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Abstract. High-spin states in 123Cs, populated via the 100Mo (28Si, p4n) fusion-evaporation reaction at
Elab = 130 MeV, have been investigated employing in-beam γ-ray spectroscopic techniques. Rotational
bands, built on πg7/2, πg9/2 and the unique-parity πh11/2 orbitals, have been extended and evolve into
bands involving rotationally aligned ν(h11/2)

2 and π(h11/2)
2 quasiparticles. A three-quasiparticle band

based on the high-K πh11/2⊗νg7/2⊗νh11/2 configuration has also been observed. Total Routhian Surface
(TRS) calculations have been used to predict the nuclear shape parameters (β2, β4, γ) for the various
assigned configurations. The assigned configurations have been discussed in the framework of a microscopic
theory based on the deformed Hartree-Fock (HF) and angular-momentum projection techniques.

PACS. 21.10.Re Collective levels – 23.20.Lv γ transitions and level energies – 21.60.-n Nuclear structure
models and methods – 27.60.+j 90 ≤ A ≤ 149

1 Introduction

Spectroscopic studies of nuclei in A ∼ 125 mass region
continue to be a focus of attention due to the multi-
plicity of shapes and a richness of nuclear-structure phe-
nomena. These nuclei are characterised with a γ-soft de-
formed core. Theoretical calculations predict a variety of
minima in the nuclear potential energy surface, and in-
deed experimentally low-deformation minima are found
to coexist with oblate, triaxial or highly deformed min-
ima [1,2]. The occurrence of high-Ω orbits near the pro-
ton and neutron Fermi surfaces of these nuclei leads to
high-K configurations and isomers. In the odd-Z even-N
nuclei, the shape at low rotational frequencies is mainly
influenced by the valence quasiproton. It is of interest
to track the πh11/2 and πg9/2 bands in this mass re-
gion with the position of proton and neutron Fermi sur-
faces to understand their respective deformation-driving
tendencies. At higher frequencies additional rotationally
aligned h11/2 quasineutrons/protons compete to polarise
the γ-soft core. Maximally spin aligned states have been
observed in various Sb, Te, I, Xe and La isotopes. Tri-
axial deformation in this mass region has been inferred
from the observed rotational-alignment frequencies, stag-
gering behaviour,M1 reduced transition probabilities and
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chiral twin bands. The extension of systematics of chiral
bands observed in the doubly odd nuclei to the odd-even
135Nd [3] and even-even 136Nd [4] nuclei with multiquasi-
particle configuration provides added impetus to investi-
gations in this mass region. Magnetic dipole bands based
on configurations involving an aligned νh11/2 pair have

been reported in 131Cs [5] and doubly odd 132Cs [6]. State-
of-the-art γ-ray spectrometers consisting of an array of
clover and cluster Ge detectors have greatly enhanced the
capability to explore details of the bands and interband
transitions extending to high spins [7], and have encour-
aged further investigations of nuclear structure using γ-ray
spectroscopic techniques.

The present in-beam gamma spectroscopic investiga-
tions have been aimed at looking for the above-mentioned
structural features in the 123Cs nucleus. Total Routhian
Surface (TRS) calculations and a microscopic model
based on the deformed Hartree-Fock (HF) and angular-
momentum projection techniques have been used to study
the band structures in this nucleus. A short communica-
tion showing the level scheme of 123Cs deduced from the
present work has previously been reported [8]. Recently,
the level structure of 123Cs has been established to higher
spins (∼ 71/2~) via the 64Ni (64Ni, p4n) reaction using
thin target and the Gammasphere spectrometer [9]; that
work provides spectroscopic information up to a higher-
spin range.
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Fig. 1. The level scheme of 123Cs established from the present work.

2 Experimental details and data analysis

The 100Mo(28Si, p4n) fusion-evaporation reaction at 130
MeV was used to populate excited states in the 123Cs nu-
cleus. The experiment was performed using a 28Si beam
provided by the 15 UD pelletron accelerator at the Nu-
clear Science Centre (NSC), New Delhi. The target con-
sisted of a 3 mg/cm2 thick enriched 100Mo foil backed
with a 15 mg/cm2 thick 208Pb foil to stop the recoiling
nuclei. Gamma rays emitted by the evaporation residues
were detected using an array consisting of 8 Compton-
suppressed clover detectors. Each clover detector consists
of four HPGe crystals in a single vacuum housing. The
clover detectors were mounted in two groups of four each
making angles of ±81◦ and ±141◦ with the beam direc-
tion, and having an inclination of ±18◦ with the horizontal
plane. The array is called the Indian National Gamma Ar-
ray (INGA) and was jointly set up by NSC, New Delhi,
TIFR, Mumbai, SINP and IUC-DAEF, Kolkata [10]. Each
clover was treated as a single detector and data were col-
lected in LIST mode when two or more clovers fired in
coincidence within a time window of 2τ = 200 ns. A to-
tal of 5 × 108 coincidence events were collected in this
experiment. The nuclei populated in the reaction were
123Ba (∼ 8%), 124Ba (∼ 25%), 125Ba (∼ 5%), 123Cs

(∼ 14%), 124Cs (∼ 12%), 125Cs (∼ 7%), 120Xe (∼ 5%),
121Xe (∼ 10%), and 122Xe (∼ 4%).

In the offline analysis, the recorded coincidence events
were sorted into two-dimensional γ-γ matrices using IN-
GASORT [10]. The gains of the Ge detectors were soft-
ware matched to 0.5 keV/channel before incrementing the
matrix. Background-subtracted coincidence spectra were
generated and intensity analysis was performed using the
computer codes RADWARE [11] and PEAKFIT [12], re-
spectively. The placement of gamma transitions in the
level scheme is based upon their coincidence relationships,
energy sums and intensities. In order to determine the
dipole/quadrupole nature of the gamma transitions, di-
rectional correlation (DCO) ratios were extracted using an
asymmetric matrix made by sorting data with 141◦ detec-
tors on one axis and 81◦ detectors on the other axis. The
energies, intensities, DCO ratios and the assigned mul-
tipolarities for transitions in 123Cs are given in table 1.
Figure 1 depicts the level scheme of 123Cs obtained in the
present work. The spin-parity of the ground state (t1/2 =
5.9 m) has been adopted from earlier low-spin studies of
123Cs as Jπ = 1/2+ [13]. The band structures have been
labelled 1–6 in order to facilitate the discussion. Band 1
is built on an isomeric state (t1/2 = 1.7 s, excitation en-

ergy = 156 keV) with Jπ = 11/2− [13,14]. The spin-parity
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Table 1. Gamma-ray energies, intensities, DCO ratios and multipolarities for transitions assigned to 123Cs.

E (keV)(a) Intensity(b) DCO ratio Assigned multipolarity Iπi → Iπf

30.5 – – – 3/2+ → 1/2+

64.0 – – – 5/2+ → 3/2+

94.5 – – – 5/2+ → 1/2+

96.5 – – M1 9/2+ → 7/2+

137.0 73 – – 7/2+ → 5/2+

201.0 209 1.21 (19) E2 7/2+ → 3/2+

202.0 – – – 25/2(+) → 23/2+

223.9 20 0.58 (10) M1 25/2(+) → 23/2+

233.5 – – E2 9/2+ → 5/2+

259.5 28 0.60 (8) M1 27/2+ → 25/2+

268.9 141 0.78 (15) M1 11/2+ → 9/2+

284.5 25 0.68 (12) M1 27/2(+) → 25/2(+)

288.5 9 – (M1) 29/2(+) → 27/2(+)

303.5 96 0.62 (8) M1 13/2+ → 11/2+

313.0 24 – – 29/2(+) → 27/2(+)

320.6 1000 1.06 (8) E2 15/2− → 11/2−

331.3 9 0.60 (12) M1 27/2(+) → 25/2(+)

336.9 86 0.60 (7) M1 15/2+ → 13/2+

356.0 5 0.60 (12) M1 27/2(+) → 25/2(+)

368.0 58 0.65 (8) M1 17/2+ → 15/2+

377.3 26 0.51 (10) M1 31/2(+) → 29/2(+)

389.5 26 0.63 (8) M1 19/2+ → 17/2+

398.4 24 ( ) 0.61 (9) M1 19/2+ → 17/2+

406.5 10 – M1 21/2+ → 19/2+

411.0 14 – M1 23/2+ → 21/2+

413.4 17 0.46 (12) M1 33/2(+) → 31/2(+)

415.4 6 – M1 21/2+ → 19/2+

426.0 6 – M1 35/2(+) → 33/2(+)

428.2 66 1.14 (16) E2 11/2+ → 7/2+

433.5 10 – M1 23/2+ → 21/2+

434.1 25 0.56 (8) M1 19/2− → 17/2−

466.9 17 – M1 23/2− → 21/2−

522.3 788 1.02 (8) E2 19/2− → 15/2−

570.3 28 0.75 (24) E2 21/2− → 17/2−

572.4 26 1.02 (12) E2 13/2+ → 9/2+

599.5 8 – E2 25/2(+) →(21/2+)

600.6 38 1.12 (15) E2 15/2+ → 11/2+

603.0 17 – E2 23/2− → 19/2−

623.5 16 0.83 (20) E2 27/2(+) →(23/2+)

640.5 38 0.88 (15) E2 15/2+ → 11/2+

644.5 25 0.87 (20) E2 29/2(+) → 25/2(+)

675.8 17 – M1 37/2− → 35/2−

682.7 129 0.47 (9) M1 17/2− → 15/2−

685.5 499 0.94 (10) E2 23/2− → 19/2−

690.3 18 – E2 31/2(+) → 27/2(+)

701.5 17 0.57 (12) M1 33/2− → 31/2−
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Table 1. Continued.

E (keV)(a) Intensity(b) DCO ratio Assigned multipolarity Iπi → Iπf

704.5 39 0.89 (15) E2 17/2+ → 13/2+

706.6 41 1.04 (15) E2 25/2− → 21/2−

716.0 34 0.95 (10) E2 31/2(+) → 27/2(+)

720.9 28 0.82 (20) E2 27/2− → 23/2−

730.9 86 0.45 (9) M1 21/2− → 19/2−

734.9 16 0.94 (18) E2 19/2+ → 15/2+

742.9 22 0.47 (7) M1 29/2− → 27/2−

744.0 15 1.12 (18) E2 19/2+ → 15/2+

751.9 43 0.45 (8) M1 25/2− → 23/2−

757.5 36 1.24 (20) E2 19/2+ → 15/2+

766.4 7 – E2 19/2+ → 15/2+

790.8 38 0.93 (15) E2 29/2− → 25/2−

790.8 14 – E2 33/2(+) → 29/2(+)

800.5 233 0.93 (10) E2 27/2− → 23/2−

804.9 24 1.02 (21) E2 21/2+ → 17/2+

811.1 17 – E2 31/2− → 27/2−

818.0 35 1.06 (20) E2 35/2(+) → 31/2(+)

818.0 20 – E2 23/2+ → 19/2+

826.5 25 – E2 23/2+ → 19/2+

828.5 16 – E2 33/2− → 29/2−

839.4 19 – E2 35/2(+) → 31/2(+)

839.8 16 – E2 23/2+ → 19/2+

849.8 10 – E2 23/2+ → 19/2+

868.4 108 0.86 (15) E2 31/2− → 27/2−

878.0 11 – E2 37/2− → 33/2−

889.0 24 0.96 (15) E2 39/2(+) → 35/2(+)

891.9 14 – E2 35/2− → 31/2−

904.8 50 0.87 (15) E2 35/2− → 31/2−

919.0 18 0.92 (25) E2 43/2(+) → 39/2(+)

955.0 29 0.84 (15) E2 39/2− → 35/2−

972.1 5 – E2 41/2− → 37/2−

976.0 15 – E2 47/2(+) → 43/2(+)

976.4 8 – E2 39/2− → 35/2−

1022.2 21 – (E1) (23/2+)→ 23/2¯

1026.0 15 – E2 43/2− → 39/2−

1053.2 7 – E2 51/2(+) → 47/2(+)

1113.0 10 – E2 47/2− → 43/2−

1116.9 52 – – 19/2− → 15/2−

1133.1 15 0.62 (8) E1 29/2+ → 27/2−

1188.2 4 – E2 55/2(+) → 51/2(+)

1198.0 20 1.18 (25) E2 23/2− → 19/2−

1233.0 14 0.80 (25) E2 27/2− → 23/2−

1243.2 15 0.77 (25) E2 31/2− → 27/2−

1288.7 45 0.57 (7) E1 25/2(+) → 23/2−

1360.9 25 0.70 (12) E1 25/2(+) → 23/2−

1447.3 14 – (E1) (21/2+)→ 19/2−

(a) Energies are accurate to 0.5 keV for strong transitions. The errors increase to 0.7 keV for weaker transitions (relative intensity < 30).

(b) Error in intensity value is 5–20%.
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assignments to various states in bands 1–6 are discussed in
our earlier report and agree with those proposed in ref. [9].

The level scheme of 123Cs established prior to this work
has been studied by Hughes et al. [15] and Lidén et al. [16]
using 108Pd (19F, 4n) and 92Mo (34S, 3p) reactions, respec-
tively. Previous investigations revealed rotational struc-
tures based on the πh11/2 orbital (band 1), the πh11/2 or-
bital coupled to a γ-vibration (band 2), the πg9/2 orbital
(band 5) and the πg7/2 orbital (band 6). The bandhead
energy of the πg9/2 band differs in these studies [15,16]
and that for the πg7/2band was not known and assigned

a tentative bandhead spin-parity Jπ= (7/2+). The level
scheme inferred from the present work preserves major
features of the previously [15,16] and recently established
level schemes [9]. The positive-parity band 3 comprises
of strong dipole transitions along with weak E2 crossover
transitions, while band 4 exhibits rotational structure con-
sisting only of E2 transitions. The decay patterns of bands
3 and 4 are complex, mostly connecting to the low-lying
states with both parities. The transitions in band 4 re-
ported in ref. [9] could be seen up to spin 55/2~ in the
present experiment. Apart from the 1447 keV transition
(63/2+ → 59/2+) shown in band 4 in ref. [9], a second
1447 keV transition feeding the 19/2− state is also ob-
served. The bandhead energies of the πg9/2 (band 5) and
πg7/2 (band 6) bands have been determined on the basis
of linking transitions to the low-energy levels observed in
the β+/EC decay of 123Ba (t1/2 = 2.7 m) [13] and in-
tensity balance from the present coincidence data. The
relevant arguments have been discussed in details else-
where [8]. The 328.1 keV level has been identified as an
isomer and assigned Jπ = 9/2+ rather than the earlier
proposed (5/2+, 7/2+) value [13]. Similar conclusions are
deduced in the thin-target experiment [9] using Gammas-
phere spectrometer, where the 97 and 234 keV transitions
depopulating the 328 keV level were not observed as the
evaporation residues from the recoiling nuclei decay out
of the focal plane of the collimated detectors. The πg9/2
bandhead states are also found to be isomeric in the lighter

51Sb, 53I and 55Cs isotopes. The bandhead energies of the
πg9/2 (band 5) and πg7/2 (band 6) bands are further well
supported by a number of observed interband transitions
connecting bands 1, 3, 4 and 5.

3 Results and discussion

The level scheme of 123Cs shows properties typical of a
collectively rotating deformed nucleus. Nilsson configura-
tion assignments to various observed bands are based on
arguments concerning the band-crossing frequencies, sig-
nature splitting, additivity of alignments of the involved
quasiparticles and the deduced B(M1)/B(E2) ratios. The
alignments (ix) extracted for different bands (fig. 1) us-
ing the Harris parameters [17], Jo = 17.0~2 MeV−1 and
J1 = 25.8~4 MeV−3, are shown as a function of rotational
frequency in fig. 2. The experimental B(M1)/B(E2) ra-
tios have been calculated using the energies and intensities
of ∆J = 1 and 2 transitions for the levels of the strongly
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Fig. 2. Experimental alignment plots for bands 1–6 observed
in 123Cs.

coupled bands 3 and 5. The E2/M1 mixing ratio (δ) for
the ∆J = 1 transitions has been taken as zero. This as-
sumption does not significantly influence the experimental
results since the mixing ratio is generally small [18].

Band 1 is based on the unique-parity h11/2 proton or-
bital and both the favoured (α = −1/2) and unfavoured
(α = +1/2) signatures are observed. It shows a large ini-
tial alignment ∼ 4~ (fig. 2) and signature splitting (∆e′)
∼ 400 keV at ~ω = 0.30 MeV [8]. An alignment of a pair
of h11/2 neutrons is observed for both the signatures in
this band at a frequency of ~ω ≈ 0.43 MeV with a cor-
responding alignment gain of 4.5~ (fig. 2). The signature
splitting in the yrast band remains large ∼ 200 keV even
after the alignment [8], which indicates that the nuclear
shape remains close to prolate. The systematics of the neu-
tron alignment frequency in the yrast band of the odd-A
119–131Cs isotopes has been discussed by Smith et al. [19].

Band 2 is identified as the γ-vibrational band built
on the favoured signature partner of the h11/2 band and
is a feature common to nuclei in this mass region. The
strongly coupled band 5 has been assigned a g9/2 pro-

ton hole configuration. The [404]9/2+ component of the
πg9/2 orbital, which originates from below the Z = 50
shell closure, becomes energetically favourable at larger
prolate deformation. The large positive g-factor 1.27 [20]
and high-Ω values are responsible for the observed large
B(M1)/B(E2) ∼ 3 (µN/eb)

2 values and near to zero
signature splitting. Bands based on the πg9/2[404]9/2

+

orbital have been observed in the lighter odd-A
117–127Cs [19,16,21,22] isotopes, but not in 129,131Cs [23,
5] where the deformation reduces to β2 ∼ 0.12. The
other positive-parity band labelled 6 has been assigned the
πg7/2 configuration. This band has interlinking dipole and

quadrupole transitions with the high-Ω πg9/2[404]9/2
+

band. The πh11/2 and πg7/2 bands have been observed in

the odd-A 117,121–133Cs isotopes [19,16,21–23,5,24]. The
population strength of the πg7/2 band relative to that
of the πh11/2 band increases considerably with increasing
mass number. This happens primarily because the excita-
tion energy of the h11/2 level is increasing thus becoming
less yrast in the heavier isotopes. These facts are consis-
tent with a decreasing nuclear deformation with increasing
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mass. Also, features of the πg7/2 and πd5/2 bands become

distinctive in the heavier 127,129,131,133Cs isotopes [5,22–
24]. In the lighter Cs isotopes, significant admixture of the
πd5/2orbitals has been noticed in the πg7/2bands [21].

The positive-parity decoupled band 4 shows a large
initial alignment ∼ 7.5~ (fig. 2) indicating it to be based
on a three-quasiparticle configuration. Interestingly, the
band exhibits an upbend at a rotational frequency of
~ω ∼ 0.42 MeV with an alignment gain of 4.5~. The
alignment plot for this band is very similar to the one
corresponding to band 1 except for the value of initial
alignment. So, one is enticed to conclude that the upper
observed portion of band 4 is a five-quasiparticle structure
involving (νh11/2)

2. This involvement of the νh11/2 quasi-
particle in the initial configuration of band 4 can be ruled
out on the basis of blocking arguments. The large value
of the initial alignment ∼ 7.5~ can be accounted for only
by the π(h11/2)

2 alignment as the πg7/2 and πg9/2 bands

exhibit low alignment values (∼ 1~). The first π(h11/2)
2

alignment is not blocked in the πg9/2 or πg7/2 bands. In

the neighbouring isotone 124Ba [25], the π(h11/2)
2 align-

ment is observed at 0.37 MeV, similar to that observed
in the πg9/2band of 123,125La [26,20]. An alignment gain

of ∼ 8~ was observed for the π(h11/2)
2 alignment in the

πg7/2 band in 125La. The πg9/2⊗π(h11/2)
2 configuration is

expected to be a coupled band with B(M1)/B(E2) ratios
∼ 0.5 (µN/eb)

2 [16]. Hence, the πg7/2 ⊗ π(h11/2)
2 config-

uration has been assigned for the decoupled band 4.
In the strongly coupled band 3, the lowest ob-

served state has J = 25/2 at an excitation energy of
2973 keV. The band shows a small signature splitting
∆e′ ∼ 0 keV and a large initial alignment ∼ 7~ imply-
ing a three-quasiparticle configuration also for this band.
The alignment remains constant in the frequency range
0.30–0.45 MeV, indicating likely involvement of both the
πh11/2 and νh11/2 quasiparticles in the configuration on
the basis of blocking arguments. Moreover, since high-K
strongly coupled bands based on the νg7/2 ⊗ νh11/2 con-
figuration have systematically been observed in the even-
even 124–128Xe [27–30] and 124–128Ba isotopes [25,31,32],
the πh11/2 ⊗ νg7/2 ⊗ νh11/2 configuration is proposed for
band 3. Furthermore, the experimental B(M1)/B(E2) ra-
tios ∼ 2 (µN/eb)

2 extracted for band 3 are in agreement
with the predicted ones. The calculations for the other
possible configuration π(g9/2) ⊗ π(h11/2)

2 suggested in

ref. [9] yield low B(M1)/B(E2) ratios ∼ 0.5 (µN/eb)
2 [16].

3.1 Total Routhian Surface calculations

The experimentally observed rotational structures in
123Cs are discussed using Total Routhian Surface (TRS)
formalism [33–35]. These calculations employed a tri-
axial Woods-Saxon single-particle potential [36] and a
monopole pairing force residual interaction. The total
Routhian is calculated in a self-consistent manner on a
grid in deformation space, including quadrupole (β2), hex-
adecapole (β4) and triaxiality (γ) degrees of freedom, and
then minimised with respect to the shape parameters to

Fig. 3. Examples of TRS maps for configurations in 123Cs.
The energy contours are separated by 250 keV. Panels (a-d)
are calculated at a frequency of 0.243 MeV/ω (spin ∼ 8~),
while panels (e-h) are calculated at a frequency of 0.486 MeV/ω
(spin ∼ 21~).

Table 2. Labelling of the single-quasiparticle levels.

Label parity, signature Nilsson orbital

E π(−,−1/2) h11/2[550]1/2
−

F π(−,+1/2) h11/2[550]1/2
−

A π(+,+1/2)1 d5/2[420]1/2
+ (ground state)

B π(+,−1/2)1 g7/2[422]3/2
+

C π(+,+1/2)2 g9/2[404]9/2
+

D π(+,−1/2)2 g9/2[404]9/2
+

E ν(−,−1/2) h11/2[523]7/2
−

F ν(−,+1/2) h11/2[523]7/2
−

B ν(+,−1/2) g7/2[404]7/2
+(or d5/2[402]5/2

+)

Table 3. Assigned configurations and the average-deformation
parameters.

Band Configuration β2 β4 Γ

1 E 0.250 0.006 4◦

F 0.250 0.005 −2◦

2 E-γ

5 C/D 0.230 0.000 −1◦

6 A 0.230 0.002 0◦

B 0.230 0.000 −2◦

3 Ebe 0.250 0.003 0◦

4 BEFef 0.250 0.030 2◦

obtain equilibrium deformations. TRS maps calculated at
~ω = 0.24 MeV are plotted in fig. 3(a-d). The labelling
of the single-quasiparticle levels using the parity and sig-
nature notation is given in table 2. Average deformations
for various configurations are summarised in table 3.

The calculations show that this nucleus is a well-
deformed prolate rotor at low spins with γ being close
to zero for the assigned configurations.
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Table 4. Single-particle energies of protons and neutrons.

Proton p3/2 p1/2 f5/2 g9/2 g7/2 d5/2 d3/2 s1/2 h11/2

orbit

Energy −21.601 −20.501 −22.351 −18.251 −13.491 −14.051 −11.701 −12.071 −10.761

(MeV)

Neutron p3/2 p1/2 f5/2 g9/2 g7/2 d5/2 d3/2 s1/2 h11/2

orbit

Energy −24.110 −23.010 −24.860 −20.760 −16.000 −16.560 −14.210 −14.580 −13.270

(MeV)

Although a stable prolate shape is predicted for 123Cs
at low spin, competing shapes become evident at higher
spin, as shown in fig. 3(e-h). For example, the (−,+1/2)
configuration exhibits an energy minimum at γ = −30◦

(fig. 3(f)), while the (+,−1/2) configuration exhibits a
non-collective oblate minimum with γ = +60◦ (fig. 3(h)).
Indeed a particularly favoured non-collective state at
Jπ = 59/2+is expected in 123Cs based on the aligned
π[g7/2(h11/2)

2]+27/2 ⊗ ν[(h11/2)
4]+16 configuration.

3.2 Deformed Hartree-Fock and angular-momentum
projection (PHF) calculations

The level energies and electromagnetic properties of the
123Cs nucleus have been studied using deformed Hartree-
Fock and angular-momentum projection (PHF) tech-
niques. The formalism is discussed in [37,38]. The de-
formed HF equation is derived from a nuclear Hamil-
tonian. The surface delta interaction with interaction
strength Vpp = Vnp = Vnn = 0.315 MeV is taken as the
two-body interaction among the active nucleons (this is a
reasonable interaction for this mass region and other com-
plex nuclei [39]). Axial symmetry of the Hartree-Fock field
is assumed. The deformed HF orbits are calculated with
a spherical closed shell core with Z = N = 28.

The model space used for the HF orbits and angular-
momentum–projected spectra calculations along with re-
spective single-particle energies are given in table 4. De-
formed HF orbits are obtained from a self-consistent so-
lution of the HF equation [37,38].

Here a prolate HF solution is considered because it is
lower in energy than the oblate solution. Prolate HF or-
bits for protons and neutrons (27 active protons and 40
neutrons) of 123Cs are shown in fig. 4. One can get an
intrinsic state |φK〉 from the HF configuration by making
an appropriate particle-hole arrangement near the pro-
ton and neutron Fermi surfaces. A given intrinsic state
|φK〉 does not have a unique angular-momentum quan-
tum number and is a superposition of various J states,
i.e., |φK〉 =

∑

CJ
K |ψJK〉 (because of axial symmetry of

the deformed HF field, the basic intrinsic states are states
of good K but not of good J). The state of a given an-
gular momentum (J) is obtained by angular momentum
projection formalism. The J projection operator is [37]

P JM
K =

2J + 1

8π2

∫

dΩDJ∗

MK (Ω)R (Ω) , (1)

Fig. 4. The deformed prolate HF orbits with Z = 55 and
N = 68 are shown. The orbits are denoted by Jπ. Occupied
orbits are denoted by (×).

where R(Ω) is the rotation operator and Ω stands for
the Euler angles. The level energies can be obtained from
the matrix element of the Hamiltonian between projected
states of J obtained from intrinsic states |φK1〉 and |φK2〉,
viz,

HJ
K1K2

=
2J + 1

2

1
(

NJ
K1K1

NJ
K2K2

)1/2

×

π
∫

0

dβ sin (β) dJK1K2
(β)

〈

φK1
|He−iβJy |φK2

〉

. (2)

Here

NJ
K1K2

=
2J + 1

2

×

π
∫

0

dβ sin (β) dJK1K2
(β)

〈

φK1
|e−iβJy |φK2

〉

(3)

is the amplitude overlap for angular momentum J between
the two intrinsic configurations |φK1〉 and |φK2〉.
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Fig. 5. Comparisons of PHF calculated level energies with the experiment for bands 1–6 in 123Cs. Rotational states with
J = 11/2−, 19/2−, 9/2+, 1/2+, 25/2+ and 27/2+ are normalised for bands 1–6, respectively. The level spins shown are
multiplied by 2.

The B(E2) and B(M1) values for the coupled bands
are deduced from the reduced matrix elements of tensor
operator TL of rank L, denoting the electromagnetic op-
erator (E2, M1 etc.), between projected states ψJ1

K1 and

ψJ2

K2. These matrix elements are given by

〈

ψJ1

K1

∥

∥

∥
TL

∥

∥

∥
ψJ2

K2

〉

=
1

2

(2J2 + 1) (2J1 + 1)
1/2

(

NJ1

K1K1
NJ2

K2K2

)1/2

×
∑

µν

CJ2LJ1

µνK1

π
∫

0

dβ sin (β) dJ2

µK2
(β)

×
〈

φK1

∣

∣TLν e
−iβJJy

∣

∣φK2

〉

. (4)

K1, K2 are axial quantum numbers. Effective charges
of 1.45e for protons and 0.45e for neutrons are used to
calculate B(E2) values from reduced E2 matrix elements.
g-factors gl = µN and gs = 1/2(−5.586)µN for protons
and gl = 0 and gs = 1/2(−3.826)µN for neutrons are used
for calculating B(M1) from reduced M1 matrix elements
(quenching of spin g-factors is taken as half). For more
details see ref. [40].

In general, two states
∣

∣ψJMK1

〉

and
∣

∣ψJMK2

〉

projected
from two intrinsic configurations |φK1〉 and |φK2〉 are not
orthogonal to each other, even if intrinsic states |φK1〉
and |φK2〉 are orthogonal (the rotation operator e−iβJy in
eqs. (2)–(4) can mix different intrinsic states. When neces-

sary we orthonormalise using the following equation [38]:

∑

K′

(

HJ
KK′ − EJN

J
KK′

)

CJ
K′ = 0 . (5)

Here CJ
K′ are the orthonormalised amplitudes, which

can be identified as the band-mixing amplitudes. It is es-
tablished that the deformed HF and J projection in the
form of band-mixing can give accurate results comparable
to shell model diagonalisation [41].

We considered the following odd nucleon configura-
tions on the respective time-reversal symmetric deformed
cores and performed angular-momentum projection for
the whole system, i.e., odd nucleons ⊗ deformed core:
(a) πh11/2(1/2); K

π = 1/2−,

(b) πg9/2(9/2); K
π = 9/2+,

(c) πg7/2(1/2); K
π = 1/2+,

(d) πh11/2(1/2)⊗ νh11/2(7/2)⊗ νg7/2(5/2); K
π = 13/2+,

(e) πg7/2(1/2)⊗νh11/2(7/2)⊗νh11/2(−5/2); K
π = 3/2+,

(f) πh11/2(3/2); K
π = 3/2−,

(g) πh11/2(5/2); K
π = 5/2−,

(h) πg7/2(1/2)⊗νh11/2(7/2)⊗νh11/2(−1/2); K
π = 1/2+.

The number within parentheses indicates the Ω value
for the time-reversal orbits. Referring to HF orbits in fig. 4,
the ±1/2−, ±3/2−, ±5/2− orbits are near the proton
Fermi surface and originate from the h11/2 proton subshell
and hence can show rotation alignment properties [42].



Kuljeet Singh et al.: Rotational structures in 123Cs 353

5 10 15 20 25

0.1

1

10

I (  )

35

3
5

5
3

   B(E2) (eb)
2

   B(M1)/B(E2) (µ
N

/eb)
2

   B(M1) (µ
N
)
2

T
ra

n
si

ti
o
n
 p

ro
b
ab

il
it

y

h

Fig. 6. The M1 and E2 transition probabilities and their ra-
tios for the bands 3 and 5 calculated using the PHF model
(shown as lines). Filled and open symbols represent the re-
spective experimental ratios.

Configurations (f) and (g) originate from the odd pro-
ton h11/2 orbit and are similar to configuration (a) and
are thus (chiral) partner of (a). We have performed band-
mixing calculation among the πh11/2 bands with (a), (f)
and (g) configurations. The lowest band after band-mixing
is compared with level energies of band 1 and the first-
excited band is compared with band 2 (fig. 5).

Configuration (c) for band 6 results in decoupled
structure. In this case α = −1/2 is the favoured branch,
which is the same as experiment. For the α = +1/2 sig-
nature branch, J = 1/2+ is obtained as the lowest state
and only J = 1/2+ and 5/2+ states have been observed
(fig. 5). For band 5, the calculated level energies for the
odd proton configuration (b) are in agreement with the
observed ones (fig. 5). For this band, B(M1)/B(E2)
values decrease smoothly from 9.9 (µN/eb)

2 for Ji = 13/2
and saturate at ∼ 3.4 (µN/eb)

2 for Ji ∼ 25/2 and
above (fig. 6). The observed values are also high
∼ 3.5 (µN/eb)

2. Band 3, which is a three-quasiparticle
band, has been calculated with the configuration (d).
We have also considered the πg9/2(9/2) ⊗ ν(h11/2)

2

and πh11/2(1/2) ⊗ νh11/2(5/2) ⊗ νd5/2(5/2) configura-
tions for comparison. The configuration (d) gives good
agreement with experimental level spacings (fig. 5) and
B(M1)/B(E2) values for this band ∼ 2 (µN/eb)

2 (fig. 6).
It is a high-K three-quasiparticle band.

Band-mixing calculations among the configurations (e)
and (h) were performed. The lowest band after this band-
mixing is compared with experimental band 4 and gives
reasonable agreement (fig. 5). This configuration gives
a bandhead energy of 3.825 MeV compared to the ob-
served value of 3.331 MeV. Even the configuration (e)
considered alone gives a bandhead energy of 4.325 MeV.
The πg7/2(1/2) ⊗ πh11/2(+1/2) ⊗ πh11/2(−1/2) configu-
ration favoured by the additivity of alignment and the
observed upbend (fig. 2), probably due to the (νh11/2)

2

Table 5. PHF configurations assigned for the bands in 123Cs
(configurations in square parentheses are used in band-mixing
calculations).

Band PHF configurations

1, 2 [(a), (f), (g)]

5 (b)

6 (c)

3 (d)

4 [(e), (h)]

alignment, was also considered for comparison. The level
spacings calculated for this configuration also compare
reasonably well with the experiment, however, the calcu-
lated bandhead energy ∼ 11.67 MeV is higher. The cal-
culated B(M1)/B(E2) values for both the configurations,
viz, πg7/2⊗π(h11/2)

2 and πg7/2⊗ν(h11/2)
2 configurations

are rather low∼ 0.1 (µN/eb)
2. The configurations assigned

for the bands in 123Cs on the basis of PHF calculations
have been summarized in table 5.

4 Summary

Collective structures of the 123Cs nucleus have been stud-
ied and assigned the Nilsson configurations. The band-
head excitation energies for the πg7/2 and πg9/2 bands
have been established. The πg9/2 bandhead is observed
to be isomeric, which is consistent with the systematic
of Cs and I isotopes. Theoretical description of the band
structures of 123Cs has been given in this paper. Total
Routhian Surface (TRS) calculations were used to ob-
tain the nuclear shape parameters (β2, β4, γ) for var-
ious configurations. Further calculations, based on de-
formed Hartree-Fock and angular-momentum projection
from suitable intrinsic states and with two-body resid-
ual interaction among nucleons in a reasonable model
space, have been used to study the observed band struc-
tures. Level energies and B(M1)/B(E2) ratios have, on
the whole, been reproduced for the assigned configura-
tions based on low-lying intrinsic states of one and three
unpaired nucleons.
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