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Over 240 transitions and three new rotational bands have been observed in the well-deformed, odd-odd
£2%Prso nucleus. The high-spin states were populated in two experiments usiigMbé*°Ca,3n) reaction at
beam energies of 170 and 184 MeV. Several structures were confirmed in the former experiment using the
Clarion and HyBall arrays with the recoil mass spectrometer at Oak Ridge National Laboratory. Gammasphere,
in conjunction with the Microball, were employed in the latter experiment at Argonne National Laboratory to
extend the sequences to very high spins. Rotational structuré&inwere also identified in thepn channel
of the same reaction. The recent discrepancies of spin assignments for the yrast b&fdS%m and the
interpretation of the lowest crossing in theh,;,, band in **’Pr are discussed. An adiabatic crossing of the
intruderi 13, neutron with one of the normal-deformed bands$3#Pr is observed at high rotational frequency.
Experimental trends in the signature inversion phenomenon aflthe,rh,4, bands in theA~ 130 region are
defined and prove to be surprisingly irregular with respect to those found imhhg.vi 3, bands of theA

~160 region.
DOI: 10.1103/PhysRevC.65.044329 PACS nunider21.10.Re, 23.20.Lv, 27.60]
[. INTRODUCTION nuclei with 156<A<180 have produced comprehensive

level schemes and valuable spectroscopic information exclu-
Historically, odd-odd nuclei have not received nearly assively obtainable from these complex nuclear systése,
much attention as their even-even and @ddiblings. Thisis  for example, Refs[1-4)).
primarily due to the complexity and high density of low- In the neutron-deficient mass 130 region, studies of odd-
energy states resulting from various couplings of valenceodd nuclei have proven to be fertile ground for nuclear struc-
protons and neutrons. While heavy-ion fusion reactions alture phenomena such as signature inverdibh) prolate-
low for the population of rotational bands well above this seaoblate shape competitiof6], highly deformed bandgsee
of states, positively identifying these structures with a parRef. [7] and references therginand most recently the pos-
ticular odd-odd nucleus can be quite difficult as they may besibility of chiral-twin bands[8]. However, little was known
based on low-energy isomers, and therefore are not seen in the nuclei approaching the proton drip line, as a sundry of
prompt coincidence with known transitions. However, with nuclei (>15) can be populated in the same experiment from
the advent of modern-day arrays, detailed studies of odd-odahultiple charged-particle emission channels of the proton-
rich compound nucleus. This made spectroscopic studies dif-
ficult asy rays from more than 15 different residual nuclei
*Permanent address: Faculty of Physics, St. Kliment Ohridskyare present. The development of light charged-partjote-

University of Sofia, BG-1164 Sofia, Bulgaria. tons and alphasdetector arrays with nearly coverage,
"Present address: Chemistry Department, Washington Universitguch as Microbal[9] and HyBall[10,11], in combination
St. Louis, MO 63130. with large Ge detector arrays, allows for the selectionyof
fAlso at Oak Ridge Institute of Science and Education, Oakrays in coincidence with a certain charged-particle channel.
Ridge, TN 37831. Thus, detailed spectroscopy is now possible in these nuclei
Spresent address: J. Stefan Institute, Ljubljana, Slovenia. that are far from stability.
IPresent address: Department of Nuclear and Atomic Physics, Tata Recently we reported the first evidence of excited states in
Institute of Fundamental Research, Mumbai 400 005, India. the odd-odd nucleu§®rs; [12], which is only two neutrons
TPresent address: Los Alamos National Laboratory, Los Alamosfrom the predicted proton drip linglL3]. From these same
NM 87545. experiments, we were able to positively identify three new
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rotational bands in'?®r. Over 140 new transitions were separateE, XE,XE, cubes, which made up-7.5% and
placed into one of the most extensive levels schemes in th&3% of the total number of events recorded, respectively.
region as it contains more than 240 transitions. In this paperl he RADWARE package was also used in the analysis of these

we describe thé2®Pr structures and provide a full discussion data. _ _

on the 12°r bands. We have confirmed and extended the D|re_ct|onal correlation _of oriented statg®CO) [1_8]
possible highly deformeergs/,vh; 1, band[14], along with analysis was performgd W|th the Gammasphere data in order
observing the influence of the deformation-driving;, neu- to determine the relative spin of the states. Asymmetric ma-

. ; . rices were created wheneray energies observed in the de-
tron at the highest frequencies. A systematic study of th ectors near 35° and 145° were histogrammed along one axis

signature inversionl phenomenon hz?\s been performed for thﬁ‘ld coincidenty rays found in detectors near 90° were his-
71120112 bands in theA~130 region. togrammed along the other axis. With a gate onE&{Al

=2) transitiorts), DCO ratios of 0.5 and 1.0 are expected for

Il. EXPERIMENTAL DETAILS pure dipole M1 andE1) and quadrupoleH2) transitions,

the fespectively. Tables | and Il contain the measured DCO ra-
tios along with energy, spin, and parity of the states, as well
as the energy and relative intensity of the depopulating
rays for 12%Pr and 1%%Pr, respectively.

The relative cross sections of ta@p(*?Ce), 4p(*?%Ce),
and 4pn(*?"Ce) channels, with respect to the strongest
3p(*?%Pr) channel, were determined from the total projection
of the ORNL experiment. Although the trigger conditions
employed for the experiment make absolute measurements

correlate the emittedy rays, evaporated charged particles of the rel_ative yields difficult, one may still extract areason-
i "able estimate for the production of these nuclei. Relative

| N ) )
and recoil mass on an event-by-event bagieays were de cross sections of othek=126, 127, 128, and 129 recoils

tected with the Clarion array, which consists of 11 clover Ge

detectors, and was complemented with ten smaller single"-"ere determined from mass-gated total projections and were

crystal Ge detectors. HyBall is an array of 95 Csl scintilla-nNormalized with respect to the channels specifically noted

tors coupled to photodiodes in ar4configuration for the above. The results are displayed in Table Ill, where the ex-

detection of light charged particles emitted by the com ound)erimenta! values are compa_red with the caiculated relative
9 gea p y P cross sections from HIVAP using a beam energy of 170 MeV

nuclei. Reaction products recoiling from the target were d dard ol A q " I
separated by the RMS at the focal plane according to thefind standar parametd]. A good agreement is generally

mass-to-charge ratid/Q. The RMS has acceptances of S€€" for all the channels except for the underestimation of
+10% in recoil ion energy and:5% in mass-to-charge ratio. the a2p channel. We have also provided in Table Ill the

A multiwired, gas-filled position-sensitive avalanche countel""bsome cross sections calculated by HIVAP in order to give
(PSAQ was used to detect the spatial distribution of the@N approximation obtr for each of the channels measured.
mass groups at the focal plane. The RMS was tuned for
central recoils of masg=129, energye=40.4 MeV, and
charge stateQ=20.5". A charge-reset foil was placed Previously, four structures have been associated with
~10 cm behind the target in order to improf&5] the de-  “*¥Pr. Watsonet al. [20] identified a strongly coupled band,
tection efficiency of recoils with highly converted transitions Which was confirmed in a recent publication with the present
near the ground state. Observation of tH#&r recoils im- data[12], as well as two other coupled sequences. Smith
proved by a factor of 2—3 with the reset foil. The trigger €t al. [14] reported a possibly highly deformed sequence
conditions consisted of either two Ge signals in coincidencdrom an experiment utilizing Gammasphere and the Mi-
with a PSAC signal(y-y recoil) or four Ge signals with a croball. From the present work, these four structures were
HyBall event. y rays associated with masses 126 and 12&xtended to higher spins and three new bands have been
were sorted into separafe, x E., matrices, as well a,, vs observed for the first time. Due to the extensive nature of the
charged particle matrices. A total f0.9x10° and ~4.5 level scheme, it has been divided into two parts, with pro-
x10° y-y events were observed in the 126 and 128 massPosed positive-parity bands shown in Fig. 1 and the
gated matrices, respectively. The data were analyzed with tHéegative-parity bands shown in Fig. 3. Unfortunately, no
RADWARE [16] suite of programs. connecting transitions between the positive- and negative-
Combining the power of the Gammasphere spectrometd?arity states were observed. As is common with most odd-
[17] with the Se'ectivity of the MicrobaﬂgL we performed a odd nuclei, the hIgh-SpIn structures could not be def|n|t|Ve|y
second experiment with an emphasis on populating the higHinked to the ground state, which is suggested to heve
est spin states possible. THCa beam was accelerated to an =(3") [21]; therefore, spin and parity assignments must be
energy of 184 MeV by the ATLAS facility at Argonne Na- considered tentative.
tional LaboratoryANL ). Gammasphere consisted of 99 sup-
pressed Ge detectors and collecte&80x 10° fivefold or
higher prompty-ray coincidence events. Events that were \Watsonet al.[20], using a mass separator with an array of
associated with the emission ap and 3 were sorted into  Ge detectors, observed the structure labeled as band 1 in Fig.

Two experiments were performed using
“Mo(*°%Ca,apn) and *Mo(*°Ca,3n) reactions to populate
high-spin states in?®Pr and 2%, respectively. In one ex-
periment, a thin £ 450ug/cn?) self-supporting®Mo target
was bombarded by a 170-Me¥’Ca beam, provided by the
25-MV tandem accelerator of the Holifield Radioactive lon
Beam Facility at Oak Ridge National Laboratd®RNL). A
combination of the Clarion Ge array, the HyBall Csl array,
and the recoil mass spectromet&MS) [11] was utilized to

A. The %Pr level scheme

1. Positive-parity bands it?%r
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TABLE I. Data for levels andy rays in *2%r.

|ra Ejepel (keV) E, (keV)° ,° DCO Multipolarity Bang‘

Band 1: 7Th11/2Vh11/2: a=0

(8%) X+93.5 93.5 e 0.608) M1/E2 1
(10" X+384.4 291.0 26l) 1.036) E2 1
156.8 974) 0.472) M1/E2 1
(12%) X+816.0 431.6 5@) 0.963) E2 1
220.4 663) 0.472) M1/E2 1
(14%) X+1381.6 565.6 5®) 1.004) E2 1
283.1 393) 0.392)f M1/E2 1
(16%) X+2062.7 681.1 4®) 0.994) E2 1
342.1 20.99) 0.476) M1/E2 1
(18" X+2835.8 773.1 3Q) 0.984) E2 1
395.0 11.96) 0.376) M1/E2 1
(20%) X+3683.2 847.4 20) 0.945) E2 1
444.6 6.04) 0.51(6) M1/E2 1
(22Y) X+4602.8 919.6 14(0) 0.967) E2 1
498.1 5.43) (M1/E2) 1
(24%) X+5606.5 1003.7 10(5) 1.1(1) E2 1
559.9 2.35) (M1/E2) 1
(26") X+6707.4 1100.9 5@) 1.0(1) E2 1
(28") X+7912.4 1205.0 2(8) (E2) 1
(30%) X+9224.3 1311.9 <2 (E2) 1
(32%) X+10641.9 1417.6 <2 (E2) 1
(34%) X+(12144 (1502 <2 (E2) 1
Band 1:7hqqovhyqp0, a=1
(7" X
(9%) X+227.6 227.6 14&) (E2) 1
134.1 =100 0.492) M1/E2 1
(11%) X+595.5 368.1 3@ 0.995) E2 1
211.1 834) 0.472) M1/E2 1
(13%) X+1098.4 502.9 3 1.047) E2 1
282.4 4%3) 0.392)f M1/E2 1
(15%) X+1720.2 621.8 3) 1.005) E2 1
338.7 281) 0.405) M1/E2 1
a7h) X+2440.5 720.3 3@) 1.01(5) E2 1
377.9 18.79) 0.375) M1/E2 1
(19Y) X+3238.0 797.5 2@) 0.979) E2 1
402.7 10.45) 0.41(6) M1/E2 1
(21%) X+4104.6 866.6 201) 0.849) E2 1
421.8 6.53) 0.438) M1/E2 1
(23%) X+5046.4 941.8 13(9) 1.0(1) E2 1
444.0 3.83) 0.51(6) M1/E2 1
(25) X+6074.4 1028.0 9(9) 1.0(1) E2 1
468.2 <2 (M1/E2) 1
(271 X+7193.5 1119.1 5(B) (E2) 1
(299 X+8405.4 1211.9 3@ (E2) 1
(31%) X+9708.3 1302.9 <2 (E2) 1
(339 X+11099.9 1391.6 <2 (E2) 1
(35%) X+12585.1 1485.2 <2 (E2) 1
(37%) X+14157.5 1572.4 <2 (E2) 1
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TABLE I. (Continued.)

|7a Elevel (keV) E, (keV)? 1, DCO Multipolarity Bang‘
Band 2:7hyqvhgp, a=1
(7 X+470.9 333.1 €
(97) X+741.2 270.3 <2 (E2) 2
356.8 <2 0.61) M1/E2 1
(119 X+1126.4 385.2 4(B) 1.078) E2 2
346.9 2.12) 0.7(1) M1/E2 3
(13%) X+1610.8 484.4 43) 0.927) E2 2
573.8 4.33) 0.91) E2 3
290.2 <2 (M1/E2) 3
(15%) X+2229.7 618.9 8% 0.995) E2 2
(17%) X+2942.9 713.2 8.) 1.076) E2 2
(19%) X+3742.6 799.7 6.4) 1.045) E2 2
(219 X+4621.5 878.9 6.3) 0.956) E2 2
(23" X+5580.7 959.2 3@ 1.2(1) E2 2
(25") X+6624.6 1043.9 2(®) 0.91) E2 2
(27" X+7748.5 1123.9 2(p) (E2) 2
(29") X+8931.2 1182.7 <2 (E2) 2
(31%) X+10163.2 1232.0 <2 (E2) 2
(33") X+11457.7 1294.5 <2 (E2) 2
(35") X+12825.9 1368.2 <2 (E2) 2
(37%) X+14273.6 1447.7 <2 (E2) 2
(399 X+(15791 (1517 <2 (E2) 2
Band 3:a=0
(10" X+779.2 210.9 3. (M1/E2) 3
(12%) X+1320.4 (541 <2 (E2) 3
283 <2 (M1/E2) 3
(14) X+1989 669 <2 (E2) 3
Band 3:a=1
(97 X+568.6 183.5 <2 (M1/E2) 1
(11%) X+1037.0 468.4 <2 (E2) 3
257.2 3.42) (M1/E2) 3
220.6 2.64) (M1/E2) 1
(139 X+1665 628 2.8) (E2) 3
345 <2 (M1/E2) 3
Band 4:a=0
(14) X+2123.2 264.3 3@ (M1/E2) 4
536.2 3.33)
741.6 <2 (E2) 1
1024.7 <2 (M1/E2) 1
(16") X+2773.8 650.6 4@ (E2) 4
324.5 3.96) (M1/E2) 4
(18" X+3523.3 749.5 3@ (E2) 4
378.6 4.33) (M1/E2) 4
(20") X+4353.0 829.7 4@ (E2) 4
420.8 3.02) (M1/E2) 4
(22") X+5252.8 899.8 5@ (E2) 4
458.4 2.92) (M1/E2) 4
(24") X+6231.0 978.2 33 (E2) 4
501.5 <2 (M1/E2) 4
(26") X+7298.9 1067.9 <2 (E2) 4
548.2 <2 (M1/E2) 4
(28") X+8464.2 1165.3 <2 (E2) 4
(30") X+9727 1263 <2 (E2) 4
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TABLE I. (Continued.)

|7a Eevel (kEV) E, (kev)® 1, DCO Multipolarity Bang‘
Band 4:a=1
(13%) X+1858.9 (1049 <2 (M1/E2) 1
(15%) X+2450.1 591.2 3@ (E2) 4
326.5 5.18) (M1/E2) 4
(179 X+3146.1 696.0 40 (E2) 4
371.4 4.94) (M1/E2) 4
(199 X+3933.3 787.2 3® (E2) 4
408.3 2.52) (M1/E2) 4
(21) X+4795.6 862.3 3® (E2) 4
441.2 2.92) (M1/E2) 4
(23%) X+5731.5 935.9 3® (E2) 4
477.5 <2 (M1/E2) 4
(25") X+6752.0 1020.5 2@ (E2) 4
519.1 <2 (M1/E2) 4
(27 X+7866.5 1114.5 <2 (E2) 4
(29") X+9079.1 1212.6 <2 (E2) 4
(319 X+10386 1307 <2 (E2) 4
Band 5:mhyov(d3n/S10), =0
(67) Y+151.8
Y+387.9 236.1 3.8) (E2) 5
147.0 191) 0.6(1) M1/E2 5
2715 7.06) 0.6(1)
(107) Y+788.3 400.4 161 1.0009) E2 5
243.0 8.26) 0.811) M1/E2 5
226.3 3.13) 0.811) M1/E2 6
(127) Y+1317.8 529.5 17(®) 1.0009) E2 5
332.5 2.12) (M1/E2) 5
303.0 4.13) (M1/E2) 6
(147) Y+1954.7 636.9 16[®) 1.001) E2 5
355.6 3.73) (M1/E2) 6
(167) Y+2676.6 721.9 10@) 1.1(2) E2 5
393.9 3.03) (M1/E2) 6
(187) Y+3467.1 790.5 92(®) 1.2(1) E2 5
(207) Y+4321.0 853.9 5@) (E2) 5
(227) Y+5243.2 922.2 3®) (E2) 5
(247) Y+6231.0 987.8 2®) (E2) 5
(267) Y+7278.4 1047.4 <2 (E2) 5
(287) Y+8391.3 1112.9 <2 (E2) 5
(307) Y+9577.5 1186.2 <2 (E2) 5
(32) Y+10839.4 1261.9 <2 (E2) 5
(34) Y+12173.8 1334.4 <2 (E2) 5
(367) Y+(13589 (1410 <2 (E2) 5
Band 5:mhqq,v(dsn/Sy0), @=1
(77) Y+240.9 89.0 € M1/E2 5
97) Y+545.3 304.4 11.@) 1.001) E2 5
157.5 11.17) 0.7(2) M1/E2 5
283.2 4.24) (E2) 6
180.6 14.27) 0.8(1) M1/E2 6
(117) Y+985.1 439.8 28) 1.039) E2 5
196.9 3.53) (M1/E2) 5
424.0 11.46) 0.91) E2 6
(137) Y+1546.6 561.5 2a) 1.002) E2 5
(15) Y+2212.8 666.2 2d) 1.1(1) E2 5
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TABLE I. (Continued.)

|7a Eevel (kEV) E, (kev)® 1, DCO Multipolarity Bang‘
a7) Y+2957.9 745.1 15(8) 1.1(1) E2 5
(197) Y+3761.7 803.8 11(B) 1.2(1) E2 5
(217) Y+4632.5 870.8 6.2) 1.1(1) E2 5
(23°) Y+5597.1 964.6 5@) (E2) 5
(257) Y+6669.0 1071.9 30) (E2) 5
(27) Y+7861.1 1192.1 <2 (E2) 5
(297 Y+9122.8 1261.7 <2 (E2) 5
(31) Y+10419.7 1296.9 <2 (E2) 5
(33) Y+(11774 (1354 <2 (E2) 5
Band 6:hyvdg;,, a=0
(87) Y+364.5 102.2 6.3) (M1E2) 6
123.8 191) 0.525) M1/E2 5
248.1 9.95) 0.578)
(10) Y+750.9 386.4 200) 1.007) E2 6
189.5 11.06) 0.51(5) M1/E2 6
206.3 9.06) (MLE2) 5
(127) Y+1272.5 521.6 24) 1.0609) E2 6
257.1 11.46) 0.485) M1/E2 6
(147) Y+1906.7 634.2 2Q) 0.997) E2 6
307.4 5.84) 0.4(1) M1/E2 6
(167) Y+2627.9 721.2 15(8) 1.006) E2 6
344.7 2.82) (M1/E2) 6
(18") Y+3411.3 783.4 10(B) 0.949) E2 6
368.1 <2 (MLE2) 6
(207) Y+4241.3 830.0 6.4 1.02) E2 6
(227) Y+5154.1 9128 3(B) (E2) 6
(247) Y+6180.6 10265 2@) (E2) 6
(267) Y+7316.9 1136.3 <2 (E2) 6
(28) Y+8547.0 1230.1 <2 (E2) 6
(30) Y+9815.8 1268.8 <2 (E2) 6
(32) Y+(11115 (1299 <2 (E2) 6
Band 6:7hyyvds;,, a=1
(77) Y+262.4 110.9 € 0.537) M1/E2 5
(97) Y+561.5 299.1 11.(b) 0.91(9) E2 6
197.0 12.66) 0.494) M1/E2 6
3208 <2 (E2) 5
173.7 6.94) 0.728) M1/E2 5
(117) Y+1015.3 453.8 12(®) 1.01) E2 6
264.2 16.08) 0.444) M1/E2 6
470.4 4.54) (E2) 5
226.7 6.45) (MLE2) 5
(13") Y+1599.1 583.8 15@®) 0.9209) E2 6
326.6 6.84) 0.41(4) M1/E2 6
280.8 3.02) (MLE2) 5
(157) Y+2283.1 684.0 17(®) 1.067) E2 6
376.7 5.33) 0.378) M1/E2 6
a7) Y+3042.7 759.6 94) 1.1(1) E2 6
415.0 2.14) (M1E2) 6
(19) Y+3861.7 819.0 6.) (E2) 6
449.9 <2 (MLE2) 6
(21) Y+4731.8 870.1 38 (E2) 6
490 <2 (MLE2) 6
(23) Y+5696.6 964.8 2@) (E2) 6
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TABLE I. (Continued.)

|7a Elevel (kEV) E, (kev)® 1, DCO Multipolarity Bang‘
(257) Y+6778.5 1081.9 <2 (E2) 6
(27) Y+7948.9 1170.4 <2 (E2) 6
Band 7:7ggpvhiy, a=0
(107) Z+242.4 242.4 e (M1/E2) 7
(12) 7+792.3 549.9 8.06) (E2) 7
285.0 473 (M1E2) 7
(14) 7+1416.5 624.2 9.®) (E2) 7
3206 2.52) (MLE2) 7
(167) 7+2109.1 692.6 9®) (E2) 7
354.9 <2 (M1E2) 7
(18°) 712868.8 759.7 6.6) (E2) 7
388 <2 (M1/E2) 7
(20) 7+3694.9 826.1 4®) (E2) 7
(22°) 7+4587.6 892.7 3@ (E2) 7
(24°) 7+5552.8 965.2 202 (E2) 7
(267) 7+6596.3 10435 <2 (E2) 7
(28) 7+7720.4 1124.1 <2 (E2) 7
(301) 7+8924.0 1203.6 <2 (E2) 7
(32) 7+10205.7 1281.7 <2 (E2) 7
(34) Z+11560.1 1354.4 <2 (E2) 7
(367) 7+(12977 (1417) <2 (E2) 7
Band 7:m7ggpvhiyp, a=1
9) z
(11°) 7+507.5 507.5 8.8) (E2) 7
264.9 7.24) (M1E2) 7
(13) 7+1095.7 588.2 1066) (E2) 7
303.3 3.93) (MLE2) 7
(157) 7+1754.2 658.5 10(6) (E2) 7
337.7 2.42) (M1E2) 7
(17) 7124806 726.4 10(5) (E2) 7
371.8 <2 (M1/E2) 7
(19) 7+3275.3 794.7 5@) (E2) 7
(21) 7+4133.3 858.0 3®) (E2) 7
(23) Z+5061.8 928.5 2@) (E2) 7
(257) 7+6065.3 10035 <2 (E2) 7
(27) 7+7150.0 1084.7 <2 (E2) 7
(297) 7+8315.9 1165.9 <2 (E2) 7
(31) 7+9558.2 1242.3 <2 (E2) 7
(33) 7+10876.5 13183 <2 (E2) 7
(357) 7+12263.2 1386.7 <2 (E2) 7
(37) Z+(13722 (1459 <2 (E2) 7

aSpin and parity of the initial state.

bUncertainties inE, are 0.2 keV for most transitions except for relatively weak transitions, which are 0.5
keV.

‘Relative intensity of the transition, whete(134)=100.

9Band where the final state is located.

€Intensity could not be determined.

fUnresolved doublet.

1. This sequence was also identified in the=128 matrix  three protons. Thus, an unequivocal assignment of band 1 to
from the ORNL data, and a sample spectrum is shown in Fig*?®r can be made as it is the only mass 128 nucleus to result
2(a). In addition, from a gate on the strongest and cleanesirom a 3pXn channel in the given reaction. Band 1 was
transitions for band 1 in the vs charged particle matrix, the extended froml =(30") [14] to (37")#4 in the Gammas-
band could be positively associated with the emission ophere data as seen in the inset of Fig)2The intensity of
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TABLE Il. Data for levels andy rays in *2%r.

PHYSICAL REVIEW C 65 044329

TABLE 1l. (Continued.)

17 Epeel (keV) E, (keV)® 1.5 DCO  Multipolarity

172 Ejeper (keV) E,(keV)® 1,° DCO Multipolarity

Band 1:’7Th11/21/h11/2, a=0

(8%) X+105.5 1055 9 0.417) M1/E2
(10") X+415.9 3104 28 (E2)
167.4 998) 0.557) M1/E2
(12") X+851.8 4359 6(6) 1.011) E2
2255 685 0.497) M1/E2
(14")  X+1409.5 557.7 5&) 1.0(1) E2
283.7 343) 0.478) M1/E2
(16") X+2080.4 6709 5% 1.12) E2
3435  262) (M1/E2)
(18") X+2852.9 7725 4@ (E2)
403.4  131) (M1/E2)
(20") X+3715.3 862.4 2@) (E2)
463 q1) (M1/E2)
(22") X+4663.3 948.0 2Q) (E2)
(24") X+5700.9 1037.6  1@) (E2)
(26") X+6839 1138 e} (E2)
(28") (X+8085) (1246 <5 (E2)
Band 1:mhyyovhyqp, =1
(9%) X+248.6 2484 2@ (E2)
143.1 =100 0.515) M1/E2
(11") X+626.4 377.8 4@ 1.001) E2
210.6 827) 0.425) M1/E2
(13") X+1125.9 4995 4@) 0.91) E2
273.8  444) 0.41(6) M1/E2
(15") X+1737.5 6116 56) 1.2(2) E2
327.4  3@3) (M1/E2)
(177) X+2449.9 7124 55) (E2)
369.1 252 (M1/E2)
(19") X+3251.9 802.0 44 (E2)
399.1  1Q1) (M1/E2)
(21") X+4136.4 8845 2®) (E2)
422 1) (M1/E2)
(23") X+5103.6 967.2 2@ (E2)
(25") X+6158.3 1054.7 1@®) (E2)
(277) X+7305.1 1146.8 1) (E2)
(29") X+8545.1 12400 @) (E2)
(317) X-+9865 1320 <5 (E2)
(33") X+11216 1351 <5 (E2)
Band 2:mwhqqovhgp, a=1
(57) Y+105.5 1055 9 0.62)
(7Y)  Y+273.3 167.8 2MB) 0.944) E2
(9%) Y+553.2 279.9 4®@) 0.924) E2
(11%) Y+946.3 393.1 48) 1.004) E2
(13") Y+1445.1 498.8 4@ 1.205) E2
(15")  Y+2039.6 5945 4®) 1.165) E2
(177) Y+2721.5 681.9 3®) 1.046) E2
(19%) Y+3485.2 763.7 3®) 1.21(6) E2
(21%) Y+4328.7 8435 2@ 1.026) E2
(23") Y+5251.5 922.8 1@ 0.997) E2
(25") Y+6254.6 1003.1  1®) (E2)
(27%) Y+7337.7 1083.1  1@) (E2)
(29") Y+8499.5 1161.8 @) (E2)

(317)  Y+9738.0 12385 <5 (E2)
(33")  Y+110515 13135 <5 (E2)
(357)  Y+12444.0 13925 <5 (E2)
(37")  Y+13923 1479 <5 (E2)
(39")  Y+15500 1577 <5 (E2)
(41%) (Y+17151) (1651 <5 (E2)

aSpin and parity of the initial state.

PUncertainties inE,, are 0.2 keV for most transitions except for
relatively weak transitions, which are 0.5 keV.

‘Relative intensity of the transition, whelg(143)=100.

dIntensity could not be determined.

this structure(see Table )l indicates that it is the yrast se-
quence over the majority of the observed spin region. Parity
and spins were assigned based on the proposed configuration
described in the following section and the systematics of Liu
et al.[5], which led to an assignment offllower than that
suggested in Ref14]. A more detailed discussion of the spin
assignment follows in Sec. Il B.

Band 2 is a new doubly decoupled structure, which was
found only in the Gammasphere data. Near the bottom of the
band, linking transitions to both bands 1 and 3 were ob-
served, as shown in Fig. 1. Indeed, transitions from these
latter structures can be observed in the spectrum displayed in
Fig. 2(b), which is a sum of many double-gated spectra
above the (13) level in band 2. The 357-keV transition that
feeds the (10) state in band 1 has a DCO ratio of QLp
indicating that it hag\| = 1. If a spin of (11") is given to the
state from which the 357-keV transition depopulates, band 2
would become yrast with respect to band 1lat(15").

TABLE Ill. Experimental and calculated relative cross sections
for “°Cat %Mo reaction atE,,,= 170 MeV.

Channeét  Nucleus Experimental Calculated Calculated
relative relative absolute
Cross Cross Cross
section(%)°  section(%)? section(mb)
2pn 129\d 40(6) 35.9 48.1
2p2n 128\d 3.05) 2.6 35
3p 2% =100 =100 134
3pn 128pp 304) 28.1 37.7
ap 127pr <3 4.6 6.2
apn 126pr 21) 1.9 2.5
4p 128Cce 442) 47.2 63.2
4pn 121ce <5 1.1 1.4
a2p 126ce 774) 17.0 22.8

8Charged particle emission channel from th&Sm compound
nucleus.p, n, and « denote emitted proton, neutron, and alpha
particles, respectively.

bRelative cross section with respect t&Pr.
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FIG. 1. Partial level scheme 0f®Pr, depicting the proposed positive-parity bands. The width of the arrows is proportional to the
transition’s relative intensity. Tentative transitions and levels are denoted with dashed lines. Configurations for some of the sequences are
also provided. All spins and parities are considered tentative.
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FIG. 2. (a) Spectrum of band 1 if?Pr. The
spectrum was produced by a sum of gates on the
134-, 157-, 211-, 220-, and 282-keV transitions in
the A=128 matrix from the ORNL experiment.
The inset displays the high-energy portion of the
band obtained from the Gammasphere déaba.
Spectrum of bands 2 and 3 produced by summing
many double-gated coincidence spectra above the
(13") level. The inset displays the high-energy
portion of the band(c) Spectrum of band 4 ob-
tained from all possible combinations of double
gating on most of thé\ | =1 in-bandy rays. The
inset displays the high-energy portion of the
band. In panelgb) and(c), peaks marked with a
X are transitions from band 1. Peaks denoted
with a C are contaminant transitions.
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However, the intensities of the two structures do not support 2. Negative-parity bands if?®Pr

this assignment. Instead, &r-1+1 assignment is given 0 Thg rotational sequences that are suggested to have nega-
the 357-keV'y ray, which makes band 2 nonyrast at lOWer e narity are shown in Fig. 3. Figurea displays a spec-
spins, but it is nearly yrast at the highest spins. This reIatwqrum of a band found in th&= 128 matrix from the ORNL

spin ass_|gnment |_s.conS|s_tent with the observed mt_ens't'.e%ata. Similar to band 1, the strongest and cleanest transitions
The assigned positive parity was based on the configuration

assignment(see below, which is consistent with band 2 Wwere found in coincidence With the gmissiqr_l of t.hree.pro-
feeding into other proposed positive-parity states. t_ons._ TT;J s, band fas '?"be'ed n F|g_. Bis positively identi-
The short sequence of new levels labeled as band 3 in Fig{'.ed in *#%r, and confirms the assignment of Watsnra_l.
1 is mainly populated by the feeding transitions from band 2[20]- The Gammasphere data allowed for the extension of
The 347-keV linking transition from band 2 to band 3 wasthis structure to high spins as shown in the inset of Fig).4
found to have a DCO ratio of 0(%) indicatingAl =1, while N addition, a short sequence was found to feed into band 5 at
the 574-keV linking transition has a DCO ratio of @y | =(25") (see Fig. 3 The signature partner for band 5 was
which suggesta | =2. Thus the relative spin assignments of Not observed in the ORNL matrix, but could be observed in
band 3 could be made as shown in Fig. 1. The 574-kedy  the Gammasphere cube and a spectrum is displayed in Fig.
is the strongest feed-out transition from band 2, which is4(b). Many transitions in Fig. é) (denoted with an asterisk
likely due to mixing between thé=(13") states of these are found corresponding tg rays in band 6, which is the
two bands. This mixing confirms the relative spins as well agesult of a strong interaction between the bands at lower
the fact that band 3 has the same positive parity as band 2spins(see Fig. 3. Tentative spin assignments were based on
A weak, strongly coupled structure was observed in thean analysis of the proposed configuration and the initial
Gammasphere data and has been labeled as band 4 in Fig.alignment of the band, as described in Sec. llIA2. With
A spectrum is provided in Fig.(2), which shows that band 4 the given spin assignment, band 5 was extended from
is in coincidence with band 1. In fact, as shown in Fig. 1, thel =(177) to (36 ). The strong interaction of bands 5 and 6
decay out of band 4 is highly fragmented while feeding intoindicate that they have the same parity. The in-beam proper-
the yrast structure. Unfortunately, due to the weakness of thiées of band 6(see below strongly suggest a configuration
band, DCO ratios could not be extracted for the linking orwith negative parity; therefore, band 5 is also given negative
in-band transitions. Tentative spin assignments were baseqghrity.
on intensity and excitation energy considerations. Since none The structure labeled as band 6 in Fig. 3 was observed in
of the strongly populated, negative-parity bands were foundboth the ORNL and ANL data sets. The spectrum provided in
to interact with band 1, band 4 has been given positive parityFig. 4(c) came from the Gammasphere cube, which displays
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FIG. 3. Partial level scheme 0f%r, depicting the proposed negative-parity bands. The width of the arrows is proportional to the
transition’s relative intensity. Tentative transitions and levels are denoted with dashed lines. Configurations for some of the sequences are
also provided. All spins and parities are considered tentative.

both signatures of this strongly coupled sequence. Due to thiat is depopulated by a 116-keV transitieee Fig. 3. The
aforementioned interaction between bands 5 and 6, man®CO ratios(~0.6) of the 272- and 248-keV linking transi-
transitions originating from band 5 are observed in Fig) 4 tions from bands 5 and 6, respectively, indicate that they are
and are denoted with a plus sign. DCO analysis of the linkdipole transitions withAl =1; however, the parity of th

ing transitions(see Table)l fix the relative spins of band 6 + 116-keV state could not be determined.

with respect to band 5. As previously stated, the parity Band 7 was previously reported by Smihal. [14], but
assignment of this structure was based on the proposdihking transitions to known states could not be established.
configuration discussed below. Band 6 was extended fromunfortunately, this structure was not observed in the ORNL
I=(16") to (32") and a small sequence of transitions wasexperiment and connecting transitions were not observed in
also observed to feed into the (1Pstate. The (8) statesin the Gammasphere data. However, the relative intensity of
both bands 5 and 6 were found to feed into a statdand 7 to band 1 is similar to that reported in Ra#|, thus
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FIG. 4. (a) Spectrum of thex=1 signature of
band 5 from theA=128 mass-gated matrix from
transitions in coincidence with 181-, 304-, and
440-keV vy rays. The high-energy inset displays
the extension of this signature to high spin from
the Gammasphere cul®) Spectrum of thexr=0
signature of band 5 from the Gammasphere data
resulting from the sum of double-gated coinci-
dence spectra above the ()2evel. In panelga)
and (b), peaks marked with an asterisk are tran-
sitions originating from band 6c) Spectrum of
band 6 with the high-energy portion shown in the
inset. Transitions originating from band 5 are de-
noted with a plus sign(d) Spectrum of band 7
from double gating the 242- and 265-keMays
with all coincident Al=2 in-band transitions.
The inset displays the high-energyrays in the
band. In panelgb), (c), and (d), peaks labeled
with a C are contaminant transitions.
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suggesting that it is indeed associated wWifPr. Figure 4d)  of the remaining peaks of Fig.(® in the Gammasphere
displays a spectrum of this sequence where one may notiddibe, which containeg rays associated with thep chan-
that none of the previously established transitions'3#Pr ~ nel. A sample spectrum is given in Fig(b that shows a
can be observed. This fact suggests that the lowest state $&ongly coupled sequence. This structure was not observed
likely isomeric with a lifetime that is longer than the prompt in cubes coincident with the [£3p,4p,a2p,2ap, or 2a
coincidence window of~80 ns. The isomeric state must be channels, thus confirming that the band results from an
the band head of the structure; therefore, the proposed compXn emission. Combining the facts that the band(ils
figuration(see belowwould give aK™ value and band head correlated with mass 126 from the ORNL experiment @ind
spin of (87). Band 7 was also extended byiénd 4% inthe  associated with the emission of anparticle and a proton
a=0 and 1 signatures, respectively, compared with the obfrom the ANL experiment, it must be identified witkPr. A
servations in Ref[14]. level scheme for'?%Pr is shown in Fig. 6 and this yrast
sequence is labeled as band 1.
A comparison of the level energies in the yrast structures
B. The ™%Pr level scheme of odd-odd *?6-13®r (including band 1 from botH?%r and

Results on'?%Pr from these experiments have been pub-'?%r) is shown in Fig. #®). Similar to the procedure of Liu
lished elsewhergl2]; however, a more detailed discussion et al. [5], the | =(10") state is set to 0 keV such that the
of the bands shall be addressed in the present work.AThe relative level energies for higher-lying states may be com-
=126 matrix from the ORNL experiment was dominated bypared. A smooth systematic trend may be observed in the
transitions from thea2p channel {?°Ce [22]). y rays in  energy levels with our proposed spins for band £3H'%%r.
coincidence with arnx particle and two protons were sub- However, Petrachest al. [23] recently suggested that the
tracted from theA=126 projection with the resulting spec- spins of these bands should be raised by two units af
trum shown in Fig. &). Coincidence gates were set on eachcomparison with our assignments. An interacting-boson-
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fermion-fermion calculation and comparison of alignmentstransition. Thus, it has been assumed that this low-energy
with the yrast band in*%r were used to support their argu- transition is a decay out of the band. The tentative parity and
ment. Assigning spins to odd-odd bands is always difficultspin assignments are based on the given configurdsiea

but this suggestion would cause a severe discontinuity in theelow) and energy systematics of similar bands found in

energy level systematidsee Fig. 9 in Refl23]) between the heavier Pr nuclei.

N=71 and 69 nuclei. Energy level systematics from the

ground-statephy,,,, and why,, bands in even-even Ce& ( I1l. CONFIGURATION ASSIGNMENTS

=58), oddA Ce, and oddA Pr nuclei, respectively, are . . 12712 ,
shown in Fig. Tb). The I=9/2" and 11/2 states in the In the neighboring odd Pr[25,26] nuclei, the se-

vhy1, and 7hyq, bands, respectively, were set to 0 keV in 44€NCce based on @, low-K proton ([541]3/2) is found
to be much lower in energy than any other configuration.

order to do the comparison. No irregularities are found in
P g However, structures based on thés;,/g7411]3/2

any of the nearby nuclei as seen in Figb)7 therefore, it
would be difficult to understand why a discontinuity in odd- 21 9e4 404]9/2 protons are also observed. In the nearby

odd Pr nuclei would exist. Instead, we suggest that our spifddN soNd [27] nucleus, four bands originating from

assignments are more consistent with the experimental datd® N1vd 523]7/2hep/f74 54111/2dg//5,4 411]1/2,  and

of nearby nuclei, and additional support is also given in Secdsd 402]5/2 orbitals were seen. Thus, combinations of these

Il C based on relative alignments witfPr. protons and neutrons were primarily considered for the con-
A decoupled sequence, shown in Figc)5was observed figurations of the bands ir1126'12£i_3r. Band characteristics

in the Gammasphere data and associated withath&n such as allgnmentg, band crpssm:@i]\/l 1)/B(E2) ratios,

channel in a similar manner as described for band #§gr.  and signature s_,pllttln_g were investigated in order to assign

The intensity of this structure was found to be larger tharih® proper configurations.

either of the yrast bands if?°Pr [24] (ap2n channel or

127pr [25] (ap channel. Thus, it is tentatively assigned to A. Alignments and band crossings in'?%r

the apn channel and is included as band 2 in the level

scheme of'?%Pr in Fig. 6. Band 2 was not identified in the

ORNL experiment as the population intensity was likely be- An alignment plot of the structures it*%r is shown in

low the experimental sensitivity level. Therefore, we cannotFig. 8. The same Harris parameters &= 18:%/MeV and

completely rule out the possibility that band 2 belongs to.7;= 2244 MeV?® employed for'?’Pr[25] were used to sub-

another nucleus. DCO ratios indicate that the in-band transtract the core angular momentum. Cranked shell model

tions are ofE2 character, while the 106-keyray is a dipole  (CSM) [28] calculations were performed to help interpret the

1. Positive-parity bands
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FIG. 7. (a) Energy level systematics of yrast bands in odd-odd
Pr nuclei. Following the procedure of Liet al. [5], the |=(10")
state was set to 0 keV such that the relative level energies for
higher-lying states may be comparéH) Energy level systematics
of the ground-state bands in even-even(filled squarel a=+1/2
signature of thevhy;,, band in oddA Ce (open squargsand the
mhyy,band in oddA Pr(open triangles The 9/2° and 11/2 states
in the vhy4, and why4, bands, respectively, were set to 0 keV.

observed crossings and are shown in Fig. 9. Deformation
parameters were taken from a total Routhian surfddeS)
calculation.

A large initial alignment(~6#) is observed for band 1 in
Fig. 8@ and an alignment gain of 5—% is found in both
signatures atiw~0.41 MeV. The 7(ds;/g7) bands in
121,121 experience an alignment gain ofL0% just below
0.3 MeV, which is due to the breaking of the lowest pair of
hy1/» protons from their time-reversed orbits and aligning
their angular momenta along the nuclear spin axis. This is
often referred to as theyF, band crossing and one may see
that the CSM predicts that this will occur at 0.3 MeV in Fig.
9(a). However, no such crossing is found in band 1*&#Pr,
indicating that arh;4, proton must be involved in the con-
figuration to Pauli block thée F, crossing. The alignment
gain near 0.4 MeV is attributed to the secanmgd,, proton

FIG. 6. Level scheme of?®r. The width of the arrows is pro- crossing £,Gp), which is lower than the CSM predicted
portional to the transition’s relative intensity. Tentative transitionsvalue of ~0.48 MeV[see Fig. @a)]. In addition, the align-
and levels are denoted with dashed lines. Configurations for thenent of the lowesh,,;,, neutrons(known as theEF cross-

sequences are also provided.

ing), which is observed in some of the other bands'afPr
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FIG. 8. Alignments for the bands if?%r.
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FIG. 9. Cranked shell model calculaté quasiproton andb)
quasineutron Routhians. The deformation paramégérswn at the

near 0.6 MeV(see below, is blocked in band 1. Hence, the
whqqovhqq, configuration has been assigned to this struc-
ture. The Gallagher-Moszkowski ru[@9] states that when
both the valence proton and neutron in an odd-odd nucleus
originate from shells with parallel spin angular momenta, the
K of the band is equal to the sum &f values from the
unpaired nucleons. Such is the case fortg,,vh,,,, cON-
figuration, and thu& "=5" has been assumed for band 1.

The fact that band 2 is a decoupled sequence indicates
that a lowK proton and neutron are likely responsible for the
band. A blocking of thée ,F, crossing and the observation of
theF ,G, crossing atiw~0.42 MeV in band 2see Fig. 83)]
implies theh,,,, proton is involved. A crossing is observed at
0.60 MeV, which we associate with tHeF neutron align-
ment. CSM calculations predict this neutron crossing to oc-
cur near 0.47 Me\[see Fig. ®)]; however, delayedEF
alignments have also been observedilia 70 Ce nucle[30].
The forcés) responsible for this delay is likely producing the
same effect in'%pPr. In 3%r [31], the whyyw(hg/f7))
band is found to lie high in energy with respect to the yrast
sequence at low spin, but approaches the yrast line at the
highest spin. This is due to a higher deformation in the
whyv(hgp/f70) sequence as measured by Kondshal.
[31]. Band 2 behaves in a very similar manner, thus this
same configuration is assigned to the decoupled structure in
128y, Depending on whether the mixed parentage of the
[541]1/2 orbital is more dominantly,, or hes,, a parallel or
antiparallel combination of the spin angular momenta is pos-
sible. Thus, this structure may havekd of either 2" or 17,
respectively.

Although band 3 is a short sequence, it is possible to
suggest a configuration assignment based on the observed

top of figur were determined by TRS calculations. Interpretation Properties. Figure@) shows that this band has a large align-
of the lines is displayed at the top of the figure. Some of thement(~5%), but is ~1% less than that seen in band 1. The
lowest-lying lines are designated with their configuration whenlarge alignment strongly suggests that the,, proton is in-

fiw=0 MeV.

volved in the configuration of band 3. As the structure likely
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has positive parity, a negative-parity neutron must be The alignment for band 6 is nearly identical to the-1
coupled with theh,,,, proton. The negative-parity neutron signature of band 5, as one can see in Fig).8The F,G,
orbitals nearest to the Fermi surface d@®23]7/2 and andEF crossings are observed fbw~0.39 and>0.6 MeV,
[541]1/2; however, only the[523]7/2 would produce a respectively, in both bands. As little signature splitting is
strongly coupled sequence as band 3 appears to b&®n  found for band 6, a high& neutron is likely coupled with the
[26], the unfavored signature of thehy;, band has been hiy, proton. Since thg523]7/2 neutron has already been
observed to have-1# less in alignment than the favored associated with bands 1 and 3, it was not considered for band
signature. This is similar to the difference between bands 6. Theds 402]5/2 orbital is the next closest high-orbital
and 3 in Fig. 8a). Therefore, band 3 is suggested to have thgo theN=69 Fermi surface as seen in FighPand observed
hy1whyy» configuration, where the unfavored signature ofin **Nd [27]. Indeed, an excellent agreement between theo-
the hy,,, proton is involved. Observed bands based on unfaretical B(M1)/B(E2) values for therh,,,,vds, configura-
vored couplings of nucleons in odd-odd nuclei are rare, bution and the experimentally determined transition strength
have been seen as #i*Tm [3]. With the unfavored signature ratios for band 6 is foundsee below. Therefore, the
of the proton, an opposité coupling, with respect to band 1, 7h;4,,vds;, assignment is given to band 6, which suggests
must be used; therefore, the difference betweerktialues that the structure has negative parity aq8=4".
suggestK ™=2" for band 3. This assignment offers a reason Band 7 was previously identified as thyo,,vh;4/, cOn-
for why band 2 favors feeding into band 3, whex& =0 or  figuration by Smithet al. [14]. The lower initial alignment
1, versus feeding into band 1, whetk =3 or 4 is classi- seen in Fig. &) and the identification of th&,F, crossing
cally forbidden. near 0.3 MeV indicate a proton other than thg, proton is
The alignment of band 4 has been plotted in Fi¢h)8 involved. Bands based on tlyg,, proton have been observed
along with thea=1 signature of band 1. One may see thein many Pr nucle{14,32, and it would most likely couple
striking similarity between these bands as they have nearlyith the yrasth,,,, neutron. Confirmation of this assignment
the same amount of alignment throughout the observed fresan be observed in Sec. 11l B, where the theoretical and ex-
quency range of band 4. The blocking of tBgF, andEF perimentaB(M 1)/B(E2) ratios are in good agreement. The
crossings and the observation of thgG,, crossing indicate lack of decays from higher spin states in band 7 indicates
that theh,,,, proton and neutron are involved in the configu- that it does not mix with the other structures, resulting from
ration of this structure. As band 4 is not observed until higha rather purergg,vh;4/, configuration. TheK™=8" of this
excitation energy, it is likely based on four quasiparticles.configuration classically forbids decay to any of the other
The fact that bands 1 and 4 have nearly the same alignmestructures in*?®r. Thus, a relatively long lifetime of the
suggests that the other two nucleons have nearly zero aligipand head state may be expected.
ment associated with them. THM1)/B(E2) ratios dis-
cussed in Sec. Il B offer more insight as regards which two B. B(M1)/B(E2) ratios for *2%Pr

g:ﬁzﬂamcles are coupled to tfg,), nucleons to form The inbandB(M1)/B(E2) ratios were determined by the
' standard formula

2. Negative-parity bands B(M1:1—=1—-1) oEi(I —1-2) 1

Ablocking of theE,F , crossing is once again observed in  B(E2:I1—1-2) UE?;(I —1=1) N1+ 6?)
band 5, along with the observation of thgG,, crossing at
hw~0.39 MeV[see Fig. &)]. Thus, thehy;,, proton is as- where\ is the branching ratio an&,, is in MeV. Mixing
sociated with this structure. Significant signature splitting isratios (6) were estimated from the rotational model and as-
seen below spin (20 in this band, which suggests that a sumed pureK [33]. Figure 10 displays the results féf%r,
low-K neutron is coupled to thl,;, proton. As the only along with theoretical calculations based on the extended
low-K orbital near the Fermi surfac®ther than[541]1/2  formalism[34] of the geometrical model from Dau [35]
that is involved in the configuration of band) 2s the and Frauendorf36]. Parameters used in the calculations of
[411]1/2 neutron, band 5 is assigneth,;,v(ds,/s,,) and M1 strengths are summarized in Table IV and a quadrupole
K™=1" or 2. Nearly 5: of alignment is associated with the moment ofQ,=4.9 eb was assumed from a TRS predicted
h11» proton[25], while very little alignment is observed for deformation of8,=0.29. The collective gyromagnetic ratio
the [411]1/2 neutron[27]. Therefore, a band head spin of was determined bgg=2Z/A, and thegy values were calcu-
(67) was tentatively assigned for band 5 such that its initiallated using a Woods-Saxon potenfiar]. Alignment values
alignment at low frequency<0.3 MeV) is ~0.5# higher (iy) were determined from the initial alignments in the
than thewh,y,» band in *2Pr. Thea=1 signaturgopen tri-  neighboring oddA nuclei *2Pr [25] and **Nd [27].
angles in Fig. &)] experiences another crossing abde In Fig. 10@), the B(M1)/B(E2) ratios for band 1 are
=0.6 MeV, which is similar to those found in bands 2 and 6.found to lie consistently between 1(/eb)?> and
All of these crossings are interpreted as B neutron  1.5(uy/eb)?. The solid curve in pandh) denotes the calcu-
alignments as this is the next crossing available for thes&ted ratios for therh;q,rhy1» configuration. It is apparent
configurations according to the CSM calculations of Fig. 9.that the theoretical calculations do not give a good fit to the
The nature of the alignment gain observed in &0 sig-  data for most of the observed spin region. However, one may
nature near 0.5 MeV will be discussed in Sec. V. notice that the experimental points betwdenl4 to 20 lie

@2
eb/ "’
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4.0 e T
oceBandi1 | #=*Band I
|o*Band7 |

RELEE R or [402]5/2 neutrons is restricted. Instead, a calculation using
4 I | the arhyqv(hq12,ds2,d30/S15) configuration was per-
E formed with the results shown as the dot-dashed line in Fig.
10(b). A good agreement is achieved with the experimental
T~ ] values, especially above spin 18, and this configuration is
T N tentatively assigned to band 4.

A reasonable fit of the theoreticBI(M1)/B(E2) values
for the rggq,ovhq1,» configuration(solid line) is seen for band
7 in Fig. 1Qb). However, the experimental ratios are consis-
tently below the calculated values. As stated previously, this
hy1vhiso configuration may be highly deformed; therefore, calcula-
0.0 H- e T tions were performed assuming band 7 has a quadrupole mo-
(C) 2aBand 5 0 15 20 25 ment 20% larger than the normal deformed bands and the

results are displayed as the dotted line in Fig(bLOAN

improved agreement with the data is seen.
«1hyypvdsy Transition strength ratios for bands 5 and 6 are shown in
r ] Fig. 10(c) and excellent agreement is found for band 6 with
the predictedrh,,,,vdg, configuration(solid line) abovel

!

3.0 - he
8

*
1

2.0

20 omBand 6

B(M1)/B(E2) [(1n/eb) ]

0] 7§ — =(11). Below this spin, band 6 mixes strongly with band 5,
N which has therh,q,,v(dg,/sy,) configuration. The theoret-
. @!@i%lé i ical B(M1)/B(E2) ratios for this configuration are nearly
Tk I1 zero, as shown by the dot-dashed line in Fig(clOThis
J‘éA /’fh11/2‘”|d3/2/sl1/2 mixing accounts for the lower than expected ratios for band
00 0 s 20 25 6 and the greater than expected ratios for band 5 in the spin
region belowl =(11).
Spin (#)
FIG. 10. B(M1)/B(E2) ratios for bands 1, 4, 5, 6, and 7 in C. Alignments and B(M1)/B(E2) ratios for 2%Pr

128¢_ Filled (empty) symbols represent the experimental values for
the =0 (1) sequence. Calculated valugs described in the text
are shown as lines.

In order to ascribe configurations to bands 1 and 2 in
126pr, we show the alignments of both bands in Fig(all
along with thewh,, band in 12’Pr[25]. It should be noted
that three transitions of energies 1201, 1274, and 1351 keV
between the calculatedmhyyrhiy, and mhiypriae — yere observed in the present data above the highest state in
®F Gy [dashed line in Fig. 1@] values. This may indicate 1275, ranorted by Mullinset al. [25]. The Harris parameters
that a strong interaction between the two- and four- Jo=18i2/MeV and 7, = 22h4/MeV3 were used once
guasiparticle bands exists, which would cause such discre%—gaig. In addition, theB(li/Il)/B(EZ) ratios extracted for

ancies. . P
) . . . band 1 are displayed in Fig. ).
Figure 1@b) displays the transition strength ratios for The alignment for band 1 if2%r is nearly identical to

bands 4 qnd 7 As previously mentioned, band 4 likely ha%and 1in12%r [see Fig. 8)] below a frequency of 0.4 MeV.
four quasiparticles, where thie,,/, proton and neutron are g4, thewh,,, band in *?"Pr, band 1 in?%Pr has an
involved. If the other two quasiparticles were nearby pro'alignment gain abovéw=0.4 MeV with a large interaction

tons, namely, ds»/g7, and ggp, the calculated e ; : :

: . strength. Two differing interpretations of this crossing have
B(M1)/B(E2) ratios are much larger than those observed Ir’beengsuggested fd127Pgr, onepbeing the second protﬁggp
Fig. 10(b). Thus, two low-lying quasineutrons are likely crossing[ 25], the other stating that the crossing is composed

coupled to themh,,vhyy, configuration to form band 4. e EE neutron andF,G, proton alignments, with
The parity of this structure was suggested to be positive

. AR the EF alignment playing the dominant rolg8]. As this
therefore, using thE541]1/2 neutron with either thpt11]1/2 neutron alignment has been observed abowe-0.6 MeV in

128r[see Fig. &)] and in *?%Pr[26], it does not seem likely
that the interaction nedro~0.43 MeV would be caused by
the EF crossing. Instead, we agree with Mullies al. [25]
that theF G, alignment occurs at this frequency and with

TABLE IV. Parameters used in the calculation of
B(M1)/B(E2) values for bands in%Pr.

Configuration 9« b (R K &) our new data, it appears that a second crossing just below
mhis 151 45 1.5 hw=0.6 MeV can be observed in Fig. (8 for *Pr. We
T 1.32 0.5 45 attribute this latter alignment to tHeF neutron crossing as
vhyy, -0.32 1.5 35 its crossing frequency is consistent with that observed in
vds), -0.49 0.7 2.5 128129,

vds,/S1 1.91 0.5 0.5 Band 1 in*?°Pr undergoes thE,G,, crossing and appears
FuGp 151 45 0 to block theEF crossing in Fig. 1(a). Only thehyq,vhqq)0

configuration can satisfy these two conditions and thus it has

044329-17



D. J. HARTLEY et al.

I T I T | T T |
°r 126 |
- (a) TPr o 1
14 AN -
/<> - .
L & 7 "o i
—_ /
E 12t & o000 .
5 [ -
E 10 <C>),/./// T _
5 r * / EF 1
.<__( 8 i //
| o oeBand 1
A & FTG o (Band2) |
e 12
L Qol/f)// p~p - 7T,h11/2 Pr
4 (— —
| I | | I | 1 | I |
0.0 0.2 0.4 0.6 0.8 1.0
Ao (MeV)
T T | T ‘ T |
30F -
Y. 25 (b) .
o)
]
= oeBand 1
Z 20r h h -
= T2V 49,2
SEREL C:, -
il
= 10 ¢ 4
=
=3 L0t
m 05 '3 _
0.0 - i
| L | | 1 | 1 | 1 |
8 10 12 14 16 18

Spin (i7)

FIG. 11. (a) Alignments for the bands iA?®Pr where the Harris
parameters off,=1842/MeV and J;=22:*/MeV® were used to
subtract the angular momentum of the rotating core. Fie,,,
band from2%Pr is also shown for reference. Observed crossings are Signature is the quantum number associated with the ro-
designated in the figure. Filldggémpty symbols denote the=0 (1)
sequence(b) ExtractedB(M1)/B(E2) ratios for band 1 in‘?%Pr.
Filled (empty symbols represent the experir_nentf_:ll values for theare defined as=e ™ and one find$33] for integer spinl
a=0 (1) sequence. Calculated valugss described in the textor
the 7hy4 vy configuration are shown as the solid line.

been assigned to band 1. TB€M1)/B(E2) ratios for this
band are compared with the predicted values of thehe fact that it is an additive quantity. In a strongly coupled
whq1ovh11» configuration in Fig. 1b). TRS calculations
suggest a deformation @,=0.30; therefore &), value of
5.1eb was used witlgg=0.47 and the samegy, i,, andK

values listed in Table IV. A reasonable agreement is foundignature splitting, is expected as a result of Coriolis mixing
between the experimental data and theory.

As was stated previously, Petracheal. [23] suggested
that the spins of band 1 it?®Pr should be higher by#2with
respect to our assignment. In the frequency range of 0.2—0&ngular momentunj of the shell from which the orbital
MeV, one may see in Fig. 14) that band 1 has-1.54 more
alignment thanmh,,, in 12’Pr. The extra alignment is a re- cally favored signature of a configuration is defined dy
sult of the unpairedhy;,{ 523]7/2 neutron and the difference =|3(—1)»~ 2+ 3(—1)In""4, wherej, andj, are the an-
is consistent with the initial alignment observed in nearbygular momenta of the shells associated with the valence

PHYSICAL REVIEW C 65 044329

oddN nuclei[27,39. If the spins are increased by72 the
relative alignment of band 1 is 3% higher than the neigh-
boring wh44,, band. The latter scenario is not consistent with
the experimental data as tfi623]7/2 neutron is not com-
monly associated with this large amount of alignment. Of
course if one chooses to do the comparisofi@t0.1 MeV,

then the assignment by Petrackéal. does make more
sense. However, the high density of states at low energy and
possibly strong interactions can have a large influence on the
energies of the lower-spin states in bands of odd-odd nuclei.
It is better, in our opinion, to do a comparison at higher
frequencies, where the Coriolis force dominates and the state
density decreases. We are in agreement with Petrache

that an experimental measurement of the spin would be the
best solution.

The alignment of band 2 if?®Pr shows a consistent gain
up to2w~0.7 MeV [see Fig. 11a)]. It is difficult to distin-
guish where the crossings take place; however, since the total
alignment gain is nearly equal to that of thdn,,,, band in
12y, it is likely that theF ,G, and EF alignments occur
with very large interaction strengths. Therefore hagp, pro-
ton is most probably coupled with a lo-neutron in order
to form this doubly decoupled sequence. Tbd1]1/2 and
[411]1/2 neutrons are both good possibilities, but we favor
the mhyyv(hg/f4) assignment as these bands are ob-
served to become nearly yrast at the highest spins observed
in 128130.13pr[31]. Since band 2 is observed up to such high
frequencies, it would seem likely that it also becomes yrast at
very high spins. However, we cannot completely rule out the
alternative configuration. As odd spins have been observed
for the whyqv(hg,/f75) bands in the heavier Pr nuclei, odd
spins have also been assigned for band 2. A comparison of
the energy spacings of band 2 with the similar bands in
128,130.13pr has been performed in order to assign the specific
spins; however, it must be stressed that these are tentative.

IV. SIGNATURE INVERSION IN THE = @why4,7h 45, BANDS

tation of an axially deformed nucleus around a principal axis
by 180°. The eigenvalues of the rotation operdtRr ()]

thatr=(—1)". Thus,Al =2 sequences with eveodd) spin
haver=1(r=—1), which corresponds ta=0(a=1) in
the definition of the rotation operator eigenvalue noted
above. It is most common to ugeto denote signature due to

structure, such as band 1 #%¥%r, botha=0 and 1 se-
quences are observed and are nearly degenerate. However, a
difference in energy between the signatures, referred to as

with K=1/2 orbitals, which have a decoupling parameter
that pushes one signature lower in energy versus the other
[33]. The signature that is lowered is dependent on the total

originates. For an odd-odd nucleus, the expected energeti-
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FIG. 12. Signature splitting ofrh,y,,vh;4,, bands in theA~130 region. Filledlempty symbols represent the=0 (1) signature. The
reversion spingas described in texare displayed whenever possible.

nucleons. Therefore, theh,q,,vhqq,, Structures(band 1 in Comparisons of signature inversion trends in & 130
126.12%r) are expected to have the=1 signaturgodd spiny  region are made with those found in tAe=160 region be-
favored over thex=0 sequence. low. The smooth systematic behavior for the=160 nuclei

Signature splitting may be represented in many ways, ang discussed irfi) below, while abnormalities in initial split-
we have chosen to use the quantt{£=[E(I)—E(I-1)]  ting and reversion spin are identified for tAe=130 region
—[E(I+1)—E() +E(1-1)—E(1-2)]/2 to define the en- i (ji) and (iii), respectively. Possible explanations for the
ergy staggering of therh,,,vh4/, bands shown in Fig. 12. cayse of inversion are also addressed in these sections.
'Ik'he fig“ggﬁpliéscthzs%ng)mg i& thi;;%"‘g”gg;’” fordthe (i) Bengtssoret al. [53] first introduced signature inver-

nown = /5 LsE=v0),Lale=57),Fre=59), and  gjon in thesrh, iz, band of s2*Tbge and suggested that it
Pm (Z=61) nuclei. Data from nuclei not presented in this was a result of the highs low-K i s, neutron driving the

baper Wlezre Comp"fg, 1f2rom the flcz)llowmg S%” rceS™Cs nuclear shape towards positive>0°) triaxial deformation.
(40,41, “#%Cs [42], *4PTs [43], Cs [44], PCs [45], The systematics of th&~ 160 region[54,55 lend cred
124 5 [43], 12%.a [46], 12210 a [6], **Aa [8], ¥ Pr[14] Y 0" TegIonL>A,08) BN credence

13251 [47], 134y [48], 1¥2Pm[49], 3%Pm [50], 23Pm [51]. to this assertion. For a given isotope chain of Th, Hb (

Points that have negative values are energetically favored ©7): TM (£=69), or Lu (Z=71), the amount of initial
over those with positive values. Spin values suggested bP!itiing decreases as the neutron number increases Nrom
Liu et al.[5,52] were applied to each of the bands shown in =289 indicating that the forde) causing the inversion is be-
Fig. 12. It can be seen in this figure that at lower spins, it iscoming less influential with increasing The nuclei become

the =0 signature that is favored rather than thel se- Mmore deformed and resistant to shape polarizing effects of
quence. Such behavior has been termigmature inversion individual nucleons with increasingy; therefore, theiis,

[53]. As we have stated above, deducing spins for bands ineutron has a lessening influence on the nuclear shape. The
odd-odd nuclei is difficult and one may wonder if the spinreversion spin also decreases systematicalliX &screases,
assignments are incorrect by one unitaf However, one which also indicates that the signature inversion ftace
may notice that at higher spins, normal ordering is restoredveakens with increasing, deformation. Good systematic
The spin at which normal ordering occurs will be defined asrends are also observed in the isotone chains as the initial
the “reversion spin” in this paper. The Coriolis force, which splitting and reversion spin increases wzhWithin an iso-
does not favor signature inversion, increases with frequencytpne chain, the nuclei become less deformed and more sus-
therefore, it is much more likely that normal ordering will be ceptible to deformation driving particles @sincreases.
observed at high spin versus low spin. Although the smooth systematics in tAe= 160 region do
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support the idea that triaxiality plays a significant role in T T T T T
creating signature inversion, other theoretical studies indicate = 060 - " Esg =:§’ ]
that a pn interaction [56,57] or quadrupole-quadrupole 2 055 -AP?Z :59 . J
(QQ) pairing [58] can also possibly explain this phenom- 2 ePmZ =61 /
enon in themhy,,vi13, bands. Whatever the theory chosen, S 050 . 7
it is more significant for systematic trends to be well de- > / /A
scribed in a region rather than describing a few nuclei well. S oosr - T
With this in mind and the fact that more information on S 040 |- _/ /‘ ./ i
odd-oddA~130 nuclei has been published recently, we turn @ « ./
our attention to therh,,,,vhy,, bands in order to illuminate QL 035F / " ]
their experimental trends. i 030 - - i
(i) Upon examining Fig. 12, one can see for a given ' L
isotone chain that the initial amount of signature splitting 63 65 67 69 71 73 75
(betweenl =10-15) generally decreasesamcreases. The Neutron Number

deformation increases witd as the Fermi surface moves _ -
away from theZ=50 spherical shell gap, thus a similar tri- FIG. 13. Rever§|on frequeno(;as_ defined in the textfor the
axiality argument(where the highj, low-K hyy, proton  7Niuz’Niyzbands in theA~130 region.

drives towardsy>0°) as the one asserted for thfe~160 where the Routhidnof the a=1 sequence crosses the

region may seem appropriate. However, other trends do N®outhian of thea=0 sequence and becomes yrast. In this

support such an explanation for the whole region. For €Xway, the spin dependence is essentially remdvez de-

ample, the initial splitting of the Cs nuclei decreases wWith termining where the signature inversion stops.
and the initial splitting of the La nuclei remains nearly con- Figure 13 shows that the reversion frequency systemati-
stant. The heavier Cs and La nuclei are approaching\the caly increases withN for a given isotope chain. A general
=82 spherical shell gap, and thus deformation is likely detrend of increasing reversion frequency with decreadgirig
creasing withN. Applying the triaxial theory with this infor-  also seen in the isotones. This coincides with the triaxiality
mation, one would expect the splitting to increase With  argument, as the nuclei become softeZagecreases due to
Indeed, this is what is observed in the Pr and Pm isotopi¢he presence of thB=50 spherical shell gap. However, the
chains. Thus, triaxiality may describe the signature inversion a nuclei surprisingly do not follow this trend as their rever-
in these latter nuclei, but it clearly cannot explain the trendssion frequency is consistently higher than all the other nu-
in Cs and La on its own. Recently Xat al.[58] were ableto  clei. Indeed, one may notice the gap between the Zs (
reproduce the Cs systematics without using large positive =55) and Pr Z=59) nuclei in Fig. 13, where the LaZ(
deformation, but included ®Q pairing term in their TRS  =57) values might be expected to occur. Such an inconsis-
calculations. They found that the force associated @@  tency cannot be explained by triaxiality alone and clearly
pairing inverted the signatures and decreaseld went from  shows the complexity of understanding signature inversion
65 to 71. Similar results were found for La nuclei, which did in this region.
not reproduce the constant experimental trend as well, and Explaining the experimental trends in theh;ywhiq,
no calculations were performed for the Pr or Pm nucleibands of theA~130 region presents a much more difficult
Particle-rotor mode(PRM) calculations also indicate that a challenge than therh,,vi 3, bands of theA~ 160 region.
pn interaction may play a significant role in signature inver- |t appears that the Pr and Pm nuclei follow similar trends to
sion for Cs and L456,59. those observed in thé~ 160 region and triaxiality may play
(iii) In addition to the initial splitting, the reversion spinin g key role in describing their trends. Triaxiality cannot ac-
the A~160 region also varies in a systematic way. By in-count for the decreasing initial splitting witK trend in Cs,
specting the isotope chains in Fig. 12, one also finds gradu@jyt another force, such &Q-pairing[58], must be a domi-
increases of the reversion spin &b increases for the nant factor. However, this force does not influence the Pr and
whyivhyy, bands. This suggests that whatever is causingym nuclei as it does Cs, so perhaps it wanes &ith this is
the inversion is able to resist the Coriolis force up to higherthe case, the La isotopes are in a transitional region where
spins asN increases. Such a scenario is consistent with trithe leading factors of signature inversion in the lighter and
axiality causing the inversion as the nuclei become morgyeavier nuclei may combine and create more resistance
prone to shape-driving nucleons with against the Coriolis force, thus explaining the large reversion
The smooth trends in the reversion spin are dependeRfequencies. A systematic theoretical study of these nuclei is

upon the spin assignments of Lat al. [5,52] being correct.  desirable in order to better understand signature inversion in
Recently, Luet al.[60] and Gizonet al.[61] experimentally

confirmed the suggested spin #$‘Cs, while Moonet al.

[62] have determined that the the spin of th#,,vh;), The Routhian is the energy of the quasiparticle in the rotating
band in ?Cs should be increased by#2over the previous reference frame.

assignment. Thus, trends in the reversion spin cannot be con?The spin dependence is not completely removed as the rotational
firmed; however, the “reversion frequency” is plotted in Fig. frequency is a function of. However, changing the spin byA2

13. The reversion frequency is defined as the frequencghanges the reversion frequency by less than 2%.
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120 - ' ' ' ' ‘ "] ~0.51 MeV. Thus, we suggest thigs{ 660]1/2 neutron,
saBand 5 c which is known to drive the nuclear shape to higher defor-
190 4 Band 7 - mations [64], adiabatically crosses with  the
S L . whll,zv_(dwlsl,z) no_rmal deformed co_nf|gu_rat|0n.
2 sof = Theiq 3 neutron is also found to adiabatically cross bands
o - A . 8 in other well-deformed, od&# nuclei in the mass 130 region,
= 60| b w2 such asi>Smy, [65] (at w~0.3 MeV), L3Nd,, [66] (at
S AT TR0 g ~0.34 MeV), and ?Ndg [27] (at ~0.45 Me\). A trend is
h o A © ’ ! 69 L=/ ’ o .
40 - A/m/ oy 7 observed where the crossing frequency increases with de-
o 1 creasingN. This is understandable as the;, orbital is
20 LT located higher above the Fermi surfaceNglecreases. In
01 02 03 04 05 06 07 addition, the crossing frequency increases inkhe69 nu-
fto> (MeV) clei from ?Nd(~0.45 MeV) to ?%r(~0.51 Me\). A de-

crease in the ground-state deformation fr@ah60 to 59
FIG. 14. The dynamical moments of inertia for bands 5 and 7 inlikely causes the Fermi surface #%Pr to be further away

128 Filled (empty symbols denote the=0 (1) signature. from the[660]1/2 orbital than in'?Nd.

thi;_region. It would be interesting to know whethgr 0e VI. SUMMARY

pairing has a lesser effect on the Pr and Pm nuclei, as well as

an investigation into the systematic effects of fhe inter- A significant extension of thé?®r level scheme and the

action through PRM calculations of the entire region. first identification of excited states il*Pr was made pos-
sible through the use of large Ge arrd&mmasphere and

Ball), and a recoil mass spectrome{&MS). Configuration

The dynamical moments of inertig7®)] for bands 5 and assignments were made for each of the structures based on
7 are plotted versus rotational frequency in Fig. 14. At aobserved rotational alignment8(M1)/B(E2) ratios, and
frequency of 0.25 MeV, band 5 is found to hayg? signature splitting. The discrepancy in the interpretation of
~30/2/MeV, which is a typical value for most bands in the first crossingat #w~0.4 MeV) observed in therh;;/,
12%r Band 7, whose configuration isgq,vhiy, has  band of *2%Pr is resolved as the second proton crossing is
J@~50%2/MeV at this same frequency. A large dynamical observed near this frequency #%r, while the first neutron
moment of inertia is often associated with a larger deformaalignment is not observed untit0.6 MeV. Experimental
tion. Indeed, a band with the same configurationifPr is  trends in the signature inversion ahj;,vh;1,, bands were
found to have a similar increase {fi*® over the normal discussed in detail. Although very regular systematics appear
deformed structures, and a quadrupole momentQef in the signature inversion ofrhy,viis, bands in theA
=6.1(4)eb was measured for thegg,rh,1/, SEQUENCEBS]. ~160 region, several irregularities occur in the-130 nu-
This establishes the highly deformed character of this conelei. Most notably, the reversion frequencies of the La nuclei
figuration as a quadrupole moment @,=3.4(2)eb was are surprisingly large with respect to the other nuclei. The
determined for the normal deformed bands in the same eXiighly deformedwgg,rh,1/, configuration was observed to
periment. In addition, Smittet al. [14] reported that ex- be based upon an isomeric state with a half-life greater than
tended TRS calculations predict a deformation B§ 80 ns. Evidence for the intrudegs, neutron adiabatically
=0.337 for band 7 int?®%r, while 8,=0.291 is expected for crossing with one of the normal deformed sequences was
the 7hq4,,vhq1,» configuration. also observed.

Referring to Fig. &), one observes that the=1 signa-
ture of band phyv(dspn/si) ] has an alignment gain af-
ter the F,G, crossing, but well before the observéd-
crossing in its signature partner. By inspection of Fig. 14, the The authors wish to thank the ANL and ORNL operations
J® of the =1 signature in band 5 also remains high atstaffs for their valuable help. Special thanks to J. Greene for
~60h%/MeV after the crossing at 0.51 MeV. In fact this is target preparation and to H. Q. Jin for his software support.
near the same value as observed for t#ta,vhy4» band, This work was funded by the U.S. Department of Energy
indicating that this sequence may be highly deformed at théhrough Contract Nos. DE-FG02-96ER409@&miversity of
highest frequencies. The quasineutron Routhians in Fig. 9 Tennessee W-31-109-ENG-38(Argonne National Labora-
show that the intruder;3, neutron is predicted to interact tory), and DE-FG05-88ER40406WNashington University
with the d3/,/s;» [411]1/2 neutron near 0.5 MeV, and is in ORNL is managed by UT-Battelle for the U.S. DOE under
excellent agreement with the observed crossing frequency @ontract No. DE-FG02-96ER49083.
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