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High spin excited states of 135Pm have been investigated using the 107Ag(32S, 2p2n) reaction at
145 MeV beam energy. Three negative parity bands have been investigated up to ∼ 9.0, 7.6 and
6.9 MeV excitation energies with spin-parities (55/2−), (49/2−) and (47/2−) ~, respectively. The
experimental results have been interpreted using the triaxial projected shell model. It is shown that
the observation of the parallel band structures can be explained in terms of crossing of two s-bands
with the yrast band, which is a rare phenomenon for an odd-A nucleus. Further, the lifetimes of
levels in yrast band have been extracted using doppler shift attenuation method. The evaluated
B(E2) values of yrast states show the loss of collectivity at higher spin, attributed to the alignment
process.

PACS numbers:

I. INTRODUCTION

Neutron deficient nuclei in A∼130 region occupy a
unique place in the nuclear periodic table to shed light
on various nuclear structure phenomena. In this region,
neutrons and protons occupy the same h11/2 intruder or-
bital and the evolution of their shapes with angular mo-
mentum depicts fascinating dynamics [1, 2]. The proton
Fermi surface lies near the bottom of the h11/2 sub-shell,
whereas the neutron Fermi surface lies in the vicinity of
the upper part of the h11/2 sub-shell. Investigation of
proton and neutron alignments for the rotational bands
in these nuclei remains a subject of great interest due
to their importance in shape evolution as well as being
drivers of different excitation modes. A recent study re-
ported a shape change for the yrast band due to particle
alignment in 136Sm [3], an isotone of 135Pm. The sharp
drop in the B(E2) values above Iπ = 15/2− in 135Pm
reported in the previous work [4] is similar to the be-
haviour observed in 127La [5]. This feature has not been
explained by any model calculations and merits further
experimental as well as theoretical investigation. In par-
ticular, more lifetime data are required for the higher spin
states in this nucleus to probe the evolution of collectiv-
ity. Several studies have been undertaken to understand
the high spin structural properties of many odd-A nuclei
in this region [6–17]. Pm isotopes with N ∼ 74 have sig-
nificant γ-softness [18] and has been predicted to have
large shape changes [19] driven by alignment of high-j
quasiparticles. Both proton and neutron pair alignments
in 133Pm, 135Pm and 137Pm isotopes drive shape changes
with increasing spin [16]. The alignment process for some
of these nuclei has been found to be much more compli-
cated than previously thought [20]. Of particular inter-
est is the nature of alignment of yrast bands in odd Pr

and Pm isotopes, which are built upon a decoupled h11/2

proton. While for lighter isotopes like 131Pm, the self-
consistent model predicts that the alignment of a pair
of h11/2 neutrons dominates over h11/2 proton pair, their

role changes for isotopes heavier than 135Pm. Though the
model explains the alignment and dynamic moment of in-
ertia for 135Pm [20], an elaborate discussion of the band-
crossing and available transition strengths are required to
understand the subtle process of alignment mechanism in
135Pm and its effect on evolution of collectivity.
The present paper accounts for a detailed investiga-

tion of three negative parity band structures in 135Pm.
Lifetime measurements were carried out to examine the
yrast band structures. The results are discussed using
the microscopic triaxial projected shell model (TPSM)
approach.

II. EXPERIMENTAL DETAILS

Two separate experiments were performed with Indian
National Gamma Array (INGA) facility at TIFR, Mum-
bai using the reaction 107Ag(32S, 2p2n). The 32S beam of
145 MeV energy was provided by Pelletron Linac facility
at TIFR. In the first experiment, 1.2 mg/cm2 thick 107Ag
target was used with 197Au backing of thickness 12.5
mg/cm2 to stop the recoiling nuclei. The emitted γ-rays
were detected using an array of 18 Compton-suppressed
HPGe clover detectors arranged in the rings placed at
angles (number of detectors) 23° (2), 40° (2), 65° (2),
90° (4), 115° (2), 140° (3) and 157° (3) with respect to
the beam direction. In the second experiment, a self-
supporting 107Ag target of 0.95 mg/cm2 thickness has
been used and the measurement was carried out with
the array of 11 Compton-suppressed HPGe clovers ar-
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Figure 1: Partial level scheme of 135Pm consisting of negative parity states obtained from the present work. The level
energies are given relative to the 11/2− state of Band 1. The new transitions are shown in red while the rearranged transitions
are shown in blue. The arrow widths are proportional to the transition intensity and the white portion corresponds to the
internal-conversion component. The energies of levels and gamma-transitions given in keV are rounded off to the nearest integer
values.
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ranged at angles 23° (1), 90° (4), 140° (3) and 157° (3).
Both 152Eu and 133Ba radioactive sources were used for
measuring the energy calibration and relative photo-peak
efficiency of the clover detectors. Two and higher-fold co-
incidence events were recorded using a fast digital data
acquisition system (DDAQ) based on Pixie-16 module of
XIA-LLC [21]. The time-stamped data were sorted using
multiparameter coincidence search program developed at
TIFR [22] to generate one-dimensional histograms, γ-γ
matrix, and γ-γ-γ cube in RADWARE package [23] for
the data analysis. The gated spectra with background
subtraction were used to construct the level scheme.
The spins of the levels were assigned using directional

correlation of oriented states (DCO), from the coinci-
dence spectra of detectors at 90° and 157°. DCO ratio is
defined as [24]

RDCO =
Iγ1

157o(G
γ2

90o)

Iγ190o(Gγ2157o)
,

where I is the observed intensity of the transition and
G is the gating transition. The DCO ratios of stretched
dipole and quadrupole transitions are ∼ 0.5(1.0) and ∼
1.0(2.0), respectively, for a pure quadrupole (dipole) gate.
The parities of the states were obtained by measuring

the polarization asymmetry (∆) given by [25]:

∆ =
a(Eγ)N⊥ −N‖

a(Eγ)N⊥ +N‖
,

using the 90◦ clover detectors as polarimeter [26, 27].
Here, N‖(N⊥) is the number of γ transitions scattered
parallel(perpendicular) to the reaction plane and a(Eγ) is
a correction factor for the parallel to perpendicular scat-
tering asymmetry between the crystal pairs of a clover.
The value of a(Eγ) was obtained by fitting the polyno-
mial c+ dEγ as a function of energy (Eγ) of unpolarized
photons emitting from 133Ba - 152Eu sources. The val-
ues c = 0.982(0.005) and d = -2.38(2.50) × 10−6 were
found. The polarization asymmetry values of the tran-
sitions were then extracted following the construction of
two asymmetric matrices with coincident events corre-
sponding to parallel and perpendicularly scattered γ-rays
at 90◦ detectors. A positive value of ∆ indicates electric
nature of transition while negative value corresponds to
magnetic nature [28].

III. DATA ANALYSIS AND RESULTS

A. Level scheme

The partial level scheme of 135Pm, established from
the present work, is presented in Fig. 1. The ordering
of the γ-rays is based on the coincidence relationships
and relative photo-peak intensities. The spin and par-
ity assignments are based on RDCO and ∆ values. The

level scheme has been modified and extended with the
inclusion of 15 new transitions which are coloured red
in Fig. 1. The γ-ray energies, relative intensities, polar-
ization asymmetry values, multi-polarities, DCO ratios,
level energies and spin values associated with the negative
parity states are listed in Table I. Few significant modifi-
cations were being implemented for the level scheme over
the available earlier results reported in Ref. [29] and are
discussed in detail below.

The cascade of stretched E2 transitions with energies
of 286-, 513-, 658-, 749-, 805-, 846-, 898-, 964-, 1030-
, 1088- and 1158-keV form the yrast band for 135Pm.
From the Nilsson systematics, this band has been as-
signed πh11/2 configuration at low spin [29]. Based on
the linking transitions which feed to the yrast band from
a positive parity band [29], the bandhead of the yrast
πh11/2 band has been placed 69 keV above the Iπ =

(5/2+) state whose relative position with respect to the
actual ground state remains uncertain. The πh11/2 yrast

band was observed up to Iπ = (55/2−) at an excitation
energy, Eexc = 8.996 MeV with respect to the Iπ = 11/2−

state and indicated as Band 1 in Fig. 1. All the levels
energies in Fig. 1, are given relative to the 11/2− state of
Band 1. It has been confirmed and is in well agreement
with the results reported in Ref. [20]. The coincidence
spectrum used to identify γ-ray peaks of the yrast band
is shown in Fig. 2(a). In the present discussion, other
two negative-parity bands are designated as Band 2 and
Band 3. Some of the transitions in these two bands were
previously assigned to two positive parity bands in Ref.
[29]. The cascade of γ-rays with 520-, 612-, 649-, 697-,
767-, 848-, 928-, 1009- and 1085-keV energies has been
assigned as Band 2 (see Fig. 1) extending up to Iπ =
(49/2−) and Eexc = 7.598 MeV with respect to the Iπ =
11/2−. It decays to yrast band through 196-, 203-, 483-
, 716- and 816-keV transitions. RDCO and ∆ values of
inter-connecting 483-, 716- and 816-keV transitions sug-
gest M1+E2 multipolarity which is consistent with ∆I
= 1 and no parity change. Spectra containing both the
inter-linking transitions as well as intra-band transitions
of Band 2 are shown in Figs. 2(b) and 2(c).

Band 3 is observed as a cascade of ∆I = 2 transitions
from Iπ = 15/2− to Iπ = (47/2−) as shown in Fig. 1.
It decays to Band 2 via 498-, 402- and 373-keV γ-rays.
They were incorrectly placed in prior work [29] except
402-keV transition which is a new finding in the present
work. It also decays to yrast band via 611- and 898-keV
as evident from Fig. 1. The 498-keV transition was in-
correctly placed in Ref. [29] and is found to be decaying
from Iπ = 19/2− of Band 3 to Iπ = 17/2− of Band 2. Ad-
dition of new 604-, 515- and 1023-keV transitions extends
Band 3 up to Eexc = 6.862 MeV with respect to the Iπ =
11/2−. The M1+E2 character of the 373-keV transition
was deduced from the experimental RDCO = 0.65(7) and
∆ = -0.08(10) values which affirms the negative parity of
levels in band 3. Spectra showing transitions of Band 3
are shown in Figs. 3(a) and 3(b).
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Table I: Excitation energies of the initial decaying levels (Ei), energies of γ-rays (Eγ), initial to final states of the transitions,
relative intensities (Iγ), RDCO and polarization asymmetry (∆) values for the negative parity states of 135Pm are listed. The
level energies are given relative to the 11/2− state of Band 1. The deduced multipolarities are also quoted in the last column
based on RDCO and ∆ values. The uncertainties in the energies of γ-rays are 0.2 keV for intense transitions (Iγ > 50) and 0.7
keV (Iγ < 5) for weak transitions. For transitions with intermediate intensities, the uncertainties in energies vary between 0.2
to 0.7 keV.

Band Ei (keV) Eγ (keV) Iπi →Iπf Iγ RDCO
⋆ ∆ Multipolarity

1 286.5 286.5 15/2− −→ 11/2− 100 0.97(11) 0.06(3) E2
799.8 513.3 19/2− −→ 15/2− 77(5) 0.92(10) 0.05(1) E2
1457.8 658.0 23/2− −→ 19/2− 36.7(26) 1.01(10) 0.09(2) E2
2206.6 748.8 27/2− −→ 23/2− 22.2(16) 1.03(10) 0.12(2) E2
3011.5 804.9 31/2− −→ 27/2− 18.0(13) 0.96(10) 0.08(3) E2
3857.9 846.4 35/2− −→ 31/2− 12.8(9) 0.89(10) 0.07(5) E2
4756.2 898.3 39/2− −→ 35/2− 5.5(4) 1.04(11) 0.12(8) E2
5720.3 964.1 43/2− −→ 39/2− 2.86(20) 1.01(11) E2
6750.2 1029.9 47/2− −→ 43/2− 1.24(9) 0.86(11) E2
7838.2 1088.0 (51/2−) −→ 47/2− 0.56(9) (E2)
8996.5 1158.3 (55/2−) −→ (51/2−) 0.38(8) (E2)

2 1002.8 520.0 17/2− −→ 13/2− 8.51(60) 0.92(13) 0.17(8) E2
1615.3 612.5 21/2− −→ 17/2− 14.1(10) 1.00(10) 0.09(3) E2
2264.8 649.5 25/2− −→ 21/2− 7.28(51) 1.07(12) 0.03(5) E2
2961.6 696.8 29/2− −→ 25/2− 5.32(39) 1.11(13) E2
3729.0 767.4 33/2− −→ 29/2− 5.23(37) 0.92(11) E2
4576.6 847.6 37/2− −→ 33/2− 3.66(26) 1.02(13) E2
5504.4 927.8 (41/2−) −→ 37/2− 1.51(11) (E2)
6513.8 1009.4 (45/2−) −→ (41/2−) 0.81(6) (E2)
7598.4 1084.6 (49/2−) −→ (45/2−) 0.31(7) (E2)

2 → 1 482.8 195.9 13/2− −→ 15/2− 2.78(20) 0.44(5) E2/M1
482.8 482.8 13/2− −→ 11/2− 6.56(30) 0.48(13) -0.07(7) E2/M1
1002.8 202.6 17/2− −→ 19/2− 1.61(11)
1002.8 716.3 17/2− −→ 15/2− 6.33(45) 0.47(6) -0.02(4) E2/M1
1615.3 815.5 21/2− −→ 19/2− 1.98(14) 0.55(6) -0.07(14) E2/M1

3 1501.8 604.0 19/2− −→ 15/2− 2.84(20) 1.10(13) 0.16(8) E2
2016.5 514.7 23/2− −→ 19/2− 4.12(29) 0.99(13) E2
2636.8 620.3 27/2− −→ 23/2− 3.51(23) 1.02(11) 0.14(4) E2
3334.0 697.2 31/2− −→ 27/2− 3.72(26) 0.96(10) E2
4084.8 750.8 35/2− −→ 31/2− 2.27(16) 0.83(10) E2
4912.1 827.3 39/2− −→ 35/2− 1.85(13) 0.93(10) E2
5839.4 927.3 43/2− −→ 39/2− 0.88(17) 0.99(21) E2
6862.4 1023.0 (47/2−) −→ 43/2− 0.40(4) (E2)

3 → 1 897.8 610.9 15/2− −→ 15/2− 1.42(12) 0.60(8) E2/M1
897.8 897.8 15/2− −→ 11/2− 1.25(10) 0.96(13) E2

3 → 2 1501.8 498.0 19/2− −→ 17/2− 2.6(2) (E2/M1)
2016.5 402.2 23/2− −→ 21/2− 1.55(11) (E2/M1)
2636.8 373.4 27/2− −→ 25/2− 1.29(12) 0.65(7) -0.08(10) E2/M1

⋆ RDCO values are obtained from the gate on E2 transitions

B. Lifetime measurements

Doppler-broadened lineshapes were observed for the
excited states of Band 1 from Iπ = 23/2− to Iπ = 39/2−.
Lifetimes of these states were extracted using the LINE-
SHAPE code developed by Wells and Johnson [30]. The
shell-corrected Northcliffe and Schilling electronic stop-

ping power and range [31] were used for the energy-
loss calculations of the residual nuclei moving through
the target-backing. Monte Carlo simulations within the
program were used to generate the history of velocity
profiles of recoiling nuclei moving inside the target and
backing. Angle specific velocity profiles, generated using
the geometry of the detectors and the array, were used
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as input parameters [32] along with the energies of γ-ray
transitions and side-feeding intensities. During the fit-
ting process , side-feeding into each level was modelled
as a cascade of five transitions having a fixed moment of
inertia which is chosen to be close to the average value of
the yrast band. The side-feeding intensity for each state
except for Iπ = 23/2− level in cascade were determined
using the relative intensities of transitions in gated spec-
tra. The topmost transition of the investigated band with
observed shape was assumed to have a 100% side-feeding
intensity, yielding an effective lifetime for the state.
To perform the lineshape analysis of 658-, 749-, 805-

Table II: Experimental mean lifetimes and B(E2) values for
the yrast band (Band 1) excited states in 135Pm.

γ-energy Iπi τ B(E2)
(keV) (~) (ps) (e2b2)

658.0 23/2− 1.16+0.09
−0.09 0.57+0.05

−0.04

748.8 27/2− 0.53+0.04
−0.04 0.65+0.05

−0.05

804.9 31/2− 0.34+0.03
−0.03 0.71+0.07

−0.06

846.4 35/2− 0.37+0.04
−0.04 0.51+0.06

−0.05

898.3 39/2− <0.31 >0.45

, 846-, and 898-keV transitions, angle-dependent Eγ-Eγ

asymmetric matrices were used to construct the back-
ground subtracted coincidence spectra from various de-
tector angles. Each of these asymmetric matrices contain
γ-rays from specific angle in one axis and its coincident
gammas at any angles in the other axis. For the 658-keV,
top gate was used while the bottom gates were used for
the other transitions above 658 keV transition. Theo-
retical lineshapes from 23° , 40° , 65° , 90° , 115° , 140°
and 157° detectors were fitted simultaneously to extract
the lifetimes. Statistical uncertainties in the extracted
lifetimes, given in Table II, were obtained from the be-
haviour of the χ2 in the vicinity of the minimum by a
statistical method using the MINOS program [33, 34].
The contribution from the systematic errors due to the
stopping power calculations was not included and can
be as large as 15%. The fitted lineshapes are shown in
Fig. 4.
The experimental B(E2) transition strengths were de-

duced from the experimental lifetimes measured using
Doppler Shift Attenuation method (DSAM) from the re-
lation

B(E2) =
0.0816Br(E2)

Eγ
5τ [1 + αt(E2)]

, in (eb)2 (1)

wherein Eγ is the transition energy in MeV, Br(E2)
is the E2 branching ratio, τ is the mean lifetime in ps
of the decaying level and αt is total internal conversion
coefficient of the transition. The measured lifetime and
B(E2) values are presented in Table II. The values of
Br(E2) are taken as unity while αt are assumed to be
zero which are good approximations for the stretched E2
transitions under consideration.

IV. DISCUSSION

The three negative parity bands observed in 135Pm and
their decay pattern are similar to that observed in 133Pm
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[15]. For the case of heavier 137Pm isotope, only one well
developed negative parity band based on πh11/2 orbital

has been identified [35]. Band 1 in 135Pm is based on the
signature α = -1/2 component of π[541] 3/2− Nilsson
orbital originating from h11/2 proton sub-shell. Band 2
exhibits the character of the unfavored signature partner,
α = +1/2, beginning at a level energy of 483-keV with
Iπ = 13/2−. A large signature splitting is expected be-
tween these partner bands as the proton fermi surface lies
around lower Ω = 3/2 orbital of h11/2 sub-shell. Similar
configurations have been assigned for two of the negative
parity bands in 133Pm [15]. However, the configuration
of the third negative parity band in 133Pm is not clear.
The experimental alignment of rotational bands are plot-
ted verses rotational frequency for 135Pm in Fig. 5. A
gradual increase in alignment of yrast band in 131Pm, up-
bend in 133,135Pm and finally backbend in 137,139Pm were
well established in earlier studies [16, 20, 29], reflecting
a common trend of stronger quasiparticle interaction in
lighter odd-A Pm isotopes.

In Band 1, a smooth upbend is observed from the
alignment plot shown in Fig. 5 and it undergoes two
crossings as can be noted from the results of Ref. [20].
The first AB-crossing in an odd-proton system is blocked
in the proton sector and the crossing observed at ~ω =
0.43 MeV is attributed to the BC-crossing. Since 135Pm
nucleus is γ-soft, both proton and neutron alignments
are possible with opposite driving forces at the same fre-
quency [36]. The cranked shell model suggests the proton
pair alignment [16] which is also the case in 133Pr iso-
tone [8]. On the other hand, the extended total routhian
surface calculations demonstrated that both the neutron
and proton pairs have almost equal contributions to the
first observed crossing with neutron crossing occurring
at lower frequency [20]. Therefore, it becomes a complex
band-crossing phenomenon which can lead to interesting
band structures. Such a prediction motivates to further

4.5 6.5 8.5 10.5 12.5 14.5 16.5 18.5 20.5 22.5 24.5 26.5

Spin (h
_
 )

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

E
ne

rg
y 

(M
eV

)

(3/2, 1π) (α = +1/2)
(7/2, 1π) (α = +1/2)
(11/2, 1π) (α = +1/2)
(3/2, 1π) (α = +1/2)
(7/2, 1π) (α = +1/2)
(11/2, 1π) (α = +1/2)
(1/2, 1π 2ν) (α = +1/2)
(5/2, 1π 2ν) (α = +1/2)
(9/2, 1π 2ν) (α = +1/2)
(3/2, 3π) (α = +1/2)
(7/2, 3π) (α = +1/2)
(11/2, 3π) (α = +1/2)
(1/2, 3π 2ν) (α = +1/2)
(5/2, 3π 2ν) (α = +1/2)
(9/2, 3π 2ν) (α = +1/2)

Figure 6: (Color online) TPSM projected energies, before
band mixing, of negative parity states for 135Pm. Bands are
labelled by (K,#) that designate the quasiparticle states with
K quantum number and # the number of quasiparticles. For
instance, (3/2, 1π), (7/2, 1π), (11/2, 1π) correspond to the
K = 3/2, 7/2, 11/2 one-proton quasiparticle state. The three-
quasiparticle states with configurations (1/2, 1π2ν), (5/2,
1π2ν), (9/2, 1π2ν), (3/2, 3π), (7/2, 3π), (11/2, 3π) cor-
responding to the K = 1/2, 5/2, 9/2, 3/2, 7/2, 11/2 include
two-neutron and two-proton configurations on the basic one-
proton configuration. The excited K = 1/2, 5/2, 9/2 resulting
from projection of three-quasiprotons and two-quasineutrons
are denoted by (1/2, 3π2ν), (5/2, 3π2ν), (9/2, 3π2ν) respec-
tively. Because of large signature splitting, bands are sepa-
rated into favoured signature partner (labelled as α = −1/2)
and unfavored signature partner (labelled as α = +1/2). The
solid curves represent the α = −1/2 states with same legend
symbols and quasiparticle states as that of α = +1/2 states
plotted in dashed curves. The first crossing at I = 31/2 is due
to (3/2, 3π) aligned configuration that forms the yrast-band
configuration. The second crossing at about I = 43/2 is due
to (5/2, 3π2ν) 5-quasiparticle configuration with K = 5/2.
The energies are plotted relative to the 11/2− state of Band
1.

probe the band-crossing mechanism using new experi-
mental data as well as theoretical model calculations. For
the case of Band 3, a backbend is observed at ~ω = 0.30
MeV from the alignment plot in Fig. 5, suggesting the
role of different quasiparticle configurations involved in
this band-crossing. Similar band was observed in 133Pm
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(Band 7 in [15]), but the detailed explanation was not
given. This alludes to the possibility of a delicate com-
petition between the alignment of proton and neutron
pairs involved at high-spin.
The experimental B(E2) transition strengths for vari-

ous spin values (Iπ = 23/2− to 39/2−) are given in Ta-
ble II. This observation is providing new information of
evolution of collectivity along the yrast band and is dif-
ferent from the previous results which indicated a steeper
decline in B(E2) values at a very low spin [4]. The
present experimental values suggest a moderate increase
in collectivity until the first band-crossing. The slight
reduction thereafter is due to the first crossing of three-
quasiparticle band. It is worth mentioning that an almost
constant quadrupole moment after the first crossing in
133Pm was reported in [15] which indicates a stronger in-
teraction among the bands leading to no apparent change
in collectivity.

Triaxial Projected Shell Model Approach

In recent years, triaxial projected shell model (TPSM)
approach has been demonstrated to reproduce the high-
spin properties of deformed nuclei quite satisfactorily
[37]. In this model, the odd-proton systems have been
studied with the model space of one-proton, and one-
proton coupled to two-neutron quasiparticle states. In
order to investigate the high-spin states of 135Pm ob-
served in the present work, the basis space has been gen-
eralized to include both three-proton, and three-proton
coupled to two-neutron quasiparticle states. The com-
plete basis space in the generalized approach is given by:

P̂ I
MK a†π1

|Φ> ;

P̂ I
MK a†π1

a†ν1a
†
ν2 |Φ> ;

P̂ I
MK a†π1

a†π2
a†π3

|Φ> ;

P̂ I
MK a†π1

a†π2
a†π3

a†ν1a
†
ν2 |Φ> ,

(2)

where P̂ I
MK is the three-dimensional angular-momentum-

projection operator [38]. The triaxial quasi-particle (qp)-
vacuum |Φ > in Eq. (2) is determined through diago-
nalization of the deformed Nilsson Hamiltonian and a
subsequent BCS calculations. This provides the triax-
ial qp-basis for the calculations. In the present work,
we have compared the experimental band structure and
transition rates of 135Pm with the numerical results ob-
tained using the TPSM approach. The details of this
formalism for odd-A nuclei can be found in Ref. [39]
which has been successful in describing the high spin
states in 103,105Rh [40]. TPSM provided a theoretical
understanding of the first 2γ-band observed in odd-A nu-
cleus [41]. In case of 135Pm, same prescription has been
followed where quasi-particle states were generated by
solving the triaxial Nilsson and pairing (monopole and
quadrupole terms) Hamiltonian in the BCS approxima-
tion. The Nilsson potential with the deformation param-
eters ǫ = 0.23 and ǫ′ = 0.11 have been used for 135Pm.

The configuration space consists of N = 3, 4, 5 major
shells for both neutrons and protons. About forty low-
est K-bands were obtained through angular momentum
projection within the energy window of 2.5 MeV. These
projected bands (basis states) were employed to diago-
nalize the shell model Hamiltonian consisting of pairing
and quadrupole-quadrupole interaction terms. The in-
teraction strengths used in the present calculations were
the same as those used in the previous studies [39, 40].

The band structures obtained from the angular-
momentum projection of lowest quasiparticle states in
the vicinity of the Fermi surface are shown in Fig. 6.
This figure depicts projected bands before band mixing
and plays an important role to unravel the band cross-
ing features. The lowest band with large signature split-
ting is the projected state with K = 3/2 and originates
from the proton occupying the intruder orbital, 1h11/2.
This band is noted to be crossed at I = 31/2 by a pro-
jected band having three-proton quasiparticle structure
with K=3/2. It is also evident from the figure that the
projected three-quasiparticle band with one-proton cou-
pled to two-neutrons also becomes favoured in energy and
crosses the one-proton configuration at about I=35/2.
This almost simultaneous crossing of two bands with dif-
ferent neutron and proton configurations is expected to
lead to the forking of the yrast band into two s-bands as
observed in some even-even isotopes. This feature shall
be discussed in detail when comparing with the exper-
imental data. Further, the five-quasiparticle configura-
tion with three-protons coupled to two-neutrons crosses
the three-proton configuration at I=47/2. It is noted
from Fig. 6 that there are many band structures in the
vicinity of the yrast line and it is expected that mixing
among these bands shall play an important role in the
description of the near-yrast spectroscopy.

The bands for each angular momentum from the intrin-
sic states about the Fermi surface, about 40 in number,
are used to diagonalize the shell model Hamiltonian con-
sisting of pairing plus quadrupole-quadrupole interaction
[42]. The calculated lowest band structures after diago-
nalization are displayed in Fig. 7 along with the known
experimental data. It is evident from the figure that ex-
perimental energies are reproduced within few hundred
keV for most of the states. In order to examine the struc-
tural evolution of the observed band structures with spin,
the probabilities within the wavefunctions are depicted
in Fig. 8. Band 1 and Band 2 are predominantly com-
posed of one-quasiparticle states up to I=27/2 and above
this spin value, it is noted that three-quasiparticle states,
both 3π and 1π2ν, become increasingly dominant with
spin. In the spin regime, between I=35/2 and 43/2 for
α = −1/2 and between I = 37/2 and 45/2 for α = 1/2,
Band 1 and Band 2 have essentially three-quasiparticle
structure with 3π component slightly more than that of
1π2ν. The bands have 3π2ν five-quasiparticle structure
above I = 45/2.

Due to large number of bands present in the crossing
region, it is expected that band crossings will be smooth.
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Figure 7: Comparison of experimentally observed level energies of negative parity Band 1, Band 2 and Band 3 with the values
obtained from TPSM calculations. The energies are given relative to the 11/2− state of Band 1.

This smooth crossing behaviour is evident in the align-
ment plots of Fig. 9 (a), (b) and (c) shown in the left
panel of the figure, in which ix depicted a smoothly in-
creasing trend with spin for the observed three bands.
The TPSM calculated ix are in good agreement with
those extracted from the observed quantities, except that
at high-spin TPSM results for Band 3, depict saturation
of the alignment while the measured ix shows increasing
trend. The dynamic moment of inertia, J (2), shown in
the right panel of Fig. 9, which is very sensitive to band
crossing, depict two upbends in the measured quantity
for Band 1, one at around I = 35/2 and the other at
I = 51/2. The calculated J (2) from the TPSM shows
smoother upbend as compared to the corresponding ex-
perimental values which indicates that the interaction
between the bands is overestimated in the model. It is
evident from the band diagram in Fig. 6 and also from
the wavefunctions, shown in Fig. 8, that the first cross-
ing (~ω = 0.43 MeV, I =35/2 ) is due to the crossing of
three-quasiparticles, which is a mixture of 3π and 1π2ν.
The second crossing (~ω = 0.54 MeV, I =51/2) is due
to the crossing of five-quasiparticles having 3π2ν config-
uration. In the cranked shell model analysis presented in
[20], the first crossing has been predicted to have contri-
butions from both protons and neutrons and agrees with
the TPSM results. However, the five-quasiparticle cross-

ing in CSM is predicted at ~ω = 0.8 MeV, which is at
variance with the experimental as well as TPSM results.

TPSM results of J (2) are somewhat in disagreement
with the measured values for Band 2 and Band 3. As
J (2) is a very sensitive quantity, small changes in pairing
and deformation for these bands could contribute to these
differences. It needs to be mentioned that in TPSM ap-
proach, the mean-field is held fixed for all the spin states
and excitation energies. It is known from microscopic
studies that mean-field can change with spin and excita-
tion energy.

TPSM results also provide a possible explanation of
the appearance of Band 3 in the observed data. The
wavefunction of Band 3 is displayed in Fig. 8. The struc-
ture is very similar to what is observed for the Band 1 and
Band 2, except that neutron and proton contributions to
the probabilities are reversed. In the absence of the in-
teraction among the bands, the yrast band after the first
crossing will have 3π character and Band 3 will have 1π2ν
structure. This is because in the band diagram of Fig. 6,
3π and 1π2ν configurations almost simultaneously cross
the yrast band. This crossing of the yrast band with
two s-bands has been observed in some of the even-even
systems [43, 44] where proton and neutron Fermi sur-
faces are close in the energy. Such a crossing involving
two s-bands is usually not expected in an odd-A nucleus
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solid curves represent the α = −1/2 states with same legend
symbols and quasiparticle states as that of α = +1/2 states
plotted in dashed curves. Legends for only α = +1/2 states
are shown for better visual clarity.

with the two-particles aligning in the same orbital as that
of the odd-particle. Normally, in odd-mass nuclei, one-
proton/neutron quasiparticle state is occupied by the last
proton/neutron and the corresponding proton/neutron
AB-crossing is not possible as in even-even systems. The
first crossing is normally observed due to the crossing
of the even-components of neutrons/protons. Therefore,
the simultaneous crossing of neutron and proton s-bands
with the yrast band is not expected in an odd-system
due to the blocking argument. However, in the present
system of odd-proton 135Pm isotope, we observe such a
band crossing phenomenon that we consider to be quite
rare. It is very likely that there might be several other
odd-A nuclei where such band structures exist and need
to be probed in the way 135Pm has been investigated in
the present work.

We have also calculated the electromagnetic transi-
tions using the TPSM wavefunctions with the effective
charges of 1.6e for protons and 0.6e for neutrons. The
details were already discussed in our work [45] and shall
not be repeated here. The calculated B(E2) transition
probabilities for Band 1 are plotted in Fig. 10 along

with the present experimental values and previous re-
sults for lower spin states [4]. The previously reported
B(E2) value for the Iπ = 15/2− state indicated a mod-
erate deformation with ǫ2 around 0.23 for 135Pm [4] and
this B(E2) value is well reproduced by the current TPSM
results. However, the sharp drop in the B(E2) values
above Iπ = 15/2− observed in the previous work [4] has
not been explained by the current calculations. From
the present lifetime measurements, the B(E2) values for
higher spin states remain constant and show a gradual
drop at Iπ = 35/2−. The calculated B(E2) values ex-
plain this feature. Beyond I = 35/2, a smooth drop is
observed. Normally, at the band crossing a rapid change
in the transition probability is expected, however, due to
large mixing among different states in the band crossing
region, a smoother drop is noted in the TPSM calcula-
tions. It is evident from Fig. 10 that TPSM results are
in good agreement with the available measured values.
This B(E2) reduction is from changes in the structure of
the wave functions as different quasiparticle states con-
tinuously enter into the yrast region with increasing spin
as depicted in Fig. 8. It is interesting to note that a pro-
nounced decrease in the high-spin B(E2) of 134Nd [46],
an isotone of 135Pm, is predicted, which suggests reduc-
tion of collectivity at very high spins because of increased
level density and complex band mixing.

V. SUMMARY

Spectroscopic investigations have been performed to
study the structure of three negative-parity bands in odd-
proton 135Pm nucleus. The B(E2) transition strengths
extracted from the measurements of level-lifetimes using
DSAM indicate loss of collectivity for the yrast band at
higher spin. The multiple band structures observed have
been interpreted in the framework of TPSM . The calcu-
lations provide a possible explanation of the three bands
in terms of two s-bands crossing the yrast band at sim-
ilar spin values and give a new insight about the subtle
alignment mechanism in 135Pm. The variations of the
alignment and dynamic moment of inertia with spin for
the yrast band have been nicely explained through this
rare crossing of two s-bands in an odd-A nucleus. In ad-
dition, the band crossing dynamics explains the gradual
decrease in B(E2) values of yrast states.
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