
PHYSICAL REVIEW C VOLUME 48, NUMBER 4 OCTOBER 1993

Level structure of the odd mass Pr isotopes. III. Levels of ' Prss populated
in the beta decay of 56-s ' Ce

P. F. Mantica
Department of Chemistry and Biochemistry, University ofMaryland, College Park, Maryland 20742

and UNISOR, Oak Ridge Institute for Science and Education, Oak Ridge, Tennessee 3783I

J. D. Robertson, * E. M. Baum, * and W. B.Walters
Department of Chemistry and Biochemistry, University ofMaryland, College Park, Maryland 20742

(Received 28 January 1993)

The structure of ' Pr has been investigated by performing measurements of y-ray and conversion-
electron singles and yy coincidence spectra of mass separated sources of 56-s ' Ce. The proposed level

scheme extends the known structure of ' Pr to an energy of 2.2 MeV and includes several levels below

1.2 MeV that have not been identified in previous decay studies of ' Ce. Measurement of the conversion
coefficients for several transitions has led to the assignment of negative parity to the levels at 362, 452,
467, and 608 keV in ' Pr, which show properties similar to low-energy negative-parity states identified

in ' 'Pr, 6,
' 'La„, and ' Pm«. The presence of low-energy negative-parity states suggests that

configurations having significantly different deformation, related to the highly deformed region above
X =90 and/or to the reQection asymmetric region identified around ' Ba, may manifest themselves at
low energy in these nuclides.

PACS number(s): 23.20.Lv, 27.60.+j, 21.60.Ev, 23.40.Hc

I. INTRODUCTION

The neutron-rich praseodymium isotopes with N ) 82
have proton number (59) and neutron numbers (82—88)
such that they are influenced both by the presence of
strong deformation observed for nuclides with N~90
and by reAection asymmetric shapes found near ' Ba88.
As a consequence of the Z =64 subshell, the transition
from spherical to deformed shape occurs very rapidly in
the even-A «Nd, 62Sm, and 64Gd isotopes at N=90,
where the E(4+)/E(2+) ratio is observed to increase
from -2.3 to -3.0 with the addition of two neutrons to

88 isotones i48Nd, ' Sm, and 152Gd. Spherical-
deformed shape coexistence [1—3] has also been proposed
for the Sm and Gd isotopes that reside on either side of
the N=90 isotone line. However, an alternate interpre-
tation [4] suggests that the proposed deformed bands can
be explained using a simple pairing-plus-quadrupole
description.

The experimental identification of strong octupole
correlations [5—9] in nuclei around ' Ba as predicted by
Leander et al. [10] extends, in even-A nuclei, from ' Ba
to ' Sm. The signature of these correlations is the pres-
ence of both low-energy negative-parity states, such as
the 1 state in ' Ba, which lies at 739 keV and strong
E1 transitions down an yrast sequence inc1uding both
positive- and negative-parity states in the spin range from
4 to 11. Although there was little strong experimental

'Present address: Department of Chemistry, University of
Kentucky, Lexington, KY 40506.

evidence for octupole structures marked by parity dou-
blets at low energy in the odd-3 Ba and Ce isotopes in
this region [11,12], the structure of these weakly de-
formed nuclides is not readily accounted for by consider-
ing only quadrupole deformation.

In two previous papers designated I and II, structures
for the odd-2 isotopes ' 'Pr, 4 and ' 'Pr86, respectively,
have been reported [13,14]. The low-energy positive-
parity levels were found to be reproduced wel1 in the
framework of the particle truncated quadrupole model
(PTQM), in which the Pr nuclides were described as pro-
ton quasiparticles coupled to the appropriate Ce even-
even core. The calculations did require the introduction
of the d3/p proton orbital, which 1ies above the Z=64
subshell closure, to account for the low-energy 3/2+ lev-
els present in ' Pr. These calculations are readily corn-
parable to interacting boson-fermion ca1culations that
provide a good description of the isotonic Eu nuclides
[15]. The appearance of negative-parity levels in ' Pr at
relatively low excitation energies, specifically, the 3/2
and 5/2 levels at 787 and 1210 keV, respectively, is
much more difficult to describe theoretically both for the
Pr nuclides and for the Pm nuclides [16].

We have undertaken the study of the levels of ' Pr
populated by the P decay of 56-s ' Ce to investigate
further the approach to deformation in the odd-A Pr iso-
topes at the N = 88 transition point. Previous decay stud-
ies [17,18] of ' Ce had resulted in the identification of
levels in ' Pr at 2.7, 93, 292, 362, 467, 803, and 1194
keV. The work by Schussler et al. [17] also included
several additional levels below 1.0 MeV, although place-
ment of these levels appeared to be solely on the basis of
energy summing with the ground state and the 2.7-keV

0556-2813/93/48(4)/1579(15)/$06. 00 1579 1993 The American Physical Society



1580 MANTICA, ROBERTSON, BAUM, AND WALTERS

level. Spin and parity of 5/2+ and 7/2+ had been pro-
posed for the ground state [19] and first excited state of

Pr, respectively, corresponding to the occupation of
the proton d5&2 and g7&z orbitals. The level at 93 keV
was observed to have a half-life of 12 ns.

In a previous publication, we have reported [20] initial
results for the level scheme of ' Pr populated by the de-
cay of ' Ce. These included the support for placement
of several additional levels below 750 keV, including lev-
els at 28, 246, 385, 471, and 638 keV. In this paper, we
present a complete report of our study of the decay of

Ce, which has included not only y-ray singles and yy
coincidence measurements, but also low-energy y-ray and
conversion-electron singles measurements.

II. EXPERIMENTAL PROCEDURES

The investigation of the P decay of ' Ce was per-
formed at the TRISTAN on-line mass separator facility
[21] at the High Flux Beam Reactor at Brookhaven Na-
tional Laboratory where radioactive nuclides were pro-
duced by the neutron induced fission of a UC target.
Both the high-temperature plasma and surface ionization
sources [22,23] were used to ionize the fission products to
a single positive charge, after which the products were
extracted out of the ion source and mass separated.
Three separate experiments were carried out for these
rneasurernents.

In the initial measurements of y-ray singles and yy
coincidence spectra, the separated A =147 activity was
deposited for 75 s onto a Mylar tape at the collection sta-
tion of a moving tape system. The beam was then
deflected from the tape for 25 s, after which the activity
was moved to the counting station. During this 25-s
deflection period, the parent 4.1-s ' La was allowed to
decay. The counting station consisted of two Ge(Li)
detectors and a Ge detector, each having an energy reso-
lution better than 2.0 keV at 1.3 MeV. y-ray singles data
were collected up to 2.0 MeV in each of the detectors,
and twofold coincidence data were collected for each
two-detector combination. Time-dependent y-ray singles
spectra were also collected in ten 10-s time intervals using
the Ge detector.

In order to obtain more information on low-energy
transitions in the decay of ' Ce, a second measurement
was completed using two large volume cylindrical Ge
detectors and a high-resolution thin planar Ge detector.
Separated A =147 activity was deposited onto a Mylar
tape for 40 s, after which the activity was moved midway
between the collecting and counting stations for 40 s be-
fore being transported to the counting station. y-ray sin-
gles spectra were recorded up to energies of 400 keV for
the planar detector, and to energies of 1.6 and 3.0 MeV
for the two Ge detectors. Time-dependent y-ray singles
data were collected in four 10-s time intervals using the
Ge detector having the higher gain setting. As before,
twofold yy coincidence data were collected for each
two-detector combination.

A measurement of y-ray and conversion-electron sin-
gles spectra was also made for the decay of ' Ce. The
3 =147 activity was deposited onto a Mylar tape for 50

s, and then moved to the counting station after a beam
deflect period of 25 s. The counting station consisted of a
Si(Li) electron detector [11],which had an active area of
200 mm and a depletion depth of 3 mm, and a Ge detec-
tor. The energy resolution was better than 2.1 and 2.3
keV at 1.0 MeV for the Ge and electron detector, respec-
tively. A singles spectrum was collected from the Si(Li)
detector up to an energy of 1.3 MeV. Two separate
amplifiers were used to collect singles spectra from the
Ge detector to energies of 2.0 and 4.0 MeV.

III. EXPERIMENTAL RESULTS

A proposed level scheme for the P decay of 56-s '47Ce

to levels in ' Pr is shown in Fig. 1. The y rays assigned
to the decay of '" Ce and their placement in the level
scheme for ' Pr and listed in material deposited with the
Physics Auxiliary Publication Service, as is a list of the
observed coincidences [24]. The experimental conversion
coefficients for several of the more intense transitions in
the decay ' Ce are listed in Table I. Portions of the elec-
tron and y-ray spectrum are shown in Fig. 2 that support
the conversion coefficients listed in Table I.

The P feeding to levels in ' Pr is given in Fig. 1, where
only branches exhibiting greater than 2% of the total P
intensity from the parent ' Ce are shown. It is impor-
tant to note that the logfot values given in Fig. 1 should
be regarded as lower limits, as approximately 85 units of
y-ray intensity remains unplaced in the proposed level
scheme. The values for the P feeding shown in Fig. 1 are
derived from a measurement in which a saturated source
at equilibrium of ' Ce and ' Pr is prepared and a spec-
trum taken at equilibrium. The total amount of ' Ce is
derived from an absolute intensity value of 24% for the
315-keV transition in ' Nd populated in the decay of
13-min ' Pr. This value for the absolute intensity of the
315-keV transition was not adopted in the most recent
Nuclear Data Sheets for the A =147 mass chain [25],
where, instead, a value of 12.60% has been chosen. As
the value for the absolute intensity of this y ray is used to
determine the total number of parent ' Ce nuclides, the
12.60% value requires approximately twice as many
parent atoms to be present, and hence a very large
ground-to-ground P branching in ' Ce decay. Argu-
ments in favor of adopting the value of 24% for the abso-
lute intensity of the 315-keV transition in ' Nd were dis-
cussed by Robertson et al. [11]for P branching systemat-
ics of the La isotopes in these mass chains. Using the
value of 12.60% for the absolute intensity of the 315-keV
transition in ' Nd would require that nearly 50% of the
total P feeding from the decay of ' Ce populated the
lowest three positive-parity states in ' Pr. This is con-
trary to the P decay systematics of the lighter Pr nu-
clides, where only 7.0% of the P intensity from the decay
of ' Ce directly populates any of the positive parity lev-
els below 800 keV in ' Pr [14]. Instead, it appears as if
the P decays from both ' Ce and ' Ce preferentially
populate levels having negative parity.

Several y rays assigned to the decay of ' Ce have mul-
tiple placements. The 359-keV y ray is placed as depopu-
lating the 452-keV state as this transition is observed to
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FIG. 1. (a) Proposed level scheme for ' Pr
from 0 to 500 keV. The marked transitions are
those for which a gated coincidence spectrum
was obtained. {b) Proposed level scheme for

Pr from 0 to 940 keV. (c) Proposed level
scheme for '" Pr from 0 to 1200 keV. {d) Pro-
posed level scheme for ' Pr from 0 to 1900
keV. (e) Proposed level scheme for ' Pr from
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be in coincidence with the three transitions that deexcite
the level at 93 keV. The placement of a 359-keV transi-
tion from the level at 362 keV is supported by the appear-
ance of the 387-, 441-, and 832-keV y rays in the gated
spectrum for the 359-keV y ray.

Most of the intensity of the 361-keV y-ray doublet is
assigned to the transition out of the level at 608 keV, sup-
ported by the observed 361-218 and 361-244 coincidence
relationships. Also present in the 361-keV gated spec-
trurn was a small peak corresponding to the 832-keV y-
ray transition, which is placed as populating the 362-keV
state from the level at 1194 keV. This has resulted in the
placement of a very weak 361.7-keV transition from the
362-keV level to the ground state.

A similar case holds for the 465-keV doublet, where
the major fraction of the intensity has been placed as a
464.7-keV transition out of the level at 467 keV based on
the 465-706 and 465-727 coincidence relationships. How-
ever, the observed 465-467 coincidence relationship war-
ranted the placement of the 464.2-keV transition from
the level at 932 keV to the 467-keV state.

The lower-energy member of the 510-keV y-ray dou-
blet has been placed as depopulating the level at 978 keV,
as this transition was observed in the gated spectra for

the 374- and 467-keV transitions. The higher-energy
member of the doublet is placed as populating the 292-
keV state based on the 199-510coincidence relationship.

The 593-keV doublet consists of the 593.0-keV transi-
tion placed in the proposed level scheme as populating
the level at 452 keV based on the 593-452 coincidence re-
lationship, and the 593.3-keV transition, which feeds the
level at 385 keV based on the observation of the 138-keV
y-ray peak in the gated spectrum of the 593-keV transi-
tion.

Most of the y-ray intensity of the doublet at 659 keV is
placed as a 659.2-keV transition from the level at 952 keV
to the 292-keV state based on the appearance of a y-ray
peak at 659 keV in the gated spectra of the 199-, 289-,
and 292-keV transitions. A 659.6-keV transition is also
placed between the levels at 1267 and 608 keV based on
the 605-659 coincidence relationship. The majority of
the intensity of the doublet at 800 keV is proposed to
deexcite the level at 1267 keV based on the observed
800-374 and 800-467 coincidences. The additional place-
ment, as populating the state at 1046 keV, is a result of
the appearance of a peak corresponding to the 800-keV y
ray in the gated spectrum for the 1046-keV transition.

The y ray appearing at 952 keV in the singles spectrum
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TABLE I. Experimental conversion coefficients for transitions following the P decay of ' Ce.

Transition energy
(keV)

10 conversion
coefficient' M1

Theoretical 10 E conversion
E2 E1

162
175
179
199

218
234
244
254
269
289
292

359/361'
374

450/452'
464
467

575/580'
800/802'

457(18)
87(8)

317(13)
175(5)
35(5)

175(4)
97(27)
77(4)
78(3)
14.0(4)
74(2)
52.2(4)
7.7( 11)
6.1(6)
3.4(5)
6.2( 15)
4.7(7)
2.7(4)
9(2)

291
236
221
166

129
107
95.8
86.1

74.0
61.3
59.6
34.8
31.3
19.3
18.1
17.8
10.3
4.69

277
217
202
144

108
86.4
75.6
66.6
55.7
44.7
43.3
23.5
20.9
12.4
11.5
11.3
6.46
2.97

57.3
46.5
43.7
32.9

25.7
21.3
19.1
17.1
14.7
12.2
11.9
7.11
6.43
4.10
3.86
3.81
2.34
1.19

Conversion coe%cients normalized to the 269-keV transition K-conversion coefficient theoretical E1
value of 14.7X10 from Rosel et al. [26]. The number(s) in parentheses is the error in the last digit(s)
of the value for the experimental conversion coefficient.
Calculated from Rosel et al [26]. .
The transition is resolved in the y-ray singles spectrum, but not in the conversion-electron singles

spectrum. The conversion coefficient calculated is for the total y-ray intensity and total conversion-
electron intensity observed for the unresolved multiplet.

is also proposed to be a doublet, where a majority of the
intensity is placed as a ground-state transition from the
level at 952 keV, and the remaining intensity as populat-
ing the level at 93 keV, based on the observed 952-93
coincidence relationship.

A study of the coincidence spectra relating to the y
rays observed in the singles spectrum at 706 and 709 keV
reveals several complicated relationships, which has re-
sulted in multiple assignments for these y rays. The
705.5-keV member of a triplet of y rays that appears at
706 keV in the singles spectrum is placed as populating
the level at 467 keV based on the 374-706, 465-706, and
467-706 coincidence relationships. A very weak transi-
tion, corresponding to a transition energy of 705.7 keV, is
placed between the levels at 1068 and 362 keV based on
the observed 269-706 coincidence relationship. The third
member of the triplet has been assigned an energy of
705.6 keV and is placed as depopulating the level at 952
keV based on the 706-218 coincidence relationship. The
y ray proposed at 707.4 keV can be accounted for in the
gated coincidence spectrum for the 452-keV transition,
where a peak corresponding to a y-ray transition of 707
keV is observed, resulting in the placement of a level at
1159keV. For the transition observed in the singles spec-
trum at 709 keV, only a fraction of the observed intensity
can be assigned to the transition from the 803-keV level
to the level at 93 keV based on the observed intensities in
the gated spectrum for the 93-keV transition. The

remaining intensity remains unplaced in the level scheme
proposed here; however, it is interesting to note that
there is a distinct 1157-709 coincidence relationship sup-
porting placement of the remaining intensity of the 709-
keV transition as feeding the level proposed at 1159 keV.
This placement would result in a level at 1869 keV in the
level scheme for ' Pr. As we have found no other sup-
port for the placement of a level at 1869 keV, it is not in-
cluded in the present level scheme.

Of the new levels proposed for the level scheme of
Pr, many are supported by our yy coincidence mea-

surements. The level at 28 keV is supported by the ob-
served coincidence between the 25.3-keV transition and
transitions from the previously identified levels at 93 and
292 keV. No intensity value is reported for the 25.3-keV
transition as we were unable to reproduce the low-energy
efBciency response for the planar detector to any degree
of satisfaction using a ' ' Eu, ' Sb mixed calibration
source.

The 25.3-keV gate was also instrumental in the place-
ment of the level at 246 keV, as the 218-keV transition is
clearly seen in the coincidence gate for this low-energy
transition. The 385-keV state has been placed through
the observance of a 138-keV transition in both the 218-
and 244-keV coincidence gates.

The levels at 452, 471, 608, 638, 701, 749, and 952 keV
are placed based on the 359-, 378-, 515-, 545-, 608-, 656-,
and 858-keV y rays, respectively, each of which appear
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as peaks in the coincidence spectrum gated on the 93-keV
y-ray transition. Several other coincidence relationships
also support these proposed placements.

The level at 546 keV is placed based on the appearance
of the 254-keV y ray in the gated spectrum of each of the
y rays, which depopulated the level at 292 keV. This
placement is also supported by the observed coincidence
between the 162- and 138-keV y rays. As the 138-keV y
ray is the sole transition to depopulate the level at 385
keV, the order of the 162-138 decay sequence was deter-
mined by the presence of a peak in the 162-keV gated
spectrum corresponding to the 269-keV y-ray transition,
which depopulates the level at 362 keV. This suggests
that the 162-keV y ray must deexcite to a level lying
above the 362-keV state. Therefore, the proper sequence
results with the placement of the 162-keV transition pop-
ulating the level at 385 keV, and in the placement of a
transition between the 385- and 362-keV states; in this
case a 23-keV transition, which is tentatively placed in

the level scheme shown in Fig. 1. The total transition in-
tensity of the 23-keV transition is found from the relative

, peak areas of the 138- and 269-keV peaks in the 162-keV
gate.

The 784-keV state is placed on the observance of a
537-keV y-ray peak in the gated spectra for the 218- and
244-keV transitions, both of which depopulate the level
at 246 keV. The levels at 932, 961, 978, 1046, and 1068
keV are placed on the basis of several coincidence rela-
tionships, including the appearance of the 600-, 616-,
684-, and 706-keV y-ray peaks, respectively, in the gated
coincidence spectrum for the 269-keV transition, and the
639-keV pehk in the 199-keV gate.

A doublet of levels appears at 1170 and 1173 keV in
the level scheme for ' Pr. The lower member of the dou-
blet is placed based on the 786-138 and 878-199 coin-
cidence relationships. The higher member of the doublet
is placed as a result of the coincidences observed between
the 706- and 374-keV y rays and the appearance of the
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359-, 450-, and 452-keV y rays in the gated spectrum for
the 721-keV transition.

The remaining levels shown in Fig. 1 are also support-
ed by from one to several coincidence relationships,
which will not be discussed here, but which can be in-
ferred from Fig. 1. Other levels at 1641, 1969, 2121,
2126, 2199, 2242, 2415, and 2442 keV could be proposed
as new levels in ' Pr solely on the basis of energy-sum re-
lationships. There are also two doublets at 416 and 419
keV and 732 and 735 keV that are separated by 2.7 keV
that might be from levels at 419 and 735 keV that deex-
cite to the ground and first excited states. As we have no
coincidence data to support these placements, they are
not shown on the level scheme.

IV. SPIN AND PARITY ASSIGNMENTS

Parity assignments have been made for several of the
low-energy levels in ' Pr based on the experimental con-
version coefficients which are listed in Table I, and shown
graphically in Fig. 3 along with theoretical data from the
work of Rosel et al. [26]. On the assumption that the
ground-state ' Pr has positive parity, which is supported
by both systematics and the 13 decay [27] to levels in

Nd, the level at 292 keV must have positive parity, as
this level depopulates to the ground state via a 292-keV
transition having Ml/E2 multipolarity. Since the 199-
and 289-keV transitions that depopulate this level have
Ml+(E2) multipolarity, the levels at 2.7 and 93 keV
must also have positive parity. The level at 546 keV is
proposed to have positive parity, as the 254-keV transi-
tion, placed between the 546-keV state and the level at
292 keV, has M 1/E2 multipolarity. The 179-keV transi-
tion, which also populates the level at 292 keV, has
M 1/E2 multipolarity, which results in an assignment of
positive parity to the level at 471 keV.

The level at 246 keV is depopulated by a 244-keV y
ray, which is measured to have E2 multipolarity, which
feeds the level at 2.7 keV. It follows, therefore, that this
level have positive parity, and that the 28-keV level also
have positive parity, as it is populated by the 218-keV
M1 transition from the level at 246 keV.

Figure 2 has been specifically included to exhibit the
small peaks in the spectrum that are E1 transitions. The
362-, 452-, 467-, and 608-keV states are proposed to have
negative parity as they deexcite via E1 transitions to lev-
els having positive parity. A tentative assignment of neg-
ative parity has also been made for the level at 701 keV.
Although the 701-keV transition is not observed in the
conversion-electron spectrum collected from the decay of

Ce, its absence from this spectrum is direct evidence
for assigning E1 multipolarity. As this transition has a
large relative intensity (see the intensities given in the lev-
el scheme in Fig. 1) as observed in the y-ray singles spec-
trum for the decay of ' Ce, its E-conversion peak should
have been observed in the electron singles spectrum, if
this transition had Ml/E2 multipolarity. The 605-keV
transition is also assigned E1 multipolarity based on simi-
lar arguments.

Assignment of positive parity has been made for the
level at 802 keV based on the determined M1/E2 mul-
tipolarity for the 802-keV transition. Since the K-
conversion line was an unresolved doublet in the
conversion-electron spectrum at 802 keV, the positive-
parity assignment for the 802-keV level is only made ten-
tatively at this time.

The tentative assignment of the spin sequence of 3/2,
5/2, and 7/2 for the ground state and first two excited
states in ' Pr, respectively, is based on the presence of
the 25.3-keV transition and absence of a 28-keV transi-
tion, and the observation of l =2 and 4 transitions in the

Nd(t, a)'" Pr proton pickup reaction. The pickup data
suggest spin and parity of 7/2+ for the 28-keV level and
the presence of a y-ray transition at 25.3, and absence of
one at 28-keV indicates a preference for one unit of angu-
lar momentum difference between the levels at 2.7 and 28
keV and two units of angular momentum difference be-
tween the ground state and the level at 28 keV, i.e., spin
and parity of 5/2+ for the 2.7-keV level and 3/2+ for the
ground state. The inversion of the spins of the ground
state and level at 28 keV to yield a spin and parity of
7/2+ for the ground state is not consistent with the de-
cay of '" Pr to levels of ' Nd, in particular, the rather
strong /3 transition to the 1/2 level at 314.6 keV [25].
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FICx. 3. A plot of n(K) vs y-ray energy for
transitions in ' Pr. The theoretical E1, M1,
and E2 curves are taken from Rosel et al.
I:&6].
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As the 93-keV level shows transitions of approximately
equal intensity to all three members of the ground-state
triplet, it is likely a 5/2+ level.

V. DISCUSSION

A. Particle-rotor calculations
and positive-parity states in odd- A Pr isotopes

In order to better understand the underlying physics of
the low-energy level structure proposed here for ' Pr, we
have calculated the structure of the odd-A Pr isotopes
above the N=82 neutron shell closure in the framework
of the particle-plus-triaxial rotor model (PTRM) [28,29].
The calculations involved the diagonalization of the de-
formed shell-model Hamiltonian to compute single-
particle energies and wave functions of a nonaxially sym-
metric deformed Woods-Saxon potential [31,30].

The deformation parameters (Pz, g~, y) used for the
Woods-Saxon potential were extracted from total Routhi-
an surface (TRS) calculations [32] for the even-even
neighbors of these odd-3 Pr isotopes. Shown in Fig. 4
are examples of the surfaces produced from the TRS cal-
culations for the nearest even-even neighbors of ' Pr and
147Pr. From the TRS calculations, it is apparent that the
N=88 nuclei can be described as axially symmetric ro-

tors, with P2-0. 17 and @=0'. For the even-even neigh-
bors having two fewer neutrons, however, the quadrupole
deformation predicted by the TRS calculations decreases
to Pz-0. 12, and the surfaces begin to show softness in
the P degree of freedom toward spherical shape. With
the approach to the neutron closed shell at N= 82, the
N= 84 neighbors of ' Pr are predicted to have deforma-
tions where P2 (0.10. Such a low value for the quadru-
pole deformation in the N=84 isotones excludes ' Pr
from calculations based on the particle-plus-triaxial rotor
framework. But a weak-coupling particle-vibration mod-
el has been successful for other N=84 isotones, includ-
ing Pm whose structure has recently been described by145

Glasrnacher et al. [33].
The low-energy positive-parity levels calculated using

the particle-plus-triaxial rotor code for ' ' ' Pr are
shown in Fig. 5, where they are compared with the
known experimental levels. In these calculations, the
single-particle matrix elements were calculated by select-
ing all the Nilsson orbitals residing within +4 MeV of the
Fermi surface. The residual pairing interaction was
treated within the BCS approximation, where a standard
value of the pairing strength parameter, 6, was adopted
for each isotope using the prescription of Dudek,
Majhofer, and Skalski [34]. The core 2,+ energy was es-

timated by taking the average of the 21+ energies from the
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0. 1 -'.
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FIG. 4. The TRS plots for the even-even Ce
and Nd nuclides with 84(N~90. The sur-
faces are calculated at a cranking frequency of
co =0.05.
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neighboring even-even core nuclei. The recoil terms in
the particle-plus-triaxial rotor model Hamiltonian were
treated as one-body operators as recommended by
Semmes [35].

A close comparison of the theoretical level energies to
the actual experimental spacings suggests that the PTRM
does quite well in predicting the level density at low ener-
gy, especially in ' Pr, where the triplet of states found to
be within 100 keV of the ground state is well reproduced.
However, the PTRM calculations presented here do not
reproduce the low-energy levels of ' Pr as well as the
PTQM calculations in Ref. [14]. The fact that there is
better agreement with the PTRM for the case of ' Pr
suggests that the ' Ce core is a better rotor than the

Ce core.
The predicted level structure for the positive-parity

states in ' Pr is shown in Fig. 6. This figure is shown to
outline the appropriate band structures, which are pre-
dicted to appear at low energy. The magnetic and quad-
rupole moments are also calculated for each bandhead.
Selected results of transition probability calculations are

also given, where the spin g factor has a value 0.70 times
the free value. Although definitive spin and parity as-
signments have not been made to the low-energy levels in

Pr, we can still qualitatively compare the calculated
transition probabilities with those derived experimental-
ly.

From the PTRM calculations for ' Pr, there results an
interesting pattern in the decay probabilities between the
states that lie lowest in energy. For example, the 7/2+
level is predicted to decay most strongly to the two 5/2+
levels; the 8 (E2) branch to the 3/2+ state is calculated
to be very small. Experimentally, no transition has been
observed between the 7/2+ state at 28 keV and the 3/2+
ground state. Also, the AI=1 transitions from this low-
energy 7/2+ to the 5/2+ states are predicted to have
predominantly E2 multipolarity. Unfortunately, the
low-energy background in the conversion-electron singles
spectrum precluded the identification of any low-energy
conversion lines, and no multipolarity assignments have
been made to these transitions.

Another peculiarity in the calculations is the decay
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FICx. 5. Experimental levels in ' ' ' Pr with the positive parity levels calculated from the particle-plus-triaxial rotor model.
Deformation parameters were taken from the TRS predictions. Spins are given as 2*I. Other PTRM parameters are discussed in the
text.
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branching out of the two, nearly degenerate, 9/2+ levels.
Very little 8(E2) strength is predicted for what should
be the stretched E2 transitions out of these two levels to
the corresponding 5/2+ states. The majority of the de-
cay strength instead populates the 7/2+ members of each
band. A candidate for one of the 9/2+ states is the level
at 246 keV, which is observed experimentally to be de-
populated by y transitions to the 7/2+ state and only one
of the 5/2+ states.

In all these comparisons, however, it is vitally impor-
tant to note that the two bands calculated to be lowest in
energy are highly mixed. The resulting wave functions
for the states assigned to the [411]—,

' and [413]—,
' bands

given in Table II exhibit the extent of the mixing in these
two bands. One interesting aspect of the calculations re-
ported here is that there was very little change in the cal-
culated wave functions for these levels in the range where
0. 15~Pz~0. 18. That these levels do form the pseudo-
spin doublet [312]—'„—,' will only be mentioned at this time,
as a detailed investigation into the pseudo SU(3) symme-
try limit has not been carried out in this work [36].

B. Low-energy negative-parity levels
and octupole deformation in the N =88 isotones

The negative-parity level structures for the odd-A Pr
isotopes were also calculated in the framework of the
PTRM. Since the particle-plus-triaxial rotor code used
here had no provision for mixing of states having oppo-
site parity, separate calculations were performed, using
the same deformation parameters, for computing the pos-
itive and negative states. The energy spacing between the
calculated ground state (having positive parity) and the
bandhead of the lowest negative-parity band was deter-
mined by calculating the levels of the neighbor nuclides' 'Pm using the PTRM code. The position of the
11/2 bandhead of the [505]—,

' negative-parity band rela-
tive to the ground state is known experimentally for both
of these nuclides, and this energy difrerence was used to
adjust the position of the calculated [505]—,

' bandhead to
the lowest-energy positive-parity state. The PTRM cal-
culations for the Pm isotopes were done in the same spirit
as the Pr calculations, with the deformation parameters
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TABLE II. Wave functions for the [411]—' and [413]—' band members calculated for ' 'Pr.

[431]2

Mostly g7/2
[422]—,'[413]—' [404] ~ [420]—'

Mostly d5&2

[411]—' [402] 5

5/2
3/2
7/2
9/2
11/2
5/2
7/2
9/2
11/2

(1)
(1)
(2)
(2)
(2)
(2)
(1)
(1)
(1)

—0.160

0.094
—0.134

—0.228

0.145
—0.059

0.126
—0.306

0.158
0.294
0.382

—0.288
0.457

0.554

—0.286
—0.500
—0.327

0.761
—0.789
—0.639
—0.680

—0.102
0.227

—0.159

—0.316
0.323

—0.341

0.458
—0.292

0.326
0.485
0.330

—0.310
—0.178
—0.372
—0.232

—0.659
—0.954

0.803
—0.526

0.748
0.432

—0.272
0.478

—0.289

0.149

0.371
0.224
0.412

—0.196
—0.073
—0.187
—0.125

P2, P4, and y again being derived from TRS calculations.
The results of the normalization of the negative-parity

bandhead are shown in Fig. 7, where the predicted
negative-parity level structures for ' ' ' Pr are shown,
along with the experimental data. The [505]—,

' band is
predicted to decrease in energy with an increase in the

neutron number in these Pr isotopes from %=86 to 90.
As the 11/2 member of the [505]—,

' band has not been
identified in any of these Pr isotopes, it is dificult to in-
terpret the predictions from the PTRM.

It is immediately clear, however, that the PTRM cal-
culation does not reproduce the position of the low-spin

1.5—

[12 = 0. 121

0

[34
= 0.036

p2 = 0. 1 67

= 0

[14 = 0.043
[12 = 0.204

= 0

[34 = 0.044

13 5
17

1 0—

15.

19
13

0 5— 15
9
5

0 0
Exp

145„Pl-„

PTRf1

(5)
(7)(5)(3)

Exp

7
11

147
59 88

Exp

11
7

149
S9 90

FIG. 7. Experimental levels in ' ' ' Pr with the negative-parity levels calculated from the particle-plus-triaxial rotor model.
Deformation and other PTRM parameters used were identical to those used to calculate the positive-parity levels. Spins are given as
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negative-parity levels observed in these Pr nuclides. The
experimental levels shown in Fig. 7 are again obtained
from radioactive decay studies; specifically, the study of P
decaying parent nuclides having low spin. (To define a
reference frame, low spin is I~ —,'.) For ' ' Pr, where
the negative-parity states have been identified from mea-
surements of internal conversion coefficients, there is an
apparent excess in low-spin negative-parity states at low
energy, above that predicted from the particle-plus-
triaxial rotor model. However, no attenuation was used
in determining the Coriolis mixing between intrinsic
states in the PTRM calculations. The mixing typically is
calculated to be too large, especially between states origi-
nating from a high-j orbital. Attenuation of this mixing
will result in lowering the energy [37] of the non-spin-
aligned members of the band build upon the high-j orbit-
al. For the negative-parity levels calculated for the odd-
A Pr isotopes, which are members of a band based on the
[505]—, bandhead, a reduction in the Coriolis mixing may
result in a higher density of low-spin levels predicted
below 1.5 MeV.

The systematics of the negative-parity levels in the
N= 88 isotones around ' Pr are shown in Fig. 8, along
with the levels in the even-even core nuclei. With an in-
crease in proton number from ' Pm to ' 'Eu, the posi-

tion of the ll/2 state, which is the bandhead of the
K = 1/2 band, decreases as expected with the rise in the
proton Fermi surface towards midshell. The presence of
the low-energy 3/2 and 5/2 states in ' Pm, which are
proposed [38] to have properties separate from the other
negative-parity levels in this energy region, and the pres-
ence of the negative-parity level at 238 kev in 145La, sug
gest that a more complex configuration mixing, possibly
involving the low-energy octupole states in the even-even
core nuclei, may manifest itself at low energy in these
X=88 isotones.

The PTRM code used here, however, does not include
provisions for the mixing of positive- and negative-parity
states, as the octupole (Pz) degree of freedom is excluded
from the calculations. Therefore, if these low-energy
low-spin negative-parity states arise from complex
configuration mixing involving Pz deformation, these lev-
els would lie outside the PTRM model space.

Another aspect of the drop in position of the negative-
parity levels as N increases toward 90 can be obtained
from the proton pickup reactions on Sm nuclides. Lee
et al. [39] studied the (d, He) reactions on the Sm nu-
clides and demonstrated the sharp rise in pickup strength
for the hll/z I =5 orbital as N crossed 90. While this
process is rather sharp in the even-mass nuclides, it can
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be seen to be more gradual in the odd-mass nuclides re-
sulting in the appearance of parity-dependent shape coex-
istence in these nuclides. Namely, the nuclides with
N &90 show both low-energy h»/2 levels that have low
occupancy and relatively spherical shape similar to that
described above for the positive-parity levels. These
coexist with the more deformed Nilsson low-spin
negative-parity orbitals that arise from the transfer of ad-
ditional protons into the h], /2 orbitals, an interaction
doubtless strengthened by the increasing occupancy of
the spin-orbit partner neutron h9/2 orbitals as N ap-
proaches 90.

C. Beep proton-hole states
and the one-proton transfer reaction

In a study [40] of inner proton-hole states, Zybert
et al. used the ' Nd(t, a) single-proton transfer reaction
to measure the I =4 strength at high excitation energies
in ' Pr. Their interpretation of the peaks in the low ex-
citation part of the ' Nd(t, a)' Pr reaction, however,
has been made with the assumption that the peak appear-
ing at the lowest excitation energy corresponds with the
ground state of ' Pr. We propose this is not the case,
and that this peak, which is reported by Zybert et al. to
have an angular distribution pattern characteristic of
l =4 angular momentum transfer, actually corresponds to
the level at 28 keV above the ground state in ' Pr. In-
stead, we suggest that the 60-keV gap they indicate be-
tween the first two excited states is the gap between the
levels we propose at 28 and 93 keV.

The excitation energies given for the transfer peaks ob-
served from the ' Nd(t, a) reaction are, therefore, rela-
tive to the second excited state in ' Pr, and the absolute
energy for each peak is the excitation energy plus 28 keV.
The resulting agreement of the absolute transfer peak en-
ergies with the low-energy structure of ' Pr reported
here is very good, within their error limits of +20 keV.
The peak in the transfer spectrum having an angular dis-
tribution characteristic of l = 5 momentum transfer
would now correspond to a level near 380 keV in ' Pr,
and suggests that the 11/2 level that retains the bulk of
the single-particle transfer strength lies nearly degenerate
with the low-spin negative-parity level we have estab-
lished at 362 keV.

The appearance of three states, which lie less than 100
keV above the ground state, in ' Pr suggests that the
quadrupole deformation is somewhat larger than the
Pz=0. 04 proposed by Zybert et al. for this nucleus, and

that the predictions of the TRS calculations discussed
above are much more in line with the actual value. A
quadrupole deformation of P2=0. 17 results in severe
crossings of the branches of the g9/2 and g7/2 subshells,
which clouds the interpretation that the bump in the
one-proton transfer reaction corresponding to l =4
momentum transfer can be attributed solely to the orbital
belonging to the g9/2 subshell. Therefore, the differences
in the "bumps" that appear at high excitation energy in
the proton transfer reactions for ' Pr, ' 'Pm, and ' Eu
may not be a sole manifestation of simple nuclear shell
effects.

VI. CONCLUSION

We have studied the level structure of ' Pr fed in the
P decay of ' Ce. The proposed level scheme includes a
high level density below 100 keV and several negative-
parity states, which lie a very low excitation energy. Us-
ing the particle-plus-triaxial rotor model, we have calcu-
lated the negative- and positive-parity level structures for

Pr. The experimental positive-parity level densi-
ty below 1 MeV is reproduced well by the PTRM calcula-
tions, and supports the shape predictions (P2 =0.17,
y =0') of the total Routhian surface calculations.
Without the inclusion of Coriolis attenuation, the PTRM
calculations predict a lower negative-parity level density
for low-spin states below 1.5 MeV than what is observed
experimentally for ' ' Pr, suggesting a possible role for
octupole degrees of freedom in the low-energy level struc-
ture for these Pr nuclides.
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