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The neutron-rich praseodymium isotopes '*' Pr and '**Pr have been studied by prompt y-ray spectroscopy using
28Cm and 22Cf spontaneous-fission sources placed inside the EUROGAM-II and Gammasphere germanium
arrays, respectively. Rotational bands based on 3/27[541] states, with similar structures, have been assigned
to these nuclei. These bands decay by intraband E?2 transitions. Interband E'1 transitions, reported in other
works, were not observed. Delayed conversion-electron and y-ray spectroscopy of an A = 151 nucleus has
been performed at the Lohengrin mass spectrometer. A previously reported 35.1-keV isomer of '>'Pr has been
determined to decay by an E'1 transition, and its half-life of 50(8) us has been measured. Calculations performed
using a reflection-symmetric quasi-particle-rotor model successfully reproduce the energies of the excited states
of these nuclei and their decay patterns. The spin of the isomer has been assigned to be (1/2%, 3/2%) from
a comparison with the calculations. The long half-life of this isomer and the lack of intraband E'1 transitions
show an absence of strong octupole correlations in the observed states of '*!!3Pr. This is explained in terms of
increasing quadrupole deformation reducing the number of Nilsson orbitals close to the Fermi surface available

to form octupole collectivity.

DOLI: 10.1103/PhysRevC.85.044314

I. INTRODUCTION

The presence of strong octupole correlations in the neutron-
rich lanthanide nuclei is a well established phenomenon [1-3].
These correlations are generated by two pairs of so-called
Al = Al = 3 orbitals which lie close to the Fermi surface
here and allow 7 (11,2, ds/2)3- and v(ij3/2, f7/2)3- octupole
couplings, leading to the appearance of strong octupole modes
in '*Ba [2,4] for example. Despite numerous studies in this
region, our knowledge on this subject is far from complete.
For example, it is not yet clear how the octupole couplings
here are affected by the strong static quadrupole deformation,
which suddenly appears beyond neutron number N = 90 [5],
and how far the softness to octupole modes extends.

An interesting possibility is that in odd-A nuclei octupole
correlations are reduced. We have observed the latter effect
in three odd-A Cs isotopes [6] and recently in '“Pr [7]. It
is interesting to study more Pr isotopes, especially at higher
neutron number, to verify this observation as well as to follow
the evolution of octupole correlations with increasing neutron
number and quadrupole deformation. This is even more urgent
now, after a recent claim of well developed octupole bands in
I51pp and 133Pr [8,9], a situation which differs significantly
from that reported for the neighboring nucleus '“*Pr [6].

Proper isotopic identification is paramount when studying
fission fragments. Our work on '*Pr has been facilitated by
a measurement of isomeric states of Rb nuclei, populated
following the cold-neutron induced fission of 23U at the
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Institut Laue-Langevin (ILL) in Grenoble [10,11]. This unique
identification of several Rb isotopes paved the way to study
the Pr isotopes produced, as the Rb and Pr isotopes are
complementary fragments in the spontaneous fission of 2*Cm.
From the fission of 2Cm we have a rich data set of triple-y
coincidences. Studies of complementary fission fragments rely
on the mass identification procedure first proposed by Hotchkis
et al. [12]. The quality of this method is illustrated in Fig. 2
(upper panel) of Ref. [13], one of a few dozens of publications
where this method has been applied to date. For example,
in Ref. [13] an exotic '*Te nucleus, which is very weakly
produced in spontaneous fission of 2**Cm, has been identified
in this way. In addition, the production level of a given isotope
can be used to support its identification, as illustrated in the
lower panel of Fig. 2 in Ref. [13].

It is our experience that the identification of the odd-Z
isotopes in a set of high-fold y coincidence data is more
difficult than for even-Z nuclei, probably due to the higher
fragmentation of collective bands in odd-Z nuclei. This
sometimes leads to assignment inaccuracies when relying only
on prompt-fission coincidences, as illustrated by a complex
history of the identification of the Pr isotopes in previous
works. The excitation scheme first proposed for the isotope
147pr [14,15] was later assigned to 1441 a4 [16]. The excitation
scheme of '“Pr proposed in Ref. [17] has been replaced by
another scheme [14,15]. We have confirmed this scheme, but
changed the spin assignments and the interpretation [7]. The
nucleus >'Pr, which is studied in this work, was first assigned
a level scheme in Refs. [14,15] that was previously assigned
to '4°Pr [17]. However, recently the excitation scheme of '3!'Pr
has been changed entirely [8,9]. The previous scheme of '*°Pr,
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proposed in Ref. [17], has now been assigned to 150pr [8,9], in
agreement with the mass assigments shown later in Sec. II B.

The purpose of this work is to provide independent data
and isotopic identification for decays of '3'Pr and !>3Pr nuclei
reported recently from fission of >2Cf [8,9]. This has been
performed by measurements of prompt y rays following the
spontaneous fission of 2**Cm and 2>Cf sources. In particular
we would like to verify the presence of parity-doublet bands
in both nuclei, claimed in Ref. [8]. Such bands would not
agree with our conclusions about the level of octupole effects
in odd-Z nuclei [6] and in nuclei with N > 92 [18,19]. A
35.1-keV isomeric state of '>!Pr has been reported [20], and so
delayed y-ray and conversion-electron spectroscopy of mass
151 nuclei has also been performed to give a more complete
picture of the structure of this nucleus.

II. EXPERIMENTS AND RESULTS

In the present work we have searched for ws isomeric
states in the neutron-rich Pr isotopes using the Lohengrin
mass spectrometer of the Institut Laue-Langevin, Grenoble.
Furthermore, we have used high-fold, y-ray coincidence data
collected with EUROGAM-II and Gammasphere arrays of
escape-suppressed germanium detectors to search for medium-
spin excitations in these nuclei. We have also used our set
of data from the spontaneous fission of 22¢f, collected with
Gammasphere, to verify our results from the fission of >43Cm.
A detailed description of these measurements and the results
obtained follows.

A. Lohengrin measurement

Delayed transitions in a neutron-rich A = 151 nucleus were
studied using the Lohengrin mass spectrometer of the high-
flux reactor of the Institut Laue-Langevin, Grenoble. These
nuclei were produced using an 0.87 mg/cm?, 7x0.5 cm?,
241 Am target, which mostly fissioned following two successive
thermal-neutron captures. The A = 151 fission fragments had
a flight time of around 2.7 us through the spectrometer and
were identified by a split-anode A E1—AE; ionization cham-
ber. Delayed y rays and conversion electrons were detected
by two clover Ge detectors and a segmented Si(Li)detector,
respectively. Events were recorded on disk up to 40 us after the
arrival of an A = 151 ion. The experimental setup is identical
to that described in detail in Ref. [18] and both experiments
ran during the same beam-time.

Figure 1 shows background-subtracted delayed y rays
measured in the Ge detectors up to 15 us after the arrival
of an A = 151 ion. The y-ray background was obtained from
ion-y events recorded in a 15-us period toward the end of
the ion-y coincidence window. A peak can clearly be seen in
Fig. 1 at 35.1(2) keV, in agreement with the results reported
in Ref. [20]. This isomeric state was assigned to an excited
state of "' Pr in Ref. [20], based on the j -decay half-life of its
parent.

Background-subtracted delayed conversion electrons and
y rays measured in the Si(Li) detectors up to 15 us after
the arrival of an A = 151 ion are shown in Fig. 2. The
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FIG. 1. Background-subtracted spectrum of delayed y rays,

detected by the Ge detectors at Lohengrin up to 15 us after the
arrival of an A = 151 ion.

background was selected in an identical way to that described
above for the Ge-detector spectrum. A comparison of electron
and y-ray peak areas in Fig. 2 gives conversion coefficients
of oy = 0.6(2) and «rp; = 0.11(4) for the 35.1-keV transition.
Consistent results are also obtained if one uses the Ge-detector
spectrum to obtain the absolute intensity of the 35.1-keV y-ray
[ = 0.8(3) and «y; = 0.14(5)]. Combining these values
gives a weighted mean of «; = 0.66(17) and «y; = 0.12(3).
These results are in excellent agreement with the expected
values 0.587(9) and 0.124(2) respectively for an E'1 transition
[21]. The L and M conversion coefficients for an M1 transition
[ar = 3.24(5), ap = 0.68(1)], and higher multipolarities, are
much larger and so can be ruled out. The 35.1-keV transition
is therefore assigned as being E1 in nature. Evidence of
only one transition can be seen in both the delayed y-ray
and conversion-electron spectra and no other y — y, y—X or
y — e~ coincidences were observed, hence the energy of the
isomeric state can be assigned to be at 35.1 keV.
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FIG. 2. Background-subtracted delayed conversion-electrons and

y rays observed up to 15 us after the arrival of an A = 151 ion in the
Si(Li) detectors.
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FIG. 3. Time spectrum of 35.1-keV y rays in coincidence with
A =151 ions.

By gating on the delayed 35.1-keV y ray, and fitting the
exponential decay shown in Fig. 3, a half-life of 50(8) s was
determined. This corresponds to a reduced transition rate of
B(E1) = 6.3(10) x 1078 W.u. (Weisskopf units).

Using this half-life, the total number of isomeric nuclei
produced could be obtained. The mass-151 nuclei strongly
produced in the double-neutron capture fission of >*! Am are
distributed as follows: 5.0(31)%, 57.7(278)%, 35.2(125)%,
and 2.0(12)% for 3'Ce, 9'Pr, 15'Nd, and '*'Pm, respectively
[22]. From the total number of A = 151 nuclei detected in the
chamber and the isobaric percentages above, an isomeric ratio
N(PPrisomer)/ N (P Prigar) of 19(12)% was determined for the
35.1-keV state of '3!Pr. By calculating other possible isomeric
ratios, it can also be shown that the 35.1-keV isomer can only
be an excited state in 'Pr or 1°!Nd, as this value would be
greater than 100% for the other A = 151 nuclei produced in
this fission reaction. As the low-lying excited states of '>'Nd
have been well studied, using a variety of reactions [23], this
gives an independent verification of the assignment of the
35.1-keV isomer to 3! Pr.

B. EUROGAM-II measurement

A measurement of y rays emitted following the spon-
taneous fission of a ***Cm source, performed using the
EUROGAM-II array of escape-suppressed germanium detec-
tors [24], has provided 2x10'° triple y coincidence events.
This data set has allowed searches for very weakly populated
fission products [25]. We have already reported the observation
of prompt y decays from '“Pr [6] from this data set.
The maximum population of the Pr isotopes is expected at
around mass A = 151 [22]; therefore this data set should also
contain y decays of both '3'Pr and '33Pr. The EUROGAM-II
array was additionally equipped with four low-energy photon
spectrometers (LEPS), which allowed the measurement of x
rays and low-energy y rays. Any detected x rays can be used
to verify proton number assignments as well as to estimate
conversion-electron coefficients. Furthermore, due to the range
of angles between the germanium detectors of EUROGAM-II,
angular correlations between y rays in a cascade could be
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FIG. 4. A y-ray spectrum obtained by double gating on transi-
tions of “*Rb. New lines are observed at 141.9, 221.6, 291.8, and
296.0 keV.

determined (more details on this technique can be found in
previous publications [4,26]).

The nucleus ’Rb is expected to be the most likely
fission partner of '3!Pr, hence double gates were set on the
913-372-keV prompt transitions of this nucleus [11], produc-
ing the spectrum shown in Fig. 4. New lines of energy 141.9,
221.6, 291.8, and 296.0 keV are visible in this spectrum, and
as they do not belong to the known decay scheme of **Rb they
must belong to a Pr nucleus.

Gating on the 913-keV line of **Rb and the new 221.6-keV
line revealed the spectrum shown in Fig. 5, where further new
lines are present, with the two strongest seen at 291.8 and
296.0 keV.

In Figs. 6(a) and 6(b) y-ray spectra are shown that were
made by setting a double gate on the 221.0- and 291.8-keV
lines and on the 221.8- and 296.0-keV lines, respectively. It is
clear that two new different cascades are observed, though with
rather similar y-ray transition energies. The multipolarities of
the most intense transitions in these cascades can be assigned to
be E2—-E?2, from the angular correlation measurements shown
in Fig. 7. From the relative intensities of the transitions in
these cascades the decay schemes shown in Figs. 8 and 9
were constructed. The following paragraph describes how they
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FIG. 5. A y-ray spectrum double-gated on the 913-keV line of
%Rb and the new 221.6-keV line.
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FIG. 6. Two y-ray spectra obtained by double-gating on (a) the 428.3
221.8- and 296.0-keV lines and (b) the 221.0- and 291.8-keV lines of _
the new cascades. 1024.8 +x 232 )
were assigned to particular Pr isotopes. The level spins were 364.9 B
assigned from a comparison with theoretical calculations, as ~ 659.9+x = (1972 )
described later in Sec. III. 2060
Isotopic identification of the new cascades has been per- ; -
) ) ) 363.9+x ' (15/27)
formed using the mass-correlation technique for complemen-
tary fission fragments proposed by Hotchkis ef al. [12]. This |4, 1. 2%8 (11/27)
method allows the mass of a fission fragment to be determined 1221 _
from the mean mass of its complementary partners. The mass g 0 = 8;57; 35.1  T,,=70(10) us (3 /2+)
distribution of the complementary fragments is obtained from : gl
their measured y-ray intensities when gating on the fragment 151

of interest. This technique has been used in many of our previ-
ous fission-fragment studies. A mass-correlation plot of mean
rubidium-isotope mass (A(Rb)) versus praseodymium isotope
mass A(Pr) is shown in Fig. 10. The 2*8Cm spontaneous-fission
data points are shown as empty circles, corresponding to
cascades from praseodymium isotopes with firm or new mass
assignments, and as empty squares, for previously reported
cascades whose masses have been changed in the present work,
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FIG. 7. Angular correlation measurements of y rays in the new

cascades. The lines show the theoretical values of E2—E2 (QQ) and
E2-E1 (QD) correlations.

Pr

FIG. 8. Level scheme of '3!Pr, as obtained in this work.

as explained later. The first four empty circles [counting from
left to right on the A(Pr) scale] were obtained by gating on
y lines from '“°Pr [6], the yrast cascade initially reported in
Ref. [14] as '*°Pr but reassigned later to '°°Pr [8], and from the
new cascades containing the 221.8-, 296.0-, and 364.9-keV y
rays and the 221.0-, 291.8-, and 358.4-keV y rays. Data from
a measurement using a >3>Cf source are also shown as full
symbols in Fig. 10, and these are described in more detail
later.

A straight line drawn through points for '**Pr and '>°Pr,
which have robust mass assignments, can be used as a guide
for further isotopic assignments. Using this line, the point
for the cascade containing the 221.8-, 296.0-, and 364.9-keV
transitions correlates well with '>'Pr. The data point for the
cascade containing the 221.0-, 291.8-, and 358.4-keV y rays
seems to fit well with *2Pr, though it is two standard deviations
away from the line when assigned to '>*Pr. However, the
similarity of the two cascades shown in Figs. 8 and 9 suggests
that both cascades belong to odd-A isotopes. Therefore, this
cascade is preliminarily assigned to '33Pr and further evidence
supporting this is given below.
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C. Gammasphere measurement

To verify the y-ray coincidences and mass assignments
obtained above, data from a measurement of y rays following
the spontaneous fission of >Cf, performed using the Gam-
masphere array of escape-suppressed germanium detectors,
have been analyzed (see Ref. [27] for more information on the
experiment).

Figures 11 and 12 show coincidences between the three
lowest-lying observed y rays of the new cascades and confirm
the decay schemes presented in Figs. 8§ and 9. It is worth
noting the visible difference in energy of the 221.0- and

96 + Y - 99
@ 94 |- §§ E =497 %
< T T <
92 |- T s
| | | | | | |
149 151 153
A(Pr)

FIG. 10. Mass correlation plot for odd-A Pr isotopes, as obtained
in this work from the 2**Cm fission data (empty circles and empty
squares) and from 2>2Cf fission data (full circles and full squares).
Empty and full squares represent the average mass of Rb and Y
isotopes obtained by gating on cascades assigned in Ref. [8] to '3'Pr
and '33Pr. These cascades are reassigned in this work to '>?Pr and
154Pr, respectively. See the text for further explanations.
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FIG. 11. Two y-ray spectra obtained from the 22Cf data set by
double-gating on (a) the 221.8- and 296.0-keV lines and (b) the 221.0-
and 291.8-keV lines of the new cascades.

221.8-keV transitions in Fig. 12. This will be referred to in
Sec. IV. Table I shows the energies and intensities of the
y rays measured following the fission of 232Cf and **Cm,
reported above. Intensities are not reported for the 142.1- and
141.6-keV doublet as they could not be obtained reliably.

These data from the fission of 22Cf also allowed a
mass-correlation measurement to be performed between
praseodymium isotopes and their complementary yttrium
fragments, in an analogous way to that made above from
the 2*8Cm data set. The average masses of yttrium nuclei,
(A(Y)), observed in coincidence with y decays from various
Pr isotopes are shown as full circles in Fig. 10. Again, the
(A(Y)) points, obtained by gating on y lines in *°Pr and
150Pr, can serve as a calibration for the heavier Prisotopes. The
(A(Y)), observed in coincidence with the cascades containing
the 221.8-, 296.0-, and 364.9-keV y rays and the 221.0-,
291.8-, and 358.4-keV y rays, fits the calibration line well
when assigned to >'Pr and '33Pr, respectively.
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FIG. 12. Two y-ray spectra obtained from the >>Cf data set by
double-gating on (a) the 142.1- and 296.0-keV lines and (b) the 141.6-
and 291.8-keV lines of the new cascades
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TABLE 1. Energies and intensities of y-ray transitions in '>'Pr
and >3Pr, following the spontaneous fission of 2*3Cm and 2°2Cf, as
measured in the current work.

E, (keV) I, (**Cm) I, 32Cf)
(rel. units) (rel. units)
ISIPI.
142.1 (2)
221.8 (2) 55(25)
296.0 (2) 100(20) 100(10)
364.9 (2) 79(8) 67(7)
428.3 (2) 35(4) 44(5)
487.1 (2) 29(4) 30(4)
540.0 (3) 16(3) 11(3)
584 (1) 8(4)
153py
141.6 (2)
221.0 (2) 70(30)
291.8 (2) 100(10) 100(10)
358.4 (2) 105(10) 110(15)
420.9 (2) 67(7) 85(9)
479.0 (2) 27(4) 30(4)
533.9 (3) 14(3) 18(4)
586 (1) 8(4)

In order to increase the confidence in the isotopic assign-
ments of the new y-ray cascades, their intensities have been
examined. This can give an independent verification of the
mass assignments reported above. Figure 13(a) shows the
intensity of triple-y coincidences from the yrast cascades
of "Pr and from those assigned to 'Pr and '>3Pr in
the present work. These intensities, which were corrected
for detector efficiency and for internal conversion-electron
emission (assuming all transitions in the cascades are E2
in nature), are proportional to the production yields of the
fission fragments. The full circles show the population of
Pr isotopes following the fission of 22Cf while the empty
circles correspond to data from the fission of *Cm. The
square symbols in Fig. 13 show the production of Ce isotopes
following the fission of >*8Cm (empty) and >>>Cf (full), which
are derived here from triple-y coincidence intensities for the
6T — 4T — 21 — 07 cascades of the nuclej 146-148.150.152 e
where the error bars here are smaller than the symbol size.
Analogous plots for the isotopes '30:152.15%156Nd are shown in
Fig. 13(b) for both ***Cm (empty diamonds) and 2>>Cf (full
diamonds).

These cerium and neodymium data points were fitted by a
Gaussian distribution which is shown as a dashed line,

S _ (A-4p)?

P(A) = e, (1)

2mo?

which describes well the production of fission fragments
(see, for instance, the production of the neighboring barium
isotopes in Ref. [4]). In the above formula A denotes mass
number, while A, the centroid, and S, a parameter proportional
to the amplitude, are left free in the fit. The width of the
distribution, o, was fixed to be 1.7, which comes from the
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FIG. 13. Mass population diagrams for (a) odd-A Pr and even-A
Ce isotopes and (b) for even-A Ce and Nd isotopes from the >*Cm
(empty symbols) and >32Cf fission data (full symbols). Cerium,
praseodymium, and neodymium isotopes are shown as circles,
squares, and diamonds, respectively. See text for further explanation.

systematic trends [28]. The S parameter will not be discussed,
as the population is in arbitrary units. The centroid A¢(Ce),
corresponding to the maximum population of the cerium
isotopes following the spontaneous fission of 2*Cm, was
found to be 149.0(1) from the data shown in Fig. 13. Similarly,
avalue of Ag(Nd) = 153.4(1) was found for Nd isotopes and a
value of Ag(Ba) = 144.1 was earlier reported for an analogous
fit to barium isotopes from the same fissioning system [4].
The difference between these centroid positions allows one
to estimate that AAy ~ 2.3 per AZ =1 for heavy fission
fragments, which can be used to verify the mass assignments
of an isotopic chain.

Fitting the Pr data points from the **Cm data set of Fig. 13
with Eq. (1) gives a centroid position of Ag(Pr) = 151.3(1),
in agreement with the value expected from the Ba, Ce, and Nd
data fits (151.3), giving an additional verification of the mass
assignments for '4%-151:153pr,

The 2>2Cf data set was also used to extract this centroid
for the Pr isotopes with the result Ag(Pr) = 150.7(1). This is
lower by 0.6(1) mass units than the centroid obtained from
the *Cm data, in agreement with existing experimental data
reporting that more neutrons are evaporated, on average, in the
fission of 252Cf, o = 3.7(2) [29], than in the fission of >*3Cm,
v = 3.5(5) [30].

The mean masses Ag extracted for each isotopic chain
in the present work can also be compared to those obtained
from the yields of spontaneous fission fragments in evaluated
databases. These yields are evaluated for the ground states and
long-lived isomeric states of fission fragments, and so cannot
be compared directly to the triple y-ray coincidence data of
the present study, which examines these nuclei at intermediate
spins. Nuclei examined at different spins may have different
mean neutron evaporation values, which therefore changes
the mean mass of an isotopic chain. The relative differences
between the mean masses of the different isotopic chains
should however be similar for each type of study. For the fission
of 2*%Cm, mean-mass differences of AAy(Pr — Ce) = 2.34(7)
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and AAy(Nd — Pr) = 2.08(9) were extracted for the ground-
states of isotopes from an evaluated database [31]. These
compare well to the values of AAy(Pr — Ce) =2.3(1) and
AAp(Nd — Pr) = 2.2(1) measured in the present work with the
248Cm data. The mean mass differences of AAg(Pr — Ce) =
2.43(14) and AAp(Nd — Pr) = 1.92(14) from the fission of
2Cf were also obtained from an evaluated database [22].
Again, these compare well to the values of AAy(Pr — Ce) =
2.4(1) and AAy(Nd — Pr) = 2.0(1) measured in the current
work from the fission of >32Cf.

Finally, we have calculated average masses of Rb and Y
isotopes based on intensities of y lines from these isotopes,
as seen in the spectra gated on cascades assigned to '>'Pr
and '3Pr in Ref. [8]. The corresponding data are shown
in Fig. 10 as empty squares (for the **Cm data set) and
full squares (>>2Cf fission data set). These data indicate that
the cascade containing the 206.6-, 279.5-, and 351.1-keV
transitions, assigned in Ref. [8] to 3Pr, actually belongs to a
heavier Pr nucleus. We have assigned this cascade to '>*Pr, as
shown in Fig. 10. Similarly, the cascade containing the 216.3-,
292.0-, and 363.3-keV y rays, assigned in Ref. [8] to "' Pr, is
reassigned to '>2Pr from Fig. 10.

III. QUASI-PARTICLE-ROTOR MODEL CALCULATIONS
AND STATE INTERPRETATIONS

The experimental data have been interpreted with the aid of
quasi-particle-rotor model (QPRM) calculations, which were
performed using the codes GAMPN, ASYRMO, and PROBAMO
[32]. Quasi-particle excitation energies, intraband transition
energies, and intraband transition probabilities were calcu-
lated. The programs use a modified-oscillator potential and
diagonalize the particle-plus-triaxial-rotor Hamiltonian in the
strong-coupling basis, with the single-particle matrix elements
expressed in the deformed scheme, as described in Ref. [33].
Standard empirical values for the ¥ and u strength parameters
of the I.s and [? terms have been used [34]. Input parameters
to the model are A, Z, and the deformations ¢, €4, €6, and y.
The average Harris parameters jo and j; of the neighboring
even-even nuclei, at a spin of ~8h, were used to calculate
the variable moment of inertia. As the moment of inertia
J of the even-even cores was found to be nonlinear at low
spins, when plotted as a function of the squared frequency,
discrepancies will occur here between the predicted and
observed intraband transition energies. Pairing correlations
were included via a standard BCS approximation, using values
of Gp =19.2 MeV and G| = 7.4 MeV. Agreement between
the experimental level energies and the theoretically predicted
ones was improved for the negative-parity states by using an ad
hoc “Coriolis attenuation” parameter of 0.7. This is a typical
value for this parameter. No Coriolis attenuation was necessary
for the positive-parity states. In order to calculate the M1
transition strengths a collective g-factor value for the core of
gr = Z /A and an effective value of the free neutron g factor,
g = 0.7gf, were used.
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A. QPRM calculations and interpretation of states of '5!Pr

Deformations of e, = 0.26 and €4 = —0.05 have been used
to calculate the levels of ’'Pr. The value of €, was extracted
from lifetime measurements of members of the ground-state
band of the neighboring N = 92 isotone 152N1d [35,36], which
translated to an average quadrupole moment of Qy = 6.0(1)
eb. In our recent work on the neighboring N = 93 nuclei '>'Ce,
153Nd, and 'Sm [18] a hexadecapole deformation of €; ~
—0.05 was found to reproduce the decay schemes well. A
comparison of the experimental and theoretical partial decay
schemes is shown in Fig. 14, where the total decay intensity
from each states is equal. Only decays of the favored-signature
states are shown in this figure, as these are expected to be
considerably more intense than those of the unfavored states,
as explained below. The lowest-lying positive- and negative-
parity levels have both been set to an energy of 0 keV.

The nucleus '3'Pr has previously been assigned a ground-
state spin and parity of (3/27), from B-decay studies [37]. The
calculations predict that the lowest-lying negative-parity state
has a spin of 3/27, with a strong 73/27[541] component. The
35.1-keV, 50-us isomeric state decays by an E'1 transition,
therefore it must originate from a positive-parity state with a
possible spin of 1/2, 3/2, or 5/2. The calculations predict
that the two lowest-lying positive-parity states, shown in
Fig. 14, are nearly degenerate in energy and have strong
components of the 1/2%[420] and 3/2*[422] Nilsson orbitals.
Other quasi-particle excitations are considerably higher in
energy. If these two states are placed at 35.1 keV, and each
one assumed to be the lowest-lying positive-parity state, then
half-lives of 23 ns and 0.74 s are predicted for the 1/27[420]
and 3/2%[422] band-head states respectively, when corrected
for internal conversion. Other spin 3/2 and 5/2 members of
these bands are predicted to decay predominantly by intraband
transitions with half-lives of a few ns. Although it is tempting
to assign the isomeric state to have a dominant 3/2%[422]
configuration, from a comparison with the calculated half-life,
a 1/27[420] assignment cannot be completely ruled out. This
is because the QPRM calculations cannot always reliably
predict E1 transition rates, as shown in our recent works on
149pr 7] and !153Nd [18], where the differences between the
predicted and measured partial half-lives were several orders
of magnitude for one E1 transition in each nucleus.

The band on top of the 3/27[541] ground state is predicted
to be yrast. As spontaneous fission is known to populate mostly
yrast states, the new y-ray cascade of '3'Pr is assigned to
the favored-signature members of the 3/27[541] band. The
7/27 — 3/27 transition is calculated to be low in energy
(20 keV) and strongly converted, and therefore would be
unobserved in the spontaneous-fission data. A spin of (7/27)
can therefore be assigned to the state at the bottom of the
new y-ray cascade of '3!'Pr. The calculations predict that
the unfavored-signature members of this band are higher in
energy than their counterpart / 4+ 1 favored-signature states.
This means that the favored states are predicted to decay
only by stretched E2 transitions, in agreement with the
observed decay pattern of the new cascade. No E1 decays are
energetically possible from the favored-signature members of
the 73/27[541] band.
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FIG. 14. Comparison of experimentally measured and calculated partial decay schemes of '>!Pr. See text for more details.

The unfavored-signature states of the 3/27[541] band are
predicted to decay with approximately half their population
feeding lower lying / — 2 unfavored states, via stretched E2
transitions, and the other half of the population going to the
favored-signature members of the same band. This means
that the excited-state population will quickly accumulate in
the favored-signature members of this band, confirming the
decay pattern shown in Fig. 8. The unfavored members of
the 3/27[541] band should be therefore the more difficult of
the two signatures to observe. The intensity of decays from
the unfavored negative-parity states to positive-parity ones,
which are only possible above spin 13/27, are calculated to
be negligible.

Above spin 7/2% the lowest-lying positive-parity states are
calculated to be typically 100 keV, or more, higher in energy
than the members of the 3/27[541] ground-state band with
the same spin. As these states are non-yrast, they will be
more weakly populated than negative-parity states of the same
spin, which may explain their nonobservation in the present
work. Favored members of bands based on the 1/2%[420]
and 3/2%[422] states are predicted to be the most yrast
positive-parity states, decaying predominantly by intraband
E?2 transitions without any strong E1 transitions feeding
the 3/27[541] band, in agreement with our experimental
observations from the prompt-fission data. About half the
intensity of the decay of unfavored members of the 3/2%[422]
band decay feeds the I — 1 favored members of the same
band, with the other half feeding the / — 2 unfavored members
and just a few percent of the total decay intensity feeding
the favored members of the 1/27[420] band. The unfavored

members of the 1/27[420] decay with about half of their
population feeding the I — 2 unfavored members of the same
band, and the rest of the intensity flows almost equally to
the favored and unfavored members of the 3/2%[422] band.
These predictions are in agreement with the high isomeric ratio
observed for the 35.1-keV state, 19(12)%, which will collect
the majority of the population of its band.

B. QPRM calculations and interpretation of states of 1>*Pr

The nucleus '3Pr has been calculated using identical
parameters to those reported above used to calculate 3! Pr, with
the exception of the moment-of-inertia parameters, which were
obtained from the average jo and j; values of the neighboring
even-even nuclei '3>Ce and *Nd. The quadrupole moments of
intermediate-spin states of the ground-state bands of %% 134Nd,
extracted from lifetime measurements, have been found to be
the same within experimental errors [35]. As the quadrupole
moment of ' ?Nd was used to determine the deformation
€, = 0.26 for its N = 92 isotone >'Pr, the same value can
be used to calculate '33Pr. The calculated and experimental
level schemes of '>3Pr are shown in Fig. 15, where all states
are assumed to decay with the same total intensity. Here it can
be seen that the energies and positions of the levels of '>3Pr
are almost identical to those of '3'Pr, in agreement with the
experimental observations.

The quasi-particle excitation energies and decay patterns of
the excited states of '33Pr are very similar to those described
above for '3!Pr for both parities. The 3/27[541] ground-state
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FIG. 15. Comparison of experimentally measured and calculated partial decay schemes of >*Pr.

band is the most yrast of any parity, and its favored members
decay solely by stretched E2 y rays. The unfavored members
of this band decay to other states in this band with about half
of their population feeding / — 2 unfavored states and the
remaining intensity decaying to / — 1 favored band members.
The yrast positive-parity states are again the favored members
of the 1/2%[420] and 3/2%[422] bands. These favored states
decay predominantly by stretched E2 transitions to other
favored members of their band. The positive-parity states again
lie higher in energy then the negative-parity states with the
same spin, making them more difficult to observe as they will
be more weakly populated in fission.

The 3/27[422] quasi-particle excitation is again expected
to have a us isomeric character. In our recent examination of
the neutron-rich A = 153 isotopes [18] we did not observe
this predicted isomeric decay. The evaluated fission yield of
153Pr from neutron capture on >*?Am is 6.3(27) x 1072 % [22],
which is about a factor of 5 lower than that for '>'Pr with the
same target (3.2(8) x 10719%[22)), though, taking into account
the large error, this may be as much as an order of magnitude.
This lower production rate, combined with the strong isomeric
decay of the 191.7-keV, 1.17-us isomer of >*Nd appearing in
the same spectrometer setting, makes this predicted isomeric
decay more difficult to observe than the one of '!Pr.

C. Comparison of QPRM calculations to existing
B-decay data on 5!'Pr

The new experimental data on 'S!'Pr and the QPRM
calculations of the present work also allow the B-decay data

reported in Ref. [20] concerning '>!'Pr to be reexamined.
The 35.1-keV isomeric state was previously assigned a spin
and parity of (7/2%) from lifetime arguments. However,
this reasoning is weak as only a half-life limit of >10 us
could be assigned to this state in Ref. [20], leading to
the assumption that the transition was M2 in nature. The
conversion-coefficient measurement of the 35.1-keV transition
reported above excludes this, and a spin of (1/2%, 3/2%) was
assigned with the aid of the QPRM predictions.

Without more experimental information it is difficult to
give firm spin assignments to any of the other excited states
of 151pr reported at 38.9, 362.0, 402.6, 467.7, and 636.8 keV
in Ref. [20], even with the aid of the QPRM calculations.
Some useful observations may however be made. As the
362.0-, 402.6-, and 636.8-keV levels all feed both the 3/2~
ground state and the 38.9-keV state with similar intensities,
these last two states probably differ in spin by at most 17.
Therefore the 38.9-keV level has a spin and parity of either
1/2%, 3/2%, or 5/2~ from a comparison of states predicted
by the QPRM calculations, shown in Fig. 14. It would be
tempting to assign a negative parity to this state, and hence
a spin of 5/27, by assuming that the competing transitions
feeding it and the ground state are M1 + E2 in nature, and
knowing that the nearby 35.1-keV isomeric state has a low
B(E1)value. However B(E 1) values have been shown to differ
by five orders of magnitude in the nearby nucleus '3!'Pm [38],
and competing M1 + E2 and E1 decays which both feed the
38.9-keV state cannot be ruled out.

In the QPRM calculations a cluster of quasi-particle exci-
tations appears at around 500 keV, containing the 5/27[532],
9/2%[404], 5/2%[413], 3/2%[411], and 1/27[550] orbitals.
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Recently the ground-state spin of '’!Ce was changed from
(5/2%) to (3/27) [18]. Members of the 9/2%[404] band are
too high in spin to be populated directly from a B-decaying
3/2~ state. The 362.0-, 402.6-, 467.7-, and 636.8-keV states
are therefore low-spin members of the other four bands.
Comparisons between the predicted and experimental y-decay
branching ratios cannot give any firm assignments. Only the
3/27[532] orbital and 3/2~ member of the 1/27[550] band
(predicted at 478 keV) give y-decay M1 + E2 branching
ratios to the calculated 3/2™ and 5/27 states with intensities
comparable to those experimentally observed.

In Ref. [20] K x rays of Pr are reported to be in coincidence
with themselves and the 38.9-, 40.6-, 142.1-, and 323.1-keV
y rays. As the K electron binding energy of Pr is 41.99 keV,
there must be other as-yet-unobserved levels present in the
B-decay scheme, as all y transitions reported in Ref. [20] are
either too low in energy (38.9 and 40.6 keV) to be converted to
K electrons, or too high in energy to be have high conversion
coefficients (323.1 to 636.8 keV).

It is also worth noting that the 11/27 — 7/27 decay
observed in the prompt spontaneous-fission data reported in
the present work has the same energy as a 142.1-keV transition,
which was unplaced in the 8-decay scheme. The 11/27 level
may be indirectly populated following 8 decay. If these two
transitions are the same, this gives independent confirmation
of the assignment of the y-ray cascade to ''Pr.

IV. DISCUSSION

The levels of the bands of '*"!33Pr do not decay by any
observed interband E1 decays, and the 35.1-keV isomeric
state of the nucleus ' Pr has a low B(E1) value of 6.3(10) x
10~8 W.u. Therefore we can conclude that there is no evidence
of any strong octupole collectivity in the states studied of
ISLIS3Pr, For the 35.1-keV isomeric transition of ! Pr a dipole
moment of Dy = 9.0(13) x 10~ ¢ fm was extracted using the
formula [39]

3
B(El) = ED%(IiKi10|Ifo>2. )

This small dipole moment is in agreement with Hartree-Fock
[40], cranked Woods-Saxon model calculations [41], and shell-
corrected finite-range liquid drop model calculations [42],
which all predict 83 = 0 (D = 0), for the ground states of
5IPr or 139Ce and '92Nd, the immediate even-even neighbors
of P!Pr.

The results of the present work on >1133Pr are in agreement
with our recent study of the deformed nuclei '3315*15Nd
and 195156.158.160g; 118,19], where it was concluded that
the isomeric one- or two-quasi-particle excitations are mostly
responsible for the dipole moments of these states. Octupole
correlations seem to be absent from these isomeric states. The
absence of octupole correlations here can be related to in-
creasing quadrupole deformation beyond N = 90. Quadrupole
deformation is known to break the (2j + 1) degeneracy of
spherical shell-model states, and these states generally fan
out in energy, with the energy splitting becoming larger with
the increasing quadrupole deformation. The unique-parity
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FIG. 16. (Color online) Aligned angular momenta of bands of
151pp and 148150 Ce.

orbitals follow undeviated trajectories in a given harmonic
oscillator shell, whereas natural-parity orbitals can be involved
in orbital crossings which can further separate states with
the same spherical shell-model state origin. Simplistically,
increasing quadrupole deformation should correspond to a
general decrease in the strength of octupole collectivity.
The situation is not so simple however, as hexadecapole
deformation is also present in the neutron-rich A = 150 region.
This deformation multipole has the effect of quenching the
energy splitting of the unique-parity Nilsson orbitals, as well
as mixing AN = 2 orbitals [43]. Theoretical calculations are
required to better understand the experimental data obtained
recently in this region.

The projections of the total aligned angular momentum on
the rotation axis, I, of the 3/27[541] band of I51pr and the
ground-state bands of '%%150Ce [44] are shown in Fig. 16. At
around 0.2 MeV /f the difference in I, between the 3/27[541]
band of '3!Pr and those of its Ce even-even neighbors is around
S, in agreement with the proposed 7 /1y, origin of this band.
The 3/27[541] band of '>*Pr is not shown in Fig. 16, as it
has very similar energies to those of the band of '>!'Pr. This is
another case of bands with very similar transition energies,
which are common in this region and have been reported
for the Nd and Sm nuclei with N > 92 in Refs. [18,19,44]
and references therein. Beyond 0.25 MeV /h evidence of an
“upbend” is seen in Fig. 16 for '“8Ce, which is in agreement
with calculations for the nearby samarium isotones [45]. These
predict the first band crossing of '32Sm, an isotone of '*8Ce, to
be one involving the v3/2[651] orbital, at about 0.23 MeV/h.
For heavier samarium isotopes the first band crossings, which
again involve orbits originating from the spherical vi 3/, states,
move to slightly higher frequencies (=0.25 MeV/h), though
no evidence of any band crossings for 1*°Ce and '*! Pr are seen
in Fig. 16.

During the course of this work two publications have
appeared, one of them very recently, which assigned bands
to SLI53Pr [8] and 'S?Pr [46]. The parity-doublet bands
assigned to I5SLIS3pr in Ref. [8] seem to be incorrect, not
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only from the experimental mass-assignment arguments put
forward in Sec. IIB, but also from a theoretical point of
view. The negative-parity bands reported in Ref. [8] were
said to be based on the w3/27[541] orbital, whose origin is
the spherical wh /> spherical state. The most intense decays
of these bands should proceed through the favored-signature
states, as predicted by the QPRM calculations presented in
Sec. III. The bands assigned to ISLIS3pr in Ref. [8] however
contain states with the spins 5/27, 9/27, and 13/2~, which
are unfavored, and such a decay sequence is therefore unlikely.
The slow E1 transition reported for the 35.1-keV isomer of
I5STPr in the present work also shows that decays between
states with different parities may be strongly hindered. As
mentioned above, several microscopic calculations [40-42]
predict B3 = 0 for the ground states of '*°Ce and "?Nd, the
immediate even-even neighbors of I51pr and no softness to
octupole modes at higher spins in these nuclei [41]. The level
scheme of '**Pr does not show any hint of octupole collectivity
[7], hence it would be unlikely that octupole modes develop
in 113Pr that are more deformed and further away from
N = 90, where the maximum number of octupole-collectivity
forming orbital lie close to the surface, at weak deformations.
As mentioned in Sec. IIB, we propose that these bands
actually belong to the neighboring odd-odd Pr nuclei, and
more complete level schemes, including additional low-lying
transitions, will be presented in a forthcoming article.

Very recently two bands were attributed to >Pr in Ref. [46]
and the energies of the transitions in the two bands are almost
identical to those assigned to '3'!5Pr in the present work;
hence one can assume that these are the same cascades. Some
differences in these cascades exist however. The cascade of the
second band in '32Pr decays into the second excited state of the
first band, which decays by a 221.9-keV transition, followed
by a 142.3-keV y-ray to the band head of the first state. In the
present work the lowest two observed transitions in the cascade
of 3'Pr have energies of 141.1 and 221.8 keV. For >3Pr these
energies are 141.6 and 221.0 ke V. The 0.5- and 0.8-keV energy
differences between the centroids of the two lowest transitions
in each cascade can be measured in y-ray peaks with several
thousand counts, as can be seen in Fig. 12. It is not explained
which transitions are used to make the mass assignment of
A = 152 in Ref. [46]. One notes that if all transitions are used,
or just the two lowest, one ends up with an average of the
two masses 151 and 153, which is 152. The transition energies
of these two bands assigned to '>?Pr are very similar to each
other and it would be unusual to find such bands in the same
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odd-odd nucleus. On the other hand, as mentioned above and
in Ref. [19], bands with almost identical transition energies
are common in neighboring nuclei in this region.

V. CONCLUSION

New rotational bands have been reported and assigned to
ISLIS3Pr from a careful analysis of two sets of spontaneous
fission data. A delayed 35.1-keV transition, previously as-
signed to '>'Pr, has been determined to be E1 in multipolarity
from conversion-electron measurements, and a half-life of
50(8) us was determined for this transition. The assignment
of this isomer to '3!'Pr has been verified using the measured
isomeric population and evaluated fission yields. Calculations
presented here using a QPRM are able to reproduce the decay
sequence of these bands, and allow the ground state bands to
be assigned a 3/27[541] configuration and the isomeric state a
3/2%[422] or 1/27[420] configuration. The slow E1 isomeric
transition and the nonobservation of interband E'1 transitions
for 31:153Pr show an absence of strong octupole correlations
in these nuclei. These results are in agreement with our recent
measurements on Nd and Sm nuclei with N > 92, where again
no evidence of octupole correlations was observed in the states
observed [18,19]. A phenomenological examination of the
Nilsson orbits present here allow an explanation for this to
be put forward in terms of an absence of octupole generating
orbits, due to increasing quadrupole deformation and orbital
crossings. These separate out the states required to form
octupole correlations. These conclusions are in agreement with
theoretical calculations, which do not predict these nuclei to be
octupole deformed [40—42] or to be soft to octupole modes [41]
at higher spins.
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