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The rotational bands in the neutron-rich nuclei **’Pm are investigated by a particle-number-conserving

method. The kinematic moments of inertia for the one-quasiparticle bands in odd-A Pm isotopes

153,155.157Pm

are reproduced quite well by the present calculation. By comparison between the experimental and calculated
moments of inertia for the three two-quasiparticle bands in the odd-odd nuclei '**!3Pm, their configurations
and bandhead spins have been assigned properly. For the two-quasiparticle band in '**Pm, the configuration
is assigned as w5/27[532] ® v3/27[521] (K™ = 4%) with the bandhead spin Iy = 4%. In 'Pm, the same
configuration and bandhead spin assignments have been made for the two-quasiparticle band with lower
excitation energy. The configuration 75/2%[413] ® v5/2%[642] (K™ = 5%) with the bandhead spin I = 57 is

assigned for that with higher excitation energy.
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I. INTRODUCTION

Spectroscopic investigation of the neutron-rich nuclei
around A ~ 150-160 mass region is quite challenging be-
cause it is very hard to find an appropriate combination of
projectile and target to produce these nuclei in the fusion-
evaporation reaction with sufficiently large cross section. For-
tunately, the isomeric and high-spin states of these neutron-
rich nuclei can be produced with high efficiency in the
spontaneous fission of the actinide nuclei [1,2], by which
various high-K isomers and high-spin rotational bands for the
neutron-rich nuclei in this mass region have been established
up to now. These data can provide detailed information on
the nuclear phenomena such as K-isomerism, quantum phase
transition, and octupole correlations, thus providing a bench-
mark for various available nuclear models [3-8].

As for the Pm (Z = 61) isotopes, a lot of effort has
been put into the search for the parity doublet bands in
order to investigate the reflection-asymmetric shape in this
transitional mass region. Up to now, parity doublet bands
in Pm isotopes have been observed in '*’Pm [9], '“Pm
[10], and '3'Pm [11,12]. Recently, high-spin structures in the
neutron-rich >~18Pm isotopes, including both odd-A and
odd-odd nuclei, have been observed experimentally by the
spontaneous fission of the actinide nuclei [13]. Compared
with previous experiments [14-20], these rotational bands
either have been obtained for the first time or have been
extended considerably to higher spins. Unfortunately, these
experimental data do not show any evidence of existing
of octupole deformation in these Pm isotopes with neutron
number N > 90. In Ref. [13], the configurations for the
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one-quasiparticle (1-gp) rotational bands in odd-A Pm iso-
topes have been assigned properly by the cranked relativistic
Hartree-Bogoliubov calculations. Compared to odd-A nuclei,
the structure of odd-odd nuclei is more complicated because
of the contributions from both valence neutrons and protons.
Note that in Refs. [21-23], some configurations for the 2-qp
isomeric states in >*'°Pm have already been suggested by
the quasiparticle-rotor model. However, because of the lack
of firm spin and parity assignments, reasonable configurations
have not been assigned for these 2-qp rotational bands in
odd-odd Pm isotopes in Ref. [13]. In the present work, the
cranked shell model (CSM) with pairing correlations treated
by a particle-number-conserving (PNC) method [24,25] will
be used for investigating the rotational bands in these Pm
isotopes, and the configuration and bandhead spin assign-
ments will be made for the three 2-qp bands observed in
154156pm . Note that PNC-CSM has already been used for the
systematic investigation of the high-K isomers and high-spin
rotational bands in the neighboring neutron-rich Nd (Z = 60),
Sm (Z = 62), and Gd (Z = 64) isotopes [26,27], in which the
experimental data are reproduced quite well. Therefore, the
calculations for Pm isotopes by PNC-CSM should be quite
reliable.

Unlike the conventional Bardeen-Cooper-Schrieffer or
Hartree-Fock-Bogoliubov method, in the PNC method, the
pairing Hamiltonian is diagonalized directly in a properly
truncated Fock space [28]. Therefore, the particle number is
totally conserved and the Pauli blocking effects are treated
exactly, and it is very suitable for the investigation of the
multi-qp rotational bands. Note that the PNC method has
also been transplanted in the total-Routhian-surface method
[29], and both relativistic [30,31] and nonrelativistic mean-
field models [32]. Similar exact particle-number-conserving
approaches can be found in Refs. [33-38].

©2019 American Physical Society
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This paper is organized as follows. The theoretical frame-
work of PNC-CSM is presented briefly in Sec. II. In Sec. III,
the moments of inertia (MOIs) of the rotational bands in
Pm isotopes are calculated and compared with the data. The
configuration and bandhead spin assignments for the three
2-qp bands in odd-odd nuclei '3*!Pm are made. A brief
summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

The cranked shell model Hamiltonian with pairing correla-
tions can be written as

Hcsm = Hy + Hp = Hny) — oJ, + Hp (1

where Hy; is the Nilsson Hamiltonian [39] and —wJ, is the
Coriolis interaction with the cranking frequency  about the
x axis. Hp = Hp(0) + Hp(2) is the pairing Hamiltonian with
monopole and quadrupole pairing interaction,

Hp(0) = —G, Zagagaﬁan , )
&n

Hp(2) = =G> ) qa(E)ga(m)ajalanay , (3)
&n

where £ (%) is the time-reversal state of & (), ¢2(§) =
167 /5(E|r*Y|€) is the diagonal element of the stretched
quadrupole operator, and Gy and G, are the effective
monopole and quadrupole pairing strengths.

In the PNC method, the pairing Hamiltonian Hp is diag-
onalized directly in a sufficiently large cranked many-particle
configuration (CMPC, an eigenstate of the one-body Hamilto-
nian Hj) space [24]. Instead of the traditional single-particle
level truncation used in shell-model calculation, a CMPC
truncation is adopted, which can make the PNC calculation
both workable and accurate [28,40]. For the investigation of
rare-earth nuclei, usually a CMPC space with the dimension
of 1000 is enough. The eigenstates of Hcsgy can be obtained
by diagonalization in the truncated CMPC space

W) =Y "Cili). “)

where |i) is a CMPC and C; is the expanding coefficient.
The angular momentum alignment for the state |\) can be
written as

(W W) =D CHldli) +2 ) GCiillj) . (5)
i i<j
and the kinematic MOI is
m_ 1
JO = — (Wl |w) . 6)
w

The experimental MOI and rotational frequency for one
rotational band can be extracted by
JO(@ 21 + 1
2 E(d+loI-1)
E,0+1—1-1)
LU+D—-LUI-1)’

fiw(l) = @)

TABLE 1. Deformation parameters (g,, €4) for Pm isotopes
adopted in the present PNC-CSM calculation, which are taken from
Ref. [41].

153pm 154pm 155pm 156pm 157pm
) 0.250 0.250 0.258 0.258 0.267
&4 —0.073 —0.067 —0.060 —0.060 —0.047

separately for each signature sequence (¢ = I mod 2), where

I(I) = /(I +1/2)? — K2, and K is the projection of the total

angular momentum onto the symmetry z axis.

III. RESULTS AND DISCUSSION

In the present calculation for Pm isotopes, the parameters
in the PNC-CSM are taken the same as our previous inves-
tigation for the neighboring Nd and Sm isotopes [26]. Here
we show them again briefly for convenience. The deformation
parameters (&, £4) are taken from Ref. [41] (cf., Table I) and
the Nilsson parameters (k and w) are taken as the traditional
values [39]. In addition, the neutron orbital v5/27[642] is
shifted upward by 0.07%hw, for all Pm isotopes to reproduce
the experimental single-particle level sequence. The CMPC
space is constructed in proton N = 4,5 major shells and
neutron N = 5, 6 major shells, respectively. The CMPC trun-
cation energies are about 0.85%wy for both protons and neu-
trons. The dimensions of the CMPC space are 1000 for both
protons and neutrons. For all Pm isotopes, the monopole and
quadrupole pairing strengths are chosen as Gop, = 0.25 MeV
and Gyp = 0.01 MeV fm~* for protons, and Gy, = 0.30 MeV
and Gy, = 0.02 MeV fm~* for neutrons. Note that the paring
strengths in Ref. [26] are determined by the odd-even differ-
ences in nuclear binding energies of Nd and Sm isotopes (see
Fig. 1 in Ref. [26]). Since these Pm isotopes are the neighbors
of the Nd and Sm nuclei in Ref. [26], their pairing strengths
should be similar.

The proton and neutron cranked Nilsson levels near
the Fermi surface of 'Pm are shown in Fig. 1. The
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FIG. 1. The cranked single-particle levels near the Fermi sur-
face of '>*Pm for (a) protons and (b) neutrons. The positive-parity
(negative-parity) levels are denoted by blue (red) lines. The signature
a = +1/2 (e« = —1/2) levels are denoted by solid (dashed) lines.
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FIG. 2. The experimental [13,43,44] and calculated kinematic
MOIs for the ground-state band 75/27[532] (upper panel) and the
excited-state band 775/2%[413] (lower panel) in '3*155-157pm,

single-particle level structures for all Pm isotopes considered
in the present work are very close to each other, so we only
show '>>Pm as an example. The present calculation shows that
the ground states for 1>*133157Pm are all 75/2~[532], which
is consistent with the experimental data [13,18,20]. In addi-
tion, for the neighboring nuclei Nd and Sm, the experimental
data show that the ground states for N = 93 isotones ('>*Nd
and '>3Sm) are v3/27[521] [42,43], which is also reproduced
by the present calculation. Therefore, the cranked Nilsson
levels adopted here are quite reasonable.

Figure 2 shows the comparison between experimental
[13,43,44] and calculated kinematic MOIs for the ground-
state band (GSB) 75/27[532] (upper panel) and the excited-
state band 75/27[413] (lower panel) in 5>153157Pm_ It can
be seen in Fig. 2 that all the experimental MOIs can be
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reproduced quite well by PNC-CSM except 75/2%[413] in
155pm, which are a little underestimated by the calculation. In
addition, the signature splittings in w5/27[532] are also well
reproduced. Thus, the present calculation in turn supports the
configuration assignments for these 1-qp bands in Ref. [13].
Note that the parameter set we adopted in the present PNC-
CSM calculation can also reproduce the rotational bands in the
neighboring Nd and Sm isotopes, including both even-even
and odd-A nuclei [26]. Therefore, PNC-CSM is reliable to
make the configuration and bandhead spin assignments for the
2-qp bands observed in odd-odd '3*13°Pm [13].

Figure 3 shows the experimental level scheme of three
2-qp bands observed in '*Pm and '°Pm. The data are
taken from Ref. [13]. For **Pm, two isomers with half-
lives of 2.68- and 1.73-min were observed several years ago
[45]. In Ref. [46], using the quasiparticle-rotor model, the
2.68- and 1.73-min isomers have been assigned as 2-qp with
the configurations K™ = 4% (75/27[532] ® v3/27[521]) and
K*™ =1" (w5/27[413] ® v3/27[521]), respectively. In ad-
dition, the configurations for several levels have also been
assigned in Ref. [46]. For °Pm, the 26.7-sec ground state
and one isomeric state with 150.3 keV have been observed
by a previous experiment [47]. In Refs. [21,22], they are
interpreted as one Gallagher-Moszkowski (GM) doublet with
K™ =4% and 17 (w5/27[532] ® v3/27[521]), whereas in
Ref. [48], the ground state of '>Pm is assumed to have
the configuration K™ = 4~ (75/27[413] ® v3/27[521]). The
three 2-qp rotational bands observed in Ref. [13] may either be
established above these isomeric states or above other excited
states which are close to these isomeric states with energy.
Because of the lack of firm spin and parity assignments,
reasonable configuration assignments have not been made for
these three 2-qp bands [13]. Therefore, all the lowest spins in
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FIG. 3. The experimental level scheme of the three 2-qp bands in '**Pm and '**Pm. The data are taken from Ref. [13].
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TABLE 1II. The possible low-lying 2-qp configurations in
154.156pm and the corresponding K quantum numbers. The stars are
added after the GM favored K values.

Configuration K. K.
Confl w5/27[532] ® v3/27[521] 4* 1
Conf2 75/27[532] ® v5/27[642] 5% 0
Conf3 w5/27[532] ® v5/27[523] 5 0*
Conf4 75/27[413] ® v3/27[521] 4 1*
Conf5 75/27[413] ® v5/27[642] 5 0*
Conf6 75/2%[413] ® v5/27[523] 5* 0

these three bands are assumed as Iy with energy 0 + x. Note
that the 2-qp band in '>?Pm observed in Ref. [13] does not
show a typical rotational character, so we only focus on the
three 2-gp bands in '*Pm and ""°Pm. In the following, the
configurations and bandhead spins will be assigned for them.

For the deformed odd-odd nucleus, when one unpaired
proton and one unpaired neutron are coupled, the projections
of their total angular momentum on the symmetry axis (£2
and €2,) can produce two states with K. =[R2, + €,| and
K_ = |2, — @] due to the residual proton-neutron interac-
tion. They follow the GM coupling rules [49]

K. =2+ Q) ifQ=A,£1andQ=A,%1,
Ko=|Q—Ql, ifQ=Ap£1andQQ=A,F3.

Table II shows the possible low-lying 2-qp configurations in
154156pm and the corresponding K quantum numbers. The
stars are added after the GM favored K values. For conve-
nience, these configurations are referred as Confl to Conf6,
respectively.

It can be seen from Eq. (7) that for one rotational band, the
extracted MOIs with rotational frequency are very sensitive
to the bandhead spin. Changing the K value for one rota-
tional band can only affect the extracted rotational frequency.
Therefore, first we can assign different bandhead spins and K
values to these three 2-qp bands and extract the variation of
the MOIs with rotational frequency. Then by comparison with
the PNC-CSM calculations using different configurations, the
configurations and bandhead spins of these 2-qp bands can
be obtained. Note that the bandhead spin of the GSB in
the superheavy nucleus >>°Rf has already been assigned suc-
cessfully by PNC-CSM using this method [50]. In addition,
E?2 transitions are also quite important to the configuration
assignment for a rotational band. In cranking calculations, the
E?2 transitions cannot be calculated in a quantum mechanical
way. However, the semiclassical approximations have been
extensively used in describing various novel rotations, such as
the magnetic, antimagnetic, and chiral rotations [51-56]. If the
configurations of these novel rotations are assigned properly,
good agreements with the data can be achieved. Since there
is no experimental E2 transition in these Pm isotopes, in
the present work, only kinematic MOIs are adopted for the
configuration and bandhead spin assignments.

Figure 4 shows the comparison between the ex-
perimental and calculated kinematic MOIs for the 2-
gp rotational band in *Pm (cf., the left column of
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FIG. 4. The comparison between the experimental and calcu-
lated kinematic MOIs for the 2-qp band in *Pm (cf., the left
column of Fig. 3) with different bandhead spin assignments /, using
the configuration (a) 75/27[532] ® v3/27[521], (b) #5/27[532] ®
v5/21[642], (c) ©5/27[413] ® v3/27[521], and (d) 75/27[413] ®
v5/2%[642]. The GM favored coupling mode (cf., Table II) is chosen
for each configuration assignment. The extracted experimental MOIs
far away from the PNC-CSM calculation are not shown.

Fig. 3) with different bandhead spin assignments I us-
ing the configuration (a) 75/27[532] ® v3/27[521], (b)
75/27[532] ® v5/21[642], (¢) 75/27[413] ® v3/27[521],
and (d) 75/27[413] ® v5/27[642]. Note that the proton-
neutron residual interaction is not taken into account in
the PNC-CSM, so it is hard to assign the K quan-
tum numbers for these 2-qp configurations. Since this 2-
gp rotational band may be established above the ground
state of '*Pm, the GM favored coupling mode (cf.,
Table II) is adopted when extracting the experimental data
by Eq. (7). It can be seen clearly in Fig. 4 that the con-
figuration w5/27[532] ® v3/27[521] [Fig. 4(a)] can repro-
duce the extracted MOIs quite well if the bandhead spin
is assigned as Iy = 4h. In addition, the experimental MOIs
show a small signature splitting, which is also reproduced
quite well by the PNC-CSM calculations [75/27[532](x =
+1/2) ® v3/27[521](¢ = —1/2)]. For other configurations
[Figs. 4(b), 4(c), and 4(d)], no matter which bandhead spin is
assigned, all the calculations cannot reproduce the extracted
MOIs. This demonstrates that the configuration of this 2-
gp rotational band in "*Pm is 75/27[532] ® v3/27[521],
and the corresponding bandhead spin is [y = 4. It also can
be seen from the cranked Nilsson levels in Fig. 1 that this
configuration corresponds to the ground state in *Pm. Ac-
cording to the GM coupling rules, the favored K value for this
configuration is K. = 4. Note that in Ref. [46], the 2.68-min
isomer in 1>*Pm is assigned as the ground state with the same
configuration K™ = 4%,

Figure 5 is similar to Fig. 4, but for the band 1 in '3Pm
(cf., the middle column of Fig. 3). It can be seen that the
configuration 75/27[532] ® v3/27[521] [Fig. 5(a)] can re-
produce the extracted MOIs quite well with the bandhead spin
Iy = 4h. According to the GM coupling rules, the favored
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FIG. 5. Similar with Fig. 4, but for the band 1 in **Pm (cf., the
middle column of Fig. 3).

K value for this configuration is K. = 4. We can get that
it has the same configuration as the 2-gp band in '>*Pm.
In addition, this band shows nearly no signature splitting,
which is different from the 2-gp band in '**Pm. This in-
dicates that band 1 in '®Pm is coupled from the favored
signature of the odd proton (¢ = —1/2) with « = £1/2 of
the odd neutron to form the total signature o = 0, 1. Note
that although the configuration 75/27[532] ® v5/2%[642]
seems to approximately reproduce the extracted MOIs with
bandhead spin Iy = 5%, an obvious signature splitting exists
in the calculated MOIs, which is inconsistent with the data.
This is because both 75/27[532] and v5/2"[642] have signa-
ture splittings; no matter how they are coupled, an obvious
signature splitting always exists. It also can be seen from
the cranked Nilsson levels in Fig. 1 that this configuration
corresponds to the ground state in '*°Pm. The experimental
data show that the ground states of N = 93 isotones ('*>Nd
and '>Sm) are v3/27[521]. From a systematic point of view,
with two neutrons increasing, the ground state of N = 95
isotones should be v5/27[642]. However, in Ref. [57] the data
show that the ground state of '*Nd is v3/27[521]. Therefore,
whether this state is the ground state or not still needs further
investigation. Note that in Refs. [21,22], the 26.7-sec ground
state is interpreted as K™ = 4 (75/27[532] ® v3/27[521]).

Since the band 2 in ®Pm (cf., the right column of Fig. 3)
is not established above the ground state, in Fig. 6, we have
calculated all possible low-lying 2-qp configurations with
different bandhead spin assignments and compared with the
extracted MOIs by assigning (a) K =0, (b) K = 1, (¢c) K = 4,
and (d) K = 5. The denotations for these configurations can
be seen in Table II. It can be seen that the configuration
75/2%[413] ® v5/21[642] [Figs. 6(a) and 6(d)] can repro-
duce the extracted MOIs very well with the bandhead spin
Iy = 5h, no matter the K quantum number is assigned as 5 or
0. According to the GM coupling rules, the favored K value
is O for this configuration. However, if K = 0 is assigned, the
bandhead should be I = 0, which is too far away from the
assigned bandhead I = 5h. Therefore, we tentatively assign
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] *pm k=0 (@) T pm k=1 (0) 1
70F conf2 1 =6 4 460
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FIG. 6. The comparison between the experimental and calcu-
lated kinematic MOIs for the band 2 in '*Pm (cf., the right column
of Fig. 3) with different bandhead spin assignments using the config-
urations with (a) K =0, (b) K =1, (¢) K =4, and (d) K = 5. The
denotations for these configurations can be seen in Table II.

this configuration with K = 5. It also can be seen that the
experimental data show quite small signature splitting. This
indicates that band 2 in '*Pm is coupled from the favored
signature of the odd neutron (o = 1/2) with ¢ = £1/2 of the
odd proton to form the total signature o = 0, 1.

Finally, we have made proper configuration and bandhead
spin assignments for these three 2-qp rotational bands in
154.156pm by PNC-CSM. In addition, it can be seen in Figs. 4,
5, and 6 that the calculated MOIs for the 2-qp rotational bands
are quite different with different configurations. Therefore,
they may provide the information on the configuration and
bandhead spin to the rotational bands observed in further
experiments.

IV. SUMMARY

In summary, the recently observed rotational bands in the
neutron-rich nuclei *"">’Pm are investigated by a particle-
number-conserving method. The kinematic moments of in-
ertia for the one-quasiparticle bands in '33!5157Pm are re-
produced very well by the calculation. Configuration and
bandhead spin assignments have been made for the three
two-quasiparticle bands in '>*!3Pm by comparison of the
experimental and calculated moments of inertia. For the
two-quasiparticle band in '>*Pm, the configuration is as-
signed as 75/27[532] ® v3/27[521] (K™ = 4%) with the
bandhead spin Iy = 44. In 156pm, the configurations of the
two two-quasiparticle bands are assigned as 7w5/27[532] ®
v3/27[521] (K™ = 4%) with the bandhead spin Iy = 47,
and 5/2%[413] ® v5/27[642] (K™ = 5T) with the bandhead
spin Iy = 5Sh, respectively. Meanwhile, the moments of iner-
tia for several possible low-lying two-quasiparticle bands in
154.156p 1y have also been calculated, which are quite different
from each other. Therefore, these calculated results also pro-
vide valuable information on the configuration and bandhead
spin to further experiments about these two odd-odd nuclei.
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