-9/2" transition. For the
ent reaction has been chosen in the second experiment itransitions lying at higher excitation energy, the relative in-
stead of the®’S+19%Pd one because exploratory runs havetensities are extracted from gated spectra. For weak or con-
shown that the channel of interest, namékNd, was popu- taminated transitions and some of those linking different
lated in a cleaner way. The beam was provided by the TanPands it has not been possible to deduce the intensity values.
dem XTU accelerator of Legnaro andrays have been de- In Table I, for the sake of clarity, the-ray transitions are
tected using the GASP array which in its standardarranged according to their placement in the level scheme of
configuration consists of 40 high efficiency Compton sup-Fig. 3 and/or their charactéin-band transitions, transitions
pressed germanium detectors and of a bismuth germanag@nnecting different bangls
(BGO) inner ball acting as multiplicity filter and total-energy
spectrometer. In the thin target experiment the number of IIl. THE LEVEL SCHEME OF 133d
installed Ge detectors was 31, while in the thick target one it
was 38. In this second case also two planar germanium de- The level scheme of thé**Nd nucleus deduced from the
tectors were used for the detection of low-energyays. present study is shown in Figs@B and 3b). It is organized
Events were collected when at least three suppressed Ge dsto nine different structures labeled from 1 to 9. Negative-
tectors and three detectors of the inner ball fired in coincifarity bands are presented in FigaB whereas the positive
dence. With such conditions the event rate was ranging fronparity bands are displayed in Figi3. The HD band(band
5 to 7 kHz by keeping a singles rate in the germanium de5) is shown in both figures together with its decay out to both
tectors of 8—10 kHz. The beam current was 4 and 10 pnA imegative- and positive-parity states.
the thick and thin target experiments, respectively. After un- The transitions have been placed in the level scheme on
folding the stored events,»210° and 1.2< 10° triples coin-  the basis of coincidence relationships and relative intensities.
cidences data were available for the off-line analysis in theSpin assignments are based on DCO analysis and on decay
thin and thick target experiments, respectively. patterns. The parity of the levels has been established assum-
Energy calibrations of the spectra and gain matching being that, when gating on Al =2 stretched quadrupole tran-
tween the different Ge detectors have been performed usirgjtion, the strong transitions with DCO ratiesl haveE2
standardy-ray sources as well as knowrray transitions of ~ character and the transitions with DCO ratios definitely dif-
the nuclei populated in the reactions. The data have beeferent from 1 and 0.5 are of mixed multipolaritiil + E2
sorted into fully symmetrized matrices and cubes with propecharacter.
conditions on the fold and on the sum energy of the BGO Apart from the HD band, only a strongly populated band,
ball. In order to enhance the different band structures seen ifhat from systematics was assigned to have negative parity
133\d, we made use of the triples data by constructiag ~ and be based on a 9/tate[9], was known in'*Nd before
matrices in coincidence with the strongest transitions in eachur study began. In our thick target experiment we could
observed rotational band. Examples of doubly gated spectr@bserve that this band is built on an isomeric state which
showing various rotational sequences’iNd are given in  decays withT,,=301+ 18 ns through a 176 keV transition
Figs. 1 and 2 for the thick target and thin target experiments(see Fig. 4 An analogous isomer is known in th¥'Ce
respectively. As it is evident from Fig. 1 the thick target data,isotone where the 972 state(on which a similar negative-
which have been essential in constructing the low spin panparity band is built has a half-life of 80 ns and decays

Il. MEASUREMENTS AND RESULTS
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FIG. 1. Doubly gated coincidence spectra, from the thick target experiment, showing the low energy part of some rotational bands in
133\d. They were obtained by summing the spectra resulting from various combinations of twofold gates on clean transitions belonging to
each band. When a gate is indicated, that transition’s energy is always entering in the double-gate condition.

through a 162 keV transition to the 7/2jround stat¢27]. In ment for all the relevant low-spin statésp to E,~ 500
this way we have assumed a 7/ground state also if®*Nd.  keV) of *Nd. In the low-spin part of the band 4 three levels
Of great help in confirming the low-energy part of the (3/27, 5/27, and 7/Z) are in common with the3-decay
level scheme has been the recent, par@lelecay study of work. In our experiment we have found a weak 137 keV

13%m[28] performed at Georgia Institute of Technology. In transition deexciting the 5/2level. Although the DCO ratio
this study a spin-parity 7/2is assigned to thé*Nd ground  for this transition could not be determined we interpret the
state and furthermore a ne®" decaying state with spin new level as the missing 172member of the band, expected
1/2* was identified at 128 keV. We had in fact the puzzling near the 3/2 state and in fact lying only 33 keV above. This
situation that the two signature partners of band 6, the on€l/2™) level decays through a 259 keV transition to the
getting the higher feeding from the decay of the HD band,1/2" 8-decaying isomer.

were terminating, at low spin, 128 and 173 keV above the Beside theT,,=301 ns isomeric state at 176 keV, also
ground state, respectively. And in fact, t8é study shows the 3/2° state at 353.6 keV exhibits a half-life in the ns
also a 45 keV transitioinot seen in our experimenton-  range. It has been measured 28] asT,,=46 ns. Because
necting a 3/2 state at 173 keV to the 1723 decaying of the presence of the isomer the intensity of the 181 keV
state. The electron conversion d4#8] together with our transition, derived from coincidence data, results much lower
DCO ratios allow for an unambiguous spin-parity assign-than the intensity of the transitions populating the isomer
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out of the HD band has been already discussed in detail in
5000 o Band 4 Refs.[10,11].
Y kb g o=+1/2 From the y-ray intensities reported in Table | we have

2500

revaluated the relative intensity of the HD band with respect
to the total population of thé*Nd nucleus, which results
now to be~6.5%. This value is comparable with those of
similar bands in odd-even nuclei of the mass 130 region
and much lower than the-20% value earlier reporte®],
derived when the knowledge of tHéNd level scheme was
much poorer.

0
IV. DISCUSSION
5000
2 The low-spin states of*Nd populated in the3 decay of
4 13%r have been recently discusged] in the framework of
8 - - the particle-plus-triaxial rotor model. The calculations were
2500 - = 818 performed by using, for the deformed mean field, a Woods-
s Saxon potential with a quadrupole deformation parameter
3 g & g 8 g B>,=0.256 under the assumption of axial symmetry (
e =0°) and a good qualitative description of the experimental
0 631 low-energy spectrum was obtained. The experimental band-
4000 [ 520 A:: Band 9 heads could be readily identified with the calculated ones,
B o=-1/2 characterized by the Nilsson labels which are dominant in
their wave function(see Fig. 8 of Ref.28]). The same labels
are reported in our Figs.(8& and 3b), which characterize
2000 now regular rotational bands built on specific Nilsson orbit-

als. Only at high spins, a negwith respect to the3-decay
study) regular rotational band appears which is interpreted as
being built on thd 660]1/2 vi 4, intruder orbital. Some dis-

l l l crepancies between the experimental featrelative posi-

0 ol ' i ti f the bandheads, signat litti f low-lyi

250 500 750 1000 1250 |§>r: 0 3 ﬂ?n ?alsf salgna urﬁ sp |b|ng 0 Isorr(;le OV\;.- y|gg
ENERGY (keV) state$ and the calculated ones have been already noticed in

[28] indicating that an improvement of the mean-field de-

FIG. 2. Doubly gated coincidence spectra, from the thin targeSCription is necessary and/or that the observed structures
experiment, showing the extension to high energy of some of thé€ould have triaxial shapes. Before going into a detailed dis-
bands of'33Nd. They were obtained by summing the spectra result-Cussion of the properties of the various bands in the frame of
ing from various combinations of twofold gates on clean transitionsthe IBFM, PTRM, and CSM, we would like to point out the
belonging to each band. The stars in the lowest spectrum indicaimilarity of the level structure of the odd-nucleus**3Nd
the E2 transitions from thea=+1/2 member of band 9, seen (N=73) with the corresponding oddnuclei withZ=73. In
through theA| =1 transitions which connect the two signature part- fact, very similar band structures have been seel{it"ra
ners of band 9. based on th§402]5/2", [404]7/2", [411]1/2F, [514]9/2",

[541]1/2" and[660]1/2" Nilsson orbitalg29,30.
(see Table )l Time spectra obtained by gating on the 181
keV transition indicate clearly the presence of this isomer
with a half-life consistent with the value given j28].

For the states above 500 keV, which are members of As already mentioned in the Introduction, the interacting
regular rotational bands, spins and parities are straightfoloson fermion model was recently applied to the neutron
ward from DCO ratios. They are in faet1 for all in-band  deficient isotopes of X¢22], Ba[23], and Ce[24]. A rea-

E2 transitions and~0.5 for the M1 transitions connecting sonable description of the low-lying states of both parities in
signature partners banésee Table)l Exceptions to this rule these nuclei has been achieved within the model by coupling
are the 225, 334, 397, and 422 =1 transitions of the band a neutron which can occupy essentially the “valence” orbit-
6 and the 170, 266, and 3@9 =1 transitions of the band 4 als 19;,,, 2ds/», 3Sy/2, 2d3, and Ihyy,, to the states of the
which all have large DCO ratios explained by a mixedeven-even core described by the interacting boson model. In
E2/M1 character with rather largé values(0.3-0.4. describing the isotonic Ba and Ce nuclei, it was found that

Spin, parity, and absolute excitation energy of the HDthe same set of model parameters could be (|24} It was
band levels could be determined in this work through thetherefore interesting to see to which extent the same param-
identification of 10 transitions linking the HD band to nor- eters are able to predict the properties of Nd isotopes. With
mally deformed states of both positive and negative paritythis purpose, we have performed an IBFM-1 calculation for
They are listed in Table | together with their intensities andthe positive parity states if*Nd in which we have adopted
DCO ratios which result in unambiguous spin-parity assign-an approach similar to that for its isoton&sBa and *'Ce
ment for the HD band levels. The mechanism of the decay23,24.

A. IBFM description of the low-lying states
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TABLE |. Energies, relative intensities, and DCO ratios)efay transitions assigned tNd from the
reactions used in this experiment. The intensities are normalized to that of the 162.9 keV trdasgioned
to be 1000. Errors in they-ray energies are below 0.2 keV for strong transitions, and up to 1 keV for the
weakest transitions on top of the bands. The DCO ratios are obtained by gating on streteh2dransi-
tions, unless otherwise stated.

E, (keV) E; (keV) i I Intensity Roco

Band 1

a=+1/2

370.9 3401.9 29/2 25127

598.6 4000.7 332 29/2° 110(10)

786.9 4787.5 3712 33/2° 50(5)

934.3 5722 41/2 3712 25(5)

1022.9 6745 4512 41/2 25(5)

a=-—1/2

490.2 3659.3 31/2 2712 90(10) 1.12)

708.5 4367.7 35/2 31/2° 70(5) 0.82)

871.1 5238.6 39/2 35/2° 70(5) 1.4(4)

Al=1 transitions

137.6 3168.9 2712 25127 28(5)

233.0 3401.9 29/2 2712 340(10} 0.566)
257.4 3659.3 31/2 29/2° 24010 0.536)
341.4 4000.7 33/2 31/2° 23010 0.426)
367.0 4367.7 352 33/2° 14510) 0.406)
419.8 4787.5 37/2 35/2° 70(5)

451.1 5238.6 39/2 37/2 60(5)

482.9 5722 41/2 39/2° 40(5)

Other transitions related to band 1

302.6 4406.1 3®)

588.1 3401.9 29/2 25/2° 1705)

701.6 4103.5 29/2 30(5)

Band 2

a=+1/2

470.5 647.0 1372 9/2~ 1458) 1.52)

625.0 1272.0 1712 13/2° 19010

738.9 2010.9 21/2 17/2 150(10) 1.2(1)

802.8 2813.7 2512 21/ 104(5) 1.02)

754.9 3568.6 29/2 25/2° 55(5) 0.909)

a=—1/2

498.3 837.5 15/2 11/27 650(25) 1.2(1)

623.5 1461.0 1972 15/2° 685(25) 0.983)
738.9 2199.9 2312 19/2° 66523 1.1(2)

827.8 3027.7 27/2 23/2° 310012 0.956)
881.9 3909.6 31/2 2712 70(5) 0.812)

776.0 4685.6 352 31/2 30(5) 0.82)

805.7 4715.3 31/2 15(5)

Al=1 transitions

162.9 339.2 1172 9/2~ 1000 0.443)
307.8 647.0 1372 11/27 35015 0.41(3)
190.6 837.5 15/2 13/2° 19Q(7) 0.482)
4345 1272.0 1712 15/2° 1156) 0.276)
188.9 1461.0 1972 17/2° 40(3)

550.0 2010.9 21/2 19/2° 60(4) 0.336)
189.0 2199.9 2312 21/ 20(5)

614.0 2813.7 2512 23127 50(4)

214.0 3027.7 2712 25/2° 20(5)

541.1 3568.6 29/2 2712 15(3)

Band 3

539 1186 15/2 13/2° 80(10) 0.2(1)

630 1816 19/2 15/2° 80(10) 2.3(9F

712 2528.0 23/2 19/2° 80(10) 0.9605)
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TABLE I. (Continued.

E, (keV) E; (keV) I I¢ Intensity Roco

Band 4

a=-—1/2

138.9 492.6 72 3/2” 75(5) 1.5015)
316.0 808.6 11/2 712 22515) 0.892)
472.4 1281.0 152 112t 22515 1.053)
591.4 1872.4 19/2 15/2° 21515 0.96(3)
666.8 2539.2 2312 19/2" 185(15) 0.943)
668.2 3207.4 2712 23/2° 18515)

565.0 3772.4 3172 2712 15510 1.1(1)

637.3 4409.7 35/2 312 11510) 0.8(3)

760.5 5170 39/2 35/2° 51(5) 1.1(3)

884.6 6055 43/2 39/2° 27(3) 1.003)

987.0 7042 47/2 43/2° 25(3)

1076.9 8119 51/2 4712 18(9)

1159.6 9278 55/2 51/2 10(5)

1238.0 10516 59/2  55/2 10(5)

Other transitions related to band éx= —1/2)

655.6 2528.0 2312 19/2" 30(4) 1.2(4)

679.4 3207.4 2712 23/2° 90(10)

702.4 3909.8 312 2712 60(6) 0.8

740.8 4650 35/2 31/2 50(5) 1.2(4)

778.0 5428 39/2 35/2° 30(5) 1.003)

830.3 6258 39/2 15(10)

a=+1/2

137.0 523.9 5/2 (2/27) 15(5)

235.0 758.9 9/2 5/2~ 80(10) 1.1(2)

358.1 1117.0 13/2 9/2~ 120010 0.996)
482.3 1599.3 1712 13/2° 150(8) 1.012)
587.2 2186.5 212 17/2 1558) 0.999)
663.1 2849.6 25/2 21/2 1458) 1.1(2)

702.3 3551.9 29/2 25/2° 90(5) 1.001)

730.2 4282.1 3372 29/2" 55(3) 0.92)

775.3 5057.4 3712 33/2° 25(3)

841.8 5898 41/2 3712 20(3)

920.3 6818 45/2 41/ 15(3)

1006.2 7824 49/2 45/2° 8(2)

1087.8 8912 53/2 49/2 6(2)

1181.7 10094 57/2 53/ 4(2)

Other transitions related to band @u= +1/2)

719.2 2905.2 29/2 25/2° 30(3) 1.1(2)

740.4 3645.6 3312 29/2" 20(3) 1.012)

795.4 4441.0 3712 33/2° 15(5) 0.9(3)

Al =1 transitions

170.3 523.9 5/2 3/2” 55(5) 1.21(7)
266.3 758.9 9/2 7127 35(10) 1.0(15
308.5 1117.0 13/2 11/27 25(10) 0.852)
Band 5: Highly deformed band

345.3 2372.4 21/2 17/2¢ 70(8) 1.012)

440.9 2813.3 25/2 21/2" 120(10) 0.92)

514.1 3327.4 29/2 25/2* 130010 1.012)

604.3 3931.7 33/2 29/2" 190(15) 1.02)

683.5 4615.2 3712 33/2* 180(15) 1.2(3)

761.8 5377.0 4172 37/2F 160(15) 0.92)

835.6 6212.6 4512 41/2° 14510 1.012)

903.6 7116.2 4912  45/2F 12510 1.1(2)

967.0 8083.2 53/2  49/2¢ 10510 1.2(4)

1029.2 9112.4 57/2  53/2° 80(10 0.92)

1092.4 10204.8 6172  57/2 60(7) 0.92)

1158.7 11363.5 652  61/2 37(5) 1.23)
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TABLE I. (Continued.

E, (keV) E; (keV) l; I Intensity Roco
1228.0 12591.5 6972 65/2" 33(5) 0.92)
1300.9 13892.4 7312 69/2" 15(5) 1.02)
1378.0 15270.4 7712 73/2° 17(5)

1458.0 16728.4 81/2 7712 9(5)

1545.2 18273.6 85/2 81/2" 5(3)

1632.1 19905.7 8912 85/2" 5(3)

Band 6

a=+1/2

270.0 398.0 5/2 1/2* 50(10 1.1(2)
427.6 825.6 9/2 5/2* 75(15) 1.02)
534.3 1359.9 13/2 9/2* 85(5) 1.1(2)
603.2 1963.1 17/2 13/2* 50(5)

590.9 2554.0 21/2 17/2* 15(3)

575.1 3129.1 25/2 21/2* 10(3)

635.7 3764.8 29/2 25/2* 1003)

704.2 4469.0 33/2 29/2* 1003)

742.0 5211.0 37/2 33/2* 5(3)

758.0 5969.0 41/2 37/2¢ 5(3)

a=-—1/2

318.9 492.2 712 3/2* 16020 0.944)
471.0 963.2 11/2 7/2¢ 150(15) 0.947)
577.8 1541.0 15/2 11/2* 14Q(8) 1.023)
619.5 2160.5 19/2 15/2* 130(7) 1.002)
605.2 2765.7 23/2 19/2* 70(7) 0.899)
654.2 3419.9 27/2 23/2" 20(3) 1.2(2)
705.1 4125.0 31/2 27/2° 20(3) 1.02)
753.5 4878.5 35/2 31/2" 20(5)

790.3 5668.8 39/2 35/2" 10(3)

Al =1 transitions

225.0 398.0 5/2 3/2* 55(5) 1.125)
333.6 825.6 9/2 7/2¢ 10(3) 1.0912)
396.9 1359.9 13/2 11/2* 10(3) 1.01(3)
422.3 1963.1 17/2 15/2* 5(3) 1.057)
Band 7

a=+1/2

495.4 3271.4 (27/2) 23/2" 25(5)

670.2 3941.9 (31/2) (27/2%) 30(5) 1.1(2)
785.3 4726 (35/2) (31/24) 20(5) 1.6(4)
834.0 5560 (39/2) (35/2%) 10(3)

a=—1/2

750.6 4347 (33/2) (29/2%) 10(3)

810 5157 (37/2) (33/2%) 1003) 0.73)
Al =1 transitions

216.6 2992.5 25/2 23/2* 30(5) 0.276)
278.9 32714 (27/2) 25/2" 25(5) 0.534)
325.5 3396.9 (29/2) (27/2%) 30(5) 0.527)
345.0 3941.9 (3112 (27/2%) 30(5) 0.498)
405.0 4346.9 (3312 (31/2%) 10(3)

379.1 4726.0 (35/2) (33/2%) 10(3)

431 5157 (37/2) (35/2%) 5(3)

(403 5560 (39/2) (37/2%) 5(3)

Other transitions related to band 7

643.8 3419.8 27/2 23/2" 15(5) 1.1(2)
730.2 4150.0 27/2 5(3)
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TABLE I. (Continued.

E, (keV) E; (keV) l; P Intensity Roeo
Band 8

a=+1/2

396.4 687.9 9/2 5/2* 40010 1.1013)
443.0 1130.9 13/2 9/2* 65(10) 1.7(2P
493.0 1623.9 17/2 13/2* 70(10)

688.8 2312.7 21/2 17/2¢ 50(10)

777.8 3090.5 25/2 21/2* 10(5)

a=-—1/2

429.8 913.6 1172 712+ 50(10) 1.8(2)
452.5 1366.1 15/2 11/2* 50(10) 0.9410)
570.8 1936.9 19/2 15/2* 50(10

740.9 2677.8 23/2 19/2* 50(10)

Al =1 transitions

192.3 483.8 712 5/2* 45(10) 0.603)
204.3 687.9 9/2 7/2¢ 30(10) 0.397)
225.6 913.6 1172 9/2* 50(10) 1.2(2P
217.5 1130.9 132 11/2* 45(10) 1.0(2)b
235.1 1366.1 15/2 13/2* 35(10) 0.9(2)b
258.0 1623.9 1712 15/2* 30(10) 1.1(2)b
313 1936.9 19/2 17/2* 10(5)

(377 2312.7 21/2 19/2*

Band 9

a=+1/2

581.4 827.0 1372 9/2* 500(25) 1.11(9)
665.0 1492.0 1712 13/2¢ 490(25) 0.91(6)
597.5 2089.5 21/2 17/2¢ 44520) 0.94(15)
604.7 2694.2 25/2 21/2* 420(40) 0.9915)
672.0 3366.2 29/2 25/2" 240(15) 1.02)
712.2 4078.4 33/2 29/2* 1307) 0.82)
782.8 4861.2 3712 33/2¢ 65(5)

851.9 5713.1 41/2 37/12¢ 55(10)

906.6 6619.7 45/2 41/2* 45(10)

967.5 7587.2 49/2 45/2* 15(5)

1035.6 8622.8 53/2 49/2* 15(5)

1106.9 9729.7 57/2 53/2" 15(5)

1183.5 10913.2 61/2 57/2* 10(5)

1266 12179 65/2 61/2"

a=-—1/2

519.5 519.5 11/2 7/2¢ 380(25) 0.956)
631.0 1150.5 15/2 11/2* 480(25) 0.926)
648.6 1799.1 19/2 15/2¢ 44023 0.91(6)
585.5 2384.6 23/2 19/2¢ 40023 0.9606)
636.1 3020.7 2712 23/2* 37520) 0.906)
694.7 37154 31/2 27/2" 270(15) 1.1(2)
743.4 4458.8 35/2 31/2* 16510) 0.93)
821.0 5279.8 39/2 35/2* 50(3) 0.903)
879.1 6158.9 43/2 39/2* (70)2

937.1 7096.0 4712 43/2F (70)2

1001.7 8097.7 51/2 47/2¢ 33(5)

1072.0 9169.7 55/2 51/2* 20(5)

1146.6 10316.3 59/2 55/2* 20(5)

1224.5 11540.8 6312 59/2* 10(5)

1300 12841 67/2 63/2" 5(3)

Al =1 transitions

245.6 245.6 9/2 7/2¢ 57535 0.41(3)

2009
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TABLE I. (Continued.

E, (keV) E; (keV) l; l¢ Intensity Rpeo
274.0 519.5 1172 9/2* 12510 0.51(6)
307.4 827.0 1372 11/2F 50(3)

323.6 1150.5 15/2 13/2F 40(3) 0.2(1)
341.5 1492.0 1712 15/2¢ 40(3) 0.466)
307.0 1799.1 19/2 17/2* 1057)

290.5 2089.5 21/2 19/2¢ 125(7) 0.5606)
295.3 2384.6 23/2 21/2* 140(8) 0.5606)
309.6 2694.2 25/2 23/2" 140(8)

326.6 3020.7 27/2 25/2F 80(5) 0.656)
345.5 3366.2 29/2 27/2° 80(5) 0.31)
349.3 3715.4 31/2 29/2* 75(5)

363.0 4078.4 33/2 31/2° 40(3)

380.5 4458.8 35/2 33/2" 35(3)

402.6 4861.2 3712 35/2* 20(3)

418.5 5279.8 39/2 37/2

Other transitions related to band 9

269.2 2946.9

741.0 2677.7 19/2

755.6 4121.8 29/2 90(5)

786.2 1936.7 15/2

796.2 4511.6 31/2 45(3)

820.8 2312.8 17/2 110(20)

806 4927 406)

856.7 5368.3 28)

878.4 2677.7 19/2 20(3)

914 5841

Interband transitions
Band 1— Band 2

141.3 3168.9 2712 2712 20(3) 1.52)

149.2 3168.9 2712 (23/2°) 15(5) 0.7(1)

374.2 3401.9 29/2 2712 120(5) 0.32)

631.2 3659.3 312 2712 45(3) 0.8(1)

969.0 3168.9 2712 23/2° 28010 1.066)
1009.0 3019.9 (2312 21/2 15(5)

1020.3 3031.0 252 21/2 65(5) 1.1(7)

Band 2— Band 9

176.3 176.3 9/2 712+

Band 4— Band 2

316.1 492.6 712 9/2~

Band 4— Band 6

180.8 353.6 3/2 3/2+ 15(5) 0.756)
258.5 386.9 (1/2) 1/2*

HD band — other bands

306.6 3327.4 29/2 2712 s 1003)

409.1 2372.4 21/2 1712 a6 50(6) 1.039)
486.2 2027.1 17/2 15/Znd6 5(3) 0.8(1)

500.1 2372.4 21/2 19/2 5044 103) 0.715)
565.6 3931.7 33/2 29/2} s 14(4)

633.2 3327.4 29/2 25/2nd o 50(6) 1.069)
667.1 2027.1 1712 13/120 046 40(6) 0.91)

723.7 2813.3 25/2 2112 nd o 5(2)

746.3 2027.1 1772 15/25nq4 10(3) 0.7511)
1189.7 2027.1 1712 15/25 504 2 103)

Band 6— HD band
527.0 2554.0 21/2 17/2¢ 5(3)
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TABLE I. (Continued.

E, (keV) E; (keV) l; P Intensity Rpeo

Band 6— Band 8

200.7 492.2 712 5/2* 20(3) 0.426)
342.0 825.6 9/2 7/2¢ 25(5) 0.606)
479.5 963.2 1172 7/2¢ 15(3) 1.02)

(534 825.6 9/2 5/2*

(672 1359.9 13/2 9/2*

Band 7— Band 6

226.7 29925 25/2 23/2* 40(5) 0.5025)
615.5 2776.0 23/2 19/2* 60(20) 1.02)

Band 8— Band 6

118.5 2915 5/2 3/2* 2.5(4)
196.1 687.9 9/2 7/2¢ 30(5) 0.569)
310.2 483.8 712 3/2* 30(5)

Band 8— Band 9

291.5 291.5 5/2 7/12F 125(15) 0.88)

442.5 687.9 9/2 9/2*

483.8 483.8 712 7/2* 45(5)

Band 9— HD band

553.1 3366.2 29/2 25/2" 5(3) 1.02)

Band 9— Band 8

433.3 1799.1 19/2 15/2* 55(3)

465.5 2089.5 21/2 17/2* 50(3)

aDoublet.

DCO ratio obtained by gating on a dipole transition.

In its IBFM-1 version, this model does not distinguish rametersA,, I'g, andA o, which specify the strengths of the
between the neutron and proton degrees of freedom. Th@&onopole, quadrupole, and exchange terms, respectively.
132Nd nucleus was chosen as core '§fNd, and described Both the IBFM Hamiltonian and the electromagnetic transi-
by an IBM-1 parametrization very close to that used fortion operators have been chosen as in the previous calcula-
1288a and *Ce in Refs[23,24. The odd fermion was al- tions for 12%8a[23] and 13/Ce[24]. Thus, the boson-fermion
lowed to occupy the four positive parity valence orbitalsinteraction strengths wers,= —0.15 MeV,T';=0.49 MeV,
specified above. The IBFM-1 Hamiltonig21] consists of andA,=0.5 MeV. In this way, no parameters were adjusted
the 1BM-1 Hamiltonian of the even-even core, a single-ang this calculation had a predictive character. The results
nucleon energy term, and a boson-fermion interaction t€Mre shown in Fig. 5. The calculations provide the three low-
(Vep). The latter contains a monopole-monopole, ajying positive parity band structureelow the backbend
quadrupole-quadrupole, and an exchange interaction, respeihich have been observed experimentflignds 6, 8, and 9
tively: in Fig. 3(b)]. Their relative positions are not perfectly repro-

duced but the calculations can be easily improved from this
Ver=Vot Vagt Vexen: @ point of view by slightly readjusting the ginglg particle ener-
gies of the considered spherical shell model orbitals. On the
other hand, the decay moddbranching ratios of these
~ bands are reasonably well reproduced.
Vo=2, Al(d"d)©(afa) @1, The structure of th)é calcular:t’ed states is as follows. Band 9
. [see Fig. &)] is dominated by the sphericaj,, orbital
coupled to the states of the core ground-state band, whereas
Voo= 2 T [QF(afa;) @15, band 8 is dominated by the spheric, orbital (which
i’ gives a 80% contributionwith a smaller componer20%)
from theg,, orbital. Finally, band 6 is a mixture between the
VexchZE z AL, :[(dfaj)j"(aajTl)j"]go> . Sy» and dy), orbitals, with the two signature partners being
i’

where

dominated one by thse,;, orbital (the «=1/2 ong, and the
other by thed,, orbital. The calculations predict some con-
d’ andajT are the usuatl-boson and fermion creation opera- nections between theds,” and “ g;,,” bands. Experimen-
tors, respectivelngz) is the IBM quadrupole operator, and tally these linking transitions were not observed due, most
the sums run over the valence orbitatonsidered. By using likely, to the fact that the ds,,” band is very weakly popu-
a simplified form based on microscopic argumdi®s], the lated. These wave function compositions correspond indeed,
boson-fermion interaction is fully determined by three pa-qualitatively, to the Nilsson assignments shown in Fidp)3
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FIG. 3. (a) Negative parity band structures fi3Nd observed in the present experiments: the positive parity(t#dd 5 is also shown
partially (only its lowest portion to illustrate its decay to the positive parity levels. The dominant Nilsson configuration assigned to each
band is indicated(b) Positive parity band structures i#°Nd observed in the present experiments. The dominant Nilsson configuration
assigned to each band is indicated.

One may conclude at this point that the lowest part of thescribed by IBFM calculations with appropriate parameters
positive-parity band structures observed iNd is reason- [23,24], and a similar approach fol*Nd provides a good
ably well understood on the basis of a multishell IBFM-1 description for band 2. In the isotonic Ba and Ce nuclei,
calculation with the same parameters that were previousihowever, the other, lowt band, originating from the in-
used to describe its isotoné$®Ba and 3!Ce. One should truderhg,, orbital has not been observed. Such a band cannot
add that we have also verified that the calculation of Refbe predicted at low excitation energy on the basis of an
[23] describes well the more recent, richer experimental datéBFM calculation performed, as usually, using a realistic set
obtained in the meantime fo**Ba [25]. of spherical single-particle levels. The reproduction of the

A similar approach to the negative-parity states is onlylow-lying part of band 4 in such a calculation would require
partly successful. Both in Ba and Ce isotopes the bandat least a largead hoclowering of thehg, single-particle
based on the unique parity orbithh,, can be easily de- energy, which is difficult to justify.
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FIG. 3. (Continued)
B. Particle-plus-triaxial-rotor model and cranked shell-model I, andj, are the projections of the total angular momentum
interpretation and of the particle angular momentum, respectively, on the
1. Model description and calculation procedures intrinsic axes. In this Hamiltonian the particle-rotation inter-

. . _ action emerges in the form of a Coriolis term>1,j,/®,
In order to describe the low-lying structures iNd - " o qil ternzj2/20,.

PTRM calculations have been performed applying the for- X - .
malism of[20]. The rotor-plus-particle Hamiltonian has the The moments of inertia of the rigid cof@ are given by
form the hydrodynamical formula

3
. 40 o
H:k§=)l =20kt D20t Hpal(82,7). (2 =3 Osir?

2
y+ §7Tk). 3)
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5x10° particle orbitals were included. Calculations were performed
using either a constant or a variable moment of inertia for the
core. In the first case the parameés was calculated for a
core excitation energg(2*) =200 keV close to the experi-
mental energy of 213 keV of the first2state in the neigh-
boring even-evert*3Nd nucleus. Another model parameter,
the coefficienté representing the attenuation of the Coriolis
o) matrix elements, has been varied betwednd attenuation
and 0.6. In evaluation of the electromagnetic moments, an
effectivegs factor of 0.6 has been used amg has been
taken asZ/A. Quadrupole moments of the core were calcu-
10° ' ‘ ' lated macroscopically. For the quadrupole deformation pa-
200 300 400 500 . . ;
Time (ns) rameter of the harmonic (_)SClIIator potential a val_uesQf
=0.23 has been used, which corresponds, according3lo
FIG. 4. Decay curve of thE, =176 keV isomer obtained in the 0 the deformation3,=0.26 derived from recently reported
thick target experiment. The experimental error bars are within thdifetime measurements in the low-lying bands'dfNd [34].
drawn symbols. The error given for the half-life is larger than the The calculations have been done for a wide range otl-
statistical one, and corresponds mainly to the uncertainty in théles. Optimum values of this parameter have been determined
background of the time spectrum. from the comparison of the experimental and calculated level
energies. We have to point out that in the PTRM the triaxial
The particle HamiltoniarH ,,{&5,7y) describes the par- deformation parameter characterizing the rigid core has posi-
ticle motion in a Nilsson potential with deformation param- tive values ranging fromy=0° (prolate shapeto y=60°
eterse, andy. For the oscillator potential parametersand  (oblate shape They correspond to the interval of negatiyve
w the standard values given [82] have been used. Pairing values 0°—60° in the Lund convention, which we will fol-
was treated in the usual way within the BCS approximatiorlow in the paper.
with standard value for the pairing strend88]. In the CSM analysis the cranking formalism outlined in
In the negative-parity state calculations, the 4,, 2,5, Ref. [35] has been applied to transform the experimental
and lhg, single-particle orbitals have been considered, whileexcitation energies and spins of the bands into Routhians and
in the positive-parity state calculations all the=4 single-  alignments as a function of rotational frequency The ref-

EXP. IBFM—1

E =176 keV
Tyjo =301(16) ns
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FIG. 5. Comparison between the lowest part of the positive parity band structures with IBFM-1 calculations. The arrows show the most
importanty-ray decays, with the branching ratios indicatéatr each level the strongest branch is taken)10®e experimental bands are
marked with their numbering of Fig. 3, whereas for the calculated ones the dominant spherical shell-model configuration is (sekécated
text for detail3.
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FIG. 6. Experimental Routhians and alignments of the negative FIG. 7. Same as in Fig. 6, but for the positive parity band struc-
parity band structures df3Nd. A reference with the Harris param- tures of 1*3Nd. The alignment determined for the HD band 5 is also
etersJy=17.0 i°MeV~! and J;=25.8 #*MeV ™2 has been sub- given for comparison, in the region of frequencies of the other
tracted. TheK values assumed correspond to the Nilsson assignbands.
ments shown in Fig. &). Open symbols correspond to signature

=+ i =— . . . .
a=+1/2, filled ones tow=—1/2 where they-ray energiesE, are given in MeV,A=1,(l

—1=2)/1,(I—1-1) is the branching ratio, and is the
E2/M1 mixing ratio. The correction for the mixing ratios
could be important for low-lying transitions, especially in
band[36], have been used for all the]ﬁk%;nds. THECe S strongly coupled bands. In the present case however mixing
band reference has been preferred to tféld ground-state  \4tins" were determined experimentally only for few transi-

band reference because we aim to apply the CSM to states g\ \ve have therefore evaluated them from the measured
frequencies _hlgher than the _flrst band crossing, where a r%‘ranching ratios using the rotational model relatiaf], as-
erence obtained from the fit of the three lowest states '%uming pureK:

BNd would be less suitablg87]. The same Harris param-
eters have been used to describe a large numi®bahds in
the Xe-Ba-Ce isotopef38] and in Nd isotope$39]. The
discussion below will be of course only qualitative, due to
the fact that in ay-soft region the deformation can change .
slightly from a band to another. The experimental Routhians
and alignments are shown in Fig. 6 for the negative-parity
bands and in Fig. 7 for the positive-parity bands.

CSM and total Routhian surfad@RS) calculations have
been performed using a Woods-Saxon potential with mono-
pole pairing interaction described [4]. Figure 8 shows cal- §
culated Routhians for both proton and neutron quasiparticle€
in Nd, at deformations8,=0.25 and3,=0.01, for y
=0° andy=—20°. In the notation adopted the lowest en-
ergy neutror(proton) orbitals of positive parity are labeled
b,c, ... (A B,C, ...), while the corresponding negative-
parity orbitals are labeled, f, g, ... (E, F, G, ...).

Valuable information about the structure and the deforma-
tion of the bands was provided by the analysis of the reducec
transition probabilities ratiosB(M1)/B(E2). The experi-
mental ratiosB(M1)/B(E2) have been derived from the  FiG. 8. Single quasiparticle Routhians for protoftep) and

erence Harris parametedg=17.0%2MeV ! andJ;=25.8
#*MeV 3, obtained from fitting the levels of th&*®Ce S

Routhian (MeV)

05 F

Quasi-proton

Quasi-neutron Routhian

Lol oy L I

0.1 02 03 04 05 06 07 08 01 02 03 04 05 06 0.7 0.
iy (MeV) fioy (MeV)

v-ray branching ratios using the relation neutrons(bottom in *3Nd, calculated aj3,=0.25, 8,=0.01 and
for y values of 0°(left) and —20° (right). The following line con-
B(M1) Ei(|_,| -2) 1 vention has been used in the Routhian diagram:+,a=+1/2

— Z

W—O.GQB. 3 o (4) solid, 7:+,a=—1/2 dotted, 7: —,a= +1/2 dashed-dotted, and
(E2) E3(1—1-1) N(1+ %) 7 — a=—1/2 dashed line.
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FIG. 9. ExperimentaB(M1)/B(E2) values(filed and open
symbol$ for several bands in*3Nd compared to the calculated
values(lines) using the PTRM and the DF formula. Empirical
factors were used for the single-particle configurations as followsstructures rather similar to bands 1, 2, and 3-Nd have

g(vhyy)=—0.2, g(vg7)=+0.27, g(vsyp)=—1.3, g(vds.)

—+0.6, g(mhyy) = +1.25.

2. Negative-parity bands

We will first discuss the negative-parity bands GfNd
displayed in Fig. 89). One has to point out that collective

been also observed in botlf*Ba [25] and '3!Ce isotones
[27].

a. Band 2 Band 2 is the yrast one and the most strongly
populated at low spin. Few transitions belonging to it were
first reported in Ref[9] where an interpretation was given
within the model of Meyer-ter-Vehil2] by assuming a
large triaxiality. This band, showing strong signature split-
ting, is built on the 9/2 T,,,=301 ns isomer, described by a

and from PTRM calculations using the theoretical reducedonfiguration involving the mixing of intrinsic orbitals from

transition probabilities and the experimental energies for théhe hi1, neutronj shell, with a dominan{514]9/2 compo-
| —1—1 transitions. Thes values derived by the two proce- nent. Our present PTRM calculations have confirmed the ex-

dures were quite similar. treme sensitivity of the signature splitting of the yrast
The B(M1)/B(E2) values determined for the high-spin Negative-parity levels on the deformation. The signature

structures above particle alignment were interpreted undeiPlitting functionS(1) defined ag44]

the assumption af axial symmetry by means of the semiclas-

sical Danau-FrauendorDF) formula[41,42:

1 1 ES(1—1-2) (IK20[1 —2K)?

8 NES(I1-1-1) (IK20]I - 1K)?

1, ©)

CE()-E(I-1) 10+ —-(1-2)(1-1)
TEH-E(I-2) 10+1)—-1(1-1)

S(1) 1, ™

B(M1) _ 16 K?
B(E2) 5Q2 I2

X [('2_ KZ)UZ_ i n] - (galign_ gR)i align}zv (6)

(1-K12)72{(gn— 9r) is illustrated in Fig. 10 for the experimental and PTRM cal-
culated levels of band 2. The observed splitting cannot be
explained assuming axial symmetry, but it is very well re-
produced with a value of=—22°. The optimumy value

was found to be slightly dependent on the values used for the
moment of inertia and the attenuation of the Coriolis inter-
action, a variation by no more thah2° being obtained at
reasonable changes of these PTRM parameters. Similar to
eb, derived from lifetime measuremef®sl], was used in all the 129Ba[18] and '3!Ce[19] isotones, the description of the
calculations. The experimental ratid®(M1)/B(E2) are level energies has been considerably improved when an at-
shown in Fig. 9 together with the theoretical estimates obienuation of the Coriolis matrix elements was included, the
tained within the PTRM for the lower part of the bands be-optimum value being found fo£=0.8. The experimental
low the particle alignment and with the DF formula for the staggering in this band is decreasing slightly along the iso-
bands above it. Thg factors for quasiparticle excitations tonic chain, corresponding to a decrease of about 15% in the
were taken from the compilation of Ré#3]. In the follow- 7y value from2°Ba to 13Nd. We note that the experimental
ing we shall analyze the observed bands using both thB(M1)/B(E2) ratios in the band are also better reproduced
PTRM and CSM predictions. by PTRM calculations with triaxialitysee Fig. 9.

whereg, andi, are theg factor and the alignment of the
valence neutron, whilgg, andi 4, are the same quantities
for the aligned particles. The quadrupole moment=4.8
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TRS calculations predict, as lowest in energy, a configuthe vh,,,, structure. In**3Nd we have found only the lowest
ration with 8,=0.256 and3,=0.01 characterized by soft-  transition which connects it to theh, ;,, band. In addition, in
ness at low rotational frequendie., below the alignmeit  our case this structure feeds, and is fed by [8#{]1/2 band
which corresponds to the, f trajectories in Fig. 8. Both [Fig. 3a)].
signatures of this band show the beginning of a large align- d. Band 4 Several low-lying members of band 4 have
ment ath w~0.4 MeV, apparently keeping the large signa- been observed in thg decay of**3Pm and have been inter-
ture splitting(see Fig. 8. The experimental alignment is well preted within the PTRM as part of the intrudé41]1/2 band
described by assuming the configuratioi514]9/2 for the  [28]. We note that the new (172 state placed aE,=387
band. A similar jump in alignment d&w~0.4 MeV has been keV in the present work fits nicely with the predictions of the
observed also in the isotonéd'Ce[27] and *Ba[25], and PTRM calculations which indicate that the 1/3tate should
is interpreted as the alignment of a pair fof;, neutrons, lie very close to the 3/2 level (see Fig. 9 of Refl28]). Our
which polarizes the core even more towards an oblate shapBTRM calculations performed at=0° are very similar to
Only a few other candidates for the crossing between théhose reported i28]. A mixed single-particle wave func-
one-quasiparticlevh;;;, band and the three-quasiparticle tion, with almost equal amplitudes for th@=1/2 states
v(hy1,)® band have been found in the Xe, Ba, and Ce iso{([541]1/2 and[530]1/2) from the hg;, and f, orbitals, has

topes[45], where a TRS analysis has also shown that th(ﬁeen obtained for this band and the observed level sequence

crossing frequency of these configurations depends very se _azbeten Welllgﬁzc.r Ibt?\d by Ithe dZTRM calc(;galt\ilons.l .
sitively on they parameter. p to now is the only odd-mass, odd-N nucleus in

N . . the region where this intruder band has been identified. On
b. Band .1 Band 1 hf.is_a large initial alignment gaifig. the other hand, such a structure has been recently studied in
6) and no signature splitting. These facts strongly suggest thl%ezz 73 1711733 isotope$29,30). In these latter cases, the

alignfment ofa p?irbOhll’z protons, which should take place p,ng exhibits a decoupled feature, with the unfavored partner
at a frequency of about 0.3 Me\E(F trajectories in Fig. B ,shed at higher energy. It was interesting to see if this dif-

to the vhy,, configuration. The protons and neutrons in thegaent hehavior compared t5Nd could be described by
hay; Orbital are polarizing the nucleus towards positive andy,icle-rotor calculations. For this purpose a PTRM calcu-
negativey- _defo_rmatlons, respective[yi6] gnd therefpre the  |ation for 73Ta has been performed, usirg=0.26 andy
three-quasiparticlevhy y,® m(hy,)? configuration is ex-  _ge A mych purer single-particle wave-function, domi-
pected to have a prolate shape with no signature SpIIttIngnated by thehg,, orbital, has been calculated for the intruder

TRS calculations predict indeed the safieand S, values  ang and the decoupled character observed experimentally
and y=0° above this alignment. The band 1 behaves very o« peen nicely reproduced.

- 013 12
similarly to the band V in**!Ce [27] and band 1 in'*Ba Band 4 is predicted to be axially symmetric by TRS cal-
[25] which ‘are also interpreted as having a three-qations with a small shape coexistencegat=0.29. The
quasiparticle configuratiowhyy,® w(hyy )% In **Ba the  somewhat larger deformation compared to the other low-
band shows a small signature splittifig5], interpreted as |ying hands was confirmed by recent lifetime measurements
ewdenqe of tr|aX|qI|ty with positivey deformatzlon. Thls fea- [34,48. The CSM diagrams of Fig. 8 describe reasonably the
ture points to an increaseg softness for thet?Ba isotone. experimental situation. We assign this band to ghé tra-

On the other side, the quadrupole momeny=3.4 eb de- jectories in Fig. 8, which come very close to the,, band
duced on the basis of static quadrupole mom{&® and o  for g, deformations larger than 0.24. The single-
lifetime measuremen{gl7] indicates a lower quadrupole de- particle alignment of about 2i0at # w=0.2 MeV is compa-
: 12 13 :

formation for 1253'3 when compared with*Nd. The larger  (apje with the value observed experimentally. Below the
deformation in™*Nd seems to stabilize the shape agaipst packpending this band has a rather large signature splitting.
softness. The asglgned conﬂgyraﬂ_on is supported by thlightly abovefiw=0.30 MeV, it experiences the alignment
B(M1)/B(E2) ratios. As seen in Fig. 9, the large experi- 5 5 7+h. . . proton pair, and above the alignment it still pre-
mental B(M1)/B(E2) values are rather well described by gerves a sizeable signature splitting. No=1 transitions
the estimates obtained with the Bmu-Frauendorf formula paye been observed experimentally above the alignment, in-
for K=9/2 andig,=10%. dicating M1 branching lower than 5%. This feature is in

¢. Band 3 There is a shorf\| =2 cascade, band 3, also accordance with the DF formula, which predict extremely

assigned as a negative-parity structure, namely a sequence g B(M1)/B(E2) values for thisk = 1/2 band in spite of
states with spins 15/2, 19/2, 23/2, feeding the 13gfate of ¢ largeg factor of the aligned protons.

the[514]9/2 band, by a 539 keV transition. Our PTRM cal-
culations performed withy=—22° have reproduced very
well these yrare states of thdn,,,, configuration, the calcu-
lated energy being 493 keV for the 15/213/2; transition. a. The highly-deformed bandhe properties of the HD
The band is predicted much higher in energy by the calculaband and of its decay out have been discussed in detail in
tions with y=0°, the energy for the 15j2-13/2 transition  Refs.[10,11. The quadrupole deformation of the band is
being 1294 keV in this case. The occurrence of this bandalculated to beB,~0.35[4,10], a value which has been
gives therefore further support to the triaxial shape associeonfirmed experimentally5,34,48. On the other side, the
ated to thevh,, configuration. Similar results were found in quadrupole deformation of the normal deformed rotational
recent PTRM calculations with large for *®Ba [18] and  bands has been measured to Be~0.25[34]. A peculiar
131Cce[19]. In both ?Ba and **'Ce this structure is fed by aspect of the HD band of**Nd, as well as of some other
the vhy,,@ w(hy10)? one and has more than one link with nuclei in the region, is the rather smooth alignment process,

3. Positive-parity bands



2018 D. BAZZACCO et al. PRC 58
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FIG. 11. Comparison between the experimental and the calculated positive-parity low-lying bands. The corE @igrgy200 keV has
been used for moment of inertia calculations. No attenuation of the Coriolis interaction has been a@ppli¢d The theoretical branchings
were obtained using the reducB{dM 1) andB(E2) transition probabilities derived by PTRM and the experimental transition energies. The
levels are labeled with twice the value of their spin.

visible by the hump in the dynamical moment of inedf@  tained from the analyses of the corresponditg 1/2 band
at Aw=0.5 MeV, which has been associated with thg, in ?8a [50] and 3'Ce [19]. In 1?%Ba the 1/Z state be-
proton crossing. Self-consistent cranked Strutinski calculacomes the ground state, which indicates a somewhat larger
tions, based on a Woods-Saxon potential and includingalue, similarly to thé514]9/2 band. In the case df*Nd the
monopole pairing correlations, were performed in the atband has been followed at much higher spins. The band can
tempt to reproduce the experimentally determidéd and  be assigned as th& ,b’ positive-parity Routhians in Fig. 8
J® moments of inertid10]. Those calculations were not which reproduce the signature splitting of about 100 keV
able to reproduce the data, encountering serious problemaound the 0.2 MeV frequency and have e —1/2 sig-
with the 7h44, alignment, predicted to occur at a frequency nature as favored in energy. AboYieo=0.3 MeV, band 6
0.1 MeV lower. Recently, more realistic, self-consistent TRSshows a peculiar alignment incregsee Fig. ¥ which could
calculations, including a separable pairing force of the monobe attributed to thevh,,,, alignment, since no blocking is
pole plus quadrupole tyge9], have been performed for the expected for this configuration.
HD band in ¥*3Nd, which reproduce quite well theh,y,, Band 7 Band 7, characterized by a large alignmésge
alignment within this bandsee Fig. 3 in Ref[49]). Fig. 7), feeds band 6 in a similar way as band 1 feeds band 2.
b. The normally-deformed bandshe experimental exci- It is therefore natural to suggest a similar mechanism of pro-
tation energies and branching of the low-lying positive-parityton alignment as in the case of band 2 where #hsoft
bands are compared in Fig. 11 with the results of our PTRMucleus is driven to a prolate shape. The band starts as a
calculations performed ag=0° and y=—22°. The value regular band, in spite of the fact that folka= 1/2 band one
y=—22° gives the best description of band(@ shown usually expects signature splitting a=0°. The absence of
above and also of band @see below. a relevant signature splitting could be due to a compensation
Band 6 A good description of band 6 is provided by the of the decoupling effects of ths;;, and d;, components.
PTRM assuming triaxialitfsee Fig. 11 In particular, the Rather largeB(M1)/B(E2) ratios(although with big errors
bandhead excitation energy is very well reproduced by calhave been experimentally found as shown in Fig. 9, giving
culations aty=—22°, while for y=0° it is predicted too support to the proton alignment picture. The DF form(8a
high. The structure of thik =1/2 band involves a mixing of predicts howeveB(M1)/B(E2) values which are much
components coming from thg,, and d4;, neutron orbitals. lower than the measured on@ge Fig. 9. In order to explain
Similar conclusions concerning triaxiality have been ob-the large experiment&(M1)/B(E2) values, one could as-
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sume that the band has a larger effectkevalue due to this effect was shown to be consistent only with the
Coriolis mixing and/or that some triaxiality is present at high 7(h;1)? alignment assuming also a positive triaxialify
spins due to the driving force df;,, protons towards posi- =20 [25]. In our casgFig. 9), smallB(M1)/B(E2) values

tive y. We applied the DF formulé&3) in which theQS was Were also found before the backbend whereas for the region

replaced byQS co(y+30°)/coZ(30°) and, as seen in Fig of frequencies from about 0.3 to 0.4 MeV values of 0.5-0.7
! " 2 212 . . .

9, a satisfactory agreement with the experimental data wagn/€"P” have been determined. We have applied the@?

reached fol =1 andy=20°. We mention however that the Frauendorf formula3) assuming the/[404]7/2® m(h1y/)

proposed interpretation is only qualitative, as the applicatior?ﬁmc',gur""t'o,n anfd taking thle ex(?ire””le;‘ftial alllgilTQ/gtadu-

of the DF formula for mixed bands or in the case of triaxial & )Il |nc;¢a5|l1fjlégm ?_Vg;/; a'ign;, a'tl'h_ 9| lto ad

shapes is only a rough approximation. In this band there is af\u€ Ofiaigi~10r at1=35/2, see Fig. Jt The calculate

indication of a crossing with a 5-gp band, at a frequency oM 1)/B(E2) ratios reproduce well the experimental be-

about 0.4 MeV, which is likely due to the alignment of two hawor,. as seen in Fig. 9. The alignment PIOt suggests a
SR neutrons strong interaction of the ground-state band withthg, pro-
11/2 .

. . . " which i i~ dication f
Band 8 The structure of band 8 is dominated by theton pair band, which can be considered as an indication for

) . L an axial symmetric shape, while thesoft bands 2 and 6

[402]5/2 neutron orbital with small mixingless than 10%  raqent a weak interaction. The smooth alignment gain ob-
of the [404]7/2 neutron orbital. PTRM calculations indicate 2 . o ]
an overall agreement assuming axial symmetry. Both th servgd aﬁer therhiy, ahgnment may indicate some over

o ' ?appmg with a second alignment, probably due to neutrons.
bandhead excitation energy and BM1)/B(E2) ratios are Such smooth alignment behavior of band 9 has been dis-
better reproduced ay=0° (see Figs. 9 and J1Moreover  cyssed in some detail in R¢fL0] and alternatively attributed
one can see that the triaxiality would induce signature splityg g change from the configuration wifs,=0.25 encoun-
ting, in disagreement with the observed regularity of thetered at the lowest frequencies, to a more deformed one
band. The somewhat smaller energies of the transitions inth@gzzolgo) in which two nonaligned neutrons were pro-
experimental band compared to the PTRM predictiony at moted from the Nilsson orbitd#02]5/2 (immediately below
=0° indicate a larger moment of inertia compared to that ofthe Fermi surfaceinto the e, orbital which becomes yrast
the neighboring even-even nucleus. Such effects were olin the region of frequencies of the proton alignment. This
served also in the ground-state bands of Ce isotdp85  assignment is also supported by the observed interaction be-
Similar to the IBFM calculations, the PTRM calculations tween the levels of band 9 in this regioh~(25/2%) and the
predictAl =1 transitions from this band to the ground-statehighly deformed intruder bangband 5 which involves also
band levels. As already mentioned, suph links were not obpyo hg/» Neutrons in a nonaligned configuratiphO]. This
served experimentally as the band 8 is very weakly popugescription should be tested experimentally through DSAM
lated. . ' . ' lifetime measurements at high spin.
~ TRS calculations predict for this band an axially symmet- |t js worthwhile to mention that a shape-change mecha-
ric shape. The Routhian of band 8 can be identified withhism similar to that presented above has been recently dis-
trajectoriesc, din Fig. 8, corresponding to thet02]5/2 or-  ¢cuyssed in thez=73 17°Ta nucleus, in order to explain the
bital. The band could not be observed up to very high spinsgradual upbend observed experimentally in the alignment of
No structure similar to this band has been identified in thqhe[4o4]7/2 band[30]. Like in 133Nd, the shape change has
'?Ba and **'Ce isotones. been attributed to the crossing with a more-deformed band

~ Band 9 As seen in Fig. 11, band(&he ground-state baid  containing a pair of spin-zero coupled particlgsotons in
is rather well described by PTRM with both=0° andy  the 173Ta casgin the hy, orbital.

= —22°. The experimental branching are in agreement with
those calculated ay=0°. Similar to band 8, a better de-
scription of the level energies could be obtainedyatO°
with a higher moment of inertia or with VMI. In this paper we have presented and discussed the level
The band is predicted to be axially symmetric by TRSscheme of!*3Nd obtained in a series of experiments per-
calculations. This band, having the lowest energy Routhianformed with the GASP spectrometer. The well known HD
an initial alignment of about7l and no signature splitting, rotational band has been firmly linked to the other excited
can be readily identified with the, b orbitals (see Fig. 8  states at normal deformation. The rich variety of band struc-
which correspond to tht04]7/2 Nilsson configuration. The tures observed has been interpreted according to various the-
alignment plot shows a peculiar behavior which is quite dif-oretical models, which had demonstrated their validity in the
ferent from that displayed in thé*Ba and **'Ce isotones  A=130 mass region. In particular, a good description of the
[25,27. In both these nuclei only the crossing-a0.3 MeV  low-lying states of the positive-parity bands has been given
with the vg,,® m(hy1)? 3-gp band is observed, perhaps by the IBFM. More extensive PTRM calculations reproduce
followed by the beginning of thes(hy;,)? alignment at quite nicely many properties of both positive- and negative-
=0.55 MeV in *Ba[25]. In the present case, as shown in parity low lying states, giving evidence of the coexistence, at
the alignment plot of Fig. 7, shortly after theh,;,, pair  low spin, of bandgbuilt on intrinsic stateswith different
alignment (at about 0.35 MeY a smooth alignment gain triaxial and/or axially symmetric shapes. The high spin part
starts. The behavior of th8(M1)/B(E2) ratios for this of the level scheme, including the HD rotational band, is
band is also quite different from that observed’i®Ba. In interpreted in the framework of the CSM and TRS calcula-
12984 this ratio has very small values below the backbendions.
and it jumps at values of 3—42/e?b? above the backbend; The data obtained in the present Au-backed target mea-

V. CONCLUSIONS
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