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High-spin states in*™Nd were populated in the reactioiMo(*°Ca,2on) at a beam energy of 180 MeV.
Over 170 new transitions were placed in a level scheme that consists of seven rotational structures. The bands
were given configuration assignments based on el 1)/B(E2) ratios(for the strongly coupled bangs
aligned angular momentum, observed band crossings, and signature splitting. Several quasiparticle alignments
were observed in the bands and compared with predictions from the cranked shell model. Three-band mixing
calculations were performed in order to interpret the low-spin interaction observed [dlthid/2 band. An
examination of the signature splitting for tfg41]1/2 bands in*?>3113}d revealed information regarding the
parentage of the orbital as well as a signature inversion at higher spin.

PACS numbds): 21.10.Re, 23.20.Lv, 27.60]

[. INTRODUCTION An experiment was performed with the high resolving
power of Gammasphefd5] for y-ray detection and the se-
The neutron deficient nuclei in the mass 130 region havéectivity of the Microball[16] charged particle array to in-
exhibited a propensity to possess a variety of nuclear shapesgestigate neutron deficient nuclei near=59 andA=130.
Highly deformed structure¢having a quadrupole deforma- The emphasis of the experiment was to find new highly de-
tion parameter of3,~0.3-0.4) are well known throughout formed bands in the region. For the Nd=€ 60) nuclei, these
the region spanning in the rangés-58-62 andN=71-77 bands are likely based on at least one neutron occupying the
(see, for example, Refs[1-6]). The occupation of a intruder[660]1/2 orbital. Structures based on the,;, or-
quasineutron in thei,54 660]1/2 orbital[7] and the pres- bital have been observed it?>1353Nd [14,17,18; how-
ence of a hole in thergy, ] 404]9/2 orbital[8] are often cited ever, as the neutron Fermi surface is lowered fiém73, it
as the primary elements for producing bands of large deforis increasingly unlikely to observe tH660]1/2 band. In a
mation as compared with bands of normal deformatiBp ( previous publicatiof19] resulting from this experiment, evi-
~0.22). Recently, quadrupole moment measurements hawence was reported for the identification of {i6&0]1/2 se-
proved that structures of “intermediate” deformation exist, quence in**Nd and it was found to have an adiabatic cross-
i.e., having B, values of ~0.25, which involve the ing [20] with one of the initially normal deformed bands
hoso! T, 541]1/2 neutror{9-11]. In addition,A~130 nuclei  ([411]1/2). The deformation and configuration differences
are thought to be soft to triaxial deformati¢h2,13 and between normal and highly deformed structures make such a
bands based upon thdr,;,, highK orbitals have particularly ~crossing quite rare. In Ref19], we raised the possibility that
shown evidence for nonaxial shagdsf|. the[411]1/2 band is actually crossed by a “more-deformed”
band at a frequency just below the crossing with thes,
structure. The more-deformed band would likely have inter-
*Present address: Chemistry Department, Washington Universitynediate deformation and an underlying structure similar to

St. Louis, MO 63130. the viq3, band, thus creating a scenario where an adiabatic
TPermanent address: Faculty of Physics, St. Kliment Ohridskycrossing between these latter bands is plausible. The concept
University of Sofia, BG-1164 Sofia, Bulgaria. of a low-spin interaction between normal and more-
*Present address: NASA Ames Research Laboratory, M/Sleformed bands was first developed in the-175 region
T27A-1, Moffett Field, CA 94035. where calculations from a three-band mixing model were
$present address: Viridien Technologies, Inc., Boxborough, MAemployed to help substantiate the existence of this crossing
01719. [21]. Therefore, in the present work, we will report on the

IPresent address: Department of Physics and Astronomy, Statesults of similar calculations performed for bands'#iNd
University of New York at Stony Brook, Stony Brook, NY 11794. which also supports the possibility of this type of crossing.

TPresent address: Niels Bohr Institute, Copenhagen, DK-2100 In addition, an analysis of the complete level scheme of
Denmark. 13INd will be discussed, where a total of seven bands, four of
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FIG. 1. The level scheme fol*INd. The widths of the arrows are proportional to the relative intensity of the transition. Tentative
transitions are denoted by dashed lines. Spin and parity assignments are explained in the text. The initial configurations for some of the bands
are also given.

which are new, were found and extended to high spins (events were recorded when at least one of the 95 Csl detec-
<Z%). Band properties, such as rotational alignmentstors from the Microball and at least four of the 92 Compton-
B(M1)/B(E2) ratios, and signature splitting, were exam-suppressed Ge detectors were in prompt coincidercg0(
ined in order to identify the configurations of the observedns). The y rays that were in coincidence with two protons
structures. The signature splitting patterns of the intrude(comprising~17% of the total evenjswere sorted into an
v(hg)p/f7)[541]1/2 bands in****3-13d were inspected g X E,XE, cube, which subsequently was analyzed with
and revealed a deformation dependence of this orbital’s pakye rapwaARE [22] package. The new level scheme fé#Nd
entage. is shown in Fig. 1 and will be discussed in the next section.

The spin assignments proposed for the states®iNd
were determined through directional correlation of oriented

High-spin states in *Nd were populated in the states(DCO) analysis. To facilitate this analysis, an asym-
9Mo(*%Ca,2n) reaction at a beam energy of 180 MeV. The metric matrix was created where the energiesyafys ob-
40Ca beam was provided by the 88-Inch Cyclotron facility served in detectors located at 31.7°, 37.4°, 142.6°, and
located at the Lawrence Berkeley National Laboratory. Thel48.3° were histogrammed along one axis and coincigent
emittedy rays and charged particles were detected with theays observed in detectors located at 90° were histogrammed
Gammasphere spectrometer and the Washington Universiglong the other axis. DCO ratios were determined by the
Microball array, respectively. Approximately 830°  expression

Il. EXPERIMENTAL DETAILS
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Iyl(at ~35° or ~145°, in coincidence withy, at 90°)
RDCozlyl(at 90°, in coincidence withy, at ~35° or ~145°)’

wherel ” is the intensity of they ray of interest andy, isa  the only other strongly coupled sequeriband 3, which is

stretchedE2 (Al =2) transition. With the detectors at the shown in Fig. 8b). Other band characteristics, e.g., align-
given angles, one exped®&,co values of approximately 0.5 ment properties anB(M1)/B(E2) ratios(discussed beloyy

for pure dipole transitionsM 1 andE1) and 1.0 for quadru- lead to a configuration assignment for band 1 with even par-
pole transitionsE2). The measured DCO ratios are summa-ity. Based on the systematics and inband properties, positive
rized in Table | along with the energy, spin, and parity of theparity has been assigned to band 1 and a spi'ois given
states, as well as the energy and relative intensity of théor the bandhead state. Since this is the lowest level observed
depopulatingy rays. Weak transitions above states of deterin *!Nd from our data, it is possible thg" state in band 1
mined spin, where reliable DCO analysis could not be permay be the ground state, which is consistent with the results
formed, were assigned multipolarities assuming that the roof the decay studj23] noted above and th&" ground state
tational behavior of the particular band persists and the spingetermined in'?°Ce[27). Several linking transitions between
are shown in parentheses in Fig. 1. The spins and parities @fands 1 and 2 were observed at both low and high &gim

the states in bands 5, 6, and 7 have been placed within pa; \yhich are a result of the near degeneracies of states as
rentheses in Fig. 1 and Table | due to the fact that DCQgep in Fig. &) and Table .

ratios could not be determined for their linking transitions to \y/hile the o= —1 signature of band 2 was observed up to

states of known spin and parity. For these structures, spig in2 in Ref.[24], we were able to extend this sequence to

assig_nmen_ts have been based on intensity,_ energy, and de as displayed in Fig. 1. The signature partner of band 2 was
considerations. Tentative transitions in Fig. 1 are pIacec%2

within parentheses and denoted with dashed lines. ot rgported in Ref[24]; however, it Was observed up to_
(%) in the present data. DCO analysis of the strongest in-
band and linking transitions confirms the spins shown in Fig.
1 for band 2. As a result of the number and nature of the
Before the present work, little was known abotitNd. interactions between bands 1 and\ghere several of the
Decay studies indicate that the ground state likely has a spilinking transitions were determined to hai2 multipolar-
of 3, but a parity was not determin¢®3]. Watsonet al.[24]  ity; see Table ), they likely have the same parity; therefore,
observed two strongly coupled structures and one decoupldend 2 is also assigned positive parity. At lower spins, large
sequence in*INd. In addition to confirming the previously €nergy splitting is observed in Fig(e3 between the signa-
known bands(labeled bands 1, 2, and 3 in Fig), ve ob-  tures of this structure. Although the negative signature is
served the signature partner to the aforementioned decoupléaitially favored, an inversion occurs &t and the positive
sequencgband 2 and four new structures. Over 170 new Signature quickly becomes the yrast sequence of the nucleus
transitions have been placed in the level schemé3&fid above%l. The adiabatic crossing observed between the posi-
shown in Fig. 1. One may observe in Fig. 1 tkiatthe most  tive signature of band 2 and band 5 is responsible for this
intensely populated bands 1, 2 and bands 3, 4 are interlinketinusual behavior, and has been discussed in an earlier work
and (i) for all of the weaker populated bands 5, 6, and 7,[19]. Sample spectra for the positive and negative signatures
decay transitions to the stronger bands are found. Therefor€f band 2 are shown in Figs.() and Zc), respectively.
the relative excitation energies of the seven bands are knowrransitions from band 5 in coincidence with the positive
The parity assignments of these structures are largely basé&tgnature of band 2 are also observed in Figp) 2

on systematics, as outlined in the following paragraphs. The sequence labeled as band 5 in Fig. 1 was observed for
the first time in our experiment. Since this structure strongly

interacts with the positive signature of band 2 as seen in Fig.
3(a), band 5 most likely has positive parity and positive sig-
Band 1 is a strongly coupled sequence as can be observe@ture. Although reliable DCO ratios were not obtained for
in both the level scheme of Fig. 1 and the sample spectra dfand 5, the tentative spins are consistent with it having
Fig. 2a). The band was reported in R¢R4] up to spin¥®, = +1 The structure decays primarily into band 2, but weak
and we have extended it & as seen in Fig. 1. Systemati- transitions feeding the negative-parity band 4 were also ob
cally, two strongly coupled structures are foundNF=71  served.
nuclei: one with positive parity and no signature splitting in

Ill. LEVEL SCHEME

A. Positive-parity structures

energy and one with negative_ parity and some signature B. Negative-parity structures
splitting [25—-27. Figure 3a) displays the energy of the o
states for band {minus a rigid rotor energyplotted versus ~_ 1he strongly coupled band 3 in Fig. 1 was reported pre-

spin. Essentially no splitting in energy is found between theviously in Ref.[24] up to spin3". This structure has been
signatures of band 1 throughout the entire observed portioaxtended to €) and spectra for the positive and negative
of the structure. However, signature splitting is observed irsignatures are shown in Figs(at and 4b), respectively.
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TABLE |. Data for levels and gamma rays #i'Nd.

|ra Ejepel (keV) E, (kev) " ¢ DCO Multipolarity Bang ¢

Band 1:[402]5/2 a=+3

g+ 331.3 331.3 4) 1.1(1) E2 1
185.0 935) 0.66(5) M1/E2 1

L+ 801.7 470.4 704 1.01(6) E2 1
250.3 523) 0.635) M 1/E2 1

i+ 1378.0 576.3 5@) 0.936) E2 1
298.2 262) 0.60(6) M 1/E2 1

2+ 2021.4 643.4 4®) 1.017) E2 1
3255 121) M 1/E2 1

L+ 2685.4 664.0 3®) 1.048) E2 1
327.0 9.19) M 1/E2 1

579.0 6.16) E2 2

D+ 3332.9 647.5 2@) 0.979) E2 1
307.4 7.89) M 1/E2 1

(8 3991.6 658.7 1@) E2 1
330.8 5.67) M 1/E2 1

(3 4744.7 753.1 16) E2 1
(44 5612.3 867.6 78) E2 1
823.3 3.34) E2 2

(%) 6558.5 946.2 7.(0) E2 1
(424 7574.5 1016.0 4(B) E2 1
(%j 8669 1094 <3 E2 1
() (9833 (1164 <3 E2 1

Band 1:[402]5/2 a=—3

2+ 145.9 145.9 N/DP 0.623) M 1/E2 1
i+ 551.4 405.5 51) 0.8809) E2 1
220.3 583) 0.564) M 1/E2 1

L+ 1079.4 528.0 5@) 1.128) E2 1
2779 342) 0.667) M 1/E2 1

D+ 1695.4 616.0 5@) 1.048) E2 1
318.0 192) 0.564) M 1/E2 1

496.9 4.55) E2 2

2+ 2357.6 662.2 4®) 1.1509) E2 1
336.9 121) 0.61(7) M 1/E2 1

(Z+ 3025.7 668.1 3@) E2 1
340.6 7.68) M 1/E2 1

(3+ 3661.6 635.9 1®) E2 1
3285 4.46) M 1/E2 1

() 4370.6 709.0 8.®) E2 1
378.3 3.25) M 1/E2 1

792.7 9.78) 1.0209) E2 2

(324 5203.5 832.9 1) E2 1
855.1 5.45) E2 2

(84 6107.0 903.5 7®) E2 1
(42—”) 7071.9 964.9 4 (®) E2 1
(%4 8103 1031 <3 E2 1
55+) 9224 1121 <3 E2 1
(524 10434 1210 <3 E2 1
(84 11723 1289 <3 E2 1
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TABLE I. (Continued.

|ra Elevel (kEV) E, (keV)® [ DCO Multipolarity Band ¢
Band 2:[411]1/2 o= + %
5+ 320.8 207.1 8.®) 1.1(2) E2 2
179.9 12.28) 0.8(1) M1/E2 2
g+ 665.9 345.1 2@) 0.91(9) E2 2
278.2 9.69) 0.41) M1/E2 2
285.9 3.45) M1/E2
3+ 1092.0 426.1 2Q) 1.037) E2 2
331.6 9.19) 0.879) M1/E2 2
g+ 1569.9 477.9 32 1.037) E2 2
372.0 5.47) M1/E2 2
2+ 2105.9 536.0 4@) 1.037) E2 2
2+ 2716.7 610.8 2@) 1.028) E2 2
695.5 101) E2 1
L+ 3375.8 659.1 2@) 0.939) E2 2
€5) 4057.2 681.4 16) E2 2
(3 4788.8 731.6 1Q) E2 2
(4 5585.8 797.0 6.6) E2 2
841.7 5.06) E2 1
(%) 6468.6 882.8 9®) E2 2
49+ 7419.7 951.1 6.5) E2 2
(=9
(24 8437.7 1018.0 4(®) E2 2
() 9525.7 1088.0 3®) E2 2
61+ 10688.2 1162.5 3) E2 2
(Z)
65+ 11927 1239 <3 E2 2
(%)
69+ 13241 1314 <3 E2 2
(%)
(2 14637 1396 <3 E2 2
(2 (16106 (1469 <3 E2 2
Band 2:[411]1/2 a=—3
3+ 140.9 140.9 N/D? 0.7(2) M1/E2 1
1+ 387.7 246.8 3R 0.996) E2 2
(67 <3 M1/E2 2
387.7 221) 0.585) M1/E2 1
U+ 760.6 372.9 6@3) 0.925) E2 2
379.7 14.09) 1.049) E2
5+ 1198.6 438.0 648) 1.025) E2 2
D+ 1683.5 484.9 42) 0.945) E2 2
604.5 101) 1.002) E2 1
2+ 2238.9 555.4 5) 0.935) E2 2
a+ 2870.7 631.8 48) 1.036) E2 2
3+ 3578.0 707.3 3@) 0.986) E2 2
o+ 4348.9 770.9 21L) 1.1(2) E2 2
687.8 3.74) E2 1
39+ 5168.8 819.9 10@) E2 2
(7
(8+ 6077.6 908.8 5@) E2 2
47+ 7053.7 976.1 3(6) E2 2
(Z1)
51+ 8090 1036 <3 E2 2
()
(54 9191 1101 <3 E2 2
59+) 10364 1173 <3 E2 2
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TABLE I. (Continued.
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|ra Elevel (kEV) E, (keV)® [ DCO Multipolarity Band ¢
(84 11618 1254 <3 E2 2
(24 12951 1333 <3 E2 2
Band 3:[523]7/2 a= + %
2- 302.8 92.2 N/D? M1/E2 3
13- 676.9 374.1 5@®) 0.9409) E2 3
223.3 814) 0.574) M1/E2 3
i- 1201.0 524.1 @) 0.996) E2 3
305.1 4%3) 0.41(3) M1/E2 3
- 1808.1 607.1 63) 1.018) E2 3
349.1 242) 0.404) M1/E2 3
2- 2447.0 638.9 4®) 0.968) E2 3
348.6 152) 0.534) M1/E2 3
621.4 151) 1.002) E2 4
2- 3126.6 679.6 4®) 1.078) E2 3
355.6 111) 0.51(5) M1/E2 3
667.8 3.17) E2 4
8- 3846.1 719.5 42) 0.907) E2 3
371.3 8.29) 0.578) M1/E2 3
3- 4603.7 757.2 2%) 0.978) E2 3
403.2 7.79) M1/E2 3
4- 5454.0 850.7 15(®) 0.959) E2 3
468.6 3.86) M1/E2 3
(%) 6405.7 951.3 1Q) E2 3
(42 7431.1 1025.8 66) E2 3
(2 8510.4 1079.3 4A(5) E2 3
() 9641.9 1131.5 35) E2 3
CD) 10834 1192 <3 E2 3
(%) 12096 1262 <3 E2 3
) 13433 1337 <3 E2 3
Band 3:[523]7/2 a= — %
- 210.6 210.6 N/DP 0.81(9) El 1
- 453.2 2426 28) 1.058) E2 3
150.5 1207) 0.51(5) M1/E2 3
- 895.6 442.4 =100 1.004) E2 3
218.9 563) 0.344) M1/E2 3
- 1459.5 563.9 ) 1.025) E2 3
258.4 282) 0.434) M1/E2 3
2- 2097.4 637.9 8%) 0.996) E2 3
289.7 201) 0.41(4) M1/E2 3
- 2770.5 673.1 6®) 0.94(6) E2 3
323.6 131) 0.548) M1/E2 3
3117 5.37) M1/E2 4
- 3474.4 703.9 5¢8) 1.047) E2 3
347.9 11.89) 0.578) M1/E2 3
- 4200.3 725.9 3@) 1.027) E2 3
353.7 7.49) M1/E2 3
- 4984.6 784.3 2Q) 0.977) E2 3
380.5 5.27) M1/E2 3
43- 5856.5 871.9 12) 0.948) E2 3
) 6816.5 960.0 9.(®) E2 3

044328-6



MULTIPLE BAND INTERACTIONS IN ¥Nd PHYSICAL REVIEW C61 044328

TABLE I. (Continued.

|ra Elevel (kEV) E, (keV)® [ DCO Multipolarity Band ¢
(%) 7867.0 1050.5 6(8) E2 3
(%) 9004.5 1137.5 4(2) E2 3
(2 10188.3 1183.8 3(B) E2 3
(8 11403 1215 <3 E2 3
(&) 12675 1272 <3 E2 3
(%) 14011 1336 <3 E2 3
() (15418 (1407 <3 E2 3

Band 4:[541]1/2 a= + %
2- 299.8 108.6 N/D? 1.001) E2 4
2- 514.8 215.0 6%) 1.008) E2 4
13- 842.6 327.8 64 1.006) E2 4
i- 1282.6 440.0 63) 1.037) E2 4
- 1825.5 542.9 5@) 1.039) E2 4
& 2458.4 632.9 3®) 1.057) E2 4
650.3 8.69) 1.0() E2 3
2- 3155.3 696.9 3@) 0.976) E2 4
708.2 3.95) E2 3
33- 3904.5 749.2 2®) 1.007) E2 4
3r- 4699.4 794.9 1@) 0.927) E2 4
(45 5559.0 859.6 13) E2 4
(%) 6490.4 931.4 8®) E2 4
(42 7498.2 1007.8 5(B) E2 4
(2 8587.6 1089.4 3(B) E2 4
() 9763 1175 <3 E2 4
(%) 11001 1238 <3 E2 4
) 12257 1256 <3 E2 4
(%) (13516 (1259 <3 E2 4
Band 4:[541]1/2 a=—3

- 394.1 168.7 2(®) 0.91) E2 4
94.5 11.28) M 1/E2 4
- 692.6 298.5 3®) 0.946) E2 4
177.8 7.15) 0.559) M1/E2 4
- 1115.6 423.0 4@) 1.026) E2 4
2734 4.65) M 1/E2 4
- 1645.0 529.4 4®) 1.024) E2 4
362.6 3.75) M 1/E2 4
Z- 2254.6 609.6 42) 1.004) E2 4
- 2912.0 657.4 3®) 1.075) E2 4
- 3589.4 677.4 2@ 1.036) E2 4
33- 4284.2 694.8 1Q) 0.997) E2 4
(32 5058.4 774.2 11(®) E2 4
(£ 5938.2 879.8 7.[) E2 4
(42 6914.4 976.2 4(®) E2 4
(%) 7963.8 1049.4 3(5) E2 4
(%) 9076 1112 <3 E2 4
(%2 10188 1212 <3 E2 4
) (11529 (1333 <3 E2 4
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TABLE I. (Continued.

|7a Elevel (keV) E, (keV)® e DCO Multipolarity Band ¢

Band 5

(%*’) 2085 348 <3 E2 5

21+ 2433.2 863.3 42) E2 2

= 788 <3 E1 4

(254 2901.3 468.1 4@) E2 5

646 <3 E1l 4

796 <3 E2 2

(24 3469.8 568.5 6@) E2 5

(753 <3 E2 2

(%*’) 4163.0 693.2 6.9) E2 5

(787) <3 E2 2

(%Jr) 4945.4 782.4 4&) E2 5

(42_1+) (5772 (827 <3 E2 5
Band 6

(%—) 4349.0 874.6 4@) E2 3

759.6 3.03) E2 4

(%*) 5185.3 836.3 6.®) E2 6

(42_3*) 6103.4 918.1 3@ E2 6

(42_7—) 7095 992 <3 E2 6

(%*) 8164 1069 <3 E2 6

(%—) 9317 1153 <3 E2 6

(5?9*) 10554 1237 <3 E2 6
Band 7

(15 1342.4 (306) <3 E2 7

665.5 1@1) M1/E2 3

446.7 7.88) M1/E2 3

(%*) 1814.4 472.0 1) E2 7

613.5 4.45) M1/E2 3

(%-) 2410.5 596.1 14) E2 7

(%*) 3105.4 694.9 7@) E2 7

(%—) 3861 756 <3 E2 7

aSpin and parity of the initial state.

Uncertainties irE,, are 0.2 keV for most transitions except for relatively weak transitions which are 0.5 keV.
‘Relative intensity of the transition whetg(442.4)=100.

9Band where the final state is located.

€Intensity could not be determined.

Jameset al. [28] found that the bandhead is relatively long (especially at low spinwhich is crucial for obtaining reliable
lived (~50 ng and suggested that it feeds thé state of DCO ratios. Thus, the spin and negative-parity assignments
band 1. However, we were unable to find any coincidencef band 3 were based on the systematicdNef 71 nuclei
relation between the 145.9- and 210.6-keV transitions fronj25-27,29 and the in-band properties leading to its configu-
bands 1 and 3, respectively. This, along with the multipleration assignment. Band 3 is the most intensely populated
connections between bands 1, 2, 3, 4, and 5, indicates thatructure for'3!Nd below| =% (see Table)l, which is con-

the bandhead of band 3 decays directly to the possiblsistent with it being yrast up to this spin using the given spin
ground state as shown in Fig. 1. A DCO ratio of ®was  assignments. Note that an interaction between bands 3 and 4
measured for the linking 210.6-keV transition between bandsear| =% was observedsee Fig. 1 where the levels are

1 and 3. While not completely inconsistent with the proposechearly degenerate.

E1 assignment of thig ray, this DCO ratio is rather large. Both signatures of band 4 are observed for the first time in
However, the relatively long lifetime of the bandhead stateour data. TheE2 linking transitions(determined from DCO
causes the emitted transition to partially lose its orientatiormeasurements; see Tablebetween bands 3 and 4 confirm
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COUNTS

|
O _»A.JLJI\.NMJ W T
100 300 500 700 900
ENERGY (keV)

FIG. 2. Sample spectra fga) band 1,(b) the a= + % and(c) a= —% signatures of band 2. In pan@), the main spectrum is a result
of summing the double coincidence gates of the 647.5 with the 664.0-keV transitions and the 635.9 with the 668.1-keV transitions. The inset
in panel(a) displays the high-energy rays observed in the negative signature of band 1. The main spectrum in(pawels produced by
summing many coincidence spectra. Peaks denotedxvith * are associated with bands 1 or 5, respectively. The inset, which is also a sum
of many coincidence spectra, displays the high-energgys in this signature of band 2. A sum of coincidence spectra produced both the
main and insert spectra of par(e). Peaks marked witkx are related to band 1 and the high-energy transitions are shown in the inset.

the spins assigned to band 4 in Fig. 1 and indicate that thesEhe tentative spin assignments are based on the intéasity
structures likely have the same parity. Since we assignediable ) of the structure. From inspection of Fig(b3, one
negative parity for band 3, negative parity is also suggestedan see that band 6 may interact with the negative signature
for band 4. In the sample spectra shown in Fige) 4nd  of band 4 atl = %; therefore, we tentatively assign negative
4(d), one can observe the in-band transitions up to the highparity to band 6. A spectrum of band 6 is shown in Fig)5

est spins o2~ and &) for thea=+ 3 anda=—1% sig- Where one can observe the in-band transitions, the linking

natures, respectively. The transitions from bands 3 and 6 th&’4-6-keVy ray, and a few transitions from band 3.
appear in Figs. @) and 4d), respectively, can be explained _ Another weak sequence ¢frays has been observed feed-

by the corresponding coincidence relations presented in th§9 band 3 and is labeled band 7 in Fig. 1. Negative parity
level scheme of Fig. 1. As shown in Fig(tB, there is litle ~ Was tentatively assigned to this structure and the spins were

signature splitting in band 4 initially, but the positive signa- 25Signed in a similar manner as bands 5 and 6. A spectrum of
ture becomes energetically favored as the angular momer@nd 7 is given in Fig. &) where many low-spin transitions

tum increases. However, at spif), an inversion occurs and 1om band 3 can also be seen.
the negative signature becomes the favored sequence. A dis-
cussion of this signature inversion follows in a later section.
A new decoupled sequence that feeds bands 3 and 4 was Watsonet al. [24] had suggested that tH402]5/2 and
observed in the data and has been labeled as band 6 in Fig.[523]7/2 orbitals were responsible for the strongly coupled

IV. CONFIGURATION ASSIGNMENTS
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FIG. 4. Spectra for théa) o=+ 3 and(b) a= — 3 signatures of

FIG. 3. The energy of the statésinus a rigid rotor observed  pand 3 and théc) o= +% and(d) a=— % signatures of band 4. Al
in ¥INd versus spin. The positive-parity structures are shown inof the spectra are a result from summing many coincidence spectra
panel(a), while the negative-parity structures are in pafi®l The  of the given band. Peaks denoted only within panels(a) and (b)
moment of inertia parameter was setAe-0.0097 MeV. The posi-  are transitions from their respective signature partners. In fgehel
tive and negative signatures are denoted by solid and open symbolseaks marked with “c” are contaminate rays, while peaks
respectively. Initial configurations for some of the bands are alsqnarked withx are associated with band 3. Transitions from band 6
labeled in the legends. which are in coincidence with band 4 are marked within panel

d).

structures in**INd, but because of limited information on @
the band structure at that time, they were not able to Proposeg, =17 #2/MeV and.J; = 26 */MeV? were used to subtract
definitive configuration assignments. In order to help identifythe angular momentum of the collective core. The observed
the active orbitals nearest to the Fermi surfac&at71, a  crossings are labeled in Fig. 7 using the standard alphabetic
neutron single-particle diagram has been provided in Fig. 8labeling schemd20], which is summarized in Table Il in
Total Routhian surfacgTRS) [7] calculations predict a terms of the orbital’s parity, signaturer(a), and configu-
ground'state deformation ne$2:0.28 fOI’ 131Nd. For a ration at zero rotational frequency_
prolate deformation of this size, one can deduce from Fig. 6
that bands based on thay, [ 402]5/2, hyyJ523]7/2, and 1. Positive-parity structures
d;[411]1/2 orbitals should be observed at relatively low
energies. Although thehg,/f;;)[541]1/2, i34 660]1/2,
and (f;,/hg;»)[530]1/2 orbitals are energetically higher ly-
ing, increasing nuclear rotation will bring these ldtstruc-
tures closer to the Fermi surface. Band characteristics such
alignment behaviorB(M1)/B(E2) ratios, and signature
splitting were considered to associate the observed bands
13INd with the orbitals noted above.

In Fig. 7(a), a large gain in alignmentAi =8.74) can be
observed at a crossing frequency #of.=0.32 MeV for
band 1. The only quasiparticles near the Fermi surface that
can align at this low frequency and produce the large align-
fent gain are thé,,,, quasiprotons. Th&yF, band cross-
ing is well known in the mass 130 region and the alignment
&in and crossing frequency are consistent with the first pro-
ton crossings observed in othar 130 nuclei[33]. Band 1
undergoes a second crossingfad.~0.48 MeV and gains
~ 3% in alignment. The next possible proton crossing is not

The rotational alignments of the bands’i#iNd are plot- predicted to occur until very high frequencies «{>1
ted versus frequency in Fig. 7. Harris parametg82] of  MeV); therefore, this second crossing is likely a result of a

A. Alignments and band crossings
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o band 1,(b) bands 2 and 5c) bands 3 and 7, an@l) bands 4 and 6
. : : . | . . in ¥Nd. Harris parameters of ,=17:%MeV and J;
100 200 300 400 500 600 700 =2644/MeV® were used to subtract the angular momentum of the
ENERGY (keV) collective core. The positive and negative signatures are denoted by

solid and open symbols, respectively. Initial configurations of some
FIG. 5. Spectra fofa) band 6 andb) band 7. Both panels are a of the bands are also given in the legends.
result of summing many coincidence spectra from the given bands.
Transitions from band 3 are marked with in panels(a) and (b). strongly coupled nature of the band and the lack of signature
splitting observed in Fig. @) suggest a configuration with
pair of neutrons aligning. Cranked shell mod€iSM) [34] relatively highK. By inspecting F_|g. 6, one can see that the
calculations were performed for the quasineutrons and th&*02/5/2, [523]7/2, and_[4§)4]7/2 highK orbitals are closest
results are shown in Fig. 8. An alignment of tReand F [0 the Fermi surface 'r_‘l 'Nd. However, the observed EF
quasineutrons is predicted to occur néas=0.5 MeV (de-  €r0sSing in pand 1 eliminates th&23]7/2 p053|blllty(due to
noted bywer in Fig. 8); thus, theEF alignment is the most Pauli blocking argumentsand B(M1)/B(E2) ratios, dis-

probable cause of the second crossing in band 1. Theussed in a following section, clearly indicate that between
the two positive-parity orbitals, band 1 should be associated

with the [402]5/2 orbital. This assignment is consistent with
similar structures found in th&l=71 isotonesz3'Ba [25],

(+,+Y), [40Z5/2 B (+,-%), [40Z5/2
(+,+3), [41112 D (+,-%), [41112

s
DTS — -4, [52372 Fo(—,+3), [5237/2

-13
0.20 0.25 0.30 0.35 0.40 0.45
—,—3), [5411/2 H (—,+3), [5411/2

B ,
2 Quasiprotons

FIG. 6. Neutron single-particle levels as a function of quadru- Ep _,_%)1 hi1 Fp (_,+%)1 hi1o
pole deformation(where 8,=0 and y=0°) calculated using the
Woods-Saxon potentidB0] with parameters given in Ref31]. A “Parity () and signature ) of the orbital. The subscript num-
schematic representation of how the crossing between normal ari2ers the quasiparticles’ excitations of a specific signature and parity
more-deformed structures occurs is also presented in the figure arsfiarting with the lowest in energy &w=0 MeV.
discussed in the text. bConfiguration of the orbital akw=0 MeV.

% -9 12%Ce[26], and 33%m[29].

= As stated earlier, the multiple interactions between bands
P 1 and 2 suggest that these structures have the same parity;
> -10 therefore, band 2 also has positive parity. This structure ex-
% hibits a significant amount of signature splitting at lower spin
% 11 TABLE II. Alphabetic quasiparticle labeling scheme foitNd.

2

8_ m’L\"n Label (m,@),2 Configuratio® Label (m,),2 Configuratior?
% -12 }_7[22211/300_ __________ i Quasineutrons

C

w

omOo >

044328-11



D. J. HARTLEY et al. PHYSICAL REVIEW C 61 044328

B2 =0.285 B, =-0.005 v = -0.9 N=71 [19]. Highly deformed bands if3**%>13d [14,17,18 are

(T,0):

(+,+1/2), = (+,-1/2), === (- +1/2), === (- ,-1/2) N N . ) A
based upon this orbital and, as discussed in Héf, there is

evidence to suggest that the; 3, sequence in*!Nd is also
highly deformed. Adiabatic crossings involving thg,, neu-

tron with normal deformed bands have also been reported in
several nearby nuclé#,29,35.

2. Negative-parity structures

Supporting evidence for the negative-parity assignment of
band 3 can be found in its alignment behavior in Fig).7
The band undergoes the proton alignmenthai.~0.32
MeV and gainsAi~9.0%4, but the two signatures of band 3
seem to experience different crossings at higher rotational
frequencies. While both gain 3.5, crossing frequencies of
~0.54 and~0.60 MeV are observed in the positive and
negative signatures, respectively. These crossings occur at
Ao (MeV) higher frequencies than tHeF alignment in band 1, which
suggests that the first neutron crossing is blocked. This
FIG. 8. Cranked shell model calculations for quasineutrons inplocking implies that band 3 is based upomta,, orbital,
¥INd. The deformation parametefshown at the top of the figure  which is most likely to be thé523]7/2 as it is the nearest
were determined by TRS calculations. Interpretation of the lines iq,hll/2 orbital to the 1¥™Nd Fermi surfacgsee Fig. 6. The
displayec_i at_the top of the figure. Explanation of the orbital IabelingB(M 1)/B(E2) ratios, discussed in the following section,
scheme is given in Table II. also confirm this assignment. The crossings observed at high
frequencies are likely thEH (at#w.~0.54 Me\) andFG
[see Fig. 8)], indicating that it is likely a lowkK sequence. (at fw.~0.60 Me\) alignments, as the CSM calculations
We have assigned thigt11]1/2 configuration to the lower predict them to occur near 0.6 MeV in Fig. 8.
spin region of band 2 as this is the nearest lwpositive- Band 4 likely has a lowk configuration as large signature
parity orbital to the Fermi surfadsee Fig. 6. The alignment  splitting is observed above=3% in Fig. 3(b). It has been
of the negative signature of band 2, shown in Fifp),7dis-  previously established that bands 3 and 4 likely have the
plays that the sequence undergoesER€, andEF cross- same (negative parity; therefore, band 4 is assigned the
ings atZw,~0.3 and 0.5 MeV, respectively. The crossing [541]1/2 configuration since this is the nearest negative-
frequencies and alignment gains 9.5 and ~3#%, respec-  parity, lowK orbital to the Fermi surfacésee Fig. 6. This
tively) are consistent with the alignments observed in theneutron configuration has been shown to drive the nuclear
[402]5/2 band. An additional gain of 2% in alignment oc- shape to intermediate deformations in the neighboé@?@r
curs in the positive signature, as compared with the negativgl0] and *Nd [11] nuclei. The gradual increase of align-
signature, of band 2 dw.~0.34 MeV. This is due to the ment at low frequency is likely due to the fact that the cho-
adiabatic crossing between bands 2 and 5 noted previousken Harris parameters are less appropriate for band 4 if it
and observed in Fig.(8). An exchange of configurations indeed has larger deformation than bands 1, 2, 3, and 7. The
between the highly aligned band 5 and band 2, discussed larger interaction strength of thg,F , crossing is also likely
Ref.[19] and below, causes the additional alignment. At lowthe result of the higher deformation of tH541]1/2 band. A
frequency 0.3 MeV), an interaction is observed in both sharp contrast can be observed between the signatures of
signatures of band 2 that is not seen in the offi&d bands. band 4 in theE F, crossing. The signatures appear to have
This behavior will be discussed in detail in Sec. V. It shouldvery different interaction strengths in this crossing region;
also be noted that the" state located between bands 1 andhowever, no such signature dependent behavior is caused by
2 in Fig. 1 may possibly be the bandhead of another structurthe proton alignment in the othé?Nd bands. Perhaps an-
based on th¢404]7/2 configuration. Unfortunately, there is other three-quasiparticle band crosses|[B®l]|1/2 negative
no evidence of a band built on this state in the present dataignature sequence as it undergoes the proton alignment.
The large initial alignment{7#4) of band 5, shown in  This scenario will be addressed in more detail in Sec. V. Itis
Fig. 7(b), leaves few possibilities for its configuration. Since difficult to determine where or if either signature of band 4
the initial alignment is less than that gained by #gF,  experiences th&F alignment. A crossing is observed near
crossing (~9%) observed in other bands i#'Nd, band 5is 0.6 MeV in the positive signature; however, no such align-
unlikely to be a three quasiparticle structure. According toment behavior is seen in the negative signature. Small align-
Fig. 6, the closest orbital that can produce such a largenent gains {1-24) are found in both signatures near 0.52
amount of alignment is thg660]1/2; therefore, band 5 has MeV; therefore, we have tentatively assigned these as the
been assigned this configuration. The adiabatic crossing witBF crossing in Fig. 7).
the o=+ 3 signature of band 2 implies an exchange of con- By inspecting Fig. &), one may notice that band 6 is
figurations between the bands; hence it has been proposethserved at the same spin where band 4 experiences its sig-
that the vi,5, Sequence continues in band 2 abdve?? nature inversion. In Fig. (@), it should be noted that the

Quasineutron Routhian (MeV)
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alignment of band 6 lies just below the positive signature of tof T T T T T T
band 4, which is similar to the= — 1 sequence of band 4 at - (a) l\ 1
lower frequencies#{w<0.33 Me\). With so little informa- 08 I Ay biq { ‘ l ]
tion it is difficult to firmly assign a configuration, but if the 0s L ‘\l—?—%—l—é—%—n . l i
negative signature of tH&41]1/2 band is crossed by another Tl % Iy l l ]
three quasiparticle band, perhaps band 6 is the continuation 0.4 - — (402052 .
of the negative signature of th&41]1/2”9 EF,, band. N —— [o4j772  “"BAND1

A structure similar to band 7 in Fig. 1 has been identified 8 02r - @12 #4BAND 2 i
in 12'Ba [25] and assigned as the favored signature of the e ol vl 1
[532]5/2 orbital[36]. On the other handy-vibrational bands a8 e , , A
have been observed in tHé***Nd [4,35] nuclei at low en- worer 1]
ergies. Therefore, band 7 may be based on the favored sig- = s h (b) . lﬂ ]
nature of theh,1,» neutron coupled with a phonon. The § I ¢ 7ol
alignment of this sequence is shown in Fi¢c)7and one may 086 I ‘ _
observe that it has-2# more alignment than band 3 ini- i S A Tod s 1
tially. However, since this difference is consistent with both 04 - 1
of the possible assignments, it is not possible to distinguish 0z L :‘_’gﬁfﬁg z'gﬁmgi ]
between th¢532]5/2 and[523]7/2® y configurations. l 5 o .

0.0 - i b
B. B(M1)/B(E2) transition strength ratios o T e T T T

ExperimentalB(M 1)/B(E2) ratios were extracted using Spin (%)
the observedy-ray energies and branching ratips=1 (I _ o
—1-2)/1,(1—1-1)] according to the standard formula FIG. 9. The _expenmenta[symbols) and theoretical(lines)

B(M1)/B(E2) ratios for(a) bands 1 and 2 antb) bands 3 and 4.
B(M1:l—1—1) E?(' —1-2) 1 MN) 2 The positive and _negative signature_s are denote_d by solid and open
————=0.693 X —, symbols, respectively. The dotted line in pafiel is the result of
B(E2:l—=1-2) ES(1=1-1) \(1+6%) eb the [523]7/2 calculation with the signature splitting tertre’ as

discussed in the text.
where E,, is in MeV. To determine the magnitude of the
mixing ratios & for the Al=1 transitions, rotational model structures, respectively. It is worth noting that while the ex-
calculationd37] were performed using the measured branchperimental values of band 2 are in agreement with the
ing ratios and assuming pureK. The resulting [404]7/2 calculations, other propertie®.g., spin assign-
B(M1)/B(E2) ratios are plotted in Fig. 9 along with theo- ments and signature splittihnglo not support this possible
retical predictions for possible configurations. configuration for band 2.

Theoretical calculations oB(M1)/B(E2) ratios were Figure 9b) displays theB(M 1)/B(E2) ratios for band 3.
performed with the rotational model form of tB£E2) tran-  Arguments were previously given that this band is based
sition strength[37] and an extended formalisfi@8] of the  upon anh;;;, neutron and a good fit is found with the pre-
geometrical model from Dwau[39] and Frauendorf40] to  dicted[523]7/2 values. One may notice the signature split-
determine théB(M 1) strength. The measured intrinsic quad-ting in the ratios between=2% and 2. The calculated
rupole momenQ,=5.16eb of 1*Nd [41] was assumed for B(M1) strength includes a signature splitting terte(,
the calculations as no lifetime information is available forwheree’ is the experimental Routhignwhich has been set
131Nd. While the collective gyromagnetic ratio was deter-to zero for all of the previous calculations. In an attempt to
mined bygr=Z/A, the g¢ values were calculated using a reproduce the observed splitting in tBéM 1)/B(E2) ratios,
Woods-Saxon potentidl30] with the following results for we included theAe’ term for the[523]7/2 band and the
the possible configurations shown in Fig. & ([402]5/2) results are shown as the dotted line in Figh)9 One may
=—-0.49, gk([404]7/2)=0.36, 0x([411]1/2)=1.90, observe that the calculated splitting is much larger than that
0k ([523]7/2)= —0.32, andgk([541]1/2)=—0.54. experimentally observed. Similar results are found in the

The B(M1)/B(E2) ratios for band 1 are shown in Fig. wh;;,, bands ofA~160 nuclei[42], where it is thought that
9(a) and are located near 0.7(/eb)?. A good agreement the highK orbitals drive the nucleus towards triaxial shapes
is observed between the experimental values and the theorg¢#3]. The triaxiality would cause larger mixing with lowr
ical calculations for th¢402]5/2 orbital. In contrast, the pre- states, thus producing the splitting in both the energy and
dicted[404]7/2 ratios are an order of magnitude below thoseB(M1)/B(E2) ratios. As the mass 130 nuclei are expected
observed for band 1 due to the difference in sign of theto be prone to triaxial driving forcelsl2,13, a similar sce-
respectivegy factors. Therefore, we can confidently assignnario is likely producing the signature effects in band 3. Ba-
band 1 as th¢402]5/2 configuration. Bands 2 and 4 have zzacco etal. [14] reproduced both the energy and
smallB(M1)/B(E2) ratios, as shown in Figs(& and 9b), B(M1)/B(E2) ratio splitting well in thevhy;, band of
which is expected from lovi¢ structures. Good agreement **3Nd using the particle triaxial rotor model with a triaxial
between the calculated and observed ratios is found for outeformation parameter of=—22°. Therefore it appears
assignments of bands 2 and 4 as [h&1]1/2 and[541]1/2 likely that the[523]7/2 band in**!Nd also has some de-
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TABLE lll. Parameters used in the two- and three-band mixing calculations. Values preceded=withege held constant in the
calculations.

lo c E" i K Vlgs  [Vlga  [Vlas
Configuration Band (X102 kev '} (X1 keV®) (ke (h) (h) (keV) (keV) (keV)
Two-band mixing model
[402]5/2 g 1.500 4.44 26 =1.0 =25 234
S 1.877 27.38 2951 =10.0 =25
[523]7/2 g =1.500 =4.44 248 =22 =35 254
s 1.459 10.31 3131 =110 =35
[411]1/2 g =1.500 =4.44 96 =1.0 =0.5 =244
fixed |V|gs s 0.653 6.06 2251 =10.0 =0.5
[411]2/2 g =1.500 =4.44 215 =1.0 =0.5 600
s 0.653 5.63 2792 =10.0 =0.5
Three-band mixing model
[411]1/2 g =1.500 =4.44 154 =1.0 =0.5 =244 81 =244
d 3.087 9.54 496 =1.0 =0.5
s 1.902 14.04 3249 =10.0 =0.5

4g-ground bandd-deformed bands-aligned w(h;y,)? band.
Unperturbed bandhead energy.

formation below the first band crossing. were found to have an intermediate deformation. Therefore,
the conditions for three-band mixing i*’Nd are compa-
V. DISCUSSION rable with th.e situation in th&~ 175 nuclei. In our previous
work on this nucleus[19], we suggested that the low-
A. Three-band mixing frequency interaction in band 2 is a result of a crossing with

Low-spin interactions, such as the one observed in bané more-deformed band. There it has been postulated that a

2, are rarely observed in deformed nuclei. There are casdir of quasineutrons may scatter out of {H@2]5/2 orbital
where rotation stretches the nuclear deformation towardgnd into the[541]1/2 orbital to form the more-deformed
larger valueg44], resulting in an alignment gain at lower band(as schematically demonstrated in Fig. B this light,
frequencies; however, this normally occurs when the groundwe have applied the three-band mixing calculation to struc-
state deformation is relatively small. As the ground-state detures in **!Nd, which is the first attempt to justify such a
formation for 2*!Nd is predicted to be somewhat largé,  scenario outside the heavy rare-earth region.
~0.28, and none of the other bands undergo such an inter- The variables used to describe the unperturbed bands are
action, centrifugal stretching is not likely responsible for theas follows: the variable moment of iner(dMlI ) [47] param-
unusual alignment behavior at low frequencies for band Ztersl, (ground-state moment of inerjiand C (restoring
[Fig. 7 (b)]. Several bands in the well-deformed nuclei nearforce constant bandhead enerdy,, alignmenti, K, and the
A~175 are also known to have interactions at low §@it].  interaction strengths between the three bands. A two-band
Possible explanations have been suggested involving thealculation was performed first on the negative signature of
alignment of various protons or neutrons; however, they aréhe [402]5/2 band. As shown in Table llI, the only fixed
not supported by theoretical calculations and/or the totaparameters were the alignment akidvalues of theg ands
alignment gained in the bandi21]. An alternative explana- bands. From Fig. 1@), one can observe that a good fit was
tion was proposed first fot’?0s [45,46 where it was sug- obtained to the experimental data with reasonable param-
gested that the “normal” band is crossed at low spin by aeters. To reduce the number of variables in further calcula-
“more-deformed” band. The latter band is created by scattions, we fixed thd ; and C values for theg bands to those
tering a pair ohonalignedquasiprotons from one orbital into calculated for thd402]5/2 band. Although the moments of
the deformation driving541]1/2 orbital, which is located inertia of different bands may flucuate for different configu-
near the Fermi suface. A three-band mixing model was derations, the values should not differ greatly. The negative
veloped[that includes parameters describing the norrgg) ( signature of thg523]7/2 band was calculated holding the
the more-deformedd), and the Stockholm aligned) bands  aforementioned parameters constant, and the results are
as well as the interaction strengthes between gacth found  shown in Table Il and Fig. 1®). Once again, a good fit was
to reproduce the data of many bands in &we 175 region, obtained with parameters similar to those of {#©2]5/2
suggesting a low frequency crossing by the more-deformebtand; therefore, our assumption of fixing tdsand param-
band[21]. eters seems reasonable.

The[541]1/2 neutron orbital is close to the Fermi surface  Two calculations were performed for the negative signa-
in ¥INd as seen in Fig. 1 and Table I. As noted previouslyture of the[411]1/2 band(note that calculations were not
bands involving this neutron it®%r [10] and '*Nd [11]  done for the positive signature as the crossing withithg),

044328-14



MULTIPLE BAND INTERACTIONS IN ¥Nd PHYSICAL REVIEW C 61 044328

L L L in the [411]1/2 band appears to be described best with a

12 - -
- —— 2-band mixing 1 mixing of the normal, more-deformed, and aligned bands.
10 0 7] A reasonable explanation for the adiabatic crossing be-
g | O experiment g _ tween the[411]1/2 and[660]1/2 bands is now available.
- \ . With a pair of quasineutrons occupying tHe41]1/2 orbital
8- T 7 in the more-deformed411]1/2 structures, its deformation
4__ /n i may be relatively close to that of the highly deformed
- P . [660]1/2 sequence. The decay of th&;3, band into the
2 B " (a) [402]5/2 ] [541]1/2 band(Fig. 1) indicates that there is a strong likeli-
oL _ hood that these negative-parity quasineutrons are involved in
o[ 1+t - I the underlying structure of the highly deformed sequence.
— 2-band mixing O/O/ The occupation of thlg,/f,, orbital has been found to play
10 e a significant role for highly deformed bands in Pr nu¢2j
g | 0 experiment / and are likely involved in thevi 3, bands of Nd nuclei.

Since the[660]1/2 and the more-deformddi11]1/2 bands

Alignment ()
[=>]
L L L

9 likely have a relatively small deformation difference and
4 /o/ similar underlying structures, a scenario for an adiabatic
_© crossing between the two bands is created.
ob o ° Experimental observation shows no low-spin crossing for
(b) [523]7/2 the [523]7/2 band; however, from inspecting Fig. 6 one
0 — might expect an interaction to occur. The pair of
12 1= ——-- 2-band mixing, Lo quasineutrons occupying tfi¢02]5/2 orbital could still scat-
10 fixed [V] A% ter into the[541]1/2 orbital and yet no such behavior is seen
——— Zband mixing, ¢’ in the vhyy,, band. A possible explanation for this may be
8 freed VI _ found in a statement made previously in describing band 3.
A experimem\\ 7 That is, thg523]7/2 band shows characteristics of a structure

—3-band with v deformation at lower spins. Nilsson-Strutinsky-BCS

N\

2]
T T T 1T T T T
[T N N T N T N T |

4 LN mixing calculations indicate that any triaxial deformati¢positive
2 (‘a///' ----- - or negative moves thg541]1/2 orbital up in energy; there-
. il (c) [411]1/2 fore, moving it away from the Fermi surface 1A'™Nd. If the
o, N R R calculations are correct, then the more-deformed band would

|
0.1 0.2 0.3 0.4 0.

he (MeV)

5]

be higher in energy and thus not as likely to interact strongly
with the g ands bands.

Known structures in neighboring nuclei were examined to

FIG. 10. Experimentalsymbols and calculatedlines) align-  S€€ if similarllow—frethguency interactions.coqld be obseryed.
ment values for the negative signatures of tae [4025/2, (b) !N the N=71 isotone Sm [29], no crossing is observed in
[523]7/2, and(c) [411]1/2 bands. Parameters used for the calculatedN® [411]1/2 band; however, it was speculated from TRS
alignments are summarized in Table Il and described in the text, Calculations that a pair of neutrons initially occupy the

[541]1/2 orbital in the core of this structure. An interaction

sequence makes for a more complicated situatimsing the near ~0.3 MeV in the[523]7/2 band has been associated
two-band mixing model. First, the interaction strength be-with a crossing of a more-deformed band. This,/, struc-
tween theg and s bands was fixed to the average of theture exhibits virtually no signature splitting in energy
previously fitted bands. The result is an extremely poor fit a®r B(M1)/B(E2) ratios; therefore it likely has little triaxial
shown in Fig. 10c). When the interaction strength was al- deformation and thus the crossing may be seen in the
lowed to vary, a better fit was producgg. 10c)], but with ~ [523]7/2 band of**Sm but not in**!Nd. A low-spin inter-
inconsistent parameters compared with the previous twaction is not seen in the bands t*Ce[26], but only struc-
bands. In Table Ill, one can observe that a low moment ofures built upon th¢402]5/2, [523]7/2, and thd660]1/2 or
inertia value for thes band and large interaction strength [541]1/2 orbitals were reported. Since none of these bands
were required to produce the fit. It would be difficult to ex- experienced three-band mixing #iNd, one would not ex-
plain why the proton crossing in tHéi11]1/2 band has an pect a crossing for the bands #%Ce. Perhaps the best evi-
interaction strength nearly 2.5 times greater than the previdence of this interaction in another nucleus is the ground-
ously calculated bands. However, if three-band mixing isstate band of-*Nd [35]. Figure 11 plots the alignments of
considered, a good fit to the data is fourdg. 10c)] even  the ground-state bands fofNd [48], *Nd, and*3/Nd [4].
with the interaction strengths between theand s bands, Although the hyy, proton crossing is located nedrw
|V|gs and thed and s bands,|V|g4s, fixed to 244 keV. The =0.35 MeV for **Nd and **/Nd, the alignment apparently
moment of inertia parameter for tlieband is similar to the occurs earlief~0.3 MeV) in 33Nd. Such large shifts in the
value used for the more-deformed band in & 175 region  proton crossing frequency are not observed in the even-even
[21] and it indicates a structure of larger deformation thanCe nuclei[33], so it is possible that the more-deformed band
the normal band. Therefore, the unusual low-spin interactiofis interacting with the ground and aligned bands just before
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collective core.
and into the proton crossing region. With the two interac- Spin ()

tions located so close to each other, it may appear as one

crossing, but with a lower crossing frequency compared with  FIG. 12. Signature splitting of thes41]1/2 bands in@ *2Nd,

the neighboring®***Nd nuclei as seen in Fig. 11. Three- (b) *¥!Nd, and(c) ***Nd. The inversion point is marked in each
band mixing calculations were performed for the ground-panel with an arrow. The positive and negative signatures are de-
state band of-*2Nd; however, definitive results could not be noted by solid and open symbols, respectively.

extracted due to the crossing observed immediately after the

proton alignmentpossibly caused by awh,,,, alignmenj as tlon as thg Nd nuclei become more neutron deficient. The
seen in Fig. 11. orbital originates from thd,, shell; therefore at lower de-

formations(e.g., in **Nd) one expects this shell to be fa-
vored over thehy,,. However, at larger deformations the
=1/2 orbital from thehg, shell crosses thgs41]1/2 orbital
Large energy splitting is expected between the signaturesych that the dominant component is changed. Figure 12 thus
for the [541]1/2 band as the decoupling parameltg] in  displays a nice experimental verification of the “parentage
K=1/2 bands separates the signatures in energy. Indeegyolution” for the [541]1/2 orbital with deformation.
only the favored positive signature of the protfsv1]1/2 As the angular momentum is increased, the positive sig-
band is observed in thB=71 102167180 [49-51] nuclei.  nature becomes more energetically favored and in fact an
However, from Figs. 1 and(B), one can see that both sig- inversion takes place nebr 2 in 3Nd [see Fig. 1&)]. At
natures of this band are observed, and that the energy splitigher spins, though, the negative signature becomes favored
ting at low spin is rather small. Figure 12 plots the energy offor all three Nd nuclei. Figure 12 labels where these inver-
a given spin statél) minus the average of the energies from sjons approximately occur for each of the nuclei, and it can
the stated +1 andl —1 versus spin for thgs41]1/2 bands  be observed that with increasimy the inversion happens at
in 12913L13R1d in order to amplify signature effects. A few a lower spin. The amplitude of the splitting after the inver-
trends can be recognized after inspecting this figure. First, afion also increases witN. As stated previously, since none
lower spins the positive signature is found to be most faof the other bands ift*Nd (or *?°**Nd) show similar sig-
vored initially in **Nd [52], little splitting is observed in nature effects after the proton crossing, perhaps there is an-
13INd, and the negative signature is favored'fiNd [14].  other three-quasiparticle band which strongly interacts with
Since the parentage of tfi841]1/2 orbital is mixed between the negative signature of tfi541]1/2 band. There are only a
the hg, andf;, shells, the favored signature at low spin canfew negative-parity orbitals to consider which may interact
help determine which shell contributes the largest componeith the[541]1/2 band. The best possibility for the interact-
to the wave function. The favored signaturgcan be deter- ing structure is the favored signature of &80]1/2 band
mined by thej of the shell, wherex;=3(—1) "2 There-  after therrh,,, alignment. Since the Fermi surface f6PNd

B. Signature splitting in the [541]1/2 band

fore, when the thévg, component is most dominant;;= is closest to th¢530]1/2 orbital (see Fig. 6 one might ex-
+3 as in the case for?Nd [Fig. 12a)]. In *3Nd [Fig.  pect the crossing to occur at the lowest spin and have the
12(c)], wherea;=— 3 initially, it appears that thé,;, shell  largest effect in this nucleus as compared wifli:**Nd.

is dominant and in"*!Nd [Fig. 12b)] there is an equal mix- This may also imply that the two negative-parig=1/2
ture. This trend is likely a result of the increasing deforma-orbitals are closer to each other than the calculations in Fig.
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6 suggest. However, without knowledge of the bandhead ering betweenrhg,, andf,, parentage for the orbital as defor-
ergies of both structures it is difficult to verify this statement. mation increases. Signature inversions at higher spins were

also observed in th¢541]1/2 bands and are possibly the

VI. SUMMARY result of a crossing with another three quasiparticle band.

Over 170 new transitions have been placed in the level
scheme of *Nd. There is evidence to suggest that the
[660]1/2 and[541]1/2 sequences have high and intermediate
guadrupole deformations, respectively, while f&23]7/2 We would like to give special thanks to D. C. Radford for
band may be triaxially deformed below the proton crossinghis software support and to R. A. Bark for use and discus-
Several quasiparticle alignments were observed in the bandsions of the three-band mixing model. Discussions with F. G.
which were interpreted with the cranked shell model. ThreeKondev are also gratefully acknowledged. The authors also
band mixing calculations were performed in order to underwish to thank the LBNL operations staff at Gammasphere.
stand the low-spin crossing in tfi411]1/2 band. This cross- This work was funded by the U.S. Department of Energy
ing was reproduced best by considering a third “more-through Contract Nos. DE-FG02-96ER409@Miversity of
deformed” band interacting with the ground and alignedTennessee W-31-109-ENG-38(Argonne National Labora-
bands. These results are similar to those found in Ahe tory), and DE-FGO05-88ER40406Nashington University
~175 region where low-spin interactions are also g ORNL is managed by Lockheed Martin Energy Research
Inspection of the signature splitting plots for the41]1/2  Corporation for the U.S. DOE under Contract No. DE-
bands int?%13L13}d reveals a consistent picture of the mix- AC05-960R22464.
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