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Background : The very neutron-rich **°Ce is located at the edge of the Z = 56, N=88 octupole
deformed island. To study its high spin states and octupole correlations is important for systemat-
ically understanding the nuclear structural characteristics in this region. Purpose : To investigate
the high spin state levels and to search for octopole correlations in °°Ce. Methods : The high
spin states of °Ce are studied by measuring the prompt v-rays in the spontaneous fission of 252Cf.
The data analysis is by using the v-y-y coincidence methods. The v — () angular correlation
measurements are used to determine the spin and indirectly parity of particular levels. Results :
A new level scheme of *°Ce is established. A total of 47 new transitions and 25 new levels are
identified comparing with previous results. Six collective bands have been observed and five of them
are newly established. An octupole band structure with s = +1 in '*°Ce has been proposed. Sys-
tematic analysis for the B(E1)/B(E2) branching ratios, the levels of the octupole bands, the energy
differences between negative- and positive-parity bands and the moments of inertia of the bands is
carried out in 44116118150 Ce  They give evidences for our assingment of octupole correlations in
150Ce. The other characteristics of the octupole bands are discussed. Conclusions : An octupole
band structure is proposed in °Ce. The octupole correlations in *°Ce are weaker and show more
instability than the neighboring lighter Ce isotopes.

PACS numbers: 21.10.Re, 23.20.Lv, 27.60.4j, 25.70.Jj

I. INTRODUCTION

In the study of nuclear structure, octupole deformation
is a very important subject. A nucleus with octupole de-
formation has an asymmetric shape in its intrinsic frame.
Theoretical calculations in the deformed shell model sug-
gested the existence of an octupole deformation island
around Z = 56 and N = 88 Ce-Ba nuclear region [1, 2].
However, as these nuclei are located in the neutron-rich
region, it is difficult to study their high spin states. An
efficient method is to measure the prompt -rays from fis-
sion of the heavy nuclei [3]. Following the development
of large detector arrays, much progress has been made
in investigating the high spin states in these neutron-
rich nuclei. In previous experimental studies, octupole-
deformed bands and strong octupole correlations have
been observed in many nuclei in this region, especially in
7Z = 56 Ba and Z = 58 Ce neutron-rich isotopes, such as,
in 1407146,148]3a [3*8], 144"146’14806 [3, 57 9712] by mea-
suring the prompt v-rays from the spontaneous fission of
actinide nuclei.

The very neutron-rich, even-even °Ce nucleus with Z
= 58, N = 92 is located at the edge of the Z = 56, N=88
octupole deformed island. To search for the octupole
band structure in this nucleus is important for system-
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atically understanding the characteristics of the octupole
correlations in this region. In previous reports [3, 9], only
a ground band in %°Ce was identified. In order to extend
the levels and to search for evidence of octupole corre-
lations, we re-investigated the level structures of 59Ce.
A total of 25 new levels and 47 new transitions are iden-
tified. Octupole correlations in this nucleus have been
proposed.

II. EXPERIMENT AND RESULTS

The level structure of *°Ce in the present work has
been studied by measuring the prompt 7-rays emitted
from the fragments produced in the spontaneous fission
of 252Cf. The experiment was carried out at the Lawrence
Berkeley National Laboratory using a 2°2Cf source of
strength ~ 60 uCi. The source was sandwiched between
two Fe foils of thickness of 10 mg/cm?, and placed at
the center of the Gammasphere detector array which, for
this experiment, consisted of 101 Compton-suppressed
Ge detectors. A total of 5.7x10"! triple- and higher fold
~-coincidence events were collected. Thus, these data
have higher statistics than our earlier measurements in
Refs. [7, 13] by a factor of about 15. Detailed informa-
tion of the experiment can be found in Refs. [3, 7, §].
The coincidence data were analyzed with the Radware
software package [14] using y-vy-v coincidence methods.

A new level scheme of '°Ce obtained in the present
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FIG. 1: The level scheme of 159Ce in the present work.

work is shown in Fig. 1. The collective band structures
are labeled on top of the bands with numbers (1) - (6)
in Fig. 1. They are constructed based on the regular
level spaces in each band, the relative transition inten-
sity analysis, and the systematic comparisons with the
neighboring nuclei. The results of the analysis are also
listed in Table I, including the -transition energies, the
relative intensities of transitions, and the assignments of
spin and parity (I™) values. The ~-transition intensities
have been normalized to that of the 209.1 keV (41 — 27)
~-ray. Compared to the previous result [3], a total of 47
new transitions and 25 new levels in *°Ce are observed
in the present work.

Figs. 2 and 3 give examples of some double-gated -
ray spectra in °°Ce. In Fig. 2, two 7-ray spectra are

obtained by double gating on 209.1 and 300.7 keV tran-
sitions of band (1). One can see all the y-peaks above the
607.2 keV level, including some very weak ~-transitions.
In Fig. 3(a) a coincidence spectrum by double gating on
290.1 and 593.2 keV transitions in band (1) is shown. In
this spectrum one can clearly see the 97.4, 300.7, 376.2,
440.0, 495.9, 546.5, 636.0 and 673.1 keV v-transitions in
band (1). Fig. 3(b) shows a partial coincidence spectrum
with summing double gating on 209.1 and 779.2 keV, and
209.1 and 750.1 keV ~y-transitions. In this spectrum, in
addition to the strong y-peaks of 97.4, 300.7 and 376.2
keV in band (1), most of other corresponding coincidence
~v-peaks can been seen, such as, 347.1, 420.9, 485.5, 538.6
and 566.6 keV in band (2), 265.4, 328.4 and 397.3 keV
in band (4), and 406.7, 325.0 and 232.5 keV between
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FIG. 2: Partial v-ray coincidence spectra obtained by double gating on 209.1 and 300.7 keV transitions : (a) the energy covered
between 80 and 685 keV, and (b) the energy covered between 685 and 1370 keV in '*°Ce. In the spectra, the transitions

belonging to Zr partner isotopes are indicated.

bands (2) and (3) etc.. In Fig. 3(c), a coincidence spec-
trum is given by summing double gating on 300.7 and
1097.5 keV, and 209.1 and 993.7 keV ~-transitions, from
which one can see the 272.4, 303.0 (mixed with the 300.7
keV), 371.9 and 441.3 keV ~-peaks in band (2), besides
the strong ~y-peaks of 97.4, 209.1, 300.7 and 376.2 keV
in band (1). In spontaneous fission a pair of correlated
partners is produced. By gating on known ~-rays in an
isotope, some strong transitions in its correlated partners
can be seen. In the present work, the stronger partners
of 1%0Ce are 109Zr(2n), *°Zr(3n), %®Zr(4n) and °"Zr(5n)
(numbers in parentheses here indicate the numbers of
neutrons emitted after fission). So in the spectra of Figs.
2 and 3, in addition to the peaks belonging to the *°Ce,
some partner’s peaks, for examples, 212.6, 352.0, 497.0,
536.0, 547.6, 625.0 keV in 1°0Zr(2n), 121.8, 142.5, 415.1,
426.4, 535.6, 566.0, 613.7 keV in ?9Zr(3n), 1222.5, 620.3,
647.2, 583.0, 725.7, 769.8 keV in *®Zr(4n), and 1103.3,
161.5 keV in %"Zr(5n) can be seen.

In the previous publications, the ground band in *°Ce
was firstly identified up to 141 [9], and then was ex-
panded up to 20" [3]. We observed the ground band
up to 20" as reported in Ref. [3]. Bands (2)-(6) are
newly established in the present work. The band (2) is
observed from 1386.4 keV up to 3745.1 keV levels. The
linking transitions of 779.2, 403.0, 750.1, 310.1, 731.0,

235.1, 720.6 and 712.7 keV between bands (2) and (1) are
observed. Through the systematic comparisons with the
neighboring nuclei 144146:148Ce [3, 5, 9-12], we assigned
the band (2) as a negative-parity band. So the spins and
parities (I™’s) of the band (2) levels are assigned or ten-
tatively assigned as 77,97, 117, (137), (157) and (177),
respectively. Band (3) in %9Ce is built on a 1704.7 keV
level. Based on systematic comparison with neighboring
isotone %2Nd [15], we tentatively assigned it as a neg-
ative parity band and the I™ of the band head level as
(67). It is difficult to assign the I™’s for the bands (4)-(6)
as well as the levels under the band (6) in Fig. 1. We
only tentatively assign some spins for bands (4) - (6) as
shown in Fig. 1.

In order to have more confirmation for our assignments
above, we have carried out v — ~(6) angular correla-
tion measurements based on our data set divided into
angular bins [16]. As most of the non-yrast transitions
in 0Ce are very weak, we only obtained three angu-
lar correlation values of 779.0—300.7, 750.1—376.4 and
731.0—440.1 keV cascades as shown in Fig. 4. The ob-
tained Ay and A4 values are -0.065(36) and -0.040(55) for
the 779.0—300.7 keV cascade, -0.118(24) and -0.002(38)
for the 750.1—376.4 keV cascade, and -0.086(41) and
-0.044(63) for the 731.0—440.0 keV cascade, respec-
tively. The theoretical value can be obtained as As
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FIG. 3: Partial y-ray coincidence spectra obtained (a)by double gating on 209.1 and 593.2 keV transitions, (b) by summing
double gating on 209.1 and 779.2, and 209.1 and 750.1 keV transitions, and(c) by summing double gating on 300.7 and 1097.5
keV, and 209.1 and 993.7 keV transitions in °°Ce. In the spectra, the transitions belonging to Zr partner isotopes are indicated.

= -0.0714 and A4 = 0.0 for all the 77 (E1)61(E2)4*,  keV between bands (2) and (1) as pure dipole, most prob-
9~ (E1)8%(E2)6" and 11~ (E1)10"(E2)8*" cascades [17].  ably E1 transitions. Thus the data gives further evidence
These data allow only the spins of 7, 9, and 11 and es- for our I™ assignments of band (2) in 5°Ce.

tablish the crossing transitions of 779.0, 750.1, and 731.0

TABLE I: The energies, relative intensities, multipolarities, and spin and
parity (I™) assignments of the v-transitions and levels in '°Ce. The *
denotes the y-transition newly identified in this work compared with the
results reported in Ref. [3].

E,(keV) Int.(%) E;(keV) — E¢(keV) Assignment Mult.
97.4 49.0(17) 97.4 - 0 2t 07 E2
209.1 100.0(6) 306.5 = 97.4 4+ 5o+ E2
£232.5 1.47(9) 2386.9 - 2154.4 (11)—11~
*235.1 0.17(3) 2154.4 — 1919.3 117 =127 E1l
+265.4 0.53(3) 2058.5 - 1793.1 (9)—(7) (E2)
2724 0.95(4) 1977.1 ~ 1704.7 (87)—(67) E2
300.7 86.7(12) 607.2 — 306.5 61 —4t E2
£303.0 2.12(9) 2280.1 - 1977.1 (107)—(87) B2




TABLE I: Continue.

E,(keV) Int.(%) E;(keV) — E¢(keV) Assignment Mult.
¥310.1 1.29(7) 1733.5 — 1423.4 9~ —107" E1
¥325.0 1.54(2) 2058.5 - 1733.5 (9)—9~
*328.4 1.46(13) 2386.9 — 2058.5 (11)—(9) (E2)
¥342.6 0.71(6) 2369.3 - 2026.7 (10)—(8) (E2)
*347.1 2.00(15) 1733.5 - 1386.4 9" 7" E2
*371.9 1.20(11) 2652.0 — 2280.1 (127)—(107) E2

376.2 61.5(5) 983.4 - 607.2 8t 67" E2
*397.3 2.97(41) 2784.2 - 2386.9 (13)—(11) (E2)
*400.5 1.33(29) 2769.8 - 2369.3 (12)—(10) (E2)
*403.0 1.21(7) 1386.4 — 983.4 78" E1
*406.7 1.42(11) 1793.1 — 1386.4 (1) =7~
*420.9 1.59(13) 2154.4 — 1733.5 117 =9~ E2

440.0 35.9(3) 1423.4 - 983.4 10" —8* E2
¥441.3 0.58(7) 3093.3 — 2652.0 (147)—=(127) E2
*442.6 0.13(2) 3168.2 — 2725.6 (13)—(11) (E2)
*485.5 2.01(13) 2639.9 — 2154.4 (137)—11" (E2)

495.9 15.8(3) 1919.3 - 1423.4 127 —10" E2
¥538.6 2.02(25) 3178.5 - 2639.9 (157)—=(137) (E2)

546.5 7.62(17) 2465.8 — 1919.3 14t 127 E2
*566.6 0.08(2) 3745.1 — 3178.5 (177)—=(157) (E2)
¥590.7 0.99(9) 1977.1 — 1386.4 (87)—=(77) (M1/E2)

593.2 2.92(12) 3059.0 - 2465.8 16T —147" E2
%615.4 0.67(8) 2769.8 — 2154.4 (12)—11~
*635.8 0.31(4) 2369.3 - 1733.5 (10)—9~

636.0 1.12(8) 3695.0 — 3059.0 18T =167 E2
¥640.3 0.36(7) 2026.7 — 1386.4 (8)—=7

673.1 0.44(5) 4368.1 — 3695.0 20T —18" E2
*712.7 0.90(7) 3178.5 — 2465.8 (157)—14% (E1)
¥720.6 1.08(8) 2639.9 — 1919.3 (137)—12% (E1)
*731.0 3.44(13) 2154.4 — 1423.4 11~ —10% E1
*750.1 6.64(17) 1733.5 — 983.4 9™ 8" E1
*779.2 4.06(11) 1386.4 - 607.2 76" E1
x801.8 0.46(5) 1785.2 — 983.4 —87
¥850.5 1.05(8) 2769.8 — 1919.3 (12)—127"
¥890.8 1.24(7) 1498.0 — 607.2 —67
¥913.2 0.17(3) 2336.6 — 1423.4 —10%"

*963.5 0.36(4) 2386.9 — 1423.4 (11)—10™

*945.9 1.03(8) 2369.3 — 1423.4 (10)—10™

¥993.7 3.14(13) 1977.1 — 983.4 (87)—8" (E1)
¥1012.4 2.34(9) 1619.6 — 607.2 —6t

x1043.3 1.61(9) 2026.7 — 983.4 (8)—8*

¥1075.1 1.14(8) 2058.5 — 983.4 (9)—8*

¥1097.5 2.33(9) 1704.7 — 607.2 (67)—6" (E1)

*1153.7 0.95(7) 1760.9 — 607.2 —6T

*1178.0 1.34(8) 1785.2 — 607.2 —6T

*1185.9 1.58(8) 1793.1 — 607.2 (7)—(6™)

¥1248.9 0.46(5) 3168.2 - 1919.3 (13)—127"

¥1302.2 0.52(7) 2725.6 — 1423.4 (11)—107"

*1353.2 0.51(5) 2336.6 — 983.4 —8*

III.

DISCUSSION

Here we mainly discuss the characteristics of the bands
(1) and (2) in *°Ce. From Fig. 1, one can see that

one set of the positive- and negative-parity bands (1)
and (2) with AI = 2 transitions in each band and with
linking E'1 transitions between two bands forms an oc-
tupole band structure with a simplex quantum number



105 (@)
10.0F ] | ]
= T 1
8] SR IREE
9.0 E: 779.0 - 300.7 eV
o Ao =-0.0653 +- 0.03592
8.5 - Ay = -0.0401 +- 0.05516
L. I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I L
24
23
22

N
-

-
©

E: 750.1 - 376.4 keV
Ay =-0.1183 +- 0.02441
A4 =-0.0021 +- 0.03759

Relative Units
» S
-IIIII|IIII|IIII|IIII|IIII|IIII|IIII

-
]

2E }
" E
10 {
9 = } E: 731.0 - 440.0 keV }
= Ag =-0.0855 +- 0.04055
= Ay =-0.0435 +- 0.06289
8 1 - I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1 -0.5 0 0.5 1
cos(®)
FIG. 4: Angular correlations for (a)779.0—300.7,
(b)750.1—+376.4 and (c)731.0—440.1 keV cascades in
150
Ce.

TABLE II: B(E1)/B(E2) branching ratios in *°°Ce.

By(keV) IF I I, 3E510%fm™>
750.1  (97) — (8%) 6.64 0.031(3)
3471 (97) — (77) 2.00
731.0 (117) — (10%) 3.44 0.056(5)
4209  (117) = (97) 1.59
720.6  (137) — 127 1.08 0.030(3)
485.5 (137) — (117) 2.01
712.7  (157) — 141 0.90 0.043(7)
538.6 (157) — (131) 2.02

s = + 1. As indicated above, in the earlier publications,
the octupole band structures have been observed in the
neighboring even-even 144:146:148Ce isotopes [3, 5, 9-12].
Fig. 5 shows a comparison of observed levels in the s =
+ 1 octupole structures in #4Ce [10], 16Ce [12], 148Ce
[11] and '*°Ce (in the present work). They show very
similar characters with each other. It indicates that the
assigned octupole band structure in °°Ce is reasonable.
On the other hand, from Fig. 5 one can see that follow-
ing the neutron number increasing, the level energies with
the same spin systematically decreased. This is caused
by the quadrupole deformation (82) increasing with the
neutron number increasing in these Ce isotopes.

A nucleus with octupole bands decays through F1 and
E2 transitions. The B(E1)/B(FE2) branching ratios can
been obtained by the expression:

B(E1) I(E1) E,(E2)°

where the intensities (I,) and energies (E,) in Ce
have been taken from the present work. The
B(FE1)/B(E2)values of the s = +1 octupole structure
in 1°°Ce from our investigation are listed in Table [2].
The average B(F1)/B(E2) value for the s = +1 oc-
tupole structure in *°Ce is 0.040 x(107%-fm~2). The
average B(F1)/B(E2) values observed for s = +1 oc-
tupole structures in #+146Ce [10] and 48Ce [11] are
6.12, 1.70, 1.51 x(107%.fm~2), respectively. Observed
B(FE1)/B(E2) values indicate that the octupole correla-
tions in '°9Ce are much weak comparing with the neigh-
boring light Ce isotopes.

In a nucleus with octupole correlations, the energy dif-
ferences 0 ' between the m = + and m = - bands can be
used to discuss the octupole deformation stability with
spin variation. Such 6 F between the m = + and 7 = -
bands can be evaluated from the experimental level en-
ergies by using the relation [11]:

(I+1)EJI-1)*T+IE(I+1)" 5
2I +1 (2)

Here the superscripts indicate the parities of the levels.
Fig. 6 systematically shows plots of the  E(I) versus I of
the s = +1 octupole band structures in 44:146,148:150C¢_
In the limit of stable octupole deformation, d E(I) should
be close to zero. As seen in Fig. 6, the §FE(I) decreases
with the spin incresing in each Ce isotope. It is near to
stable point at I ~ 7 h for **4Ce and at I ~ 9 h for 46Ce,
respectively. However, for 148:150Ce, through spin 17 &,
they still do not reach the stable point. The minimum
value 6 E(I) is about 0.15 at I = 13 & for *¥Ce, and then
the §E(I) increases with the spin increasing. For 1%0Ce,
until I = 17 h, the § E(I) with 0.38 does not reach to the
minimum, and still is far from the zero point. On the
other hand, at the same spin value, the §E(I) value is
largest for ®°Ce, and next large for 8Ce. This result
shows that the octupole correlations become more insta-
ble as the neutron number increasing in the neutron-rich
Ce isotopes, and it becomes most instable in *°Ce.

Plots of the kinematic moments of inertia (J1) against
the rotation frequencies hw for the s = 4+ 1 octupole
structure in °Ce as well as those in 4146:148Ce are
shown in Fig. 7. In these Ce isotopes, the J; values of
both positive- and negative-parity bands increase with
the neutron number incresing. This is also related to
the quadrupole deformation variation. For each Ce iso-
tope, Ji varies smoothly with increasing spin. Generally
the J; values in '°°Ce have similar characters with these
octupole bands in 144146:148Ce  and agree with the sys-
tematics.

Above analysis indicates that in **°Ce the assigned oc-
tupole correlations are reasonable, and the observed oc-

SE(I)=E(I")—
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the present work).

tupole bands are agreement with the systematics. On the
other hand, the octupole correlations in *°Ce are weaker
and show more instability comparing with the lighter iso-
topes 144:146:148Ce  This is because the neutron number
N = 92in '*°Ce is farther from the N = 88 octupole defor-
mation quantum number by the theoretical prediction in

this region. The result shows that 1°°Ce is indeed located
at the edge of Z = 56, N = 88 octupole deformed island.
Examining the octupole band structures, the alternating
parity levels between the positive- and negative-parity
bands have been observed in 44146:148Ce. But in °°Ce,
all the negative-parity levels are higher than the positive
parity ones, and no alternating parity levels between the
positive- and negative parity bands are observed. This
may indicate that the observed negative parity band (2)
in '%°Ce has the octupole vibrational character.

Band (3) in 59Ce built on the 1704.7 keV level is ten-
tatively assigned as a negative parity band. In '%2Nd [15],
similar band structure has been assigned as a two quasi-
neutron configuration. Based on the structural similarity,
band (3) in *°Ce may belong to the two quasi-neutron
band also. The characters for the weak bands (4) - (6)
as well as several levels below band (6) in !5°Ce are not
clear, and more work is needed to understand the char-
acters.

IV. SUMMARY

In the present work, the high spin states in '*°Ce have
been re-investigated. A total of 25 new levels and 47 new
transitions are identified, and six collective bands have
been observed. An octupole band structure with s = +1
has been proposed. Observed B(F1)/B(E2) branching
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FIG. 7: Moments of inertia (J1) for (a)positive parity bands
and (b)negative parity bands for s = 4+ 1 octupole bands in
the '**Ce [10], 1*®Ce [12], *¥Ce [11] and '*°Ce (in the present
work).

ratios indicate that the octupole correlations in '°°Ce are
weaker than that in the lighter Ce isotopes. Other char-
acteristics of octupole correlations in 144:146,148,150Ce are
systematically discussed. The result also shows that the
negative-parity band in the s = + 1 octupole structure
n 1%9Ce may have an octupole vibrational character.
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