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Abstract High spin states in *Ce nucleus have been studied by using the heavy-ion induced reaction 28n(160,4n) carried out at

China Institute of Atomic Energy. The early level scheme has been extended with spin up to 22% . However, our result is different

from that in a recent publication, and the magnetic rotation bands reported there have not been confirmed. Our observed level struc-

tures may be interpreted as shape coexistence. The 10" state at the backbending with A, quasineutron configuration has an oblate

deformation with an asymmetry parameter ¥ ~ — 60°( Lund convention) , and the 10* isomer is a yrast trap of prolate deformation with

= — 120°, whereas the other signature partmer bands with h,;,, and g7, proton configuration probably have a prolate deformation

with 7 =0°.
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1 Introduction

The " Ce nucleus with Z =58, N = 76 is located in the
A =135 deficient-neutron mass region. In this transitional re-
gion the nuclei are soft with respect to 7-value. The proton
Fermi surface lies in the bottom of the h;,,, subshell, while
the neutron Fermi surface lies in the top of Ay, subshell.
Cranked shell model ( CSM) calculations!!’ suggest that parti-
cles in the lower part of the h,;,, subshell favor a collective
prolate shape ( 7 ~0° in the Lund convention'>) or a triaxial
shape (7 = 30°), while those in the upper midshell of the
Fy1,, subshell favor a collective oblate shape (¥ =~ — 60°).
Therefore, different configurations of the quasiparticles can
drive a nucleus to form different shapes. In some nuclei, the
shape coexistence can be observed, for example, in ' Bal¥.
In previous publications, many rotational prolate and oblate
bands as well as triaxial bands have been reported in Ce iso-
tones, such as, in 2 Ce , 13 Cel6! , 13 Ce ! , 1% Celt! ,

137Ce:9] and 138Ce[10] .

Study of the high spin states of **Ce can provide valu-
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able information for the nuclear structure, the systematical
shape change, the shape coexistence and the deformation driv-
ing effects of the single particle orbitals. In the early works,
the low excited states of ' Ce have been investigated by
means of the B-decay of Pr'2) and the high spin states
have been reported by several groups using Ba(a, xn) reac-
tion[13:14 [15—18

!and heavy ion reactions !, including observing

the superdeformation bands-'""

For the normal excitation
states in **Ce, the highest spin state was observed with spin
up to 18 ,and a 10" isomer was observed. However, com-
paring with the neighboring nuclei, the experimental data in
B*Ce is not sufficient as limited of the experimental tech-
niques in the early work. Here we present the new high spin
states of ' Ce obtained by using the heavy ion reaction. The
levels have been significantly extended and some new collec-
tive bands have been observed. A shape coexistence with dif-
ferent Y-values is suggested. As this work is finished, a new
result of the magnetic rotation in **Ce has been reported in a

[

recent publication'®. However, we can not confirm the mag-

netic rotation bands in **Ce reported in Ref. [19].
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2 Experimental methods

The ?Sn (0, 4n) heavy-ion fusion-evaporation reac-
tion was used to investigate high spin states of "*Ce. An iso-
topically enriched 2Sn target of 2.4mg/cm?® evaporated on a
natural lead backing of 19mg/cm? was used and bombarded
by beam of O ions accelerated by the HI-13 accelerator at
China Institute of Atomic Energy (CIAE). The beam energy
is 73MeV. An array of ten Compton-suppressed Ge detectors

was employed to record Y-¥ coincidence data. The resolutions

of the Ge detectors are between 1.8—2.2keV at 1.333MeV
v-ray energy. The relative excitation function measurements,
carried out using beam energies of 70,73,75 and 80MeV,
were used to identify the 7-rays from the (1%0,3n), (10,4n)
and (0, 5n) reactions respectively. Approximately 170 x
10° coincidence events were collected, from which a Y-¥ coin-
cidence matrix was built. In order to determine the multipo-
larity of ¥-ray transitions, four detectors at 90° with respect to
the beam axis were sorted against the other six detectors (at
42°,45°,53°,137°,139° and 140°) to build a two-dimension-

al angular correlation matrix from which it was possible to ex-
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Fig. 1.

Level scheme in *Ce.



132 HREY M5 %Y (HEP & NP)

29 %

tract average directional correlation of oriented state (DCO)
intensity ratios. The Y- coincidence data were analyzed with

the Radware software package[zo] .

3 Results

The level scheme of * Ce, deduced from the present
study, is shown in Fig.1. It was constructed from Y-¥ coinci-
dence relations, relative transition intensities and DCO ratio

analyzing. The collective bands or cascade structures are la-

beled on top or bottom of the scheme. The Y-rays attributed to
%(Ce in this experiment, together with the relative intensities
of transitions, the DCO ratios, the Y-transition multiples, and
the assignments of spin and parity ( /*) values are presented
in Table 1. All the new transitions obtained in the present
work are marked with an asterisk in the table. As examples,
Fig.2 shows two spectra obtained by gating on 594.9keV
transition in band (5) and 737.3keV one in band (6) re-
spectively. In each spectrum, one can see corresponding coin-

cidence 7-peaks observed in this experiment.

Table 1. Energies, intensities, and DCO data for the transitions assigned to **Ce.

E,/keV E;/keV E/keV Assignment 1/(%) DCO ratio Mult
141.9 2706 .4 2564.5 7-—>(7%) 0.5 (E1)
155.5 3346.7 3191.2 (97)—~>(87) 0.8 1.42(18) (M1/E2)
183.9 2357.8 2173.9 (6% )—>5- 0.8 1.27(17) (E1)
189.2 2895.6 2706 .4 8~ —>7" 2.1 2.00(14) M1/E2
191.9 3208.1 3016.2 10" —>8* 2.0 0.86(6) E2
196.4 3851.8 3655.4 (124)—>(11%) 1.4 1.13(7) (M1)
206.7 2564.5 2357.8 (7*)—>(6%) 2.1 1.36(7) (M1/E2)
214.7 2025.8 1811.1 5t >4+ 3.1 1.40(7) M1/E2
£219.2 3191.2 2972.0 (8)—~>(77) 1.4 1.38(13) (M1/E2)
233.4 2706 .4 2473.0 7" 6" 0.7 M1/E2
237.7 3379.9 3142.2 (107 )—>(9%) 3.0 1.13(7) (M1/E2)
“247.3 3405.0 3157.7 10~ —>9- 0.4 M1/E2
253.9 2302.7 2048.8 6" —>5* <0.4 M1/E2
260.9 1642.7 1381.8 4*—>3* 1.4 1.33(7) M1/E2
261.8 2564.5 2302.7 7t 6" 1.7 1.32(8) M1/E2
262.1 3157.7 2895.6 9~ —>8~ 3.3 1.48(14) M1/E2
275.5 3655.4 3379.9 (11*)—>(10%) 2.0 1.05(8) (M1)
299.1 2473.0 2173.9 6™ 5" 4.9 1.61(6) M1/E2
300.0 2357.8 2048.8 (6% )—>5* 3.0 1.14(8) (M1/E2)
331.4 3142.2 2810.8 (9* )—~8* 3.4 1.12(8) (M1/E2)
332.0 2357.8 2025.8 (6% )—>5* 1.5 (M1/E2)
"340.1 2514.0 2173.9 (6~ )—>5" 1.9 1.31(14) (M1/E2)
346.9 3157.7 2810.8 9-—>g* 0.9 1.49(9) K1
"347.6 3752.6 3405.0 11-—>10" 1.6 M1/E2
381.6 2895.6 2514.0 8 —(67) <0.4 (12)
383.1 2025.8 1642.7 5t—>4* 2.2 1.10(10) M1/E2
" 389.7 4142.3 3752.6 127 =11 <0.4 M1/E2
397.3 3208.1 2810.8 10+ —>8* 14.0 0.82(3) 2
"398.8 4250.6 3851.8 (13*)—~(12*) 1.3 1.23(10) (M1/E2)
403.3 2967.8 2564.5 (8)—>7* 2.0 1.46(9)

403.7 2706 .4 2302.7 76" 2.0 1.44(8) El
406.1 2048.8 1642.7 5t >4+ 0.9 M1/E2
409.1 409.1 0 2t >0t 100 0.81(3) 2
416.7 1381.8 965.1 3t—>2t 1.9 1.72(10) M1/E2
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Table 1 continued

E,/keV E;/keV E/keV Assignment 1/(%) DCO ratio Mult
*420.1 4670.7 4250.6 (14*)—~>(13*%) 0.9 1.23(10) (M1/E2)
422.6 2895.6 2473.0 8- —>6" 8.5 0.79(8) E2
429.3 1811.1 1381.8 4*—>3* 0.9 1.60(10) M1/E2
447.2 2473.0 2025.8 6" —(5%) 4.3 (E1)
451.3 3157.7 2706.4 9-—>7" 10.6 0.66(6) K2

" 458.0 2972.0 2514.0 (77)>(67) 1.6 1.50(20) (M1/E2)
" 460.0 2706.4 2046.4 7-—>5" 1.5 (2
464.1 4182.9 3718.8 12*—10* 16.9 0.81(4) (2
"475.5 5146.2 4670.7 (15*)—>(14*) 0.6 (M1/E2)
"509.4 3405.0 2895.6 10~ —>8~ 7.8 0.79(9) (2
"520.5 3867.2 3346.7 (107)—~(97) 0.8 (M1/E2)
532.5 2706.4 2173.9 7" —>5" 13.7 0.72(6) 2
537.8 2895.6 2357.8 8~ —(6") 3.4 (M2)
"548.7 3895.4 3346.7 —-(97) 0.6

556.0 965.1 409.1 2t 24 9.0 0.78(5) (2
"561.1 3718.8 3157.7 10" =9~ 1.7 K1
594.1 1642.7 1048.6 4+ >4+ 4.8 0.85(4) (2

" 594.5 4461.7 3867.2 (117)—(107) 0.6 (M1/E2)
594.9 3752.6 3157.7 11-—9- 10.8 0.79(8) (2
639.5 1048.6 409.1 4+ 27 93.8 0.83(2) (2
660.0 2302.7 1642.7 6" >4+ 9.8 0.77(5) 2
667.0 2048.8 1381.8 5t—>3* 8.4 0.73(5) E2
677.6 1642.7 965.1 4+ 27 11.3 0.79(5) 2
702.6 3718.8 3016.2 10" —>8* 3.5 0.79(10) 2
713.5 3016.2 2302.7 gt —>6" 6.9 0.73(6) E2
724.1 4907.0 4182.9 14+ —>12* 14.2 0.89(5) 2
730.1 5492.1 4762.0 16+ —>14* 2.1 0.59(6) 2
*737.3 4142.3 3405.0 12-—10" 4.7 0.87(12) 2
755.8 4762.0 4006.2 14+ —>12* 4.6 0.88(6) 2
762.5 1811.1 1048.6 4+ —47 1.8 0.81(6) 2
*774.8 7550.7 6775.9 (207 )—~(18") <0.4 (F2)
789.1 4541.7 3752.6 13" —11" 7.0 0.79(10) 2
798.1 4006.2 3208.1 12+ 10" 7.4 0.83(5) 2
814.4 1863.0 1048.6 6*—4" 57.0 0.83(3) 2
817.5 5724.5 4907.0 16*—14* 7.0 0.84(7) 2
*843.4 2706 .4 1863.0 7-—>6* 2.1 El
846.0 1811.1 965.1 4+ 27 1.2 0.72(5) 2
871.8 6596.3 5724.5 18*—>16" 5.3 0.89(7) (2

" 877.5 5019.8 4142.3 14-—12° 2.6 0.87(10) (2
908.0 3718.8 2810.8 10" —8* 21.8 0.98(4) (2
"911.9 6775.9 5864.0 (18*)—>(16*) 0.7 (12)
947.8 2810.8 1863.0 8*—>6" 47.5 0.89(2) (2
955.3 5497.0 4541.7 (157 )—~13~ 2.2 (12)
965.1 965.1 0 270" 8.7 (2
972.7 1381.8 409.1 3t =27 7.0 1.07(7) M1/E2
977.2 2025.8 1048.6 5t >4+ 2.8 M1
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Table 1 continued

E,/keV E;/keV Ei/keV Assignment 1/(%) DCO ratio Mult
*984.6 7580.9 6596.3 (20* )—>18* 2.2 (F2)
1000.2 2048.8 1048.6 54" 2.1 (M1/E2)
*1001.6 8582.5 7580.9 (22%)—>20" 1.5 (F2)
*1006.2 3817.0 2810.8 10*—>8* 3.2 0.77(7) 12
*1006.4 6026.2 5019.8 (167 )—~>14" 1.2 (F2)
*1102.0 5864.0 4762.0 (16% )—>14~* 1.4 (K2)
1125.3 2173.9 1048.6 57 —>4* 28.7 1.56(4) El
*1130.8 5137.0 4006.2 (14* )—12* 0.7 (K2)
1197.8 2246.4 1048.6 57 —>4* 5.3 1.36(10) El
1233.6 1642.7 409.1 4*—>2* 2.0 0.89(12) 2
1254.1 2302.7 1048.6 6 —>4* 2
1402.0 1811.1 409.1 4+ —>27 K2
* new transitions in the present work.
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Fig.2. Coincidence spectra obtained by gating on (a) the 594.5keV Y-transition of band (5)

and (b) the 737.3keV Y-transition of band (6) .

Comparing our results with those in previous publica-

37171 the level scheme has been significantly updated

tions
and many new levels and transitions are discovered. The I"'s
for the levels have been assigned or tentatively assigned based

1317} and the DCO ratio values mea-

on the previous works!
sured in this work. The band (1) has been extended with
spin up to 22% . Two new levels at 7580.9 and 8582.5keV,
along with 984. 6 and 1001. 6keV transitions were added

above the 18" state. At the lower excited states, a new transi-

tion 406.1keV (5" —>4%) inside the band (2) was observed

in this work. However, in this band, a level at 2767keV with
F =77 reported in Ref. [12], was not observed. Above the
10" state at 3208. 1keV, some levels with E2 linking transi-
tions have been observed as labeled as (4) in Fig.1. Among
them, two levels at 4006.2 and 4762 .0keV, along with 798 .1
and 755 .8keV linking transitions, reported in Ref. [14] are
confirmed in this work. The 5492.1keV level and the
730.1keV transition with dashed lines in Ref. [14] are con-
firmed by our work also. Besides, four new levels at 5137.0,
5864.0,6775.9 and 7550.7keV as well as the linking transi-
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tions, 1130.8,1102.0,911.9 and 774 .8keV have been ob-
served. For the negative parity levels, we suggest that two col-
lective bands (5) and (6) are based on 7~ level at 2706 .4
keV and 87 level at 2895 .6keV respectively, according to the
regular level spacings inside the each band. At the lower
spins, the negative parity levels and the linking transitions
above the 57 level at 2173 .9keV until the 9 level at 3157.7
keV of band (5) and the 8 level at 2895 .6keV of band (6)
previously reported in Refs. [14,18] have been confirmed by
this work. Above the 97 level of band (5), three levels at
3752.6,4541.7 and 5497 .0keV along with the 594.9,789 .1
and 955 .3keV linking transitions, reported in Ref. [18] but
not in Ref. [14], have been observed in this work. The band
(6) based on the 8 state is newly established with spin up to
16% . Three new crossover Al =1 transitions,247.3,347.6
and 389. 7keV are observed, in addition to the two ones,
189.2 and 262. 1keV reported in previous work-". At the
right part of the Fig. 1, above the 57 level at 2173.9keV,
seven new levels along with seven new linking transitions have
been observed, as labeled as (7) in the scheme. We tenta-
tively assign the levels as negative parity. For a cascade of
the left part of the Fig. 1, labeled as (8), the levels until to
the 3851.8keV, as well as the linking transitions reported in
Ref. [14] were confirmed in the present work. Above the
3851.8 keV level, a weak collective band has been newly ob-

served.

However, our level scheme in **Ce observed in the pre-
sent work is much different from that published in Ref.
[19]. The two magnetic rotation bands have been reported in
Ref. [19] but not in this work. We analyzed the data care-
fully and can not confirm the results of the two magnetic rota-
tion bands B4 and B3 established in Ref. [19] (see Fig.1 in
Ref. [19]). On the other hand, most of the transitions inside
the bands B4 and B5 reported in Ref. [19] have been put in
the cascades (8) and (7) of Fig.1 in the present work. They
form two complex structures. Our assignments for these two
cascades are based on the coincidence relationships of the -
transitions as well as the transition intensity relationships (see
Table 1) . As examples, Figs.3 and 4 show two spectra ob-
tained by gating on 196.4keV transition {in cascade (8) in
Fig.1 or in band B4 in Fig.1 of Ref. [19]} and 219.2keV
transition {in cascade (9) in Fig.1 or in band BS in Fig.1 of
Ref. [19]} respectively. One can see very strong coinci-
dence 7-peaks, such as at 237.7,275.5,331.4,398.8,
409.1,420.1,475.5,639.5,814.4 and 947 .8keV in Fig.3
and at 155.5,340.1,409.1,458.0,520.5,548.7,594.5,
639.5,and 1125.3keV in Fig.4. But the coincidence linking
transition peaks reported in Ref. [19] are very weak or invis-

ible (the peaks are asterisked in Figs.3 and 4 respectively) .
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Coincidence spectra obtained by gating on 196.4keV Y-transition of cascade (8)

in Fig.1 or band B4 in Ref. [19]. The asterisked peaks indicate the linking transitions
from band B4 in Ref. [19].
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Coincidence spectra obtained by gating on 219.2keV y-transition of cascade (7) in Fig.1 or

band BS in Ref. [19]. The asterisked peaks indicate the linking transitions in Ref. [19].

4 Discussion

The levels of ' Ce exhibit complex characteristics. It
has the high level density. Until the state up to 8% of the
band (1) ,the level spacings have an /(] + 1) dependence
and it belongs to ground state band or yrast band. The calcu-
lated E(4,*)/E(2,") ratio of 2.56 lies between the ratios
2.64 in 2Ce-* and 1.98 in *°Ce-*). It indicates that '*Ce
has more deformation than that in °Ce, but less than that in

2 Ce. Previously theoretical calculations-2" %

predict a
shape of **Ce with ¥ ~ — 30° for the ground state band.
Band (2) based on 965.1keV level (2% state) belongs a ¥-
band as reported in Refs. [12,14]. As the level spacings in-
side this band are more irregular than those in the normal -
band, it was proposed as “quasi-Y-band” . The irregularity of
the level spacings may be caused by 7-deformation or y-soft-
ness. The band (3) built on 1811.1keV level (47 state) was
assigned as “K =4"" band"'¥ . As the excitation energy of
the band head is only 1811. 1keV, it is not likely to be a
quasi-particle excitation band. We assign it as “quasi-27-
band” .

Above the 8 state in the band (1), the structural varia-
tion happens and the levels become no-yrast ones. A second

10" level at 3208. 1keV becomes yrast state. Fig.5 shows

plots of the kinetic moments of inertia J; against the rotational
frequencies kw for the band (1) in *Ce as well as the yrast
bands in *°Ce?*) and 2Ce*'. One can see the band cross-
ing occurred with rotating frequencies at fiw =~ 0.30,0.40
and 0.34MeV in ®Ce, ™ Ce and **Ce respectively. Both the
curves in ¥ Ce and '¥Ce show the normal backbending. But
the origination of the band cross for the two isotopes is differ-
ent with an aligned pair of Ay, quasiprotons in 130Cel2*) and
h11,; quasineutrons in %2 Ce- respectively, according to the
cranked shell model (CSM) calculations. On the other hand,

observed backbending of **Ce is sharper than those in **Ce

60
= 30Ce yrast band
® 132Ce yrast band
50 4 13Ce band (1)
~~ .\ A
<40 f A
> » . —9
O
=30 f
e
= / .
=~ a0 b Y J/ A\
/./ ./ /
L
o L .A/ P
0.1 0.2 0.3 0.4 0.5 0.6
hw/MeV

Fig.5. Plots of the kinetic moments of inertia J; against
rotational frequencies fw for band (1) in 3Ce, and yrast

bands in "Cel*) and 32Ce 4.
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8] indicate that

and " Ce. Previous g-factor measurements
the 10* state in band (1) of * Ce has the configuration of
k11,5 neutrons. Meanwhile, the CSM calculations-'* indicate
that the backbending in band (1) of ™ Ce is caused by an
aligned pair of %, quasineutrons and the aligned band prob-
ably has an oblate deformation with 7 =~ — 60°.

The yrast 10" state at 3208. 1keV is an isomer with a
life-time 485 ns''* . Above the 10* isomer, the level spacings
are irregular and they show the single-particle excitation char-
acter. As discussed in Ref. [14 ], the 10* isomer in **Ce
may have feature of an yrast trap. Considering the results of

!, it has been interpreted as

the g-factor measurements-'®
v[ hy1,2 )% configuration also, as observed in % Ce!®). Fur-
thermore, the CSM calculations indicate that the 10" isomer
has a Y-deformation of — 120°-'* and belongs to a prolate de-
formation. Thus, both the 10* states in **Ce originate from
hi1,, two-quasineutron configurations, but the isomer corre-
sponds to the lowest lying one ™ .

Since the negative parity bands (3) and (6) are inter-
comnected by AJ =1 transitions, it is likely to be signature
partners with @ = 1 for band (5) and « =0 for band (6) re-
spectively. They form a strongly coupled band structure. Ex-
amining the structures of N =76 neighboring even-even iso-
tones, a similar signature partner structure has been observed
in "Ba (see the bands (10) and (11) of the Fig.2 in Ref.
[26]), and it has been suggested to respond to the proton
hi1, and g7, configuration. Based on the systematical com-
parison with *?Ba, we propose that the signature partner bands
(5) and (6) are originated from the proton Ay, and g,
configuration (ﬂh11/2®7rg7/2) also. This assignment is sup-

ported by the comparison of alignments of the angular mo-

ments with that in the ®Ta nucleus®”’

. The experimental
alignments for the bands (5) and (6) of **Ce are presented
in Fig.6, as a function of rotational frequency. The plots were
produced using Harris parameters of % = 5.0k*MeV™" and
% =53.8%" MeV 3 141 The sum of alignments of the pro-
ton Ay, and g7/, bands in the ' La?" is much closed to that
extracted in bands (5) and (6) in **Ce. On the other hand,
the TRS calculations suggest that the two-quasiproton bands
have a shape with a positive ¥ (7 =~ 0°—30°):3J. For the
two-quasiproton bands in *?Ba a shape with 7 ~30° is sug-
gested[m. As the signature splitting of the bands (5) and
(6) in **Ce is less than that in ?Ba, we suggest that the
two-quasiproton bands (5) and (6) in **Ce is with a shape
with ¥ =0°, a prolate deformation. The 5~ level at 21731.9

keV and the 6 level at 2473 .0keV below the bands (5) and
(6) belong to single-particle excitation states, likely originat-
ed from the neutron configurations, vh 1, @ vs;, and vh

Rvds,, respectively[m .

10.0
75 F
s
- N.
S sot
25 F
m band (5)
@ band (6)
0 1 1 1
0.2 0.3 0.4 0.5
hw/MeV
Fig.6. Experimental alignments for bands (5)

and (6) of *Ce.

The cluster of negative parity levels (7) does not likely
form a collective band structure as the irregularity of the level
spacings. The levels may originate from the multi-quasineu-
tron configurations. For the positive parity levels of the cas-
cade (8), the origination for these single-particle levels and
the weak collective band based on the 3655.4keV level are
not clear. They may come from the multi-quasineutron config-
urations also. To make explanation for this complex structure,

more experimental and theoretical work is needed.

S Summary

High spin states of ' Ce have been studied using '°O-
induced reactions at China Institute of Atomic Energy. The
previously known levels and transitions have been confirmed
and many new levels and transitions have been observed. The
magnetic rotation bands reported in a recent publication can
not be confirmed. The characteristics of the collective bands
and the single-particle states, including the 1Y-27¥-bands, the
ground state band, the backbending above the ground state
band, the new signature partner bands and the isomer have
been discussed. The observed three different structures may
be interpreted as a shape coexistence with different y-values.
The 10* state above the ground state band with hy
quasineutron configuration has an oblate deformation with an
asymmetry parameter ¥ =~ — 60°, and the 10" isomer, with

hi1,, quasineutron configuration too, is a yrast trap of prolate
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deformation with ¥ = — 120°, whereas the other two signature

partner bands with %, and g7, proton configuration proba-

bly has a prolate deformation with 7 = 0°, according to the

cranked shell model calculations.
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