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Quasiparticle phonon model description of low-energy states in 152Pr
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Delayed γ -ray and conversion-electron spectroscopy is performed on A = 152 fission fragments, at the
Lohengrin spectrometer of the Institut Laue-Langevin, providing a new decay scheme for 152Pr. The quasiparticle
phonon model, combined with the particle-rotor model, which allows octupole correlations and Coriolis mixing
to be taken into account, is applied to analyze its low-energy structure. The main configurations are found to be
(π3/2[422] ⊗ ν5/2[642])1+ for the isomer and (π3/2[541] ⊗ ν3/2[521])3+ for the ground state.
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I. INTRODUCTION

Nuclei of the neutron-rich A ∼ 150 region possess numer-
ous interesting features including a rapid spherical-to-prolate
ground-state shape change across N = 88−90 [1], strong
octupole correlations [2,3], rotational bands with identical mo-
ments of inertia [4], and isomeric states spanning a wide range
of lifetimes [5–9]. Octupole correlations in atomic nuclei are
a manifestation of broken reflection symmetry in the nuclear
mean field. These modes can be both static and dynamic in
nature and arise from the coupling of�I = �l = 3 orbits lying
close to the Fermi surface. The strongest octupole correlations
in the A ∼ 150 region are predicted around 144Ba [3,10],
where the πd5/2, h11/2 and νf7/2, νi13/2 orbits lie close to the
Fermi surface. Recently a B(E3; 0+ → 3−) value measured by
Coulomb excitation for 144Ba showed that octupole collectivity
here is larger than any current theoretical prediction [11].

The observation of fast E1 transitions between nearly degen-
erate parity-doublet bands in odd-A nuclei has often been used
as an empirical signature of octupole correlations. However,
several factors can influence E1 decay rates, including shell-
correction effects [12], Coriolis mixing, and hexadecapole
deformation [13–15]. For example, low B(E1) transition rates
between members of parity-doublet bands in 146Ba were
determined and have been shown to be due to a cancellation of
the intrinsic dipole moments originating from macroscopic and
shell-correction effects. However, a B(E3; 0+ → 3−) value
was very recently measured for the nucleus 146Ba, which is
as large as the one in 144Ba [16].
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Strong quadrupole deformation develops in the A ∼
150 region beyond N = 90, allowing opposite-parity Nils-
son orbits with �K = 0 to couple via the octupole in-
teraction, assuming the μ = 0 part is dominant [17].
In particular, the Y30 interaction couples orbitals with
K±[Nnz�] and K∓[N ± 1 n′

z�] [13]. For a quadrupole de-
formation of ε2 ∼ 0.25 the πd5/23/2[411] − πh11/23/2[541]
and νh9/23/2[521] − νi13/23/2[651] couplings approach the
Fermi surface at Z ∼ 60 and N ∼ 90. The π3/2[541] orbital
has been assigned as the ground state of 151,153Pr [7,18,19],
hence octupole correlations may manifest themselves in these
nuclei. Indeed the existence of a possible parity doublet
band has been proposed in 151Pr [18–20], though a 35.1-keV
isomeric state with a 50(8)-μs half-life, decaying by an E1
transition, has also been reported in the same nucleus [7]. The
neutron-rich Pr nuclei are thus an interesting test ground for
models able to calculate E1 transition rates.

In the present work we have measured delayed γ rays
and conversion electrons from an isomeric state in 152Pr
and interpreted the structure of states in delayed cascades
using the quasiparticle-phonon model plus the particle-rotor
model (QPM + PRM). Pr nuclei are difficult to study from
both an experimental and a theoretical point of view. Their
complementary partners following the spontaneous fission of
248Cm and 252Cf are the Rb and Y nuclei, which possess
both fragmented level schemes and isomeric states, making
mass identification via relative γ -ray intensities difficult.
This is further complicated by some of the even-even core
nuclei possessing rotational ground-state bands with identical
moments of inertia [4], resulting in intraband transitions with
approximately the same energy in neighboring isotopes. The
mass assignments of various rotational bands to 151−153Pr have
changed several times [7,18,19,21], however, a prompt γ -ray
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spectroscopy experiment, performed in conjunction with the
VAMOS spectrometer, permitting firm A and Z identification,
has recently improved the experimental situation [20]. The
theoretical task of assigning Nilsson orbitals to the various
rotational bands can be difficult for Pr nuclei here, as K = 1/2
orbitals of both parities and large j values are present near
the Fermi surface. Moreover, the positive-parity orbitals are
expected to be mixtures of πg7/2 and πd5/2 and can have
either sign of signature splitting or a near-cancellation for
certain admixtures. Studies of isomeric transitions and allowed
unhindered β decays, both of which can take place only
between nucleons occupying a handful of orbitals, can allow
firm configuration assignments to be made.

II. EXPERIMENT

Delayed γ -ray and conversion-electron spectroscopy of
A = 152 fission fragments was performed at the Lohengrin
mass spectrometer of the high-flux reactor at the Institut
Laue-Langevin, Grenoble. Neutron-rich A = 152 nuclei were
produced using an 0.870 mg/cm2, 7 × 0.5 cm2, 241Am target,
which mostly fissioned following the capture of two thermal
neutrons. The Lohengrin mass spectrometer selected nuclei re-
coiling from the target, according to their mass–to–ionic charge
and kinetic energy–to–ionic charge ratios. The flight time of
A = 152 nuclei through the spectrometer was around 3.1 μs,
allowing decays from microsecond isomers to be observed at
the focal point. The kinetic energies, and hence masses, of the
fission fragments were identified by a split-anode �E1-�E2
ionization chamber. Two experimental setups were used in
this measurement. In the first, two Clover Ge detectors were
placed in a compact geometry perpendicular to the beam
for γ -ray spectroscopy studies. In the second, a twofold
segmented liquid-nitrogen-cooled Si(Li) conversion-electron
detector was included in the setup. Each segment had areas of
3 × 2 cm2 and a total efficiency of ∼15%. This detector was
placed behind a 6-μm-thick Mylar foil, situated at the end of
the ionization chamber. The gas pressure in the chamber was
tuned to stop the ions in the last 1 μm of the Mylar foil. Any γ
rays or electrons detected up to 40 μs after the arrival of an ion
were recorded on disk for off-line analysis. The experiment was
performed during the same campaign as the work reported in
Refs. [6,7], and more details on the setup can be found therein.

III. EXPERIMENTAL RESULTS

Background-subtracted delayed γ rays detected up to 10 μs
after the arrival of an A = 152 ion are shown in Fig. 1. Here the
background was taken from a cut towards the end of the 40-μs
time window. Delayed transitions with energies of 115.1(3)
and 98.1(3) keV are visible, along with Pr x rays. These results
partially agree with previous β-decay studies of 152Pr where
a delayed 114.8(2)-keV γ ray was reported [22,23]. However,
in those works a 97.7(2)-keV transition was reported to be
prompt. Similarly, a weak 98.1-keV transition was reported to
be prompt in the fission spectroscopy data in [20].

Background-subtracted delayed conversion electrons and
photons measured in the Si(Li) detectors are shown in Fig. 2.
Here K and L conversion-electron peaks from the 115.1-keV

0 100 200 300 400 500
Energy (keV)

0

500

1000

1500

2000

N
um

be
r 

of
 C

ou
nt

s p
er

 k
eV

Pr
 K

α
Pr

 K
β

98
.1

11
5.

1

A=152
Delayed γ rays

FIG. 1. Delayed γ rays observed in the Ge detectors in coinci-
dence with A = 152 ions.

transition can clearly be seen, along with weaker ones from
the 98.1-keV decay and Pr x rays. Additionally, a γ ray with
an energy of 17.0(4) keV is also visible.

The sum of the 17.0- and 98.1-keV γ -ray energies equals
that of the 115.1-keV transition and these are likely par-
allel decay branches from the same isomer. The 98.1- and
115.1-keV transitions were measured to have the same half-
lives, within errors, giving additional evidence that they origi-
nate from the same isomeric state.

From the γ -ray and electron-peak areas conversion co-
efficients of αK = 0.93(12), αL = 0.32(11), and αK/αL =
2.8(10) were obtained for the 115.1-keV transition. These
results are in good agreement with the theoretical values for
an E2 decay, which are 0.801(12), 0.380(6), and 2.110(48),
respectively [24]. When these three numbers are considered
together the 115.1-keV transition can be uniquely assigned as
E2 in nature.

The relative intensities of delayed γ rays measured using
the Ge and Si(Li) detectors are listed in Table I. As the 17.0-
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FIG. 2. Delayed conversion electrons and photons observed in the
Si(Li) detector in delayed coincidence with A = 152 ions.
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TABLE I. Level energies, delayed γ -ray energies, and intensities
and total intensities of the delayed cascade from the 115.1-keV
isomeric state.

Elevel (keV) Eγ (keV) EL Iγ (rel.) ITotal (rel.)

98.1 98.1 E1 18(3) 23(3)b

115.1 17.0 E1 2.3(11) 15(8)b

115.1 E2 100(5)a 228(12)b

aReference transition (Iγ = 100).
bCalculated using theoretical conversion coefficients [24].

and 98.1-keV γ rays are in cascade, and parallel to the 115.1-
keV E2 transition, when corrected for internal conversion
(α17.0 = 5.66, α98.1 = 0.265 [24]), consistent total intensities
are obtained only when the 17.0- and 98.1-keV transitions both
have E1 multipolarities.

The half-life of the isomer was obtained by fitting an
exponential function to the time distribution of 115.1-keV
γ rays, relative to the arrival of an A = 152 ion. This is
shown in Fig. 3 and T1/2 = 4.7(3)μs was determined. The
T1/2 measured in the present experiment is close to T1/2 =
4.1(1) μs, previously reported in β-decay studies [23], though
incompatible with the earlier value of T1/2 = 1.0(3) μs [22].

Combining all the above information allowed the partial
level scheme shown in Fig. 4 to be created. The order of
the 17.0- and 98.1-keV transitions was determined assuming
that the latter decay is the same as that of the 97.7-keV
γ ray reported as prompt in β-decay studies [22,23]. The
spin assignments are made using the results of the theoretical
calculations described in Sec. V.

IV. QUASIPARTICLE PHONON MODEL

In the QPM + PRM for odd-odd nuclei the total Hamilto-
nian is written as

H = Hint + Hrot (1)

where Hint is the intrinsic Hamiltonian and Hrot is the rotational
Hamiltonian [25], which contains the Coriolis interaction
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FIG. 3. Time spectrum of 115.1-keV γ rays detected in the Ge
detectors, relative to the arrival of an A = 152 ion.
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FIG. 4. Partial level scheme of 152Pr obtained in this work.

responsible for the coupling of intrinsic and rotational degrees
of freedom,

Hrot =
∑
i=1,2

h̄2

2J
(Îi − ĵi)

2

= h̄2

2J

(
Î 2
i − Î 2

3

) + h̄2

4J
χrec(ĵ+ĵ− + ĵ−ĵ+)

− h̄2

2J
χcor(Î+ĵ− + Î−ĵ+), (2)

where J is the moment of inertia with respect to the rotation
axis and Îi and ĵi are components of the total and intrinsic
angular momentum, respectively. The second term on the
right-hand side is the recoil term, the last term represents the
Coriolis interaction, and χrec and χcor are the recoil and Coriolis
attenuation factors, respectively.

The intrinsic Hamiltonian can be written as [26]

Hint = HAV + HPair + HMult + Hnp, (3)

where HAV is the axially symmetric quadrupole and hexade-
capole deformed average mean field (Nilsson),

HPair = −�τ=p,nGτP
+
τ Pτ (4)

is the short-range monopole pairing interaction, and

HMult = − 1
2�τ=p,n�λ,μκτ

λ,μQτ+
λ,μ(r̂)Qτ

λ,μ(r̂) (5)

represents the long-range separable quadrupole-quadrupole
(λ = 2) and octupole-octupole interaction (λ = 3). The
multipole-multipole interaction strengths κ

p
λ,μ = κn

λ,μ and are
fitted to experimental phonon energies of the even-even core
or taken from the systematics. All terms in the two-qp neutron-
proton interaction in HMult are replaced with a diagonal δ
force Hnp with central and spin-spin components, i.e., Hnp =
δ(�rp − �rn)(u0 + u1 �σp �σp), where the parameters u0 and u1 can
be taken from the systematics of the Gallagher-Moszkowski
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TABLE II. Possible Nilsson configurations of the ground, 98.1-keV, and 115.1-keV states of 152Pr. The notation used for the Nilsson orbitals
is K[Nnz�]. The spin and parity J π are listed to the right of each Nilsson configuration.

Ground state 98.1-keV state 115.1-keV state

(π 3
2 [541] ⊗ ν 5

2 [642])4− (π 3
2 [541] ⊗ ν 3

2 [521])3+ (π 1
2 [420] ⊗ ν 3

2 [521])2−

(π 3
2 [541] ⊗ ν 3

2 [521])3+ (π 1
2 [420] ⊗ ν 3

2 [521])2− (π 3
2 [422] ⊗ ν 5

2 [642])1+

(π 3
2 [422] ⊗ ν 3

2 [521])0− (π 3
2 [422] ⊗ ν 5

2 [642])1+ (π 1
2 [420] ⊗ ν 3

2 [521])2−

(π 3
2 [422] ⊗ ν 5

2 [642])1+ (π 1
2 [420] ⊗ ν 3

2 [521])2− (π 3
2 [541] ⊗ ν 3

2 [521])3+

(GM) [27] splitting and Newby shifts [28] for rare-earth nuclei
[29].

In the QPM first the BCS transformation from nucleon to
quasiparticle operators is performed and then phonon operators
are constructed as linear superpositions of pairs of qp operators.
The phonon energies and wave functions are obtained by
solving the standard RPA equations. Taking into account the
coupling between the odd nucleons and the vibrating even-even
core results in the intrinsic wave functions

|ψ�(Kπ )〉 =
⎛
⎝∑

νnνp

CK�
νnνp

α†
νn

α†
νp

+
∑

νnνpλμ

D
K�
λμνnνp

α†
νn

α†
νp

Q
†
λμ

⎞
⎠|〉, (6)

where the amplitudes C
K�
νnνp of neutron-proton two-qp com-

ponents, α†
νn

α†
νp

|〉, and the amplitudes D
K�
λμνnνp

of two-qp plus

phonon components, α†
νn

α†
νp

Q
†
λμ|〉, in the odd-odd nucleus

intrinsic wave function |ψ�(Kπ )〉 are determined using the
variational principle.

In the last step the matrix of the total Hamiltonian H =
Hint + Hrot is constructed and diagonalized in the basis of
the symmetrized wave functions |IMKρ〉 in the laboratory
system, where ρ characterizes the intrinsic states. A more
detailed description of the method can be found in Ref. [26].

The parameters of the Nilsson potential we use in our
calculations are those recommended in Soloviev’s monograph
[30]. Initial values of the quadrupole and hexadecapole de-
formation parameters and of the ground-state pairing gaps
are taken from finite-range droplet model plus shell cor-
rection (FRDM) calculations [10] and the neutron-proton
interaction parameters are fixed to be u0 = −4.03 MeV and
u1 = −0.89 MeV.

V. CALCULATION RESULTS

The 115.1-keV isomeric state of 152Pr decays either by a
delayed E2 transition to the ground state or by a 17.0-keV,
E1 transition to the 98.1-keV level, which then decays by
another E1 transition to the ground state. This decay sequence
enables the relative parities of the three levels in question to be
established.

To obtain reliable Nilsson assignments for low-lying states
in 152Pr one has to rely on the Nilsson assignments in the
neighboring odd-A nuclei 151Pr and 151Ce. Assuming the
proton and neutron Nilsson orbitals close to the Fermi level

to be π3/2[422], π3/2[541], and π1/2[420] and ν3/2[521],
ν5/2[642] [6,15], respectively, enables four possible scenarios
for the spins of the three levels to be determined, imposing that
the ground state should correspond to the spin-triplet member
of the corresponding GM doublet (Table II).

Note also that the GM spin-singlet partners of the proposed
ground-state configurations cannot be considered to corre-
spond to one of the two excited states because they differ by
�I = 3 with respect to the spin-triplet case and thus would
not decay preferentially by either an E1 or an E2 transition.

Among those four scenarios, the last two do not seem to
correspond to any recent experimental data and only the first
two are tested in detail.

As the ν5/2[642] and ν3/2[521] neutron orbitals are
∼200 keV apart in 151Ce and 153Nd [6], both are candidates
for the lowest neutron orbital in 152Pr and we suppose that
the ground-state configuration of 152Pr is either π3/2[541] ⊗
ν5/2[642] or π3/2[541] ⊗ ν3/2[521]. Based on the GM cou-
pling rules [27], these two configurations give Kπ = 4− and
Kπ = 3+, respectively, for the bandhead. Note that high-spin
states in the favored signature sequence are easier to populate
in an odd-odd nucleus.

To determine with confidence the parity of the ground
state of 152Pr it is helpful to know the spin and parity of
the 1827.5-keV level in 152Nd, to which the ground-state
decay of 152Pr strongly feeds, with the lowest log f t value
in the decay scheme, 4.9 [31,32]. This log f t is character-
istic of an unhindered allowed β decay [33], and even here
open questions exist. Hellström et al. [31,34] assigned the
spin and parity of the 1827.5-keV level to be 3− based on
the calculated K conversion coefficient 0.040(15) for the
285.0-keV transition to the 2− level at 1542.0 keV, thus
indicating its multipolarity to be M1 or E2. It should be noted
that the conversion coefficient was calculated indirectly from
the coincident intensities of γ and x rays. Toh et al. [32]
assigned the spin and parity of the 1827.5-keV level to be 3+,
based on direct γ and conversion-electron measurements that
gave αK = 0.014(3) for the 285-keV transition, compatible
with an E1 multipolarity.

The value of the log f t = 4.9 also indicates a large overlap
of the initial and the final wave functions, which suggests that
the 1827.5-keV level should probably have a large component
of a simple, two-qp excitation. We have tested the hypothesis
of Hellstrom et al. that the 1827.5-keV level is an octupole
K = 3− bandhead within the framework of the QPM for the
even-even nucleus 152Nd. Proton and neutron pairing gaps
of 0.869 and 0.709 MeV, respectively, Coriolis and recoil
attenuation parameters of 0.85 and 0.6, respectively, and the
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TABLE III. Structure of the two lowest 3− bandheads in 152Nd.
The first two rows of data are calculations with ε2 = 0.24 and the
shift of the i13/2 neutron subshell at −2 MeV. The two rows in the
middle correspond to a calculation with ε2 = 0.29 and the shift of
the i13/2 neutron subshell at −1 MeV. The last two rows of data were
obtained with parameters ε2 = 0.29 and the shift of the i13/2 neutron
subshell at −2 MeV. The last column lists the total contributions of
all two-quasineutron components, one of which is 5

2 [642].

Eexc (MeV) ν 3
2 [651] ⊗ ν 3

2 [521] ν 3
2 [651] ⊗ ν 3

2 [531] ν 5
2 [642]

(%) (%) (%)

3−
1 1.5 25 15 5

3−
2 1.8 73 12 1.5

3−
1 1.2 42 2 0.7

3−
2 1.5 57 2 0.5

3−
1 1.5 29 3 12

3−
2 1.6 16 0.04 83

same phonon energies as in [15] were used. Deformations of
ε2 = 0.24 and ε4 = −0.07 were employed in the calculations,
taken from recent FRDM calculations [10]. Our calculations
show that the lowest 3− bandhead occurs around 1.3–1.4 MeV
and is more collective with a dominant two-qp neutron compo-
nent ν3/2[651] ⊗ ν3/2[521] (about 30%) and the components
containing the neutron configuration ν5/2[642] represent only
about 3%. The second, less collective, 3− bandhead occurs
at around 1.5–1.6 MeV and has a more pronounced two-
qp character (dominant configuration ν3/2[651] ⊗ ν3/2[521],
about 70%). Here the neutron orbital ν5/2[642] is present with
a probability of about 1%. If we run the calculations for a
higher value of ε2 ∼ 0.29, corresponding to the value derived
from the experimental B(E2; 0+

1 → 2+
1 ) = 159 ± 10 W.u.

(Weisskopf units) [35], the energy of the lowest 3− bandhead
remains more or less unchanged. It is less collective, has the
same dominant configuration, and components containing the
ν5/2[642] orbital represent about 12% of the wave function. In
fact the ν11/2[505] ⊗ ν5/2[642] component is the strongest
one in this state (9%) but it cannot give rise to an allowed
transition. The structure of the second 3− bandhead is more
sensitive to the shift of the i13/2 neutron subshell. For lower
values of the shift (−2 MeV), the ν11/2[505] ⊗ ν5/2[642]
configuration becomes dominant (about 80%) and other con-
figurations containing the ν5/2[642] orbital are smaller than
1%. However, the ν11/2[505] ⊗ ν5/2[642] configuration does
not permit an allowed β-decay transition if the ground-state
configuration of 152Pr is 4−(π3/2[541] ⊗ ν5/2[642]). The
situation is summarized in Table III.

To shift the energy of the lowest 3− state to the experimental
energy of 1827.5 keV, proton and neutron pairing gaps larger
than 1 MeV would be necessary. However, in this case the
lowest 3− state would become more collective, with individual
neutron and proton two-qp components smaller than 10%,
and components containing ν5/2[642] would represent only
about 3% for both quadrupole deformations tested (ε2 = 0.24
and 0.29). As a consequence, the β-decay transition from the
4−(π3/2[541] ⊗ ν5/2[642]) ground state of 152Pr to the 3−

o

o

oo

oo

o

oo

o

oo

3/2[541] 3/2[521]

3/2[532]

3/2[541] 3/2[521]

3/2[532]

(π3/2[541] x ν3/2[521])3+ (ν3/2[521] x ν3/2[532])3+

β-

π ν νπ
152Pr 152Nd

FIG. 5. Schematic of the proposed β decay of the ground state
of 152Pr to a (ν3/2[521] ⊗ ν3/2[532])3+ two-quasiparticle state in
152Nd.

state in 152Nd could not be characterized by such a low log f t
value.

On the other hand, a natural interpretation of the β de-
cay of 152Pr into 152Nd may be proposed by assuming the
ground state of 152Pr to be 3+. Let us assume an allowed
transition from a 3+ ground state in 152Pr, with a configuration
π3/2[541] ⊗ ν3/2[521], to a 3+ state in 152Nd. Using ε2 =
0.24, and neglecting interactions between the quasiparticles,
in our calculations two 3+ states close in energy to 1.8 MeV
are present, namely, ν5/2[642] ⊗ ν1/2[660] at 1.9 MeV and
ν3/2[521] ⊗ ν3/2[532] at 2.0 MeV. A β decay to the latter
configuration would satisfy all the selection rules for allowed
transitions, because �N = 0,�nz + �� = 0 and |�nz| � 2.
More precisely, the coupled-nucleon transformation mecha-
nism for β decay suggested in [33] can be applied. Here
the transforming neutron in 152Pr occupies the ν3/2[532]
orbital, located just below the ν3/2[521] orbital of the unpaired
neutron, and transforms into a proton occupying the π3/2[541]
orbital in the even-even core, with the ν3/2[521] ⊗ ν3/2[532]
two-qp state strongly fed. This is illustrated schematically in
Fig. 5. A 152Pr ground-state configuration of π3/2[541] ⊗
ν3/2[521] is also in agreement with the global microscopic
calculations of ground-state spins and parities in Ref. [36],
giving Kπ

p = 3/2−, Kπ
n = 3/2−.

The ground state 3+ π3/2[541] ⊗ ν3/2[521] configuration
assignment is supported by the analysis of experimental elec-
tromagnetic transitions between low-lying states in 152Pr. One
observes that for cases 1 and 4 in Table II an E2 transition from
the isomer would be forbidden to a first-order approximation,
because both the proton and the neutron orbitals change. On
the other hand, an E1 transition from the 115.1-keV, (2−) to the
98.1-keV (3+) state would be, to first order, allowed because
only the proton configuration changes in both cases. These
scenarios do not correspond to the measured E1 transition
branching ratio and the reduced transition rate of B(E1) =
9.6(5) × 10−8 W.u. deduced from the experimental half-life.
Our QPM calculations predict B(E1; 2− → 3+) = 1.0 × 10−4

W.u. For case 3 in Table II the E2 transition from the 115.1-keV
(2−) level to the 0-keV (0−) state is, to first order, allowed and
is incompatible with the B(E2) = 0.049(4) W.u. derived from
the measured isomer half-life and 115.1-keV γ -ray intensity.
In case 2 both the E2 and the E1 transitions from the 1+ state
are forbidden, to first order, because both the proton and the
neutron orbitals change. This scenario seems to correspond
best to a microsecond lifetime for the 115-keV state.

034327-5



P. ALEXA et al. PHYSICAL REVIEW C 97, 034327 (2018)

VI. CONCLUSION

The decay of a 115.1-keV, 4.7(3)-μs isomeric state of
152Pr has been measured via delayed γ -ray and conversion-
electron spectroscopy. This has allowed multipolarities of E1
and E2 to be assigned to the 17.0- and 115.1-keV transitions
out of the isomer, respectively, with reduced transition rates
of B(E1) = 9.6(5) × 10−8 and B(E2) = 0.049(4) W.u. The
decay of the 98.1-keV transition was determined to be E1
in nature. A comparison with existing β-decay data and the
results of QPM calculations have allowed the ground-state
configuration and spin of (π3/2[541] ⊗ ν3/2[521])3+ to be
assigned. A similar comparison between the experimental

data and the QPM calculations assigned the isomeric state
as (π3/2[422] ⊗ ν5/2[642])1+ and the 98.1-keV level as
(π1/2[420] ⊗ ν3/2[521])2−.
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