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Toward complete spectroscopy of128Pr and rotational structures in 126Pr
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Over 240 transitions and three new rotational bands have been observed in the well-deformed, odd-odd

59
128Pr69 nucleus. The high-spin states were populated in two experiments using the92Mo(40Ca,3pn) 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 structures in126Pr were also identified in theapn channel
of the same reaction. The recent discrepancies of spin assignments for the yrast bands in126,128Pr and the
interpretation of the lowest crossing in theph11/2 band in 127Pr are discussed. An adiabatic crossing of the
intruderi 13/2 neutron with one of the normal-deformed bands in128Pr is observed at high rotational frequency.
Experimental trends in the signature inversion phenomenon of theph11/2nh11/2 bands in theA'130 region are
defined and prove to be surprisingly irregular with respect to those found in theph11/2n i 13/2 bands of theA
'160 region.
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I. INTRODUCTION

Historically, odd-odd nuclei have not received nearly
much attention as their even-even and odd-A siblings. This is
primarily due to the complexity and high density of low
energy states resulting from various couplings of vale
protons and neutrons. While heavy-ion fusion reactions
low for the population of rotational bands well above this s
of states, positively identifying these structures with a p
ticular odd-odd nucleus can be quite difficult as they may
based on low-energy isomers, and therefore are not see
prompt coincidence with known transitions. However, w
the advent of modern-day arrays, detailed studies of odd-
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nuclei with 150,A,180 have produced comprehensi
level schemes and valuable spectroscopic information ex
sively obtainable from these complex nuclear systems~see,
for example, Refs.@1–4#!.

In the neutron-deficient mass 130 region, studies of o
odd nuclei have proven to be fertile ground for nuclear str
ture phenomena such as signature inversion@5#, prolate-
oblate shape competition@6#, highly deformed bands~see
Ref. @7# and references therein!, and most recently the pos
sibility of chiral-twin bands@8#. However, little was known
in the nuclei approaching the proton drip line, as a sundry
nuclei ~.15! can be populated in the same experiment fro
multiple charged-particle emission channels of the prot
rich compound nucleus. This made spectroscopic studies
ficult as g rays from more than 15 different residual nucl
are present. The development of light charged-particle~pro-
tons and alphas! detector arrays with nearly 4p coverage,
such as Microball@9# and HyBall @10,11#, in combination
with large Ge detector arrays, allows for the selection og
rays in coincidence with a certain charged-particle chan
Thus, detailed spectroscopy is now possible in these nu
that are far from stability.

Recently we reported the first evidence of excited state
the odd-odd nucleus59

126Pr67 @12#, which is only two neutrons
from the predicted proton drip line@13#. From these same
experiments, we were able to positively identify three n
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rotational bands in128Pr. Over 140 new transitions wer
placed into one of the most extensive levels schemes in
region as it contains more than 240 transitions. In this pa
we describe the128Pr structures and provide a full discussio
on the 126Pr bands. We have confirmed and extended
possible highly deformedpg9/2nh11/2 band@14#, along with
observing the influence of the deformation-drivingi 13/2 neu-
tron at the highest frequencies. A systematic study of
signature inversion phenomenon has been performed fo
ph11/2nh11/2 bands in theA'130 region.

II. EXPERIMENTAL DETAILS

Two experiments were performed using t
92Mo(40Ca,apn) and 92Mo(40Ca,3pn) reactions to populate
high-spin states in126Pr and 128Pr, respectively. In one ex
periment, a thin (;450mg/cm2) self-supporting92Mo target
was bombarded by a 170-MeV40Ca beam, provided by the
25-MV tandem accelerator of the Holifield Radioactive I
Beam Facility at Oak Ridge National Laboratory~ORNL!. A
combination of the Clarion Ge array, the HyBall CsI arra
and the recoil mass spectrometer~RMS! @11# was utilized to
correlate the emittedg rays, evaporated charged particle
and recoil mass on an event-by-event basis.g rays were de-
tected with the Clarion array, which consists of 11 clover
detectors, and was complemented with ten smaller sin
crystal Ge detectors. HyBall is an array of 95 CsI scintil
tors coupled to photodiodes in a 4p configuration for the
detection of light charged particles emitted by the compou
nuclei. Reaction products recoiling from the target we
separated by the RMS at the focal plane according to t
mass-to-charge ratioA/Q. The RMS has acceptances
610% in recoil ion energy and65% in mass-to-charge ratio
A multiwired, gas-filled position-sensitive avalanche coun
~PSAC! was used to detect the spatial distribution of t
mass groups at the focal plane. The RMS was tuned
central recoils of massA5129, energyE540.4 MeV, and
charge stateQ520.51. A charge-reset foil was place
;10 cm behind the target in order to improve@15# the de-
tection efficiency of recoils with highly converted transitio
near the ground state. Observation of the128Pr recoils im-
proved by a factor of 2–3 with the reset foil. The trigg
conditions consisted of either two Ge signals in coincide
with a PSAC signal~g-g recoil! or four Ge signals with a
HyBall event.g rays associated with masses 126 and 1
were sorted into separateEg3Eg matrices, as well asEg vs
charged particle matrices. A total of;0.93106 and ;4.5
3106 g-g events were observed in the 126 and 128 ma
gated matrices, respectively. The data were analyzed with
RADWARE @16# suite of programs.

Combining the power of the Gammasphere spectrom
@17# with the selectivity of the Microball@9#, we performed a
second experiment with an emphasis on populating the h
est spin states possible. The40Ca beam was accelerated to
energy of 184 MeV by the ATLAS facility at Argonne Na
tional Laboratory~ANL !. Gammasphere consisted of 99 su
pressed Ge detectors and collected;5803106 fivefold or
higher promptg-ray coincidence events. Events that we
associated with the emission ofap and 3p were sorted into
04432
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separateEg3Eg3Eg cubes, which made up;7.5% and
13% of the total number of events recorded, respectiv
TheRADWARE package was also used in the analysis of th
data.

Directional correlation of oriented states~DCO! @18#
analysis was performed with the Gammasphere data in o
to determine the relative spin of the states. Asymmetric m
trices were created whereg-ray energies observed in the d
tectors near 35° and 145° were histogrammed along one
and coincidentg rays found in detectors near 90° were h
togrammed along the other axis. With a gate on anE2(DI
52) transition~s!, DCO ratios of 0.5 and 1.0 are expected f
pure dipole (M1 andE1) and quadrupole (E2) transitions,
respectively. Tables I and II contain the measured DCO
tios along with energy, spin, and parity of the states, as w
as the energy and relative intensity of the depopulatingg
rays for 128Pr and 126Pr, respectively.

The relative cross sections of thea2p(126Ce),4p(128Ce),
and 4pn(127Ce) channels, with respect to the stronge
3p(129Pr) channel, were determined from the total projecti
of the ORNL experiment. Although the trigger condition
employed for the experiment make absolute measurem
of the relative yields difficult, one may still extract a reaso
able estimate for the production of these nuclei. Relat
cross sections of otherA5126, 127, 128, and 129 recoil
were determined from mass-gated total projections and w
normalized with respect to the channels specifically no
above. The results are displayed in Table III, where the
perimental values are compared with the calculated rela
cross sections from HIVAP using a beam energy of 170 M
and standard parameters@19#. A good agreement is generall
seen for all the channels except for the underestimation
the a2p channel. We have also provided in Table III th
absolute cross sections calculated by HIVAP in order to g
an approximation ofs for each of the channels measured

A. The 128Pr level scheme

Previously, four structures have been associated w
128Pr. Watsonet al. @20# identified a strongly coupled band
which was confirmed in a recent publication with the pres
data @12#, as well as two other coupled sequences. Sm
et al. @14# reported a possibly highly deformed sequen
from an experiment utilizing Gammasphere and the M
croball. From the present work, these four structures w
extended to higher spins and three new bands have b
observed for the first time. Due to the extensive nature of
level scheme, it has been divided into two parts, with p
posed positive-parity bands shown in Fig. 1 and t
negative-parity bands shown in Fig. 3. Unfortunately,
connecting transitions between the positive- and negat
parity states were observed. As is common with most o
odd nuclei, the high-spin structures could not be definitiv
linked to the ground state, which is suggested to haveI p

5(31) @21#; therefore, spin and parity assignments must
considered tentative.

1. Positive-parity bands in128Pr

Watsonet al. @20#, using a mass separator with an array
Ge detectors, observed the structure labeled as band 1 in
9-2
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TABLE I. Data for levels andg rays in 128Pr.

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

c DCO Multipolarity Bandf
d

Band 1:ph11/2nh11/2, a50

(81) X193.5 93.5 e 0.60~8! M1/E2 1

(101) X1384.4 291.0 26~1! 1.03~6! E2 1

156.8 97~4! 0.47~2! M1/E2 1

(121) X1816.0 431.6 53~2! 0.96~3! E2 1

220.4 66~3! 0.47~2! M1/E2 1

(141) X11381.6 565.6 59~3! 1.00~4! E2 1

283.1 39~3! 0.38~2! f M1/E2 1

(161) X12062.7 681.1 44~2! 0.99~4! E2 1

342.1 20.9~9! 0.47~6! M1/E2 1

(181) X12835.8 773.1 30~1! 0.98~4! E2 1

395.0 11.9~6! 0.37~6! M1/E2 1

(201) X13683.2 847.4 22~1! 0.94~5! E2 1

444.6 6.0~4! 0.51~6! M1/E2 1

(221) X14602.8 919.6 14.0~7! 0.96~7! E2 1

498.1 5.4~3! (M1/E2) 1

(241) X15606.5 1003.7 10.1~5! 1.1~1! E2 1

559.9 2.3~5! (M1/E2) 1

(261) X16707.4 1100.9 5.0~3! 1.0~1! E2 1

(281) X17912.4 1205.0 2.5~2! (E2) 1

(301) X19224.3 1311.9 ,2 (E2) 1

(321) X110641.9 1417.6 ,2 (E2) 1

(341) X1~12144! ~1502! ,2 (E2) 1

Band 1:ph11/2nh11/2, a51

(71) X

(91) X1227.6 227.6 14.4~7! (E2) 1

134.1 [100 0.49~2! M1/E2 1

(111) X1595.5 368.1 32~2! 0.99~5! E2 1

211.1 83~4! 0.47~2! M1/E2 1

(131) X11098.4 502.9 39~2! 1.04~7! E2 1

282.4 45~3! 0.38~2!f M1/E2 1

(151) X11720.2 621.8 39~2! 1.00~5! E2 1

338.7 28~1! 0.40~5! M1/E2 1

(171) X12440.5 720.3 36~2! 1.01~5! E2 1

377.9 18.7~9! 0.37~5! M1/E2 1

(191) X13238.0 797.5 27~1! 0.97~9! E2 1

402.7 10.4~5! 0.41~6! M1/E2 1

(211) X14104.6 866.6 21~1! 0.84~9! E2 1

421.8 6.5~3! 0.43~8! M1/E2 1

(231) X15046.4 941.8 13.9~7! 1.0~1! E2 1

444.0 3.8~3! 0.51~6! M1/E2 1

(251) X16074.4 1028.0 9.9~5! 1.0~1! E2 1

468.2 ,2 (M1/E2) 1

(271) X17193.5 1119.1 5.7~3! (E2) 1

(291) X18405.4 1211.9 3.4~2! (E2) 1

(311) X19708.3 1302.9 ,2 (E2) 1

(331) X111099.9 1391.6 ,2 (E2) 1

(351) X112585.1 1485.2 ,2 (E2) 1

(371) X114157.5 1572.4 ,2 (E2) 1
044329-3
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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:ph11/2nh9/2, a51
(71) X1470.9 333.1 e

(91) X1741.2 270.3 ,2 (E2) 2
356.8 ,2 0.6~1! M1/E2 1

(111) X11126.4 385.2 4.1~3! 1.07~8! E2 2
346.9 2.1~2! 0.7~1! M1/E2 3

(131) X11610.8 484.4 4.2~3! 0.92~7! E2 2
573.8 4.3~3! 0.9~1! E2 3
290.2 ,2 (M1/E2) 3

(151) X12229.7 618.9 8.3~5! 0.99~5! E2 2
(171) X12942.9 713.2 8.1~5! 1.07~6! E2 2
(191) X13742.6 799.7 6.7~4! 1.04~5! E2 2
(211) X14621.5 878.9 6.0~3! 0.95~6! E2 2
(231) X15580.7 959.2 3.7~2! 1.2~1! E2 2
(251) X16624.6 1043.9 2.5~2! 0.9~1! E2 2
(271) X17748.5 1123.9 2.1~2! (E2) 2
(291) X18931.2 1182.7 ,2 (E2) 2
(311) X110163.2 1232.0 ,2 (E2) 2
(331) X111457.7 1294.5 ,2 (E2) 2
(351) X112825.9 1368.2 ,2 (E2) 2
(371) X114273.6 1447.7 ,2 (E2) 2
(391) X1~15791! ~1517! ,2 (E2) 2

Band 3:a50
(101) X1779.2 210.9 3.1~4! (M1/E2) 3
(121) X11320.4 ~541! ,2 (E2) 3

283 ,2 (M1/E2) 3
(141) X11989 669 ,2 (E2) 3

Band 3:a51
(91) X1568.6 183.5 ,2 (M1/E2) 1
(111) X11037.0 468.4 ,2 (E2) 3

257.2 3.4~2! (M1/E2) 3
220.6 2.6~4! (M1/E2) 1

(131) X11665 628 2.5~3! (E2) 3
345 ,2 (M1/E2) 3

Band 4:a50
(141) X12123.2 264.3 3.7~2! (M1/E2) 4

536.2 3.3~3!

741.6 ,2 (E2) 1
1024.7 ,2 (M1/E2) 1

(161) X12773.8 650.6 4.3~4! (E2) 4
324.5 3.9~6! (M1/E2) 4

(181) X13523.3 749.5 3.8~4! (E2) 4
378.6 4.3~3! (M1/E2) 4

(201) X14353.0 829.7 4.0~4! (E2) 4
420.8 3.0~2! (M1/E2) 4

(221) X15252.8 899.8 5.0~3! (E2) 4
458.4 2.9~2! (M1/E2) 4

(241) X16231.0 978.2 3.2~3! (E2) 4
501.5 ,2 (M1/E2) 4

(261) X17298.9 1067.9 ,2 (E2) 4
548.2 ,2 (M1/E2) 4

(281) X18464.2 1165.3 ,2 (E2) 4
(301) X19727 1263 ,2 (E2) 4
044329-4



TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
TABLE I. (Continued.)

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

c DCO Multipolarity Bandf
d

Band 4:a51
(131) X11858.9 ~1044! ,2 (M1/E2) 1
(151) X12450.1 591.2 3.6~4! (E2) 4

326.5 5.1~8! (M1/E2) 4
(171) X13146.1 696.0 4.9~4! (E2) 4

371.4 4.9~4! (M1/E2) 4
(191) X13933.3 787.2 3.8~3! (E2) 4

408.3 2.5~2! (M1/E2) 4
(211) X14795.6 862.3 3.6~3! (E2) 4

441.2 2.9~2! (M1/E2) 4
(231) X15731.5 935.9 3.8~3! (E2) 4

477.5 ,2 (M1/E2) 4
(251) X16752.0 1020.5 2.0~2! (E2) 4

519.1 ,2 (M1/E2) 4
(271) X17866.5 1114.5 ,2 (E2) 4
(291) X19079.1 1212.6 ,2 (E2) 4
(311) X110386 1307 ,2 (E2) 4

Band 5:ph11/2n(d3/2/s1/2), a50
(62) Y1151.8
(82) Y1387.9 236.1 3.5~4! (E2) 5

147.0 19~1! 0.6~1! M1/E2 5
271.5 7.0~6! 0.6~1!

(102) Y1788.3 400.4 15~1! 1.00~9! E2 5
243.0 8.2~6! 0.8~1! M1/E2 5
226.3 3.1~3! 0.8~1! M1/E2 6

(122) Y11317.8 529.5 17.7~9! 1.00~9! E2 5
332.5 2.1~2! (M1/E2) 5
303.0 4.1~3! (M1/E2) 6

(142) Y11954.7 636.9 16.5~8! 1.0~1! E2 5
355.6 3.7~3! (M1/E2) 6

(162) Y12676.6 721.9 10.8~7! 1.1~1! E2 5
393.9 3.0~3! (M1/E2) 6

(182) Y13467.1 790.5 9.0~5! 1.2~1! E2 5
(202) Y14321.0 853.9 5.9~4! (E2) 5
(222) Y15243.2 922.2 3.4~3! (E2) 5
(242) Y16231.0 987.8 2.4~2! (E2) 5
(262) Y17278.4 1047.4 ,2 (E2) 5
(282) Y18391.3 1112.9 ,2 (E2) 5
(302) Y19577.5 1186.2 ,2 (E2) 5
(322) Y110839.4 1261.9 ,2 (E2) 5
(342) Y112173.8 1334.4 ,2 (E2) 5
(362) Y1~13584! ~1410! ,2 (E2) 5

Band 5:ph11/2n(d3/2/s1/2), a51
(72) Y1240.9 89.0 e M1/E2 5
(92) Y1545.3 304.4 11.1~7! 1.0~1! E2 5

157.5 11.1~7! 0.7~1! M1/E2 5
283.2 4.2~4! (E2) 6
180.6 14.2~7! 0.8~1! M1/E2 6

(112) Y1985.1 439.8 25~1! 1.03~9! E2 5
196.9 3.5~3! (M1/E2) 5
424.0 11.4~6! 0.9~1! E2 6

(132) Y11546.6 561.5 26~1! 1.0~1! E2 5
(152) Y12212.8 666.2 24~1! 1.1~1! E2 5
044329-5
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TABLE I. (Continued.)

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

c DCO Multipolarity Bandf
d

(172) Y12957.9 745.1 15.5~8! 1.1~1! E2 5
(192) Y13761.7 803.8 11.7~6! 1.2~1! E2 5
(212) Y14632.5 870.8 6.2~4! 1.1~1! E2 5
(232) Y15597.1 964.6 5.0~3! (E2) 5
(252) Y16669.0 1071.9 3.0~3! (E2) 5
(272) Y17861.1 1192.1 ,2 (E2) 5
(292) Y19122.8 1261.7 ,2 (E2) 5
(312) Y110419.7 1296.9 ,2 (E2) 5
(332) Y1~11774! ~1354! ,2 (E2) 5

Band 6:ph11/2nd5/2, a50
(82) Y1364.5 102.2 6.0~3! (M1/E2) 6

123.8 19~1! 0.52~5! M1/E2 5
248.1 9.9~5! 0.57~8!

(102) Y1750.9 386.4 20~1! 1.00~7! E2 6
189.5 11.0~6! 0.51~5! M1/E2 6
206.3 9.0~6! (M1/E2) 5

(122) Y11272.5 521.6 24~1! 1.06~9! E2 6
257.1 11.4~6! 0.48~5! M1/E2 6

(142) Y11906.7 634.2 22~1! 0.99~7! E2 6
307.4 5.8~4! 0.4~1! M1/E2 6

(162) Y12627.9 721.2 15.8~8! 1.00~6! E2 6
344.7 2.8~2! (M1/E2) 6

(182) Y13411.3 783.4 10.7~6! 0.94~9! E2 6
368.1 ,2 (M1/E2) 6

(202) Y14241.3 830.0 6.4~4! 1.0~1! E2 6
(222) Y15154.1 912.8 3.1~3! (E2) 6
(242) Y16180.6 1026.5 2.4~2! (E2) 6
(262) Y17316.9 1136.3 ,2 (E2) 6
(282) Y18547.0 1230.1 ,2 (E2) 6
(302) Y19815.8 1268.8 ,2 (E2) 6
(322) Y1~11115! ~1299! ,2 (E2) 6

Band 6:ph11/2nd5/2, a51
(72) Y1262.4 110.9 e 0.53~7! M1/E2 5
(92) Y1561.5 299.1 11.1~6! 0.91~9! E2 6

197.0 12.6~6! 0.49~4! M1/E2 6
320.8 ,2 (E2) 5
173.7 6.9~4! 0.72~8! M1/E2 5

(112) Y11015.3 453.8 12.2~6! 1.0~1! E2 6
264.2 16.0~8! 0.44~4! M1/E2 6
470.4 4.5~4! (E2) 5
226.7 6.4~5! (M1/E2) 5

(132) Y11599.1 583.8 15.8~8! 0.92~9! E2 6
326.6 6.8~4! 0.41~4! M1/E2 6
280.8 3.0~2! (M1/E2) 5

(152) Y12283.1 684.0 17.7~9! 1.06~7! E2 6
376.7 5.3~3! 0.37~8! M1/E2 6

(172) Y13042.7 759.6 9.4~5! 1.1~1! E2 6
415.0 2.1~4! (M1/E2) 6

(192) Y13861.7 819.0 6.5~4! (E2) 6
449.9 ,2 (M1/E2) 6

(212) Y14731.8 870.1 3.5~3! (E2) 6
490 ,2 (M1/E2) 6

(232) Y15696.6 964.8 2.3~2! (E2) 6
044329-6
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TABLE I. (Continued.)

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

c DCO Multipolarity Bandf
d

(252) Y16778.5 1081.9 ,2 (E2) 6
(272) Y17948.9 1170.4 ,2 (E2) 6

Band 7:pg9/2nh11/2, a50
(102) Z1242.4 242.4 e (M1/E2) 7
(122) Z1792.3 549.9 8.1~6! (E2) 7

285.0 4.7~3! (M1/E2) 7
(142) Z11416.5 624.2 9.3~6! (E2) 7

320.6 2.5~2! (M1/E2) 7
(162) Z12109.1 692.6 9.9~6! (E2) 7

354.9 ,2 (M1/E2) 7
(182) Z12868.8 759.7 6.6~4! (E2) 7

388 ,2 (M1/E2) 7
(202) Z13694.9 826.1 4.2~3! (E2) 7
(222) Z14587.6 892.7 3.3~3! (E2) 7
(242) Z15552.8 965.2 2.2~2! (E2) 7
(262) Z16596.3 1043.5 ,2 (E2) 7
(282) Z17720.4 1124.1 ,2 (E2) 7
(302) Z18924.0 1203.6 ,2 (E2) 7
(322) Z110205.7 1281.7 ,2 (E2) 7
(342) Z111560.1 1354.4 ,2 (E2) 7
(362) Z1~12977! ~1417! ,2 (E2) 7

Band 7:pg9/2nh11/2, a51
(92) Z
(112) Z1507.5 507.5 8.4~8! (E2) 7

264.9 7.2~4! (M1/E2) 7
(132) Z11095.7 588.2 10.4~6! (E2) 7

303.3 3.9~3! (M1/E2) 7
(152) Z11754.2 658.5 10.1~6! (E2) 7

337.7 2.4~2! (M1/E2) 7
(172) Z12480.6 726.4 10.5~6! (E2) 7

371.8 ,2 (M1/E2) 7
(192) Z13275.3 794.7 5.6~3! (E2) 7
(212) Z14133.3 858.0 3.4~3! (E2) 7
(232) Z15061.8 928.5 2.2~2! (E2) 7
(252) Z16065.3 1003.5 ,2 (E2) 7
(272) Z17150.0 1084.7 ,2 (E2) 7
(292) Z18315.9 1165.9 ,2 (E2) 7
(312) Z19558.2 1242.3 ,2 (E2) 7
(332) Z110876.5 1318.3 ,2 (E2) 7
(352) Z112263.2 1386.7 ,2 (E2) 7
(372) Z1~13722! ~1459! ,2 (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
keV.
cRelative intensity of the transition, whereI g(134)[100.
dBand where the final state is located.
eIntensity could not be determined.
fUnresolved doublet.
i
e
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1. This sequence was also identified in theA5128 matrix
from the ORNL data, and a sample spectrum is shown in F
2~a!. In addition, from a gate on the strongest and clean
transitions for band 1 in theg vs charged particle matrix, the
band could be positively associated with the emission
04432
g.
st

f

three protons. Thus, an unequivocal assignment of band
128Pr can be made as it is the only mass 128 nucleus to re
from a 3pXn channel in the given reaction. Band 1 wa
extended fromI 5(301) @14# to (371)\ in the Gammas-
phere data as seen in the inset of Fig. 2~a!. The intensity of
9-7
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
TABLE II. Data for levels andg rays in 126Pr.

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

c DCO Multipolarity

Band 1:ph11/2nh11/2, a50
(81) X1105.5 105.5 d 0.41~7! M1/E2
(101) X1415.9 310.4 28~3! (E2)

167.4 99~8! 0.55~7! M1/E2
(121) X1851.8 435.9 60~5! 1.0~1! E2

225.5 68~5! 0.48~7! M1/E2
(141) X11409.5 557.7 58~5! 1.0~1! E2

283.7 34~3! 0.47~8! M1/E2
(161) X12080.4 670.9 53~5! 1.1~2! E2

343.5 26~2! (M1/E2)
(181) X12852.9 772.5 43~4! (E2)

403.4 13~1! (M1/E2)
(201) X13715.3 862.4 29~3! (E2)

463 8~1! (M1/E2)
(221) X14663.3 948.0 22~2! (E2)
(241) X15700.9 1037.6 13~1! (E2)
(261) X16839 1138 7~1! (E2)
(281) (X18085) ~1246! ,5 (E2)

Band 1:ph11/2nh11/2, a51
(91) X1248.6 248.4 26~3! (E2)

143.1 [100 0.51~5! M1/E2
(111) X1626.4 377.8 41~4! 1.0~1! E2

210.6 82~7! 0.42~5! M1/E2
(131) X11125.9 499.5 49~4! 0.9~1! E2

273.8 44~4! 0.41~6! M1/E2
(151) X11737.5 611.6 56~5! 1.2~2! E2

327.4 30~3! (M1/E2)
(171) X12449.9 712.4 52~5! (E2)

369.1 25~2! (M1/E2)
(191) X13251.9 802.0 44~4! (E2)

399.1 10~1! (M1/E2)
(211) X14136.4 884.5 29~3! (E2)

422 7~1! (M1/E2)
(231) X15103.6 967.2 21~2! (E2)
(251) X16158.3 1054.7 16~2! (E2)
(271) X17305.1 1146.8 10~1! (E2)
(291) X18545.1 1240.0 8~1! (E2)
(311) X19865 1320 ,5 (E2)
(331) X111216 1351 ,5 (E2)

Band 2:ph11/2nh9/2, a51
(51) Y1105.5 105.5 d 0.6~1!

(71) Y1273.3 167.8 21~3! 0.94~4! E2
(91) Y1553.2 279.9 47~4! 0.92~4! E2
(111) Y1946.3 393.1 48~4! 1.00~4! E2
(131) Y11445.1 498.8 47~4! 1.20~5! E2
(151) Y12039.6 594.5 40~3! 1.16~5! E2
(171) Y12721.5 681.9 39~3! 1.04~6! E2
(191) Y13485.2 763.7 30~3! 1.21~6! E2
(211) Y14328.7 843.5 23~2! 1.02~6! E2
(231) Y15251.5 922.8 18~2! 0.99~7! E2
(251) Y16254.6 1003.1 15~2! (E2)
(271) Y17337.7 1083.1 10~1! (E2)
(291) Y18499.5 1161.8 6~1! (E2)
04432
this structure~see Table I! indicates that it is the yrast se
quence over the majority of the observed spin region. Pa
and spins were assigned based on the proposed configur
described in the following section and the systematics of
et al. @5#, which led to an assignment of 1\ lower than that
suggested in Ref.@14#. A more detailed discussion of the sp
assignment follows in Sec. II B.

Band 2 is a new doubly decoupled structure, which w
found only in the Gammasphere data. Near the bottom of
band, linking transitions to both bands 1 and 3 were o
served, as shown in Fig. 1. Indeed, transitions from th
latter structures can be observed in the spectrum displaye
Fig. 2~b!, which is a sum of many double-gated spec
above the (131) level in band 2. The 357-keV transition tha
feeds the (101) state in band 1 has a DCO ratio of 0.6~1!
indicating that it hasDI 51. If a spin of (111) is given to the
state from which the 357-keV transition depopulates, ban
would become yrast with respect to band 1 atI 5(151).

TABLE II. (Continued.)

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

c DCO Multipolarity

(311) Y19738.0 1238.5 ,5 (E2)
(331) Y111051.5 1313.5 ,5 (E2)
(351) Y112444.0 1392.5 ,5 (E2)
(371) Y113923 1479 ,5 (E2)
(391) Y115500 1577 ,5 (E2)
(411) (Y117151) ~1651! ,5 (E2)

aSpin and parity of the initial state.
bUncertainties inEg are 0.2 keV for most transitions except fo
relatively weak transitions, which are 0.5 keV.
cRelative intensity of the transition, whereI g(143)[100.
dIntensity could not be determined.

TABLE III. Experimental and calculated relative cross sectio
for 40Ca192Mo reaction atElab5170 MeV.

Channela Nucleus Experimental
relative

Calculated
relative

Calculated
absolute

cross
section~%!b

cross
section~%!b

cross
section~mb!

2pn 129Nd 40~6! 35.9 48.1
2p2n 128Nd 3.0~5! 2.6 3.5

3p 129Pr [100 [100 134
3pn 128Pr 30~4! 28.1 37.7
ap 127Pr ,3 4.6 6.2
apn 126Pr 2~1! 1.9 2.5

4p 128Ce 44~2! 47.2 63.2
4pn 127Ce ,5 1.1 1.4
a2p 126Ce 77~4! 17.0 22.8

aCharged particle emission channel from the132Sm compound
nucleus.p, n, and a denote emitted proton, neutron, and alp
particles, respectively.
bRelative cross section with respect to129Pr.
9-8
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TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
FIG. 1. Partial level scheme of128Pr, depicting the proposed positive-parity bands. The width of the arrows is proportional t
transition’s relative intensity. Tentative transitions and levels are denoted with dashed lines. Configurations for some of the sequ
also provided. All spins and parities are considered tentative.
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
FIG. 2. ~a! Spectrum of band 1 in128Pr. The
spectrum was produced by a sum of gates on
134-, 157-, 211-, 220-, and 282-keV transitions
the A5128 matrix from the ORNL experiment
The inset displays the high-energy portion of th
band obtained from the Gammasphere data.~b!
Spectrum of bands 2 and 3 produced by summ
many double-gated coincidence spectra above
(131) level. The inset displays the high-energ
portion of the band.~c! Spectrum of band 4 ob-
tained from all possible combinations of doub
gating on most of theDI 51 in-bandg rays. The
inset displays the high-energy portion of th
band. In panels~b! and ~c!, peaks marked with a
3 are transitions from band 1. Peaks denot
with a C are contaminant transitions.
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However, the intensities of the two structures do not supp
this assignment. Instead, anI→I 11 assignment is given to
the 357-keVg ray, which makes band 2 nonyrast at low
spins, but it is nearly yrast at the highest spins. This rela
spin assignment is consistent with the observed intensi
The assigned positive parity was based on the configura
assignment~see below!, which is consistent with band 2
feeding into other proposed positive-parity states.

The short sequence of new levels labeled as band 3 in
1 is mainly populated by the feeding transitions from band
The 347-keV linking transition from band 2 to band 3 w
found to have a DCO ratio of 0.7~1! indicatingDI 51, while
the 574-keV linking transition has a DCO ratio of 0.9~1!,
which suggestsDI 52. Thus the relative spin assignments
band 3 could be made as shown in Fig. 1. The 574-keVg ray
is the strongest feed-out transition from band 2, which
likely due to mixing between theI 5(131) states of these
two bands. This mixing confirms the relative spins as well
the fact that band 3 has the same positive parity as ban

A weak, strongly coupled structure was observed in
Gammasphere data and has been labeled as band 4 in F
A spectrum is provided in Fig. 2~c!, which shows that band 4
is in coincidence with band 1. In fact, as shown in Fig. 1,
decay out of band 4 is highly fragmented while feeding in
the yrast structure. Unfortunately, due to the weakness of
band, DCO ratios could not be extracted for the linking
in-band transitions. Tentative spin assignments were ba
on intensity and excitation energy considerations. Since n
of the strongly populated, negative-parity bands were fou
to interact with band 1, band 4 has been given positive pa
04432
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2. Negative-parity bands in128Pr

The rotational sequences that are suggested to have n
tive parity are shown in Fig. 3. Figure 4~a! displays a spec-
trum of a band found in theA5128 matrix from the ORNL
data. Similar to band 1, the strongest and cleanest transit
were found in coincidence with the emission of three p
tons. Thus, band 5~as labeled in Fig. 3! is positively identi-
fied in 128Pr, and confirms the assignment of Watsonet al.
@20#. The Gammasphere data allowed for the extension
this structure to high spins as shown in the inset of Fig. 4~a!.
In addition, a short sequence was found to feed into band
I 5(252) ~see Fig. 3!. The signature partner for band 5 wa
not observed in the ORNL matrix, but could be observed
the Gammasphere cube and a spectrum is displayed in
4~b!. Many transitions in Fig. 4~b! ~denoted with an asterisk!
are found corresponding tog rays in band 6, which is the
result of a strong interaction between the bands at lo
spins~see Fig. 3!. Tentative spin assignments were based
an analysis of the proposed configuration and the ini
alignment of the band, as described in Sec. III A 2. W
the given spin assignment, band 5 was extended fr
I 5(172) to (362). The strong interaction of bands 5 and
indicate that they have the same parity. The in-beam pro
ties of band 6~see below! strongly suggest a configuratio
with negative parity; therefore, band 5 is also given negat
parity.

The structure labeled as band 6 in Fig. 3 was observe
both the ORNL and ANL data sets. The spectrum provided
Fig. 4~c! came from the Gammasphere cube, which displ
9-10
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TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
FIG. 3. Partial level scheme of128Pr, depicting the proposed negative-parity bands. The width of the arrows is proportional
transition’s relative intensity. Tentative transitions and levels are denoted with dashed lines. Configurations for some of the sequ
also provided. All spins and parities are considered tentative.
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both signatures of this strongly coupled sequence. Due to
aforementioned interaction between bands 5 and 6, m
transitions originating from band 5 are observed in Fig. 4~c!
and are denoted with a plus sign. DCO analysis of the li
ing transitions~see Table I! fix the relative spins of band 6
with respect to band 5. As previously stated, the pa
assignment of this structure was based on the propo
configuration discussed below. Band 6 was extended f
I 5(162) to (322) and a small sequence of transitions w
also observed to feed into the (192) state. The (82) states in
both bands 5 and 6 were found to feed into a st
04432
he
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-

y
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that is depopulated by a 116-keV transition~see Fig. 3!. The
DCO ratios~;0.6! of the 272- and 248-keV linking transi
tions from bands 5 and 6, respectively, indicate that they
dipole transitions withDI 51; however, the parity of theY
1116-keV state could not be determined.

Band 7 was previously reported by Smithet al. @14#, but
linking transitions to known states could not be establish
Unfortunately, this structure was not observed in the OR
experiment and connecting transitions were not observe
the Gammasphere data. However, the relative intensity
band 7 to band 1 is similar to that reported in Ref.@14#, thus
9-11
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
FIG. 4. ~a! Spectrum of thea51 signature of
band 5 from theA5128 mass-gated matrix from
transitions in coincidence with 181-, 304-, an
440-keV g rays. The high-energy inset display
the extension of this signature to high spin fro
the Gammasphere cube.~b! Spectrum of thea50
signature of band 5 from the Gammasphere d
resulting from the sum of double-gated coinc
dence spectra above the (122) level. In panels~a!
and ~b!, peaks marked with an asterisk are tra
sitions originating from band 6.~c! Spectrum of
band 6 with the high-energy portion shown in th
inset. Transitions originating from band 5 are d
noted with a plus sign.~d! Spectrum of band 7
from double gating the 242- and 265-keVg rays
with all coincident DI 52 in-band transitions.
The inset displays the high-energyg rays in the
band. In panels~b!, ~c!, and ~d!, peaks labeled
with a C are contaminant transitions.
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suggesting that it is indeed associated with128Pr. Figure 4~d!
displays a spectrum of this sequence where one may no
that none of the previously established transitions in128Pr
can be observed. This fact suggests that the lowest sta
likely isomeric with a lifetime that is longer than the prom
coincidence window of;80 ns. The isomeric state must b
the band head of the structure; therefore, the proposed
figuration~see below! would give aKp value and band hea
spin of (82). Band 7 was also extended by 6\ and 4\ in the
a50 and 1 signatures, respectively, compared with the
servations in Ref.@14#.

B. The 126Pr level scheme

Results on126Pr from these experiments have been pu
lished elsewhere@12#; however, a more detailed discussio
of the bands shall be addressed in the present work. ThA
5126 matrix from the ORNL experiment was dominated
transitions from thea2p channel (126Ce @22#!. g rays in
coincidence with ana particle and two protons were sub
tracted from theA5126 projection with the resulting spec
trum shown in Fig. 5~a!. Coincidence gates were set on ea
04432
ce

is

n-

-

-

of the remaining peaks of Fig. 5~a! in the Gammasphere
cube, which containedg rays associated with theap chan-
nel. A sample spectrum is given in Fig. 5~b! that shows a
strongly coupled sequence. This structure was not obse
in cubes coincident with the 2p,3p,4p,a2p,2ap, or 2a
channels, thus confirming that the band results from
apXn emission. Combining the facts that the band is~i!
correlated with mass 126 from the ORNL experiment and~ii !
associated with the emission of ana particle and a proton
from the ANL experiment, it must be identified with126Pr. A
level scheme for126Pr is shown in Fig. 6 and this yras
sequence is labeled as band 1.

A comparison of the level energies in the yrast structu
of odd-odd 126–136Pr ~including band 1 from both126Pr and
128Pr) is shown in Fig. 7~a!. Similar to the procedure of Liu
et al. @5#, the I 5(101) state is set to 0 keV such that th
relative level energies for higher-lying states may be co
pared. A smooth systematic trend may be observed in
energy levels with our proposed spins for band 1 in126,128Pr.
However, Petracheet al. @23# recently suggested that th
spins of these bands should be raised by two units of\ in
comparison with our assignments. An interacting-bos
9-12
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TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
FIG. 5. ~a! Spectrum of transitions in coinci
dence withA5126 recoils after a fraction of the
g rays coincident with thea2p channel (126Ce)
was subtracted. The three strongest transitions
126Ce are observed in the spectrum and are
beled with aC. Peaks marked with an asteris
could not be identified with a band structure.~b!
Spectrum of band 1 in126Pr from the Gammas-
phere experiment produced by summing over
the double-gated coincidence spectra between
143-keV transitions and theDI 51 g rays below
the (181) level. The inset is the high-energy po
tion of thea51 signature.~c! Spectrum of band 2
in 126Pr from the Gammasphere experiment.
sum over all possible double gates of the tran
tions depopulating the states between (91) to
(211) was used to produce the spectrum. T
inset shows the high-energy portion of the ban
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fermion-fermion calculation and comparison of alignme
with the yrast band in130Pr were used to support their arg
ment. Assigning spins to odd-odd bands is always diffic
but this suggestion would cause a severe discontinuity in
energy level systematics~see Fig. 9 in Ref.@23#! between the
N571 and 69 nuclei. Energy level systematics from t
ground-state,nh11/2, andph11/2 bands in even-even Ce (Z
558), odd-A Ce, and odd-A Pr nuclei, respectively, are
shown in Fig. 7~b!. The I 59/22 and 11/22 states in the
nh11/2 and ph11/2 bands, respectively, were set to 0 keV
order to do the comparison. No irregularities are found
any of the nearby nuclei as seen in Fig. 7~b!; therefore, it
would be difficult to understand why a discontinuity in od
odd Pr nuclei would exist. Instead, we suggest that our s
assignments are more consistent with the experimental
of nearby nuclei, and additional support is also given in S
III C based on relative alignments with127Pr.

A decoupled sequence, shown in Fig. 5~c!, was observed
in the Gammasphere data and associated with theapXn
channel in a similar manner as described for band 1 in126Pr.
The intensity of this structure was found to be larger th
either of the yrast bands in125Pr @24# (ap2n channel! or
127Pr @25# (ap channel!. Thus, it is tentatively assigned t
the apn channel and is included as band 2 in the le
scheme of126Pr in Fig. 6. Band 2 was not identified in th
ORNL experiment as the population intensity was likely b
low the experimental sensitivity level. Therefore, we can
completely rule out the possibility that band 2 belongs
another nucleus. DCO ratios indicate that the in-band tra
tions are ofE2 character, while the 106-keVg ray is a dipole
04432
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transition. Thus, it has been assumed that this low-ene
transition is a decay out of the band. The tentative parity a
spin assignments are based on the given configuration~see
below! and energy systematics of similar bands found
heavier Pr nuclei.

III. CONFIGURATION ASSIGNMENTS

In the neighboring odd-Z 127,129Pr @25,26# nuclei, the se-
quence based on theh11/2 low-K proton ~@541#3/2! is found
to be much lower in energy than any other configuratio
However, structures based on thed5/2/g7/2@411#3/2
and g9/2@404#9/2 protons are also observed. In the near
odd-N 60

129Nd @27# nucleus, four bands originating from
the h11/2@523#7/2,h9/2/ f 7/2@541#1/2,d3/2/s1/2@411#1/2, and
d5/2@402#5/2 orbitals were seen. Thus, combinations of the
protons and neutrons were primarily considered for the c
figurations of the bands in126,128Pr. Band characteristics
such as alignments, band crossings,B(M1)/B(E2) ratios,
and signature splitting were investigated in order to ass
the proper configurations.

A. Alignments and band crossings in128Pr

1. Positive-parity bands

An alignment plot of the structures in128Pr is shown in
Fig. 8. The same Harris parameters ofJ0518\2/MeV and
J1522\4/MeV3 employed for127Pr @25# were used to sub-
tract the core angular momentum. Cranked shell mo
~CSM! @28# calculations were performed to help interpret t
9-13
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
FIG. 6. Level scheme of126Pr. The width of the arrows is pro
portional to the transition’s relative intensity. Tentative transitio
and levels are denoted with dashed lines. Configurations for
sequences are also provided.
04432
observed crossings and are shown in Fig. 9. Deforma
parameters were taken from a total Routhian surface~TRS!
calculation.

A large initial alignment~;6\! is observed for band 1 in
Fig. 8~a! and an alignment gain of 5–6\ is found in both
signatures at\v'0.41 MeV. The p(d5/2/g7/2) bands in
127,129Pr experience an alignment gain of;10\ just below
0.3 MeV, which is due to the breaking of the lowest pair
h11/2 protons from their time-reversed orbits and aligni
their angular momenta along the nuclear spin axis. This
often referred to as theEpFp band crossing and one may se
that the CSM predicts that this will occur at 0.3 MeV in Fi
9~a!. However, no such crossing is found in band 1 of128Pr,
indicating that anh11/2 proton must be involved in the con
figuration to Pauli block theEpFp crossing. The alignmen
gain near 0.4 MeV is attributed to the secondh11/2 proton
crossing (FpGp), which is lower than the CSM predicte
value of ;0.48 MeV @see Fig. 9~a!#. In addition, the align-
ment of the lowesth11/2 neutrons~known as theEF cross-
ing!, which is observed in some of the other bands in128Pr
e

FIG. 7. ~a! Energy level systematics of yrast bands in odd-o
Pr nuclei. Following the procedure of Liuet al. @5#, the I 5(101)
state was set to 0 keV such that the relative level energies
higher-lying states may be compared.~b! Energy level systematics
of the ground-state bands in even-even Ce~filled squares!, a511/2
signature of thenh11/2 band in odd-A Ce ~open squares!, and the
ph11/2 band in odd-A Pr ~open triangles!. The 9/22 and 11/22 states
in the nh11/2 andph11/2 bands, respectively, were set to 0 keV.
9-14



ar
s-

TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
FIG. 8. Alignments for the bands in128Pr.
Harris parameters ofJ0518\2/MeV and J1

522\4/MeV3 were used to subtract the angul
momentum of the rotating core. Observed cros
ings are designated in the figure. Filled~empty!
symbols denote thea50 ~1! sequence.
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FIG. 9. Cranked shell model calculated~a! quasiproton and~b!
quasineutron Routhians. The deformation parameters~shown at the
top of figure! were determined by TRS calculations. Interpretati
of the lines is displayed at the top of the figure. Some of
lowest-lying lines are designated with their configuration wh
\v50 MeV.
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near 0.6 MeV~see below!, is blocked in band 1. Hence, th
ph11/2nh11/2 configuration has been assigned to this str
ture. The Gallagher-Moszkowski rule@29# states that when
both the valence proton and neutron in an odd-odd nuc
originate from shells with parallel spin angular momenta,
K of the band is equal to the sum ofK values from the
unpaired nucleons. Such is the case for theph11/2nh11/2 con-
figuration, and thusKp551 has been assumed for band 1

The fact that band 2 is a decoupled sequence indic
that a low-K proton and neutron are likely responsible for t
band. A blocking of theEpFp crossing and the observation o
theFpGp crossing at\v'0.42 MeV in band 2@see Fig. 8~a!#
implies theh11/2 proton is involved. A crossing is observed
0.60 MeV, which we associate with theEF neutron align-
ment. CSM calculations predict this neutron crossing to
cur near 0.47 MeV@see Fig. 9~b!#; however, delayedEF
alignments have also been observed inN'70 Ce nuclei@30#.
The force~s! responsible for this delay is likely producing th
same effect in128Pr. In 130Pr @31#, the ph11/2n(h9/2/ f 7/2)
band is found to lie high in energy with respect to the yr
sequence at low spin, but approaches the yrast line at
highest spin. This is due to a higher deformation in t
ph11/2n(h9/2/ f 7/2) sequence as measured by Kondevet al.
@31#. Band 2 behaves in a very similar manner, thus t
same configuration is assigned to the decoupled structur
128Pr. Depending on whether the mixed parentage of
@541#1/2 orbital is more dominantlyf 7/2 or h9/2, a parallel or
antiparallel combination of the spin angular momenta is p
sible. Thus, this structure may have aKp of either 21 or 11,
respectively.

Although band 3 is a short sequence, it is possible
suggest a configuration assignment based on the obse
properties. Figure 8~a! shows that this band has a large alig
ment ~;5\!, but is ;1\ less than that seen in band 1. Th
large alignment strongly suggests that theh11/2 proton is in-
volved in the configuration of band 3. As the structure like

e
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has positive parity, a negative-parity neutron must
coupled with theh11/2 proton. The negative-parity neutro
orbitals nearest to the Fermi surface are@523#7/2 and
@541#1/2; however, only the@523#7/2 would produce a
strongly coupled sequence as band 3 appears to be. In129Pr
@26#, the unfavored signature of theph11/2 band has been
observed to have;1\ less in alignment than the favore
signature. This is similar to the difference between band
and 3 in Fig. 8~a!. Therefore, band 3 is suggested to have
ph11/2nh11/2 configuration, where the unfavored signature
the h11/2 proton is involved. Observed bands based on un
vored couplings of nucleons in odd-odd nuclei are rare,
have been seen as in164Tm @3#. With the unfavored signature
of the proton, an oppositeK coupling, with respect to band 1
must be used; therefore, the difference between theK values
suggestsKp521 for band 3. This assignment offers a reas
for why band 2 favors feeding into band 3, whereDK50 or
1, versus feeding into band 1, whereDK53 or 4 is classi-
cally forbidden.

The alignment of band 4 has been plotted in Fig. 8~b!
along with thea51 signature of band 1. One may see t
striking similarity between these bands as they have ne
the same amount of alignment throughout the observed
quency range of band 4. The blocking of theEpFp andEF
crossings and the observation of theFpGp crossing indicate
that theh11/2 proton and neutron are involved in the config
ration of this structure. As band 4 is not observed until h
excitation energy, it is likely based on four quasiparticl
The fact that bands 1 and 4 have nearly the same alignm
suggests that the other two nucleons have nearly zero a
ment associated with them. TheB(M1)/B(E2) ratios dis-
cussed in Sec. III B offer more insight as regards which t
quasiparticles are coupled to theh11/2 nucleons to form
band 4.

2. Negative-parity bands

A blocking of theEpFp crossing is once again observed
band 5, along with the observation of theFpGp crossing at
\v'0.39 MeV @see Fig. 8~c!#. Thus, theh11/2 proton is as-
sociated with this structure. Significant signature splitting
seen below spin (202) in this band, which suggests that
low-K neutron is coupled to theh11/2 proton. As the only
low-K orbital near the Fermi surface~other than@541#1/2
that is involved in the configuration of band 2! is the
@411#1/2 neutron, band 5 is assignedph11/2n(d3/2/s1/2) and
Kp512 or 22. Nearly 5\ of alignment is associated with th
h11/2 proton @25#, while very little alignment is observed fo
the @411#1/2 neutron@27#. Therefore, a band head spin
(62) was tentatively assigned for band 5 such that its ini
alignment at low frequency~,0.3 MeV! is ;0.5 \ higher
than theph11/2 band in 127Pr. Thea51 signature@open tri-
angles in Fig. 8~c!# experiences another crossing above\v
50.6 MeV, which is similar to those found in bands 2 and
All of these crossings are interpreted as theEF neutron
alignments as this is the next crossing available for th
configurations according to the CSM calculations of Fig.
The nature of the alignment gain observed in thea50 sig-
nature near 0.5 MeV will be discussed in Sec. V.
04432
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The alignment for band 6 is nearly identical to thea51
signature of band 5, as one can see in Fig. 8~c!. The FpGp
andEF crossings are observed for\v'0.39 and.0.6 MeV,
respectively, in both bands. As little signature splitting
found for band 6, a high-K neutron is likely coupled with the
h11/2 proton. Since the@523#7/2 neutron has already bee
associated with bands 1 and 3, it was not considered for b
6. Thed5/2@402#5/2 orbital is the next closest high-K orbital
to theN569 Fermi surface as seen in Fig. 9~b! and observed
in 129Nd @27#. Indeed, an excellent agreement between th
retical B(M1)/B(E2) values for theph11/2nd5/2 configura-
tion and the experimentally determined transition stren
ratios for band 6 is found~see below!. Therefore, the
ph11/2nd5/2 assignment is given to band 6, which sugge
that the structure has negative parity andKp542.

Band 7 was previously identified as thepg9/2nh11/2 con-
figuration by Smithet al. @14#. The lower initial alignment
seen in Fig. 8~d! and the identification of theEpFp crossing
near 0.3 MeV indicate a proton other than theh11/2 proton is
involved. Bands based on theg9/2 proton have been observe
in many Pr nuclei@14,32#, and it would most likely couple
with the yrasth11/2 neutron. Confirmation of this assignme
can be observed in Sec. III B, where the theoretical and
perimentalB(M1)/B(E2) ratios are in good agreement. Th
lack of decays from higher spin states in band 7 indica
that it does not mix with the other structures, resulting fro
a rather purepg9/2nh11/2 configuration. TheKp582 of this
configuration classically forbids decay to any of the oth
structures in128Pr. Thus, a relatively long lifetime of the
band head state may be expected.

B. B„M1…ÕB„E2… ratios for 128Pr

The inbandB(M1)/B(E2) ratios were determined by th
standard formula

B~M1:I→I 21!

B~E2:I→I 22!
50.693

Eg
5~ I→I 22!

Eg
3~ I→I 21!

1

l~11d2!
S mN

eb D 2

,

where l is the branching ratio andEg is in MeV. Mixing
ratios ~d! were estimated from the rotational model and a
sumed pureK @33#. Figure 10 displays the results for128Pr,
along with theoretical calculations based on the exten
formalism @34# of the geometrical model from Do¨nau @35#
and Frauendorf@36#. Parameters used in the calculations
M1 strengths are summarized in Table IV and a quadrup
moment ofQ054.9 eb was assumed from a TRS predicte
deformation ofb250.29. The collective gyromagnetic rati
was determined bygR5Z/A, and thegK values were calcu-
lated using a Woods-Saxon potential@37#. Alignment values
( i x) were determined from the initial alignments in th
neighboring odd-A nuclei 127Pr @25# and 129Nd @27#.

In Fig. 10~a!, the B(M1)/B(E2) ratios for band 1 are
found to lie consistently between 1.0(mN /eb)2 and
1.5(mN /eb)2. The solid curve in panel~a! denotes the calcu
lated ratios for theph11/2nh11/2 configuration. It is apparen
that the theoretical calculations do not give a good fit to
data for most of the observed spin region. However, one m
notice that the experimental points betweenI 514 to 20 lie
9-16
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TOWARDS COMPLETE SPECTROSCOPY OF128Pr AND . . . PHYSICAL REVIEW C 65 044329
between the calculatedph11/2nh11/2 and ph11/2nh11/2
^ FpGp @dashed line in Fig. 10~a!# values. This may indicate
that a strong interaction between the two- and fo
quasiparticle bands exists, which would cause such disc
ancies.

Figure 10~b! displays the transition strength ratios f
bands 4 and 7. As previously mentioned, band 4 likely
four quasiparticles, where theh11/2 proton and neutron are
involved. If the other two quasiparticles were nearby p
tons, namely, d5/2/g7/2 and g9/2, the calculated
B(M1)/B(E2) ratios are much larger than those observed
Fig. 10~b!. Thus, two low-lying quasineutrons are like
coupled to theph11/2nh11/2 configuration to form band 4
The parity of this structure was suggested to be posit
therefore, using the@541#1/2 neutron with either the@411#1/2

TABLE IV. Parameters used in the calculation
B(M1)/B(E2) values for bands in128Pr.

Configuration gK i x (\) K ~\!

ph11/2 1.51 4.5 1.5
pg9/2 1.32 0.5 4.5
nh11/2 20.32 1.5 3.5
nd5/2 20.49 0.7 2.5
nd3/2/s1/2 1.91 0.5 0.5
FpGp 1.51 4.5 0

FIG. 10. B(M1)/B(E2) ratios for bands 1, 4, 5, 6, and 7 i
128Pr. Filled ~empty! symbols represent the experimental values
the a50 ~1! sequence. Calculated values~as described in the text!
are shown as lines.
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or @402#5/2 neutrons is restricted. Instead, a calculation us
the ph11/2n(h11/2,d5/2,d3/2/s1/2) configuration was per-
formed with the results shown as the dot-dashed line in F
10~b!. A good agreement is achieved with the experimen
values, especially above spin 18, and this configuration
tentatively assigned to band 4.

A reasonable fit of the theoreticalB(M1)/B(E2) values
for thepg9/2nh11/2 configuration~solid line! is seen for band
7 in Fig. 10~b!. However, the experimental ratios are cons
tently below the calculated values. As stated previously,
configuration may be highly deformed; therefore, calcu
tions were performed assuming band 7 has a quadrupole
ment 20% larger than the normal deformed bands and
results are displayed as the dotted line in Fig. 10~b!. An
improved agreement with the data is seen.

Transition strength ratios for bands 5 and 6 are shown
Fig. 10~c! and excellent agreement is found for band 6 w
the predictedph11/2nd5/2 configuration~solid line! aboveI
5(11). Below this spin, band 6 mixes strongly with band
which has theph11/2n(d3/2/s1/2) configuration. The theoret
ical B(M1)/B(E2) ratios for this configuration are nearl
zero, as shown by the dot-dashed line in Fig. 10~c!. This
mixing accounts for the lower than expected ratios for ba
6 and the greater than expected ratios for band 5 in the
region belowI 5(11).

C. Alignments and B„M1…ÕB„E2… ratios for 126Pr

In order to ascribe configurations to bands 1 and 2
126Pr, we show the alignments of both bands in Fig. 11~a!,
along with theph11/2 band in 127Pr @25#. It should be noted
that three transitions of energies 1201, 1274, and 1351
were observed in the present data above the highest sta
127Pr reported by Mullinset al. @25#. The Harris parameters
of J0518\2/MeV and J1522\4/MeV3 were used once
again. In addition, theB(M1)/B(E2) ratios extracted for
band 1 are displayed in Fig. 11~b!.

The alignment for band 1 in126Pr is nearly identical to
band 1 in128Pr @see Fig. 8~a!# below a frequency of 0.4 MeV
Similar to theph11/2 band in 127Pr, band 1 in126Pr has an
alignment gain above\v50.4 MeV with a large interaction
strength. Two differing interpretations of this crossing ha
been suggested for127Pr, one being the second protonFpGp
crossing@25#, the other stating that the crossing is compos
of both theEF neutron andFpGp proton alignments, with
the EF alignment playing the dominant role@38#. As this
neutron alignment has been observed above\v50.6 MeV in
128Pr @see Fig. 8~c!# and in 129Pr @26#, it does not seem likely
that the interaction near\v'0.43 MeV would be caused by
the EF crossing. Instead, we agree with Mullinset al. @25#
that theFpGp alignment occurs at this frequency and wi
our new data, it appears that a second crossing just be
\v50.6 MeV can be observed in Fig. 11~a! for 127Pr. We
attribute this latter alignment to theEF neutron crossing as
its crossing frequency is consistent with that observed
128,129Pr.

Band 1 in 126Pr undergoes theFpGp crossing and appear
to block theEF crossing in Fig. 11~a!. Only theph11/2nh11/2
configuration can satisfy these two conditions and thus it

r
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
been assigned to band 1. TheB(M1)/B(E2) ratios for this
band are compared with the predicted values of
ph11/2nh11/2 configuration in Fig. 11~b!. TRS calculations
suggest a deformation ofb250.30; therefore aQ0 value of
5.1eb was used withgR50.47 and the samegK , i x , andK
values listed in Table IV. A reasonable agreement is fou
between the experimental data and theory.

As was stated previously, Petracheet al. @23# suggested
that the spins of band 1 in126Pr should be higher by 2\ with
respect to our assignment. In the frequency range of 0.2–
MeV, one may see in Fig. 11~a! that band 1 has;1.5\ more
alignment thanph11/2 in 127Pr. The extra alignment is a re
sult of the unpairedh11/2@523#7/2 neutron and the differenc
is consistent with the initial alignment observed in near

FIG. 11. ~a! Alignments for the bands in126Pr where the Harris
parameters ofJ0518\2/MeV and J1522\4/MeV3 were used to
subtract the angular momentum of the rotating core. Theph11/2

band from127Pr is also shown for reference. Observed crossings
designated in the figure. Filled~empty! symbols denote thea50 ~1!
sequence.~b! ExtractedB(M1)/B(E2) ratios for band 1 in126Pr.
Filled ~empty! symbols represent the experimental values for
a50 ~1! sequence. Calculated values~as described in the text! for
the ph11/2nh11/2 configuration are shown as the solid line.
04432
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odd-N nuclei @27,39#. If the spins are increased by 2\, the
relative alignment of band 1 is 3.5\ higher than the neigh-
boringph11/2 band. The latter scenario is not consistent w
the experimental data as the@523#7/2 neutron is not com-
monly associated with this large amount of alignment.
course if one chooses to do the comparison at\v50.1 MeV,
then the assignment by Petracheet al. does make more
sense. However, the high density of states at low energy
possibly strong interactions can have a large influence on
energies of the lower-spin states in bands of odd-odd nuc
It is better, in our opinion, to do a comparison at high
frequencies, where the Coriolis force dominates and the s
density decreases. We are in agreement with Petracheet al.
that an experimental measurement of the spin would be
best solution.

The alignment of band 2 in126Pr shows a consistent gai
up to \v'0.7 MeV @see Fig. 11~a!#. It is difficult to distin-
guish where the crossings take place; however, since the
alignment gain is nearly equal to that of theph11/2 band in
127Pr, it is likely that theFpGp and EF alignments occur
with very large interaction strengths. Therefore, anh11/2 pro-
ton is most probably coupled with a low-K neutron in order
to form this doubly decoupled sequence. The@541#1/2 and
@411#1/2 neutrons are both good possibilities, but we fav
the ph11/2n(h9/2/ f 7/2) assignment as these bands are o
served to become nearly yrast at the highest spins obse
in 128,130,132Pr @31#. Since band 2 is observed up to such hi
frequencies, it would seem likely that it also becomes yras
very high spins. However, we cannot completely rule out
alternative configuration. As odd spins have been obser
for theph11/2n(h9/2/ f 7/2) bands in the heavier Pr nuclei, od
spins have also been assigned for band 2. A compariso
the energy spacings of band 2 with the similar bands
128,130,132Pr has been performed in order to assign the spec
spins; however, it must be stressed that these are tentat

IV. SIGNATURE INVERSION IN THE ph11Õ2nh11Õ2 BANDS

Signature is the quantum number associated with the
tation of an axially deformed nucleus around a principal a
by 180°. The eigenvalues of the rotation operator@Rx(p)#
are defined asr 5eipa and one finds@33# for integer spinI
that r 5(21)I . Thus,DI 52 sequences with even~odd! spin
have r 51(r 521), which corresponds toa50(a51) in
the definition of the rotation operator eigenvalue not
above. It is most common to usea to denote signature due t
the fact that it is an additive quantity. In a strongly coupl
structure, such as band 1 in126,128Pr, botha50 and 1 se-
quences are observed and are nearly degenerate. Howe
difference in energy between the signatures, referred to
signature splitting, is expected as a result of Coriolis mixi
with K51/2 orbitals, which have a decoupling parame
that pushes one signature lower in energy versus the o
@33#. The signature that is lowered is dependent on the t
angular momentumj of the shell from which the orbita
originates. For an odd-odd nucleus, the expected ener
cally favored signature of a configuration is defined bya f
5u 1

2 (21) j p21/21 1
2 (21) j n21/2u, where j p and j n are the an-

gular momenta of the shells associated with the vale

re

e
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FIG. 12. Signature splitting ofph11/2nh11/2 bands in theA'130 region. Filled~empty! symbols represent thea50 ~1! signature. The
reversion spins~as described in text! are displayed whenever possible.
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nucleons. Therefore, theph11/2nh11/2 structures~band 1 in
126,128Pr) are expected to have thea51 signature~odd spins!
favored over thea50 sequence.

Signature splitting may be represented in many ways,
we have chosen to use the quantityDE5@E(I )2E(I 21)#
2@E(I 11)2E(I )1E(I 21)2E(I 22)#/2 to define the en-
ergy staggering of theph11/2nh11/2 bands shown in Fig. 12
The figure displays the splitting in this configuration for t
known 65<N<75 Cs(Z555),La(Z557),Pr(Z559), and
Pm (Z561) nuclei. Data from nuclei not presented in th
paper were compiled from the following sources:120Cs
@40,41#, 122Cs @42#, 124,126Cs @43#, 128Cs @44#, 130Cs @45#,
124La @43#, 126La @46#, 128,130La @6#, 132La @8#, 130Pr @14#,
132Pr @47#, 134Pr @48#, 132Pm @49#, 134Pm @50#, 136Pm @51#.
Points that have negative values are energetically favo
over those with positive values. Spin values suggested
Liu et al. @5,52# were applied to each of the bands shown
Fig. 12. It can be seen in this figure that at lower spins, i
the a50 signature that is favored rather than thea51 se-
quence. Such behavior has been termedsignature inversion
@53#. As we have stated above, deducing spins for band
odd-odd nuclei is difficult and one may wonder if the sp
assignments are incorrect by one unit of\. However, one
may notice that at higher spins, normal ordering is resto
The spin at which normal ordering occurs will be defined
the ‘‘reversion spin’’ in this paper. The Coriolis force, whic
does not favor signature inversion, increases with frequen
therefore, it is much more likely that normal ordering will b
observed at high spin versus low spin.
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Comparisons of signature inversion trends in theA'130
region are made with those found in theA'160 region be-
low. The smooth systematic behavior for theA'160 nuclei
is discussed in~i! below, while abnormalities in initial split-
ting and reversion spin are identified for theA'130 region
in ~ii ! and ~iii !, respectively. Possible explanations for t
cause of inversion are also addressed in these sections.

~i! Bengtssonet al. @53# first introduced signature inver
sion in theph11/2n i 13/2 band of 65

154Tb89 and suggested that i
was a result of the high-j , low-K i 13/2 neutron driving the
nuclear shape towards positive~g.0°! triaxial deformation.
The systematics of theA'160 region@54,55# lend credence
to this assertion. For a given isotope chain of Tb, HoZ
567), Tm (Z569), or Lu (Z571), the amount of initial
splitting decreases as the neutron number increases froN
589 indicating that the force~s! causing the inversion is be
coming less influential with increasingN. The nuclei become
more deformed and resistant to shape polarizing effects
individual nucleons with increasingN; therefore, thei 13/2

neutron has a lessening influence on the nuclear shape.
reversion spin also decreases systematically asN increases,
which also indicates that the signature inversion force~s!
weakens with increasingb2 deformation. Good systemati
trends are also observed in the isotone chains as the in
splitting and reversion spin increases withZ. Within an iso-
tone chain, the nuclei become less deformed and more
ceptible to deformation driving particles asZ increases.

Although the smooth systematics in theA'160 region do
9-19
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D. J. HARTLEY et al. PHYSICAL REVIEW C 65 044329
support the idea that triaxiality plays a significant role
creating signature inversion, other theoretical studies indic
that a pn interaction @56,57# or quadrupole-quadrupol
(QQ) pairing @58# can also possibly explain this phenom
enon in theph11/2n i 13/2 bands. Whatever the theory chose
it is more significant for systematic trends to be well d
scribed in a region rather than describing a few nuclei w
With this in mind and the fact that more information o
odd-oddA'130 nuclei has been published recently, we tu
our attention to theph11/2nh11/2 bands in order to illuminate
their experimental trends.

~ii ! Upon examining Fig. 12, one can see for a giv
isotone chain that the initial amount of signature splitti
~betweenI 510–15) generally decreases asZ increases. The
deformation increases withZ as the Fermi surface move
away from theZ550 spherical shell gap, thus a similar tr
axiality argument~where the high-j , low-K h11/2 proton
drives towardsg.0°! as the one asserted for theA'160
region may seem appropriate. However, other trends do
support such an explanation for the whole region. For
ample, the initial splitting of the Cs nuclei decreases withN
and the initial splitting of the La nuclei remains nearly co
stant. The heavier Cs and La nuclei are approaching thN
582 spherical shell gap, and thus deformation is likely d
creasing withN. Applying the triaxial theory with this infor-
mation, one would expect the splitting to increase withN.
Indeed, this is what is observed in the Pr and Pm isoto
chains. Thus, triaxiality may describe the signature invers
in these latter nuclei, but it clearly cannot explain the tren
in Cs and La on its own. Recently Xuet al. @58# were able to
reproduce the Cs systematics without using large positivg
deformation, but included aQQ pairing term in their TRS
calculations. They found that the force associated withQQ
pairing inverted the signatures and decreased asN went from
65 to 71. Similar results were found for La nuclei, which d
not reproduce the constant experimental trend as well,
no calculations were performed for the Pr or Pm nuc
Particle-rotor model~PRM! calculations also indicate that
pn interaction may play a significant role in signature inve
sion for Cs and La@56,59#.

~iii ! In addition to the initial splitting, the reversion spin i
the A'160 region also varies in a systematic way. By
specting the isotope chains in Fig. 12, one also finds gra
increases of the reversion spin asN increases for the
ph11/2nh11/2 bands. This suggests that whatever is caus
the inversion is able to resist the Coriolis force up to high
spins asN increases. Such a scenario is consistent with
axiality causing the inversion as the nuclei become m
prone to shape-driving nucleons withN.

The smooth trends in the reversion spin are depend
upon the spin assignments of Liuet al. @5,52# being correct.
Recently, Luet al. @60# and Gizonet al. @61# experimentally
confirmed the suggested spin in124Cs, while Moonet al.
@62# have determined that the the spin of theph11/2nh11/2
band in 122Cs should be increased by 2\ over the previous
assignment. Thus, trends in the reversion spin cannot be
firmed; however, the ‘‘reversion frequency’’ is plotted in Fi
13. The reversion frequency is defined as the freque
04432
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where the Routhian1 of the a51 sequence crosses th
Routhian of thea50 sequence and becomes yrast. In t
way, the spin dependence is essentially removed2 from de-
termining where the signature inversion stops.

Figure 13 shows that the reversion frequency system
cally increases withN for a given isotope chain. A genera
trend of increasing reversion frequency with decreasingZ is
also seen in the isotones. This coincides with the triaxia
argument, as the nuclei become softer asZ decreases due to
the presence of theZ550 spherical shell gap. However, th
La nuclei surprisingly do not follow this trend as their reve
sion frequency is consistently higher than all the other
clei. Indeed, one may notice the gap between the CsZ
555) and Pr (Z559) nuclei in Fig. 13, where the La (Z
557) values might be expected to occur. Such an incon
tency cannot be explained by triaxiality alone and clea
shows the complexity of understanding signature invers
in this region.

Explaining the experimental trends in theph11/2nh11/2
bands of theA'130 region presents a much more difficu
challenge than theph11/2n i 13/2 bands of theA'160 region.
It appears that the Pr and Pm nuclei follow similar trends
those observed in theA'160 region and triaxiality may play
a key role in describing their trends. Triaxiality cannot a
count for the decreasing initial splitting withN trend in Cs,
but another force, such asQQ-pairing @58#, must be a domi-
nant factor. However, this force does not influence the Pr
Pm nuclei as it does Cs, so perhaps it wanes withZ. If this is
the case, the La isotopes are in a transitional region wh
the leading factors of signature inversion in the lighter a
heavier nuclei may combine and create more resista
against the Coriolis force, thus explaining the large revers
frequencies. A systematic theoretical study of these nucle
desirable in order to better understand signature inversio

1The Routhian is the energy of the quasiparticle in the rotat
reference frame.

2The spin dependence is not completely removed as the rotati
frequency is a function ofI. However, changing the spin by 2\
changes the reversion frequency by less than 2%.

FIG. 13. Reversion frequency~as defined in the text! for the
ph11/2nh11/2 bands in theA'130 region.
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this region. It would be interesting to know whether theQQ
pairing has a lesser effect on the Pr and Pm nuclei, as we
an investigation into the systematic effects of thepn inter-
action through PRM calculations of the entire region.

V. POSSIBLE HIGHLY DEFORMED BANDS IN 128Pr

The dynamical moments of inertia@J (2)# for bands 5 and
7 are plotted versus rotational frequency in Fig. 14. A
frequency of 0.25 MeV, band 5 is found to haveJ (2)

'30\2/MeV, which is a typical value for most bands i
128Pr. Band 7, whose configuration ispg9/2nh11/2, has
J (2)'50 \2/MeV at this same frequency. A large dynamic
moment of inertia is often associated with a larger deform
tion. Indeed, a band with the same configuration in130Pr is
found to have a similar increase inJ (2) over the normal
deformed structures, and a quadrupole moment ofQ0
56.1(4)eb was measured for thepg9/2nh11/2 sequence@63#.
This establishes the highly deformed character of this c
figuration as a quadrupole moment ofQ053.4(2)eb was
determined for the normal deformed bands in the same
periment. In addition, Smithet al. @14# reported that ex-
tended TRS calculations predict a deformation ofb2
50.337 for band 7 in128Pr, whileb250.291 is expected for
the ph11/2nh11/2 configuration.

Referring to Fig. 8~c!, one observes that thea51 signa-
ture of band 5@ph11/2n(d3/2/s1/2)# has an alignment gain af
ter the FpGp crossing, but well before the observedEF
crossing in its signature partner. By inspection of Fig. 14,
J (2) of the a51 signature in band 5 also remains high
;60\2/MeV after the crossing at 0.51 MeV. In fact this
near the same value as observed for thepg9/2nh11/2 band,
indicating that this sequence may be highly deformed at
highest frequencies. The quasineutron Routhians in Fig.~b!
show that the intruderi 13/2 neutron is predicted to interac
with the d3/2/s1/2 @411#1/2 neutron near 0.5 MeV, and is i
excellent agreement with the observed crossing frequenc

FIG. 14. The dynamical moments of inertia for bands 5 and 7
128Pr. Filled ~empty! symbols denote thea50 ~1! signature.
04432
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;0.51 MeV. Thus, we suggest thei 13/2@660#1/2 neutron,
which is known to drive the nuclear shape to higher def
mations @64#, adiabatically crosses with th
ph11/2n(d3/2/s1/2) normal deformed configuration.

The i 13/2 neutron is also found to adiabatically cross ban
in other well-deformed, odd-N nuclei in the mass 130 region
such as62

135Sm73 @65# ~at \v'0.3 MeV!, 60
131Nd71 @66# ~at

;0.34 MeV!, and 129Nd69 @27# ~at ;0.45 MeV!. A trend is
observed where the crossing frequency increases with
creasingN. This is understandable as then i 13/2 orbital is
located higher above the Fermi surface asN decreases. In
addition, the crossing frequency increases in theN569 nu-
clei from 129Nd~;0.45 MeV! to 128Pr~;0.51 MeV!. A de-
crease in the ground-state deformation fromZ560 to 59
likely causes the Fermi surface in128Pr to be further away
from the @660#1/2 orbital than in129Nd.

VI. SUMMARY

A significant extension of the128Pr level scheme and th
first identification of excited states in126Pr was made pos
sible through the use of large Ge arrays~Gammasphere and
Clarion!, light charged particle arrays~Microball and Hy-
Ball!, and a recoil mass spectrometer~RMS!. Configuration
assignments were made for each of the structures base
observed rotational alignments,B(M1)/B(E2) ratios, and
signature splitting. The discrepancy in the interpretation
the first crossing~at \v'0.4 MeV! observed in theph11/2
band of 127Pr is resolved as the second proton crossing
observed near this frequency in128Pr, while the first neutron
alignment is not observed until;0.6 MeV. Experimental
trends in the signature inversion ofph11/2nh11/2 bands were
discussed in detail. Although very regular systematics app
in the signature inversion ofph11/2n i 13/2 bands in theA
'160 region, several irregularities occur in theA'130 nu-
clei. Most notably, the reversion frequencies of the La nuc
are surprisingly large with respect to the other nuclei. T
highly deformedpg9/2nh11/2 configuration was observed t
be based upon an isomeric state with a half-life greater t
80 ns. Evidence for the intruderi 13/2 neutron adiabatically
crossing with one of the normal deformed sequences
also observed.
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