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High-spin states in neutron-rich 147Ce have been reinvestigated by measuring the triple and four
fold γ−γ coincidence data observed in the spontaneous fission of 252Cf. The positive-parity band is
expanded to spin (45/2) ~ and the negative-parity side band has been expanded to spin (39/2) with
a new third band connected to it. An octupole band structure with s = +i has been proposed. The
systematic characteristics of the octupole correlations have been discussed. Reflection asymmetric
shell model calculations for the octupole band structure of 147Ce are in good agreement with the
experimental data.

PACS numbers: 21.10.Re, 23.20.Lv, 27.60.+j, 25.85.Ca

Theoretical calculations predicted the existence of oc-
tupole deformation around the Z = 56 and N = 88
neutron-rich nuclear region [1–3]. By using large detec-
tor arrays, octupole-deformed bands and octupole cor-
relations have been identified in many nuclei in this
region, especially in even-even Ba (Z = 56) and Ce
(Z = 58) nuclei, such as, in 140,142,144,146,148Ba [3–8],
144,146,148,150,152Ce [4, 9–14]. For the odd-A nuclei in
this region, octupole deformation and octupole corre-
lations have also been identified in several nuclei, e.g.
in 141Cs [15], 143Ba [16], 145,147La [17], 145Ce [18] and
147Nd [18].

For the N = 89 odd-A isotones in this region, the
octupole correlations were first identified in 145Ba [16].
Then in Ref. [19], octupole-vibrational bands in this nu-
cleus were proposed. In odd-A 149Nd (Z = 60), sev-
eral negative-parity levels were reported, and they were
assigned as octupole-vibrational levels [20]. For the N
= 89 odd-A 147Ce, the level structures were reported
in Refs. [21, 22], but no octupole band structure was
observed. Then in Ref. [20], negative parity octupole-
vibrational levels in 147Ce were also reported. Search for
octupole correlations in neuron-rich 147Ce is valuable to
systematically understand the characteristics of the nu-
clear structure in this region. In this paper, we report
on the reinvestigation of the high-spin states in 147Ce.
The high-spin levels are expanded and updated, and oc-
tupole correlations are proposed. Reflection asymmetric
shell model (RASM) calculations for the octupole band
structure in 147Ce were carried out and agreement with
the experimental data is found.

∗Electronic address: zhushj@mail.tsinghua.edu.cn

The high-spin states of 147Ce in this work have been
studied by measuring coincidence between the prompt
γ rays emitted from the spontaneous fission of 252Cf.
The experiment was carried out at the Lawrence Berke-
ley National Laboratory. The Gammasphere detector ar-
ray consisting of 101 Compton-suppressed Ge detectors
was used to detect the γ rays. A γ-γ-γ coincidence ma-
trix (cube) and a γ-γ-γ-γ coincidence matrix (hypercube)
were constructed. Detailed information of the experi-
ment can be found in Refs. [13, 14, 23]. The coincidence
data were analyzed with the Radware software package
using the triple- and four-fold γ coincidence methods [24].

A partial level scheme of 147Ce obtained from the
present work is shown in Fig. 1. Three bands are labeled
on top of the bands with numbers (1) - (3). Band (1)
was observed up to a 2876 keV level in Ref. [20–22]. We
confirmed these levels and transitions in this band and
significantly expanded it. Three levels at 3472, 3956 and
4552 keV along with three transitions of 596.1, 483.5 and
595.8 keV are added to this band. The 3472 keV level
and the 596 keV transition were reported in Ref. [20], but
they were not assigned as the members of band (1). Here
we assign them as its members. For the side band (2),
some levels and transitions were reported in Refs. [20, 22].
In the present work, this band is expanded. Three levels
at 1369, 2195 and 2703 keV reported in Refs. [20, 22] are
confirmed in this work. The 1742 and 3356 keV levels
reported in Ref. [20] as well as the 2610 keV level re-
ported in Ref. [22] are not confirmed in this work. All
the other levels and transitions in band (2) are newly
identified in this work. The side band (3) is newly estab-
lished. In addition, several linking transitions between
these bands are also identified as shown in Fig 1. As
examples, Fig. 2 shows two coincidence γ-ray spectra in
147Ce. In Fig. 2(a), by double gating on the 283.5 and
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FIG. 1: Partial level scheme of 147Ce identified in the present
work. The relative transition intensities and errors are given
in square brackets.

251.4 keV γ transitions, all the transitions in Fig. 1 can
be seen, except for the 283.5 and 251.4 keV gating γ tran-
sitions. Figure 2 (b) is generated by triple gates on the
283.5, 251.4 and 633.2 keV γ transitions. From this fig-
ure, one can see the corresponding coincidence γ peaks
of 344.8 and tentatively 480.7 keV in band (2), 284.0 and
460.2 keV in band (3), and 501.1 and 440.3 keV between
bands (2) and (3). As the intensity of the 480.7 keV
transition is weak, the corresponding γ peaks above the
2194.6 keV level can not be seen in this spectrum. How-
ever, from Fig. 2(a), one can see these γ peaks. In these
spectra, one can see some partner γ transitions in 103Zr
(2n), 102Zr (3n), 101Zr (4n), and 100Zr (5n), in addition
to the γ peaks observed in 147Ce.

The spin and parity (Iπ) of the ground state in 147Ce
were tentatively assigned as 5/2−. Band (1) was tenta-
tively assigned as positive-parity band with band-head
level at 402 keV (9/2+) in Refs. [20, 21] and 485 keV
(13/2+) in Ref. [22], respectively. Based on systemat-
ical comparison with the N = 89 neighboring isotones
145Ba [19] and 149Nd [20], we agree with the 402 keV
level assignment, that is, band (1) is built on the 401.5
keV (9/2+) level. It is proposed to arise from the νi13/2
shell [20]. Several levels in band (2) observed in Ref. [20]

TABLE I: Calculated B(E1)/B(E2) branching ratios in
147Ce.

Eγ (keV) Ii
π
→ If

π Iγ
B(E1)
B(E2)

£10−6
·fm−2¤

486.6 31/2−→29/2+ 3.5(2) 0.72(8)

508.5 31/2−→27/2− 1.1(1)

387.9 35/2−→33/2+ 1.3(1) 0.95(12)

560.9 35/2−→31/2− 1.0(1)

were proposed with negative parity. We agree with
that assignment. Also based on comparison with the
145Ba [16, 19] and 149Nd [20], band (2) in 147Ce is tenta-
tively assigned as negative-parity band. Thus, in 147Ce,
a set of positive- and negative-parity bands (1) and (2)
with ∆I = 2 transitions in each band and with linking
E1 transitions between the two bands form an octupole
band structure with a simplex quantum number s = +i.
It is difficult to assign the Iπ ′s for the band (3) in Fig.
1. We only tentatively assign some spins for band (3), as
shown in Fig. 1.
Now we mainly discuss the characteristics of the oc-

tupole correlations in 147Ce. By making systematic com-
parison of the levels of the s = +i octupole band struc-
tures in N = 89 odd-A isotones 145Ba [16, 19], 147Ce (in
the present work) and 149Nd [20], one can see that they
exhibit very similar level energies.
In an octupole band structure, the B(E1)/B(E2)

branching ratios can be deduced by using the relation
in Ref [12, 13]. The calculated values for 147Ce in
the present work are given in Table I. The average
B(E1)/B(E2) value for s = +i octupole structure in
147Ce is 0.84×(10−6

·fm−2), while in the s = +1 octupole
structures of the even-even Ce isotopes, the average val-
ues are 6.12 in 144Ce [10], 1.70 in 146Ce [11], 0.82 in 148Ce
[12], 0.04 in 150Ce [13], and 0.023×(10−6

·fm−2) in 152Ce
[14]. The observed B(E1)/B(E2) average value in 147Ce
lies between 146Ce and 148Ce, and shows rather stronger
octupole correlations, consistent with the systematics.
The energy differences δE between the positive- and

negative-parity bands in an octupole band structure can
be used to discuss the octupole deformation stability with
spin variation. Such δE values can be deduced from the
experimental level energies by using the relation [12]:

δE(I) = E(I−)−
(I + 1)E(I − 1)+ + IE(I + 1)+

2I + 1
(1)

Here the superscripts indicate the parities of the levels.
Fig. 3 systematically shows plots of the δE(I) versus
I of the s = +i octupole band structures in N = 89
odd-A 145Ba (Z=56) [16, 19], 147Ce (Z=58) and 149Nd
(Z=60) [20]. In the limit of stable octupole deformation,
δE(I) should be close to zero. As seen in Fig. 3, the
δE(I) decreases with the spin increasing in each isotone.
It is close to the stable point at I ∼ 35/2 ~ for 145Ba.
However, for 147Ce and 149Nd, they do not quite reach
the stable point at this spin. On the other hand, at the



3

100 200 300 400 500 600 700

0.2

0.6

1.0

1.4

1.8

2.2

2.6

Co
un

ts 
(1

04 )

100 200 300 400 500
E   (keV)

0.0

1.0

2.0

3.0

4.0

Co
un

ts 
(1

02 )

10
4.3

(Z
r-1

01
)

83
.0

98
.1(

Zr
-1

01
)

10
9.4

(Z
r-1

03
)

11
8.0

13
3.6

(Z
r-1

01
) 15

1.8
(Z

r-1
02

)
14

6.6
(Z

r-1
01

)
15

9.9
(Z

r-1
02

)
17

6.4
(Z

r-1
01

)
19

4.2
(Z

r-1
02

)
21

2.6
(Z

r-1
00

)
21

6.6
(Z

r-1
01

)
22

2.8
(Z

r-1
01

)
23

1.7
(Z

r-1
01

)
24

1.7
25

1.0
(Z

r-1
01

)

28
4.0 31

0.0
(Z

r-1
01

) 32
6.5

(Z
r-1

02
)

34
4.8

35
2.0

(Z
r-1

00
)

37
8.6

(Z
r-1

01
)

38
0.0

38
7.9

39
1.5

41
9.8

44
0.3

46
0.2

(4
80

.7)
48

3.5
48

6.6
+4

86
.6(

Zr
-1

02
)

49
7.3

(Z
r-1

00
) 50

0.8
+5

01
.1

50
8.5 56
0.9

56
6.4

57
8.6

(Z
r-1

02
)

(5
86

.5)
58

8.3
+5

88
.2

59
5.8

+5
96

.1

63
0.5

(Z
r-1

02
)

63
3.2

65
9.6

74
2.8

83
.0

98
.1(

Zr
-1

01
)

10
4.3

(Z
r-1

01
)

11
8.0

13
3.6

(Z
r-1

01
)

14
6.6

(Z
r-1

01
)

15
1.8

(Z
r-1

02
)

21
2.6

(Z
r-1

00
)

21
6.6

(Z
r-1

01
)

22
2.8

(Z
r-1

01
)

23
1.7

(Z
r-1

01
)

25
1.0

(Z
r-1

01
)

28
4.0

32
6.5

(Z
r-1

02
)

34
4.8 35

2.0
(Z

r-1
00

)

(*
39

1.5
)

44
0.3

46
0.2 (4
80

.7)
48

6.6
(Z

r-1
02

)
49

7.3
(Z

r-1
00

)
50

1.1
(*

51
1.0

)

(a)

(b)

FIG. 2: Portion of the γ-ray spectra obtained by (a) double gating on 283.5 and 251.4 keV γ transitions, and (b) by triple gates
on 283.5, 251.4 and 633.2 keV γ transitions in 147Ce. (The 391.5 keV γ peak labeled with (∗391.5) comes from the coincidence
of the 630.5 keV γ transition in 102Zr partner which is mixed with the 633.2 keV γ transition. The 511.0 keV γ peak labeled
with (∗511.0) is caused by the annihilation of electrons and positrons).
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same spin value, the δE(I) value is least for 145Ba, in-
termediate for 147Ce and largest for 149Nd. This result
shows that the octupole correlations become more un-
stable as the proton number increases in these N = 89
isotones. On the other hand, in 147Ce, as I increases to
39/2 ~, δE(I) increases, and the octupole correlations
become more unstable than that at 37/2 ~. This up-turn
is likely related to the backbending of Ix above the 2876.1
keV level seen in Fig. 4.

Fig. 4 shows the total angular momentum alignment Ix
vs. the rotational frequency ~ω in positive- and negative-

0.05 0.10 0.15 0.20 0.25 0.30 0.35

8

12

16

20

 

 

 145Ba π = +   

 145Ba π = −

 147Ce π = +   

   147Ce π = −

 149Nd π = + 

 149Nd π = −

I x
 (
h
)

hω (MeV)

FIG. 4: Plots of the experimental total angular momentum
alignment Ix as a function of the rotational frequency for the
positive- and negative-parity bands of the s = +i octupole
band structures in 145Ba, 147Ce and 149Nd.

parity bands of the s = +i octupole band structures
in N = 89 odd-A 145Ba (Z=56) [16, 19], 147Ce (Z=58)

and 149Nd (Z=60) [20], where Ix =
√

(Ia + 1/2)2 −K2),
Ia = (Ii + If )/2, ~ω = (Ei − Ef )/[Ix(Ii)− Ix(If )], with
proposed K = 1/2 (see the later RASM calculations).
One can see that the Ix values are very close to each
other in those N = 89 isotones. On the other hand, the
Ix value in the negative-parity bands is larger than those
in the positive parity bands in each isotone, which is also
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observed in s = +1 octupole bands in even-even Ce iso-
topes [14]. On the other hand, one can also see that in
the positive-parity band (1) the backbendings occur at
~ω ∼ 0.29 MeV for 147Ce and ~ω ∼ 0.33 MeV for 149Nd.
These backbendings are likely caused by the alignment of
a pair of h11/2 protons, because the backbendings corre-
sponding to the alignment of neutrons should be blocked
by the odd neutron.
In order to understand the characteristics of the oc-

tupole correlations in 147Ce, we have carried out RASM
calculations. This model was first developed to describe
octupole deformation of the even-even Ra isotopes in the
A = 220 region [25]. Then it was successfully adapted
to describe the octupole deformation and octupole cor-
relations in the Z = 56, N = 88 region, for example, in
some Ce and Ba isotopes [11, 26, 27]. The details about

RASM can be found in Refs. [25–27]. For 147Ce, the
deformation parameters used in the calculations are as
follows: ε2 = 0.173, ε3 = 0.082 and ε4 = -0.04, which are
close to the values presented in Ref. [28]. The calcula-
tions indicate that the ground state in 147Ce originates
from the νf7/2 mixed with νh9/2 configurations. For the

s = +i octupole band structure in 147Ce, the results of
our calculations and comparison with the experimental
data are shown in Fig. 5. One can see that until medium
spin states are reached, the excitation energies of levels
of 147Ce are well reproduced by the RASM calculations.
The calculations show that the s = +i octupole band
structure originates from the i13/2 [660]1/2 orbital with
K = 1/2. The calculated results give another evidence
for octupole correlations in 147Ce.

The characteristics for the weak band (3) in 147Ce are
not clear, and more work is needed to understand it.

In summary, the high-spin structure of neutron-rich
147Ce has been reinvestigated. The previously observed
band structures have been expanded and a third new
band added. An octupole band structure based on the
i13/2 orbital has been proposed. Observed B(E1)/B(E2)
branching ratios indicate that the octupole correlations
in 147Ce are rather strong. The reflection asymmetric
shell model calculations for the octupole band structure
of 147Ce are in good agreement with the experimental
data. Other characteristics of octupole band structures
are systematically discussed.
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