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Multiple band interactions in 131Nd
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High-spin states in131Nd were populated in the reaction94Mo(40Ca,2pn) 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 theirB(M1)/B(E2) ratios~for the strongly coupled bands!,
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 in the@411#1/2 band. An
examination of the signature splitting for the@541#1/2 bands in129,131,133Nd revealed information regarding the
parentage of the orbital as well as a signature inversion at higher spin.

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

The neutron deficient nuclei in the mass 130 region h
exhibited a propensity to possess a variety of nuclear sha
Highly deformed structures~having a quadrupole deforma
tion parameter ofb2'0.3–0.4) are well known throughou
the region spanning in the rangesZ558–62 andN571–77
~see, for example, Refs.@1–6#!. The occupation of a
quasineutron in then i 13/2@660#1/2 orbital @7# and the pres-
ence of a hole in thepg9/2@404#9/2 orbital@8# are often cited
as the primary elements for producing bands of large de
mation as compared with bands of normal deformation (b2
'0.22). Recently, quadrupole moment measurements h
proved that structures of ‘‘intermediate’’ deformation exi
i.e., having b2 values of ;0.25, which involve the
h9/2/ f 7/2@541#1/2 neutron@9–11#. In addition,A'130 nuclei
are thought to be soft to triaxial deformation@12,13# and
bands based upon thenh11/2 high-K orbitals have particularly
shown evidence for nonaxial shapes@14#.
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An experiment was performed with the high resolvin
power of Gammasphere@15# for g-ray detection and the se
lectivity of the Microball @16# charged particle array to in
vestigate neutron deficient nuclei nearZ559 andA5130.
The emphasis of the experiment was to find new highly
formed bands in the region. For the Nd (Z560) nuclei, these
bands are likely based on at least one neutron occupying
intruder @660#1/2 orbital. Structures based on then i 13/2 or-
bital have been observed in133,135,137Nd @14,17,18#; how-
ever, as the neutron Fermi surface is lowered fromN573, it
is increasingly unlikely to observe the@660#1/2 band. In a
previous publication@19# resulting from this experiment, evi
dence was reported for the identification of the@660#1/2 se-
quence in131Nd and it was found to have an adiabatic cros
ing @20# with one of the initially normal deformed band
~@411#1/2!. The deformation and configuration differenc
between normal and highly deformed structures make su
crossing quite rare. In Ref.@19#, we raised the possibility tha
the @411#1/2 band is actually crossed by a ‘‘more-deformed
band at a frequency just below the crossing with then i 13/2
structure. The more-deformed band would likely have int
mediate deformation and an underlying structure similar
the n i 13/2 band, thus creating a scenario where an adiab
crossing between these latter bands is plausible. The con
of a low-spin interaction between normal and mor
deformed bands was first developed in theA'175 region
where calculations from a three-band mixing model we
employed to help substantiate the existence of this cros
@21#. Therefore, in the present work, we will report on th
results of similar calculations performed for bands in131Nd
which also supports the possibility of this type of crossin

In addition, an analysis of the complete level scheme
131Nd will be discussed, where a total of seven bands, fou
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FIG. 1. The level scheme for131Nd. The widths of the arrows are proportional to the relative intensity of the transition. Tent
transitions are denoted by dashed lines. Spin and parity assignments are explained in the text. The initial configurations for some of
are also given.
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which are new, were found and extended to high spinsI
< 77

2 ). Band properties, such as rotational alignmen
B(M1)/B(E2) ratios, and signature splitting, were exam
ined in order to identify the configurations of the observ
structures. The signature splitting patterns of the intru
n(h9/2/ f 7/2)@541#1/2 bands in 129,131,133Nd were inspected
and revealed a deformation dependence of this orbital’s
entage.

II. EXPERIMENTAL DETAILS

High-spin states in 131Nd were populated in the
94Mo(40Ca,2pn) reaction at a beam energy of 180 MeV. Th
40Ca beam was provided by the 88-Inch Cyclotron facil
located at the Lawrence Berkeley National Laboratory. T
emittedg rays and charged particles were detected with
Gammasphere spectrometer and the Washington Unive
Microball array, respectively. Approximately 8.33108
04432
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events were recorded when at least one of the 95 CsI de
tors from the Microball and at least four of the 92 Compto
suppressed Ge detectors were in prompt coincidence (;90
ns!. The g rays that were in coincidence with two proton
~comprising;17% of the total events! were sorted into an
Eg3Eg3Eg cube, which subsequently was analyzed w
theRADWARE @22# package. The new level scheme for131Nd
is shown in Fig. 1 and will be discussed in the next secti

The spin assignments proposed for the states in131Nd
were determined through directional correlation of orien
states~DCO! analysis. To facilitate this analysis, an asym
metric matrix was created where the energies ofg rays ob-
served in detectors located at 31.7°, 37.4°, 142.6°,
148.3° were histogrammed along one axis and coincideng
rays observed in detectors located at 90° were histogram
along the other axis. DCO ratios were determined by
expression
8-2
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RDCO5
I g1

~at ;35° or ;145°, in coincidence withg2 at 90°!

I g1
~at 90°, in coincidence withg2 at ;35° or ;145°!
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whereI g1
is the intensity of theg ray of interest andg2 is a

stretchedE2(DI 52) transition. With the detectors at th
given angles, one expectsRDCO values of approximately 0.5
for pure dipole transitions (M1 andE1) and 1.0 for quadru-
pole transitions (E2). The measured DCO ratios are summ
rized in Table I along with the energy, spin, and parity of t
states, as well as the energy and relative intensity of
depopulatingg rays. Weak transitions above states of det
mined spin, where reliable DCO analysis could not be p
formed, were assigned multipolarities assuming that the
tational behavior of the particular band persists and the s
are shown in parentheses in Fig. 1. The spins and paritie
the states in bands 5, 6, and 7 have been placed within
rentheses in Fig. 1 and Table I due to the fact that D
ratios could not be determined for their linking transitions
states of known spin and parity. For these structures,
assignments have been based on intensity, energy, and d
considerations. Tentative transitions in Fig. 1 are pla
within parentheses and denoted with dashed lines.

III. LEVEL SCHEME

Before the present work, little was known about131Nd.
Decay studies indicate that the ground state likely has a
of 5

2 , but a parity was not determined@23#. Watsonet al. @24#
observed two strongly coupled structures and one decou
sequence in131Nd. In addition to confirming the previousl
known bands~labeled bands 1, 2, and 3 in Fig. 1!, we ob-
served the signature partner to the aforementioned decou
sequence~band 2! and four new structures. Over 170 ne
transitions have been placed in the level scheme of131Nd
shown in Fig. 1. One may observe in Fig. 1 that~i! the most
intensely populated bands 1, 2 and bands 3, 4 are interlin
and ~ii ! for all of the weaker populated bands 5, 6, and
decay transitions to the stronger bands are found. There
the relative excitation energies of the seven bands are kno
The parity assignments of these structures are largely b
on systematics, as outlined in the following paragraphs.

A. Positive-parity structures

Band 1 is a strongly coupled sequence as can be obse
in both the level scheme of Fig. 1 and the sample spectr
Fig. 2~a!. The band was reported in Ref.@24# up to spin23

2 ,
and we have extended it to63

2 as seen in Fig. 1. Systemat
cally, two strongly coupled structures are found inN571
nuclei: one with positive parity and no signature splitting
energy and one with negative parity and some signa
splitting @25–27#. Figure 3~a! displays the energy of the
states for band 1~minus a rigid rotor energy! plotted versus
spin. Essentially no splitting in energy is found between
signatures of band 1 throughout the entire observed por
of the structure. However, signature splitting is observed
04432
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the only other strongly coupled sequence~band 3!, which is
shown in Fig. 3~b!. Other band characteristics, e.g., alig
ment properties andB(M1)/B(E2) ratios~discussed below!,
lead to a configuration assignment for band 1 with even p
ity. Based on the systematics and inband properties, pos
parity has been assigned to band 1 and a spin of5

2
1 is given

for the bandhead state. Since this is the lowest level obse
in 131Nd from our data, it is possible the52

1 state in band 1
may be the ground state, which is consistent with the res
of the decay study@23# noted above and the52

1 ground state
determined in129Ce@27#. Several linking transitions betwee
bands 1 and 2 were observed at both low and high spin~Fig.
1!, which are a result of the near degeneracies of state
seen in Fig. 3~a! and Table I.

While thea52 1
2 signature of band 2 was observed up

spin 35
2 in Ref. @24#, we were able to extend this sequence

67
2 as displayed in Fig. 1. The signature partner of band 2 w
not reported in Ref.@24#; however, it was observed up t

( 77
2 ) in the present data. DCO analysis of the strongest

band and linking transitions confirms the spins shown in F
1 for band 2. As a result of the number and nature of
interactions between bands 1 and 2~where several of the
linking transitions were determined to haveE2 multipolar-
ity; see Table I!, they likely have the same parity; therefor
band 2 is also assigned positive parity. At lower spins, la
energy splitting is observed in Fig. 3~a! between the signa
tures of this structure. Although the negative signature
initially favored, an inversion occurs at41

2 and the positive
signature quickly becomes the yrast sequence of the nuc
above49

2 . The adiabatic crossing observed between the p
tive signature of band 2 and band 5 is responsible for
unusual behavior, and has been discussed in an earlier w
@19#. Sample spectra for the positive and negative signatu
of band 2 are shown in Figs. 2~b! and 2~c!, respectively.
Transitions from band 5 in coincidence with the positi
signature of band 2 are also observed in Fig. 2~b!.

The sequence labeled as band 5 in Fig. 1 was observe
the first time in our experiment. Since this structure stron
interacts with the positive signature of band 2 as seen in
3~a!, band 5 most likely has positive parity and positive s
nature. Although reliable DCO ratios were not obtained
band 5, the tentative spins are consistent with it havinga
51 1

2 . The structure decays primarily into band 2, but we
transitions feeding the negative-parity band 4 were also
served.

B. Negative-parity structures

The strongly coupled band 3 in Fig. 1 was reported p
viously in Ref. @24# up to spin 37

2 . This structure has bee

extended to (75
2 ) and spectra for the positive and negati

signatures are shown in Figs. 4~a! and 4~b!, respectively.
8-3
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TABLE I. Data for levels and gamma rays in131Nd.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity Bandf
d

Band 1:@402#5/2 a51
1
2

9
2

1 331.3 331.3 45~3! 1.1~1! E2 1
185.0 93~5! 0.66~5! M1/E2 1

13
2

1 801.7 470.4 71~4! 1.01~6! E2 1
250.3 52~3! 0.63~5! M1/E2 1

17
2

1 1378.0 576.3 57~4! 0.93~6! E2 1
298.2 26~2! 0.60~6! M1/E2 1

21
2

1 2021.4 643.4 48~3! 1.01~7! E2 1
325.5 12~1! M1/E2 1

25
2

1 2685.4 664.0 36~3! 1.04~8! E2 1
327.0 9.1~9! M1/E2 1
579.0 6.1~6! E2 2

29
2

1 3332.9 647.5 28~2! 0.97~9! E2 1
307.4 7.8~9! M1/E2 1

( 33
2

1) 3991.6 658.7 19~2! E2 1

330.8 5.6~7! M1/E2 1

( 37
2

1) 4744.7 753.1 15~1! E2 1

( 41
2

1) 5612.3 867.6 7.4~9! E2 1

823.3 3.3~4! E2 2

( 45
2

1) 6558.5 946.2 7.1~9! E2 1

( 49
2

1) 7574.5 1016.0 4.7~6! E2 1

( 53
2

1) 8669 1094 ,3 E2 1

( 57
2

1) ~9833! ~1164! ,3 E2 1

Band 1:@402#5/2 a52
1
2

7
2

1 145.9 145.9 N/De 0.62~3! M1/E2 1
11
2

1 551.4 405.5 51~3! 0.88~9! E2 1
220.3 58~3! 0.56~4! M1/E2 1

15
2

1 1079.4 528.0 58~3! 1.12~8! E2 1
277.9 34~2! 0.66~7! M1/E2 1

19
2

1 1695.4 616.0 53~3! 1.04~8! E2 1
318.0 19~2! 0.56~4! M1/E2 1
496.9 4.5~5! E2 2

23
2

1 2357.6 662.2 43~3! 1.15~9! E2 1
336.9 12~1! 0.61~7! M1/E2 1

( 27
2

1) 3025.7 668.1 30~3! E2 1

340.6 7.6~8! M1/E2 1

( 31
2

1) 3661.6 635.9 14~2! E2 1

328.5 4.4~6! M1/E2 1

( 35
2

1) 4370.6 709.0 8.6~9! E2 1

378.3 3.2~5! M1/E2 1
792.7 9.7~8! 1.02~9! E2 2

( 39
2

1) 5203.5 832.9 10~1! E2 1

855.1 5.4~5! E2 2

( 43
2

1) 6107.0 903.5 7.8~9! E2 1

( 47
2

1) 7071.9 964.9 4.5~6! E2 1

( 51
2

1) 8103 1031 ,3 E2 1

( 55
2

1) 9224 1121 ,3 E2 1

( 59
2

1) 10434 1210 ,3 E2 1

( 63
2

1) 11723 1289 ,3 E2 1
044328-4
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TABLE I. ~Continued!.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity Bandf
d

Band 2:@411#1/2 a51
1
2

5
2

1 320.8 207.1 8.2~9! 1.1~1! E2 2
179.9 12.2~8! 0.8~1! M1/E2 2

9
2

1 665.9 345.1 28~2! 0.91~9! E2 2
278.2 9.6~9! 0.4~1! M1/E2 2
285.9 3.4~5! M1/E2

13
2

1 1092.0 426.1 28~2! 1.03~7! E2 2
331.6 9.1~9! 0.87~9! M1/E2 2

17
2

1 1569.9 477.9 37~2! 1.03~7! E2 2
372.0 5.4~7! M1/E2 2

21
2

1 2105.9 536.0 40~2! 1.03~7! E2 2
25
2

1 2716.7 610.8 26~2! 1.02~8! E2 2
695.5 10~1! E2 1

29
2

1 3375.8 659.1 20~2! 0.93~9! E2 2

( 33
2

1) 4057.2 681.4 16~1! E2 2

( 37
2

1) 4788.8 731.6 13~1! E2 2

( 41
2

1) 5585.8 797.0 6.6~5! E2 2

841.7 5.0~6! E2 1

( 45
2

1) 6468.6 882.8 9.2~9! E2 2

( 49
2

1) 7419.7 951.1 6.1~6! E2 2

( 53
2

1) 8437.7 1018.0 4.9~6! E2 2

( 57
2

1) 9525.7 1088.0 3.5~5! E2 2

( 61
2

1) 10688.2 1162.5 3.0~5! E2 2

( 65
2

1) 11927 1239 ,3 E2 2

( 69
2

1) 13241 1314 ,3 E2 2

( 73
2

1) 14637 1396 ,3 E2 2

( 77
2

1) ~16106! ~1469! ,3 E2 2

Band 2:@411#1/2 a52
1
2

3
2

1 140.9 140.9 N/De 0.7~1! M1/E2 1
7
2

1 387.7 246.8 36~2! 0.98~6! E2 2
~67! ,3 M1/E2 2
387.7 22~1! 0.58~5! M1/E2 1

11
2

1 760.6 372.9 62~3! 0.92~5! E2 2
379.7 14.0~9! 1.04~9! E2

15
2

1 1198.6 438.0 64~3! 1.02~5! E2 2
19
2

1 1683.5 484.9 49~2! 0.94~5! E2 2
604.5 10~1! 1.0~1! E2 1

23
2

1 2238.9 555.4 58~3! 0.93~5! E2 2
27
2

1 2870.7 631.8 48~3! 1.03~6! E2 2
31
2

1 3578.0 707.3 38~2! 0.98~6! E2 2
35
2

1 4348.9 770.9 21~1! 1.1~1! E2 2
687.8 3.7~4! E2 1

( 39
2

1) 5168.8 819.9 10.0~9! E2 2

( 43
2

1) 6077.6 908.8 5.2~7! E2 2

( 47
2

1) 7053.7 976.1 3.1~5! E2 2

( 51
2

1) 8090 1036 ,3 E2 2

( 55
2

1) 9191 1101 ,3 E2 2

( 59
2

1) 10364 1173 ,3 E2 2
044328-5
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TABLE I. ~Continued!.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity Bandf
d

( 63
2

1) 11618 1254 ,3 E2 2

( 67
2

1) 12951 1333 ,3 E2 2

Band 3:@523#7/2 a51
1
2

9
2

2 302.8 92.2 N/De M1/E2 3
13
2

2 676.9 374.1 53~3! 0.94~9! E2 3
223.3 81~4! 0.57~4! M1/E2 3

17
2

2 1201.0 524.1 74~4! 0.98~6! E2 3
305.1 45~3! 0.41~3! M1/E2 3

21
2

2 1808.1 607.1 65~3! 1.01~8! E2 3
349.1 24~2! 0.40~4! M1/E2 3

25
2

2 2447.0 638.9 47~3! 0.96~8! E2 3
348.6 15~2! 0.53~4! M1/E2 3
621.4 15~1! 1.0~1! E2 4

29
2

2 3126.6 679.6 47~3! 1.07~8! E2 3
355.6 11~1! 0.51~5! M1/E2 3
667.8 3.7~7! E2 4

33
2

2 3846.1 719.5 42~2! 0.90~7! E2 3
371.3 8.2~9! 0.57~8! M1/E2 3

37
2

2 4603.7 757.2 25~2! 0.97~8! E2 3
403.2 7.7~9! M1/E2 3

41
2

2 5454.0 850.7 15.2~9! 0.95~9! E2 3
468.6 3.8~6! M1/E2 3

( 45
2

2) 6405.7 951.3 10~1! E2 3

( 49
2

2) 7431.1 1025.8 6.6~7! E2 3

( 53
2

2) 8510.4 1079.3 4.1~5! E2 3

( 57
2

2) 9641.9 1131.5 3.4~5! E2 3

( 61
2

2) 10834 1192 ,3 E2 3

( 65
2

2) 12096 1262 ,3 E2 3

( 69
2

2) 13433 1337 ,3 E2 3

Band 3:@523#7/2 a52
1
2

7
2

2 210.6 210.6 N/De 0.81~9! E1 1
11
2

2 453.2 242.6 25~2! 1.05~8! E2 3
150.5 120~7! 0.51~5! M1/E2 3

15
2

2 895.6 442.4 [100 1.00~4! E2 3
218.9 56~3! 0.34~4! M1/E2 3

19
2

2 1459.5 563.9 95~5! 1.02~5! E2 3
258.4 28~2! 0.43~4! M1/E2 3

23
2

2 2097.4 637.9 89~5! 0.99~6! E2 3
289.7 20~1! 0.41~4! M1/E2 3

27
2

2 2770.5 673.1 67~3! 0.94~6! E2 3
323.6 13~1! 0.54~8! M1/E2 3
311.7 5.3~7! M1/E2 4

31
2

2 3474.4 703.9 54~3! 1.04~7! E2 3
347.9 11.8~9! 0.57~8! M1/E2 3

35
2

2 4200.3 725.9 36~2! 1.02~7! E2 3
353.7 7.4~9! M1/E2 3

39
2

2 4984.6 784.3 22~1! 0.97~7! E2 3
380.5 5.2~7! M1/E2 3

43
2

2 5856.5 871.9 17~2! 0.94~8! E2 3

( 47
2

2) 6816.5 960.0 9.7~9! E2 3
044328-6
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TABLE I. ~Continued!.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity Bandf
d

( 51
2

2) 7867.0 1050.5 6.6~8! E2 3

( 55
2

2) 9004.5 1137.5 4.2~7! E2 3

( 59
2

2) 10188.3 1183.8 3.2~6! E2 3

( 63
2

2) 11403 1215 ,3 E2 3

( 67
2

2) 12675 1272 ,3 E2 3

( 71
2

2) 14011 1336 ,3 E2 3

( 75
2

2) ~15418! ~1407! ,3 E2 3

Band 4:@541#1/2 a51
1
2

5
2

2 299.8 108.6 N/De 1.0~1! E2 4
9
2

2 514.8 215.0 63~5! 1.00~8! E2 4
13
2

2 842.6 327.8 64~4! 1.00~6! E2 4
17
2

2 1282.6 440.0 62~3! 1.03~7! E2 4
21
2

2 1825.5 542.9 57~3! 1.03~9! E2 4
25
2

2 2458.4 632.9 33~2! 1.05~7! E2 4
650.3 8.6~9! 1.0~1! E2 3

29
2

2 3155.3 696.9 30~2! 0.97~6! E2 4
708.2 3.9~5! E2 3

33
2

2 3904.5 749.2 25~2! 1.00~7! E2 4
37
2

2 4699.4 794.9 17~1! 0.92~7! E2 4

( 41
2

2) 5559.0 859.6 13~1! E2 4

( 45
2

2) 6490.4 931.4 8.9~8! E2 4

( 49
2

2) 7498.2 1007.8 5.7~6! E2 4

( 53
2

2) 8587.6 1089.4 3.7~5! E2 4

( 57
2

2) 9763 1175 ,3 E2 4

( 61
2

2) 11001 1238 ,3 E2 4

( 65
2

2) 12257 1256 ,3 E2 4

( 69
2

2) ~13516! ~1259! ,3 E2 4

Band 4:@541#1/2 a52
1
2

7
2

2 394.1 168.7 20~2! 0.9~1! E2 4
94.5 11.2~8! M1/E2 4

11
2

2 692.6 298.5 35~2! 0.94~6! E2 4
177.8 7.1~5! 0.55~9! M1/E2 4

15
2

2 1115.6 423.0 49~3! 1.02~6! E2 4
273.4 4.6~5! M1/E2 4

19
2

2 1645.0 529.4 46~2! 1.02~4! E2 4
362.6 3.7~5! M1/E2 4

23
2

2 2254.6 609.6 42~2! 1.00~4! E2 4
27
2

2 2912.0 657.4 34~2! 1.07~5! E2 4
31
2

2 3589.4 677.4 26~2! 1.03~6! E2 4
35
2

2 4284.2 694.8 13~1! 0.98~7! E2 4

( 39
2

2) 5058.4 774.2 11.2~9! E2 4

( 43
2

2) 5938.2 879.8 7.1~7! E2 4

( 47
2

2) 6914.4 976.2 4.3~6! E2 4

( 51
2

2) 7963.8 1049.4 3.4~5! E2 4

( 55
2

2) 9076 1112 ,3 E2 4

( 59
2

2) 10188 1212 ,3 E2 4

( 63
2

2) ~11521! ~1333! ,3 E2 4
044328-7
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TABLE I. ~Continued!.

I i
p a Elevel ~keV! Eg ~keV! b I g

c DCO Multipolarity Bandf
d

Band 5

( 17
2

1) 2085 348 ,3 E2 5

( 21
2

1) 2433.2 863.3 4.2~4! E2 2

788 ,3 E1 4

( 25
2

1) 2901.3 468.1 4.2~4! E2 5

646 ,3 E1 4
796 ,3 E2 2

( 29
2

1) 3469.8 568.5 6.8~7! E2 5

~753! ,3 E2 2

( 33
2

1) 4163.0 693.2 6.8~7! E2 5

~787! ,3 E2 2

( 37
2

1) 4945.4 782.4 4.8~5! E2 5

( 41
2

1) ~5772! ~827! ,3 E2 5

Band 6

( 35
2

2) 4349.0 874.6 4.2~4! E2 3

759.6 3.0~3! E2 4

( 39
2

2) 5185.3 836.3 6.0~6! E2 6

( 43
2

2) 6103.4 918.1 3.6~4! E2 6

( 47
2

2) 7095 992 ,3 E2 6

( 51
2

2) 8164 1069 ,3 E2 6

( 55
2

2) 9317 1153 ,3 E2 6

( 59
2

2) 10554 1237 ,3 E2 6

Band 7

( 15
2

2) 1342.4 ~306! ,3 E2 7

665.5 10~1! M1/E2 3
446.7 7.8~8! M1/E2 3

( 19
2

2) 1814.4 472.0 10~1! E2 7

613.5 4.4~5! M1/E2 3

( 23
2

2) 2410.5 596.1 14~1! E2 7

( 27
2

2) 3105.4 694.9 7.4~8! E2 7

( 31
2

2) 3861 756 ,3 E2 7

aSpin and parity of the initial state.
bUncertainties inEg are 0.2 keV for most transitions except for relatively weak transitions which are 0.5
cRelative intensity of the transition whereI g(442.4)[100.
dBand where the final state is located.
eIntensity could not be determined.
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Jameset al. @28# found that the bandhead is relatively lon
lived (;50 ns! and suggested that it feeds the7

2
1 state of

band 1. However, we were unable to find any coincide
relation between the 145.9- and 210.6-keV transitions fr
bands 1 and 3, respectively. This, along with the multi
connections between bands 1, 2, 3, 4, and 5, indicates
the bandhead of band 3 decays directly to the poss
ground state as shown in Fig. 1. A DCO ratio of 0.81~9! was
measured for the linking 210.6-keV transition between ba
1 and 3. While not completely inconsistent with the propos
E1 assignment of thisg ray, this DCO ratio is rather large
However, the relatively long lifetime of the bandhead st
causes the emitted transition to partially lose its orientat
04432
e

e
at
le

s
d

e
n

~especially at low spin! which is crucial for obtaining reliable
DCO ratios. Thus, the spin and negative-parity assignme
of band 3 were based on the systematics ofN571 nuclei
@25–27,29# and the in-band properties leading to its config
ration assignment. Band 3 is the most intensely popula
structure for131Nd below I 5 49

2 ~see Table I!, which is con-
sistent with it being yrast up to this spin using the given s
assignments. Note that an interaction between bands 3 a
near I 5 25

2 was observed~see Fig. 1! where the levels are
nearly degenerate.

Both signatures of band 4 are observed for the first time
our data. TheE2 linking transitions~determined from DCO
measurements; see Table I! between bands 3 and 4 confirm
8-8
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FIG. 2. Sample spectra for~a! band 1,~b! the a51
1
2 , and~c! a52

1
2 signatures of band 2. In panel~a!, the main spectrum is a resu

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.
in panel~a! displays the high-energyg rays observed in the negative signature of band 1. The main spectrum in panel~b! was produced by
summing many coincidence spectra. Peaks denoted with3 or * are associated with bands 1 or 5, respectively. The inset, which is also a
of many coincidence spectra, displays the high-energyg rays in this signature of band 2. A sum of coincidence spectra produced bot
main and insert spectra of panel~c!. Peaks marked with3 are related to band 1 and the high-energy transitions are shown in the ins
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the spins assigned to band 4 in Fig. 1 and indicate that th
structures likely have the same parity. Since we assig
negative parity for band 3, negative parity is also sugges
for band 4. In the sample spectra shown in Figs. 4~c! and
4~d!, one can observe the in-band transitions up to the h
est spins of65

2
2 and (63

2
2) for the a51 1

2 anda52 1
2 sig-

natures, respectively. The transitions from bands 3 and 6
appear in Figs. 4~c! and 4~d!, respectively, can be explaine
by the corresponding coincidence relations presented in
level scheme of Fig. 1. As shown in Fig. 3~b!, there is little
signature splitting in band 4 initially, but the positive sign
ture becomes energetically favored as the angular mom
tum increases. However, at spin39

2 , an inversion occurs and
the negative signature becomes the favored sequence. A
cussion of this signature inversion follows in a later secti

A new decoupled sequence that feeds bands 3 and 4
observed in the data and has been labeled as band 6 in F
04432
se
d
d

h-

at

he

n-

is-
.
as
. 1.

The tentative spin assignments are based on the intensity~see
Table I! of the structure. From inspection of Fig. 3~b!, one
can see that band 6 may interact with the negative signa
of band 4 atI 5 35

2 ; therefore, we tentatively assign negativ
parity to band 6. A spectrum of band 6 is shown in Fig. 5~a!
where one can observe the in-band transitions, the link
874.6-keVg ray, and a few transitions from band 3.

Another weak sequence ofg rays has been observed fee
ing band 3 and is labeled band 7 in Fig. 1. Negative pa
was tentatively assigned to this structure and the spins w
assigned in a similar manner as bands 5 and 6. A spectru
band 7 is given in Fig. 5~b! where many low-spin transition
from band 3 can also be seen.

IV. CONFIGURATION ASSIGNMENTS

Watsonet al. @24# had suggested that the@402#5/2 and
@523#7/2 orbitals were responsible for the strongly coupl
8-9
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D. J. HARTLEY et al. PHYSICAL REVIEW C 61 044328
structures in131Nd, but because of limited information o
the band structure at that time, they were not able to prop
definitive configuration assignments. In order to help iden
the active orbitals nearest to the Fermi surface atN571, a
neutron single-particle diagram has been provided in Fig
Total Routhian surface~TRS! @7# calculations predict a
ground-state deformation nearb250.28 for 131Nd. For a
prolate deformation of this size, one can deduce from Fig
that bands based on thed5/2@402#5/2, h11/2@523#7/2, and
d3/2@411#1/2 orbitals should be observed at relatively lo
energies. Although the (h9/2/ f 7/2)@541#1/2, i 13/2@660#1/2,
and (f 7/2/h9/2)@530#1/2 orbitals are energetically higher ly
ing, increasing nuclear rotation will bring these low-K struc-
tures closer to the Fermi surface. Band characteristics suc
alignment behavior,B(M1)/B(E2) ratios, and signature
splitting were considered to associate the observed band
131Nd with the orbitals noted above.

A. Alignments and band crossings

The rotational alignments of the bands in131Nd are plot-
ted versus frequency in Fig. 7. Harris parameters@32# of

FIG. 3. The energy of the states~minus a rigid rotor! observed
in 131Nd versus spin. The positive-parity structures are shown
panel~a!, while the negative-parity structures are in panel~b!. The
moment of inertia parameter was set toA50.0097 MeV. The posi-
tive and negative signatures are denoted by solid and open sym
respectively. Initial configurations for some of the bands are a
labeled in the legends.
04432
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J0517 \2/MeV andJ1526 \4/MeV3 were used to subtrac
the angular momentum of the collective core. The obser
crossings are labeled in Fig. 7 using the standard alphab
labeling scheme@20#, which is summarized in Table II in
terms of the orbital’s parity, signature (p,a), and configu-
ration at zero rotational frequency.

1. Positive-parity structures

In Fig. 7~a!, a large gain in alignment (D i 58.7\) can be
observed at a crossing frequency of\vc50.32 MeV for
band 1. The only quasiparticles near the Fermi surface
can align at this low frequency and produce the large ali
ment gain are theh11/2 quasiprotons. TheEpFp band cross-
ing is well known in the mass 130 region and the alignm
gain and crossing frequency are consistent with the first p
ton crossings observed in otherA'130 nuclei@33#. Band 1
undergoes a second crossing at\vc'0.48 MeV and gains
;3\ in alignment. The next possible proton crossing is n
predicted to occur until very high frequencies (\v.1
MeV!; therefore, this second crossing is likely a result o

n

ls,
o

FIG. 4. Spectra for the~a! a51
1
2 and~b! a52

1
2 signatures of

band 3 and the~c! a51
1
2 and~d! a52

1
2 signatures of band 4. All

of the spectra are a result from summing many coincidence spe
of the given band. Peaks denoted only with3 in panels~a! and~b!
are transitions from their respective signature partners. In pane~c!,
peaks marked with ‘‘c’’ are contaminateg rays, while peaks
marked with3 are associated with band 3. Transitions from ban
which are in coincidence with band 4 are marked with3 in panel
~d!.
8-10
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MULTIPLE BAND INTERACTIONS IN 131Nd PHYSICAL REVIEW C 61 044328
pair of neutrons aligning. Cranked shell model~CSM! @34#
calculations were performed for the quasineutrons and
results are shown in Fig. 8. An alignment of theE and F
quasineutrons is predicted to occur near\v50.5 MeV ~de-
noted byvEF in Fig. 8!; thus, theEF alignment is the mos
probable cause of the second crossing in band 1.

FIG. 5. Spectra for~a! band 6 and~b! band 7. Both panels are
result of summing many coincidence spectra from the given ba
Transitions from band 3 are marked with3 in panels~a! and ~b!.

FIG. 6. Neutron single-particle levels as a function of quad
pole deformation~where b450 and g50°) calculated using the
Woods-Saxon potential@30# with parameters given in Ref.@31#. A
schematic representation of how the crossing between normal
more-deformed structures occurs is also presented in the figure
discussed in the text.
04432
e

e

strongly coupled nature of the band and the lack of signa
splitting observed in Fig. 3~a! suggest a configuration with
relatively highK. By inspecting Fig. 6, one can see that t
@402#5/2, @523#7/2, and@404#7/2 high-K orbitals are closes
to the Fermi surface in131Nd. However, the observed E
crossing in band 1 eliminates the@523#7/2 possibility~due to
Pauli blocking arguments! and B(M1)/B(E2) ratios, dis-
cussed in a following section, clearly indicate that betwe
the two positive-parity orbitals, band 1 should be associa
with the @402#5/2 orbital. This assignment is consistent wi
similar structures found in theN571 isotones56

127Ba @25#,

58
129Ce @26#, and 62

133Sm @29#.
As stated earlier, the multiple interactions between ba

1 and 2 suggest that these structures have the same p
therefore, band 2 also has positive parity. This structure
hibits a significant amount of signature splitting at lower sp

s.

-

nd
nd

FIG. 7. The rotational alignment plotted versus frequency for~a!
band 1,~b! bands 2 and 5,~c! bands 3 and 7, and~d! bands 4 and 6
in 131Nd. Harris parameters ofJ0517\2/MeV and J1

526\4/MeV3 were used to subtract the angular momentum of
collective core. The positive and negative signatures are denote
solid and open symbols, respectively. Initial configurations of so
of the bands are also given in the legends.

TABLE II. Alphabetic quasiparticle labeling scheme for131Nd.

Label (p,a)n
a Configurationb Label (p,a)n

a Configurationb

Quasineutrons
A (1,1 1

2 )1 @402#5/2 B (1,2 1
2 )1 @402#5/2

C (1,1 1
2 )2 @411#1/2 D (1,2 1

2 )2 @411#1/2
E (2,2 1

2 )1 @523#7/2 F (2,1 1
2 )1 @523#7/2

G (2,2 1
2 )2 @541#1/2 H (2,1 1

2 )2 @541#1/2

Quasiprotons
Ep (2,2 1

2 )1 h11/2 Fp (2,1 1
2 )1 h11/2

aParity (p) and signature (a) of the orbital. The subscriptn num-
bers the quasiparticles’ excitations of a specific signature and p
starting with the lowest in energy at\v50 MeV.
bConfiguration of the orbital at\v50 MeV.
8-11
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D. J. HARTLEY et al. PHYSICAL REVIEW C 61 044328
@see Fig. 3~a!#, indicating that it is likely a low-K sequence.
We have assigned the@411#1/2 configuration to the lowe
spin region of band 2 as this is the nearest low-K, positive-
parity orbital to the Fermi surface~see Fig. 6!. The alignment
of the negative signature of band 2, shown in Fig. 7~b!, dis-
plays that the sequence undergoes theEpFp and EF cross-
ings at\vc'0.3 and 0.5 MeV, respectively. The crossin
frequencies and alignment gains (;9.5\ and;3\, respec-
tively! are consistent with the alignments observed in
@402#5/2 band. An additional gain of;2\ in alignment oc-
curs in the positive signature, as compared with the nega
signature, of band 2 at\vc'0.34 MeV. This is due to the
adiabatic crossing between bands 2 and 5 noted previo
and observed in Fig. 3~a!. An exchange of configuration
between the highly aligned band 5 and band 2, discusse
Ref. @19# and below, causes the additional alignment. At lo
frequency (,0.3 MeV!, an interaction is observed in bot
signatures of band 2 that is not seen in the other131Nd bands.
This behavior will be discussed in detail in Sec. V. It shou
also be noted that the72

1 state located between bands 1 a
2 in Fig. 1 may possibly be the bandhead of another struc
based on the@404#7/2 configuration. Unfortunately, there
no evidence of a band built on this state in the present d

The large initial alignment (;7\) of band 5, shown in
Fig. 7~b!, leaves few possibilities for its configuration. Sin
the initial alignment is less than that gained by theEpFp
crossing (;9\) observed in other bands in131Nd, band 5 is
unlikely to be a three quasiparticle structure. According
Fig. 6, the closest orbital that can produce such a la
amount of alignment is the@660#1/2; therefore, band 5 ha
been assigned this configuration. The adiabatic crossing
thea51 1

2 signature of band 2 implies an exchange of co
figurations between the bands; hence it has been prop
that the n i 13/2 sequence continues in band 2 aboveI 5 33

2

FIG. 8. Cranked shell model calculations for quasineutrons
131Nd. The deformation parameters~shown at the top of the figure!
were determined by TRS calculations. Interpretation of the line
displayed at the top of the figure. Explanation of the orbital label
scheme is given in Table II.
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@19#. Highly deformed bands in133,135,137Nd @14,17,18# are
based upon this orbital and, as discussed in Ref.@19#, there is
evidence to suggest that then i 13/2 sequence in131Nd is also
highly deformed. Adiabatic crossings involving thei 13/2 neu-
tron with normal deformed bands have also been reporte
several nearby nuclei@4,29,35#.

2. Negative-parity structures

Supporting evidence for the negative-parity assignmen
band 3 can be found in its alignment behavior in Fig. 7~c!.
The band undergoes the proton alignment at\vc'0.32
MeV and gainsD i'9.0\, but the two signatures of band
seem to experience different crossings at higher rotatio
frequencies. While both gain;3.5\, crossing frequencies o
;0.54 and;0.60 MeV are observed in the positive an
negative signatures, respectively. These crossings occu
higher frequencies than theEF alignment in band 1, which
suggests that the first neutron crossing is blocked. T
blocking implies that band 3 is based upon anh11/2 orbital,
which is most likely to be the@523#7/2 as it is the neares
nh11/2 orbital to the 131Nd Fermi surface~see Fig. 6!. The
B(M1)/B(E2) ratios, discussed in the following sectio
also confirm this assignment. The crossings observed at
frequencies are likely theEH ~at \vc'0.54 MeV! andFG
~at \vc'0.60 MeV! alignments, as the CSM calculation
predict them to occur near 0.6 MeV in Fig. 8.

Band 4 likely has a low-K configuration as large signatur
splitting is observed aboveI 5 13

2 in Fig. 3~b!. It has been
previously established that bands 3 and 4 likely have
same ~negative! parity; therefore, band 4 is assigned th
@541#1/2 configuration since this is the nearest negati
parity, low-K orbital to the Fermi surface~see Fig. 6!. This
neutron configuration has been shown to drive the nuc
shape to intermediate deformations in the neighboring59

130Pr
@10# and 133Nd @11# nuclei. The gradual increase of align
ment at low frequency is likely due to the fact that the ch
sen Harris parameters are less appropriate for band 4
indeed has larger deformation than bands 1, 2, 3, and 7.
larger interaction strength of theEpFp crossing is also likely
the result of the higher deformation of this@541#1/2 band. A
sharp contrast can be observed between the signature
band 4 in theEpFp crossing. The signatures appear to ha
very different interaction strengths in this crossing regio
however, no such signature dependent behavior is cause
the proton alignment in the other131Nd bands. Perhaps an
other three-quasiparticle band crosses the@541#1/2 negative
signature sequence as it undergoes the proton alignm
This scenario will be addressed in more detail in Sec. V. I
difficult to determine where or if either signature of band
experiences theEF alignment. A crossing is observed ne
0.6 MeV in the positive signature; however, no such alig
ment behavior is seen in the negative signature. Small al
ment gains (;1 –2\) are found in both signatures near 0.5
MeV; therefore, we have tentatively assigned these as
EF crossing in Fig. 7~d!.

By inspecting Fig. 3~b!, one may notice that band 6 i
observed at the same spin where band 4 experiences its
nature inversion. In Fig. 7~d!, it should be noted that the

n

is
g
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MULTIPLE BAND INTERACTIONS IN 131Nd PHYSICAL REVIEW C 61 044328
alignment of band 6 lies just below the positive signature
band 4, which is similar to thea52 1

2 sequence of band 4 a
lower frequencies (\v,0.33 MeV!. With so little informa-
tion it is difficult to firmly assign a configuration, but if th
negative signature of the@541#1/2 band is crossed by anoth
three quasiparticle band, perhaps band 6 is the continua
of the negative signature of the@541#1/2^ EpFp band.

A structure similar to band 7 in Fig. 1 has been identifi
in 127Ba @25# and assigned as the favored signature of
@532#5/2 orbital@36#. On the other hand,g-vibrational bands
have been observed in the132,134Nd @4,35# nuclei at low en-
ergies. Therefore, band 7 may be based on the favored
nature of theh11/2 neutron coupled with ag phonon. The
alignment of this sequence is shown in Fig. 7~c! and one may
observe that it has;2\ more alignment than band 3 in
tially. However, since this difference is consistent with bo
of the possible assignments, it is not possible to distingu
between the@532#5/2 and@523#7/2^ g configurations.

B. B„M1…ÕB„E2… transition strength ratios

ExperimentalB(M1)/B(E2) ratios were extracted usin
the observedg-ray energies and branching ratios@l5I g(I
→I 22)/I g(I→I 21)# according to the standard formula

B~M1:I→I 21!

B~E2:I→I 22!
50.693

Eg
5~ I→I 22!

Eg
3~ I→I 21!

3
1

l~11d2!
S mN

e bD 2

,

where Eg is in MeV. To determine the magnitude of th
mixing ratiosd for the DI 51 transitions, rotational mode
calculations@37# were performed using the measured bran
ing ratios and assuming pureK. The resulting
B(M1)/B(E2) ratios are plotted in Fig. 9 along with theo
retical predictions for possible configurations.

Theoretical calculations ofB(M1)/B(E2) ratios were
performed with the rotational model form of theB(E2) tran-
sition strength@37# and an extended formalism@38# of the
geometrical model from Do¨nau @39# and Frauendorf@40# to
determine theB(M1) strength. The measured intrinsic qua
rupole momentQ055.16e b of 132Nd @41# was assumed fo
the calculations as no lifetime information is available f
131Nd. While the collective gyromagnetic ratio was dete
mined bygR5Z/A, the gK values were calculated using
Woods-Saxon potential@30# with the following results for
the possible configurations shown in Fig. 9:gK(@402#5/2)
520.49, gK(@404#7/2)50.36, gK(@411#1/2)51.90,
gK(@523#7/2)520.32, andgK(@541#1/2)520.54.

The B(M1)/B(E2) ratios for band 1 are shown in Fig
9~a! and are located near 0.7 (mN /e b)2. A good agreemen
is observed between the experimental values and the the
ical calculations for the@402#5/2 orbital. In contrast, the pre
dicted@404#7/2 ratios are an order of magnitude below tho
observed for band 1 due to the difference in sign of
respectivegK factors. Therefore, we can confidently assi
band 1 as the@402#5/2 configuration. Bands 2 and 4 hav
smallB(M1)/B(E2) ratios, as shown in Figs. 9~a! and 9~b!,
which is expected from low-K structures. Good agreeme
between the calculated and observed ratios is found for
assignments of bands 2 and 4 as the@411#1/2 and@541#1/2
04432
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structures, respectively. It is worth noting that while the e
perimental values of band 2 are in agreement with
@404#7/2 calculations, other properties~e.g., spin assign-
ments and signature splitting! do not support this possible
configuration for band 2.

Figure 9~b! displays theB(M1)/B(E2) ratios for band 3.
Arguments were previously given that this band is bas
upon anh11/2 neutron and a good fit is found with the pre
dicted @523#7/2 values. One may notice the signature sp
ting in the ratios betweenI 5 17

2 and 25
2 . The calculated

B(M1) strength includes a signature splitting term (De8,
wheree8 is the experimental Routhian!, which has been se
to zero for all of the previous calculations. In an attempt
reproduce the observed splitting in theB(M1)/B(E2) ratios,
we included theDe8 term for the @523#7/2 band and the
results are shown as the dotted line in Fig. 9~b!. One may
observe that the calculated splitting is much larger than
experimentally observed. Similar results are found in
ph11/2 bands ofA'160 nuclei@42#, where it is thought that
the high-K orbitals drive the nucleus towards triaxial shap
@43#. The triaxiality would cause larger mixing with lowerK
states, thus producing the splitting in both the energy a
B(M1)/B(E2) ratios. As the mass 130 nuclei are expec
to be prone to triaxial driving forces@12,13#, a similar sce-
nario is likely producing the signature effects in band 3. B
zzacco et al. @14# reproduced both the energy an
B(M1)/B(E2) ratio splitting well in thenh11/2 band of
133Nd using the particle triaxial rotor model with a triaxia
deformation parameter ofg5222°. Therefore it appears
likely that the@523#7/2 band in131Nd also has someg de-

FIG. 9. The experimental~symbols! and theoretical~lines!
B(M1)/B(E2) ratios for~a! bands 1 and 2 and~b! bands 3 and 4.
The positive and negative signatures are denoted by solid and
symbols, respectively. The dotted line in panel~b! is the result of
the @523#7/2 calculation with the signature splitting termDe’ as
discussed in the text.
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TABLE III. Parameters used in the two- and three-band mixing calculations. Values preceded with a[ were held constant in the
calculations.

I 0 C E0
b i K uVugs uVugd uVuds

Configuration Banda (31022 keV21) (3106 keV3) ~keV! (\) (\) ~keV! ~keV! ~keV!

Two-band mixing model
@402#5/2 g 1.500 4.44 26 [1.0 [2.5 234

s 1.877 27.38 2951 [10.0 [2.5
@523#7/2 g [1.500 [4.44 248 [2.2 [3.5 254

s 1.459 10.31 3131 [11.0 [3.5
@411#1/2 g [1.500 [4.44 96 [1.0 [0.5 [244
fixed uVugs s 0.653 6.06 2251 [10.0 [0.5
@411#1/2 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

ag-ground band,d-deformed band,s-alignedp(h11/2)
2 band.

bUnperturbed bandhead energy.
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V. DISCUSSION

A. Three-band mixing

Low-spin interactions, such as the one observed in b
2, are rarely observed in deformed nuclei. There are ca
where rotation stretches the nuclear deformation towa
larger values@44#, resulting in an alignment gain at lowe
frequencies; however, this normally occurs when the grou
state deformation is relatively small. As the ground-state
formation for 131Nd is predicted to be somewhat large,b2
'0.28, and none of the other bands undergo such an in
action, centrifugal stretching is not likely responsible for t
unusual alignment behavior at low frequencies for ban
@Fig. 7 ~b!#. Several bands in the well-deformed nuclei ne
A'175 are also known to have interactions at low spin@21#.
Possible explanations have been suggested involving
alignment of various protons or neutrons; however, they
not supported by theoretical calculations and/or the to
alignment gained in the bands@21#. An alternative explana-
tion was proposed first for172Os @45,46# where it was sug-
gested that the ‘‘normal’’ band is crossed at low spin by
‘‘more-deformed’’ band. The latter band is created by sc
tering a pair ofnonalignedquasiprotons from one orbital int
the deformation driving@541#1/2 orbital, which is located
near the Fermi suface. A three-band mixing model was
veloped@that includes parameters describing the normal (g),
the more-deformed (d), and the Stockholm aligned~s! bands
as well as the interaction strengthes between each# and found
to reproduce the data of many bands in theA'175 region,
suggesting a low frequency crossing by the more-deform
band@21#.

The @541#1/2 neutron orbital is close to the Fermi surfa
in 131Nd as seen in Fig. 1 and Table I. As noted previous
bands involving this neutron in130Pr @10# and 133Nd @11#
04432
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were found to have an intermediate deformation. Therefo
the conditions for three-band mixing in131Nd are compa-
rable with the situation in theA'175 nuclei. In our previous
work on this nucleus@19#, we suggested that the low
frequency interaction in band 2 is a result of a crossing w
a more-deformed band. There it has been postulated th
pair of quasineutrons may scatter out of the@402#5/2 orbital
and into the@541#1/2 orbital to form the more-deforme
band~as schematically demonstrated in Fig. 6!. In this light,
we have applied the three-band mixing calculation to str
tures in 131Nd, which is the first attempt to justify such
scenario outside the heavy rare-earth region.

The variables used to describe the unperturbed bands
as follows: the variable moment of inertia~VMI ! @47# param-
eters I 0 ~ground-state moment of inertia! and C ~restoring
force constant!, bandhead energyE0, alignmenti, K, and the
interaction strengths between the three bands. A two-b
calculation was performed first on the negative signature
the @402#5/2 band. As shown in Table III, the only fixe
parameters were the alignment andK values of theg ands
bands. From Fig. 10~a!, one can observe that a good fit wa
obtained to the experimental data with reasonable par
eters. To reduce the number of variables in further calcu
tions, we fixed theI 0 andC values for theg bands to those
calculated for the@402#5/2 band. Although the moments o
inertia of different bands may flucuate for different config
rations, the values should not differ greatly. The negat
signature of the@523#7/2 band was calculated holding th
aforementioned parameters constant, and the results
shown in Table III and Fig. 10~b!. Once again, a good fit wa
obtained with parameters similar to those of the@402#5/2
band; therefore, our assumption of fixing theg-band param-
eters seems reasonable.

Two calculations were performed for the negative sign
ture of the @411#1/2 band~note that calculations were no
done for the positive signature as the crossing with then i 13/2
8-14
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sequence makes for a more complicated situation! using the
two-band mixing model. First, the interaction strength b
tween theg and s bands was fixed to the average of t
previously fitted bands. The result is an extremely poor fit
shown in Fig. 10~c!. When the interaction strength was a
lowed to vary, a better fit was produced@Fig. 10~c!#, but with
inconsistent parameters compared with the previous
bands. In Table III, one can observe that a low momen
inertia value for thes band and large interaction streng
were required to produce the fit. It would be difficult to e
plain why the proton crossing in the@411#1/2 band has an
interaction strength nearly 2.5 times greater than the pr
ously calculated bands. However, if three-band mixing
considered, a good fit to the data is found@Fig. 10~c!# even
with the interaction strengths between theg and s bands,
uVugs and thed and s bands,uVuds , fixed to 244 keV. The
moment of inertia parameter for thed band is similar to the
value used for the more-deformed band in theA'175 region
@21# and it indicates a structure of larger deformation th
the normal band. Therefore, the unusual low-spin interac

FIG. 10. Experimental~symbols! and calculated~lines! align-
ment values for the negative signatures of the~a! @402#5/2, ~b!
@523#7/2, and~c! @411#1/2 bands. Parameters used for the calcula
alignments are summarized in Table III and described in the te
04432
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f
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in the @411#1/2 band appears to be described best with
mixing of the normal, more-deformed, and aligned bands

A reasonable explanation for the adiabatic crossing
tween the@411#1/2 and @660#1/2 bands is now available
With a pair of quasineutrons occupying the@541#1/2 orbital
in the more-deformed@411#1/2 structures, its deformation
may be relatively close to that of the highly deforme
@660#1/2 sequence. The decay of then i 13/2 band into the
@541#1/2 band~Fig. 1! indicates that there is a strong likel
hood that these negative-parity quasineutrons are involve
the underlying structure of the highly deformed sequen
The occupation of theh9/2/ f 7/2 orbital has been found to pla
a significant role for highly deformed bands in Pr nuclei@2#
and are likely involved in then i 13/2 bands of Nd nuclei.
Since the@660#1/2 and the more-deformed@411#1/2 bands
likely have a relatively small deformation difference an
similar underlying structures, a scenario for an adiaba
crossing between the two bands is created.

Experimental observation shows no low-spin crossing
the @523#7/2 band; however, from inspecting Fig. 6 on
might expect an interaction to occur. The pair
quasineutrons occupying the@402#5/2 orbital could still scat-
ter into the@541#1/2 orbital and yet no such behavior is se
in the nh11/2 band. A possible explanation for this may b
found in a statement made previously in describing band
That is, the@523#7/2 band shows characteristics of a structu
with g deformation at lower spins. Nilsson-Strutinsky-BC
calculations indicate that any triaxial deformation~positive
or negative! moves the@541#1/2 orbital up in energy; there
fore, moving it away from the Fermi surface in131Nd. If the
calculations are correct, then the more-deformed band wo
be higher in energy and thus not as likely to interact stron
with the g ands bands.

Known structures in neighboring nuclei were examined
see if similar low-frequency interactions could be observ
In the N571 isotone133Sm @29#, no crossing is observed in
the @411#1/2 band; however, it was speculated from TR
calculations that a pair of neutrons initially occupy th
@541#1/2 orbital in the core of this structure. An interactio
near ;0.3 MeV in the @523#7/2 band has been associat
with a crossing of a more-deformed band. Thisnh11/2 struc-
ture exhibits virtually no signature splitting in energ
or B(M1)/B(E2) ratios; therefore it likely has little triaxia
deformation and thus the crossing may be seen in
@523#7/2 band of133Sm but not in131Nd. A low-spin inter-
action is not seen in the bands of129Ce @26#, but only struc-
tures built upon the@402#5/2, @523#7/2, and the@660#1/2 or
@541#1/2 orbitals were reported. Since none of these ba
experienced three-band mixing in131Nd, one would not ex-
pect a crossing for the bands in129Ce. Perhaps the best ev
dence of this interaction in another nucleus is the grou
state band of132Nd @35#. Figure 11 plots the alignments o
the ground-state bands for130Nd @48#, 132Nd, and134Nd @4#.
Although the h11/2 proton crossing is located near\v
50.35 MeV for 130Nd and 134Nd, the alignment apparently
occurs earlier~;0.3 MeV! in 132Nd. Such large shifts in the
proton crossing frequency are not observed in the even-e
Ce nuclei@33#, so it is possible that the more-deformed ba
is interacting with the ground and aligned bands just bef

d
.
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and into the proton crossing region. With the two intera
tions located so close to each other, it may appear as
crossing, but with a lower crossing frequency compared w
the neighboring130,134Nd nuclei as seen in Fig. 11. Three
band mixing calculations were performed for the groun
state band of132Nd; however, definitive results could not b
extracted due to the crossing observed immediately after
proton alignment~possibly caused by annh11/2 alignment! as
seen in Fig. 11.

B. Signature splitting in the †541‡1Õ2 band

Large energy splitting is expected between the signatu
for the @541#1/2 band as the decoupling parameter@37# in
K51/2 bands separates the signatures in energy. Ind
only the favored positive signature of the proton@541#1/2
band is observed in theZ571 165,167,169Lu @49–51# nuclei.
However, from Figs. 1 and 3~b!, one can see that both sig
natures of this band are observed, and that the energy s
ting at low spin is rather small. Figure 12 plots the energy
a given spin state~I! minus the average of the energies fro
the statesI 11 andI 21 versus spin for the@541#1/2 bands
in 129,131,133Nd in order to amplify signature effects. A few
trends can be recognized after inspecting this figure. Firs
lower spins the positive signature is found to be most
vored initially in 129Nd @52#, little splitting is observed in
131Nd, and the negative signature is favored in133Nd @14#.
Since the parentage of the@541#1/2 orbital is mixed between
theh9/2 and f 7/2 shells, the favored signature at low spin c
help determine which shell contributes the largest compon
to the wave function. The favored signaturea f can be deter-
mined by thej of the shell, wherea f5

1
2 (21) j 21/2. There-

fore, when the theh9/2 component is most dominant,a f5
1 1

2 as in the case for129Nd @Fig. 12~a!#. In 133Nd @Fig.
12~c!#, wherea f52 1

2 initially, it appears that thef 7/2 shell
is dominant and in131Nd @Fig. 12~b!# there is an equal mix-
ture. This trend is likely a result of the increasing deform

FIG. 11. Alignment plots for the ground-state bands
130,132,134Nd. Harris parameters ofJ0517\2/MeV and J1

526\4/MeV3 were used to subtract the angular momentum of
collective core.
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tion as the Nd nuclei become more neutron deficient. T
orbital originates from thef 7/2 shell; therefore at lower de
formations~e.g., in 133Nd) one expects this shell to be fa
vored over theh9/2. However, at larger deformations theK
51/2 orbital from theh9/2 shell crosses the@541#1/2 orbital
such that the dominant component is changed. Figure 12
displays a nice experimental verification of the ‘‘parenta
evolution’’ for the @541#1/2 orbital with deformation.

As the angular momentum is increased, the positive s
nature becomes more energetically favored and in fact
inversion takes place nearI 5 21

2 in 133Nd @see Fig. 12~c!#. At
higher spins, though, the negative signature becomes fav
for all three Nd nuclei. Figure 12 labels where these inv
sions approximately occur for each of the nuclei, and it c
be observed that with increasingN, the inversion happens a
a lower spin. The amplitude of the splitting after the inve
sion also increases withN. As stated previously, since non
of the other bands in131Nd ~or 129,133Nd) show similar sig-
nature effects after the proton crossing, perhaps there is
other three-quasiparticle band which strongly interacts w
the negative signature of the@541#1/2 band. There are only a
few negative-parity orbitals to consider which may intera
with the @541#1/2 band. The best possibility for the interac
ing structure is the favored signature of the@530#1/2 band
after theph11/2 alignment. Since the Fermi surface for133Nd
is closest to the@530#1/2 orbital ~see Fig. 6!, one might ex-
pect the crossing to occur at the lowest spin and have
largest effect in this nucleus as compared with129,131Nd.
This may also imply that the two negative-parityK51/2
orbitals are closer to each other than the calculations in

e

FIG. 12. Signature splitting of the@541#1/2 bands in~a! 129Nd,
~b! 131Nd, and ~c! 133Nd. The inversion point is marked in eac
panel with an arrow. The positive and negative signatures are
noted by solid and open symbols, respectively.
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6 suggest. However, without knowledge of the bandhead
ergies of both structures it is difficult to verify this stateme

VI. SUMMARY

Over 170 new transitions have been placed in the le
scheme of 131Nd. There is evidence to suggest that t
@660#1/2 and@541#1/2 sequences have high and intermedi
quadrupole deformations, respectively, while the@523#7/2
band may be triaxially deformed below the proton crossi
Several quasiparticle alignments were observed in the ba
which were interpreted with the cranked shell model. Thr
band mixing calculations were performed in order to und
stand the low-spin crossing in the@411#1/2 band. This cross
ing was reproduced best by considering a third ‘‘mo
deformed’’ band interacting with the ground and align
bands. These results are similar to those found in theA
'175 region where low-spin interactions are also seen@21#.
Inspection of the signature splitting plots for the@541#1/2
bands in129,131,133Nd reveals a consistent picture of the mi
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ing betweenh9/2 and f 7/2 parentage for the orbital as defo
mation increases. Signature inversions at higher spins w
also observed in the@541#1/2 bands and are possibly th
result of a crossing with another three quasiparticle band
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