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Abstract

From ~-v-v and y-y-v- coincidence studies of spontaneous fission of 2°2Cf, new
high spin states in '*®Ce were identified. The octupole bands with s=+1 and
s=-1 are expanded with spins with 28" and 187, respectively. Importantly, a
17 vibrational band has been established up to 147 and a 13 vibrational band
up to 61. The levels in v and 8 bands in *®Ce are compared systematically to
those in neighbouring °Nd and '*2Sm isotones. This comparison informs the
role of deformation and shape transition in this mass region. New 3~ and 5~

members of the s=-+1 octupole band were observed.

Keywords: High-spin states, Gamma vibration, 2°2Cf, Beta vibration,

Octupole correlation, 148Ce

1. Introduction

Neutron-rich 148 Ce nucleus lies well in the A = 150 quadrupole and octupole
deformed region. For octupole nuclei, a simplex quantum number s=PR™1 is
usually used to characterize the level pattern. Here P is the parity operator
and R is the signature operator which is a rotation by 180deg to the principle
axis. For even-even nuclei, there will be two sets of parity doublet bands with
s =+1 corresponding to the two sequences following I7= 0%, 17, 2%, 37 ... (s

= +1)and I"= 0", 17, 27, 3T ,...(s = -1), respectively. While for odd-A nuclei,



there are also two sets of bands with s = =+i corresponding to Ir= 1/2%, 3/27,
5/2%,7/27,... (s=1i)and I™ = 1/27,3/2%,5/2,7/2%,... (s = -i), respectively.
In the A~150 region, nuclei are located between spherical and axial deformed
shapes and are close to the predicted Z=56 and N=88 stable octupole island
[1]. Quadrupole v and g vibrational bands appear frequently. High spin states
of nuclei in this region can provide important tests of nuclear models far from
stability. Up until now in this region, one phonon ~ and (8 vibrational bands
were reported in 146Ce [2], M8150Nd [3, 4] , '52Sm [5] and some other even-
even nuclei. In addition, v soft bands have been reported from Te up to Ce
isotopes [6, 7, 8]. Octupole deformation has been confirmed in Xe,Ba,La,Ce
isotopes [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] by measuring
prompt ~y-rays following the spontaneous fission of heavy nuclei. In particular,
first shape coexistence of quadrupole and octupole deformation was reported in
Ref. [22]. As reported in Ref. [16], 1*¥Ce was the first even-even nucleus with
both the s=+1 octupole bands identified in this region. In this paper, we mainly
present the newly identified one phonon v and § vibrational bands, along with
the octupole bands in 148Ce. Same raw data have been used from Ref. [16] while

new four fold compilation and new analysis has been used in this paper.

2. Experimental setup

The experiment with 2°2Cf was carried out at the Lawrence Berkeley Na-
tional Laboratory (LBNL). A 62 uCi 252Cf source was sandwiched between two
Fe foils of thickness 10mg/cm?. By using 101 Ge detectors of Gammasphere, the
data were sorted into 5.7x10'" 4-y-y and higher fold v coincident events and
1.9%10* 4-y-v-v and higher fold 7 coincident events. These 7 coincident data
were analyzed by the RADWARE software package [25]. Gamma-ray energies
of the strong transitions have errors of 0.1 keV (same as the energy calibration

error) [26] while the errors on the weak transitions could be as high as up to 0.5

keV.



3. Experimental results

The level scheme of 148Ce obtained in the present work is shown in Fig. 1.
In previous 2*2Cf spontaneous fission (SF) studies, the ground state band was
extended up to 221 and s==1 octupole correlated bands were identified [16].
Those previously reported octupole bands are extended in the current level
scheme in Fig. 1. New transition are labeled in red and with an asterisk. The
22" to 20" 625 keV transition in the ground state band reported in Ref. [16]
is replaced by a new 574.9 keV transition. The evidence for this transition can
be found in Fig. 2, where a spectrum triple gated on the 559.8, 576.4 and 619.4
keV ground state band transitions is shown, expanded in the energy region of
interest. In this spectrum, one can clearly see the 574.9 and 528.3 keV transi-
tions and a weaker 572.4 keV transition on the left side of the 574.9 keV one.
The intensities of these three transitions in this spectrum together with other
coincidence spectra provide evidence of their order in the level scheme.

Fig. 3 depicts a triple gated coincidence spectra on the 353.2, 444.6 and
536.3 keV transitions in the s=-1 octupole structure. In this spectrum, the new
648.4 keV transition on top of the band and the 600.9 keV linking transition to
the 7~ level of the s=1 octupole band can be seen. The 648 keV transition is
also seen in the 444-536-611 keV gate. Thus, this transition is populating the
3900 keV level. The 600 keV transition is not seen in the 167-353-444 keV gate.
Therefore, it is depopulating the 1954 keV level.

Fig. 4 and 5 show evidence for the new linking transitions from the + band
to the ground state band. In Fig. 4 part (a), by gating on the 158.7 and 295.2
keV ground state band transitions, one can see the peaks of the previously
identified 770.9 and new 926.3 and 1131.7 keV transitions populating the 4%
state of the ground state band, the previously identified 948.9 and the new
745.1 keV transitions populating the 67 state of the ground state band, and
the previously identified 804.7 and the new 913.3 keV transitions populating
the 8% state of the ground state band. The transitions populating the 4T state
are not seen in the 295 and 386 keV gate. The transitions populating the 6™



state are not seen in the 386 and 451 keV gate. In addition, the new 586.4
keV transitions decaying from the 5~ state of the s=+1 octupole structure to
the 41 state of the ground state band is also seen. Part (b) of Fig. 4 shows a
double gated coincidence spectrum on the 386.1 and 512.8 keV transitions. In
this spectrum, the previously identified 401.8 keV and the new 232.1, 436.1 and
600.9 keV transitions populating the 7~ state of the s=1 octupole structure can
be seen. Fig. 5 denotes a y-ray coincidence spectrum by gating on the 451.1 and
463.5 keV transitions. In this spectrum, the new 341.4 and 732.8 keV transitions
decaying from the v band to the 9~ state of the s=1 octupole structure can be
seen. The new 552.2 keV transitions depopulating the 2307.3 keV 10~ level can
be also seen.

The spins and parities of the 1224.8 and 1585.1 keV levels in the « band
have been determined by angular correlation measurements. Details of this
method can be found in Ref. [24]. More results about the angular correlations
are discussed in the final part of this section. The 0, 27 and 47 levels in our
13 vibrational band were previously reported in 3~ decay of *8La—148Ce [27]
but not proposed as members of a [-vibrational band. These levels and the
corresponding ~ transitions are confirmed in the current work. A new 554.8
keV transition from a proposed (67) member in this band was identified in the
current work. Previously, levels forming a rotational band with 1789 keV band-
head was reported in Ref. [16] without configuration assignment. In the current
work, these levels are proposed to be members of a y-vibrational band in #®Ce.
The possible E2 transition from the 936.1 keV (27) level to the ground state
is not clearly seen in the '°°Zr fission partner gate. Therefore, it is shown in a
dashed line in the level scheme in Fig. 1. The possible E2 transition from the
990.0 keV (21) level to the 770.5 keV (0T) level is not observed in the 379.3 and
611.8 keV double gate. The 936.1 keV level decays to 27 and 4T members of the
ground band and is populated from the 1224.8 keV 4% state. Thus, this level
can be firmly assigned as 27. Note that usually, only M1, E1 and E2 transitions
are observed in our data. Similarly, the 990.0 keV level can be assigned as 2+

because this level decays to both the ground state and the 453.9 keV 47 state.



The v ray intensities are listed in Table 1. The result combines the previous
252(Cf SF work in Ref. [16] and new measurements in the current work. The in-
tensities of the 482.0 keV transition (depopulating the the 936.1 keV level) and
536.1 keV (depopulating the 990.1 keV level) transitions can not be measured
due to the high background from the 482.9 keV and 537.1 keV ones, respectively.
The intensity of the 433.2 keV transition could not be measured but can be de-
duced from the branching ratio in Ref. [27]. Intensity of the 387.6 keV transition
depopulating the 841.5 keV level could not be measured due to the strong 386.1
keV transition depopulating the 840.0 keV level, but can be deduced from the
branching ratio in Ref. [27].

Angular correlations of successive v ray transitions have been measured in
order to assign spins and parities for the levels in **®Ce (Table. 2). The mea-
sured angular distribution curves are fitted to the following formula as listed in
Ref. [24].

N(0) = A5 (1 + AsPa(cos(8)) + AsPy(cos(0))) (1)

In the equation, P, and Py refer to legendre polynomials. The € is the angle
between two ~ transitions. The fitted parameters are Ag, Ay and A,. Here Ag
is a constant and As and A4 are used to compare with the theoretical values
in order to determined the multipolarity of the transitions. A table of gamma-
gamma angular correlation coefficients can be found in Ref. [28]. In our data,
the most common transition types are M1 and E1 for dipole (D) and E2 for
quadrupole (Q). Examples of the measured angular correlation curves of the
295.2-770.9 keV, 451.1-463.5 keV and 295.2-969.5 keV cascades are given in
Fig. 6. The two different cascades of 969-295 keV and 363-969 keV provide
consistent results for the mixing ratio of the 969.5 keV transition (9.6(1) and
(14(10)). The table also shows an almost pure E2 character for the 663.0 keV
transition linking the 3% 1117.0 keV octupole band to the ground state band,
as well as the 969.5 keV transition. The theoretical I to I-2 (quadrupole) and
I-2 to I-3 (dipole) cascade and the I to I-1 (D) and I-1 to I-3 (Q) cascade both
have A5—=-0.07 and A4=0. Thus, the results from 167-363, 353-167 and 463-



451 keV cascades are close to the theoretical pure I(D)I-1(Q)I-3, I(Q)I-2(D)I-3
and I(D)I-1(Q)I-3 types. Such measurements imply pure dipole (E1) character
for the 167.1 and 463.5 keV transition. These values in Table. 2 support our
spin and parity assignments for the octupole bands and 7-vibrational bands
in '“8Ce. More discussion of the basis of the 8 and ~ vibrational bands are

discussed below.

4. discussion

The mixing ratios measured in the 770-295 keV and 745-386 keV cascades
are 3.8(9) and 4.5(18), respectively, and represent >90% quadrupole (E2) com-
ponent of the 770.9 and 745.1 keV transitions. As expected from the Bohr-
Mottelson model, linking transitions from ~-vibrational bands to ground state
bands are essentially pure E2. Such experimental evidence has been found in
the 4 band structure from %°Sm to 3*W [29], and from 192Mo to 6Pd [30]
regions.

The assignments of the 27 levels in the 3 and ~y vibrational band is uncertain.
Both 936.1 and 990.1 keV 27 levels do not decay to the 770.5 keV 0% level. Thus,
these two 27 level could be switched around in these bands. Branching ratios of
the 936.1 (21), 990.1 (21) and 1369.3 keV (4T) levels are listed in Table 3. The
intensity ratios come from the “8La 3 decay work [27]. In this table, the 936.1
and 990.1 keV levels have similar I(2t—4%,,)/I(27—2%,,) intensity ratios.
Nevertheless, according to the Alaga rules [31], the B(E2,2T—4% ) /B(E2,2T =21 )
ratio of a 24 level should be much larger than that of the 2%, one. The B(E2)
ratio of the 1369.3 keV level is B(E2,433.2)/B(E2,379.3) = 0.14(2). The 1224.8
keV 47 1y level does not decay to the 990.1 keV level. On the other hand,
angular correlation measurements in Table 3 show some more evidence. The
777-158 angular correlation agrees with a pure dipole for the 777 keV 2T —2%
transition (6=0.13, 98% dipole). If 20 large error is taken, the mixing ratio can
lead to §=3.3 with 92% quadrupole. The angular correlation measurement of

the 831-158 keV cascade dedicates d=>5.5 with 97% quadrupole for the 831.3



keV one, which is almost pure quadrupole for this 2+ —27%; transition. Thus,
the angular correlations indicate that the 990.1 keV level is likely to be the 27
member of the 19 band and the 936.1 keV level is the 27 member of the 13 band.
If the 936.1 keV level is assigned to the 15 band, as labeled in the current level
scheme in Fig. 1, the energy spacing between the 2+ and 0% levels in 13 band
are close to the ground state band 2% and 0% energy spacing, and agrees better
with the systematics in the neighboring 46Ce, »°Nd, 52Sm nuclei. However,
since the experimental evidence is not sufficient enough and the mixing among
the ground state band, the 13 vibrational band and the 1 vibrational band is
unknown, more theoretical work is needed to study the 2% level assignments of
the 18 and 17 band.

The level scheme of 48Ce is similar to those in °Nd and '%?Sm (see in
Fig. 7). Such kind of similarity supports our assignments of the 1y and 18
vibrational bands in '#8Ce. These nuclei lie in the region between spherical
and rigid deformed shapes. Note that according to the finite-range liquid-drop
model (FRLDM) calculations [32], 148Ce has deformation parameters e;=0.19,
€3=0.05, €4=-0.05. The %°Nd and '52Sm nuclei were proposed to have X(5)
dynamical symmetry, which corresponds to the critical point of the phase tran-
sition between spherical vibrator and axially deformed rotor [4, 33]. The 48Ce
was also proposed to have X(5) symmetry in Ref. [34]. Zhang et al. introduced
a F(5) scheme under Euclidean dynamical symmetry to calculate level energies
and branching ratios of 8Ce and '°°Nd [35]. However, the octupole correla-
tions in 148Ce might interfere with the X(5) symmetry and weaken it compared
to %ONd and °2Sm.

The aligned angular momentum vs. rotation frequency is shown in Fig. 8.
For the ground state band, a small upbending begins at about hw ~0.29 MeV.
Then another strong bending occurs at iw ~0.31 MeV. These bending phenom-
ena may originated from the alignment of a pair of hy;/, protons or a pair of
i13/2 neutrons. The behavior of the v band is more irregular. A pronounced
backbending occurs at hiw ~0.25 MeV roughly between the 8t and 9% levels. A

similar back bend is observed in the 1 band in '®2Sm between 10* and 11%.



This backbending in the v band might be caused by the alignment of a pair
of neutrons or admixture of octupole correlation. However, as discussed above,
similar X(5) symmetry refers to an unstable + vibration and might be quenched
at higher spin.

Systematics of the octupole correlation and bands in '44146:148Ce have been
compared in Ref. [16]. The average B(E1l)/B(E2) values were reported as
0.82x1076 fm~—2 for the s=+1 band, and 1.51x10~% fm~—2 for the s=—1 band
[16]. In the current work, B(E1)/B(E2) values of the 5=, 7~, 17~ states can
be added as new transitions and levels in the s=+1 band are identified. By
using the expression in Ref. [16]. The B(E1)/B(E2) ratios are 0.001, 0.13 and
0.4 1075 fm~2 for the 5=, 7~, 17~ states in the 3~ 841.5 keV band. With the
new intensity measurements, the average B(E1)/B(E2) will decrease from 0.82
to 0.55x107% fm~2 by 15% for the s=+1 band, and 1.51 to 1.04 for the s=-1
band. Such variation does not change the conclusion of octupole correlations
reported in Ref. [16].

Comparison of the v band with the negative parity component of the s=-1
band shows that while at low spin values the trend of this line more closely
resembles the trend of the 8 band, at higher spin the v band trends according
to the octupole band. Even though no transitions are reported between these
bands to indicate mixing between these collective modes, this similarity seems
to be an indication that octupole correlations in the v band may be the more
likely cause of this backbending. The drop of Dy with increasing N was found
in both Ba and Ce isotopes [9, 36, 37, 38]. Such drop of Dy was reproduced
by using reflection-asymmetric mean field shell correction theory [39, 40]. It is
consistent with the available evidence to assert that the octupole states in 148Ce

are more mixed with other degrees of freedom than those in **Ba.

5. Summary

The coexistence of § band, v bands and s==+1 octupole bands have been

identified for the first time in the '#8Ce nucleus in the A~150 octupole deformed



region. The previous s==1 octupole bands have been extended. The § and -y
vibrational bands have been observed. The v band and the ground state band
show irregular behavior of angular momentum alignment. Such phenomenon

requires further theoretical interpretation.
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Table 1: The ~ ray relative intensities of 148Ce. The v-ray transi-
tion intensities are normalized to the 158.7 keV one. Some of the
weak transition intensities are given as upper limits. New transi-
tions are labeled with an asterisk. In this table, E,, I.,, E; (keV),IT,
Ey (keV) and I} refer to y-ray energy, y-ray intensity, initial level
energy, initial level spin and parity, final level energy and final level

spin and parity,respectively.

E, (keV) I, E; (keV) IF  Ej(keV) I
54.1 <0.1 990.1 2+ 936.1 2+
103.2 0.8(3)  2328.7 12+ = 22258 11~
104.7 1.9(2)  1787.0 (al 1682.4 6~

108.7 1.9(2)  2307.3 10~ 2198.7 9+
109.2 <0.1 22044 (97) 20958  (8%)
(134.8) 1224.8 4+ 1090.0 (3%)

136.1  0.14(6) 28885  14* 27525 13~
137.8  0.3(1) 34649 16T 33269 15~
(155.3) <03 13804  (5%) 12248 4%

158.7  100(5)  158.7 2+ 0.0 0+
1671  7.5(6) 19541 8~ 1787.0  7F
(195.4) 16824 6~ 1486.8 4~
198.6  0.24(4) 10402 5~ 841.5 3-

203.8 2.4(3) 17889  (7t)  1585.1 6"
(204.3) <03 1585.1 6" 13804  (5T)
232.3 1.0(1)  1585.1 6+ 1352.8 7
244.6 3.3(3)  2198.7 9+ 1954.1 8~
252.2 0.3(1)  1369.3  (47)  1117.0 3t
259.0 5.5(3) 16824 6~ 1423.4 5+

(Continue on next page)
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Table 1. (continued)

E, (keV) I, E; (keV) IF  Ey(keV) If
271.6 2.0(2)  1954.1 8~ 1682.4 6~
283.2 <0.1 2487.5  (107) 22044  (9%)
288.8  0.24(5)  1224.8 4+ 936.1 2+
290.4 ~0.1 13804  (5T) 1090.0 (3%)
295.2 116(6)  453.9 4+ 158.7 2+
306.4 2.1(2) 14234 5F 1117.0 3t
307.1 1.4(2)  2095.8 8+ 1788.9 7*
3125 0.04(1)  1352.8 7" 1024.3 5-
341.4 0.4(1)  2095.8  (8F)  1754.6 9~
353.2 6.3(9)  2307.3  (107)  1954.1 8~
360.4 0.6(1)  1585.1 6+ 1224.8 4+
363.6 6.4(4)  1787.0 7t 1423.4 5t
369.8 L1(1)  1486.8 4= 1117.0 3t
379.3 0.8(1)  1369.3  (4%) 990.1 2t
383.2 ~0.02 14234 5+ 1040.2 5-
386.1 85(4) 840.0 6+ 453.9 4+
387.6 841.5 3- 453.9 4+
391.6 0.7(1) 24875  (10%) 20958  (8%)
401.8 2.9(2)  1754.6 9~ 1291.1 7
(408.2) <0.4 1788.9  (7t) 13804  (5%)
411.7 2.1(2) 21987 9+ 1787.0 7t
415.3 0.2(1) 22044  (97) 17889  (7T%)
423.8 2.4(5) 27525 13~ 2328.7  12%
433.2 1369.3  (41) 936.1 2+
434.2 3.4(3) 22258 11~ 1791.6 10t
436.1 1788.9 7 1352.8 7
438.4 0.7(1) 33269 15~ 2888.5 14+
444.6 3.7(5) 27519 12~ 2307.3 10~

(Continue on next page)
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Table 1. (continued)

E, (keV) I, E; (keV) IF  Ey(keV) If
451.1 54(3) 1291.1 8* 840.0 6"
453.8 0.7(3) 26525  (117)  2198.7 9+
471.2 1.4(2) 22258  11° 1754.6 9~
463.5 5.7(3)  1754.6 9~ 1291.1 8+
480.4  0.07(3)  3945.0 17 3464.9 16+
482.1 936.1 2+ 453.9 4+
482.9 0.4(1) 29704 127 2487.5 10t
495.8 1.5(1)  1787.0 7t 1291.1 8+
497.8 <1 1788.9 7t 1291.1 8+
500.5 26(2) 17916  10% 1291.1 8+
510.7 0.3(1)  2095.8  (8%)  1585.1 6"
512.8 7.7(5)  1352.8 7 840.0 6+
526.8 1.4(2) 27525 13~ 2225.8 11~
528.3  0.15(7) 5789.2  (24%) 52609  (22%)
536.3 2.1(3)  3288.2  (147)  2751.9 12~
536.5 990.1 2+ 453.9 4+
537.1 18(1)  2328.7  12* 1791.6 10t
552.7 0.2(1)  2307.3 10~ 1754.6 9~
554.8 0.3(1) 19241  (6%)  1369.3  (41)
559.8 8.7(5) 28885 147 2328.7  12%
572.4  0.06(4) 6361.6 (267) 5789.2  (241)
574.1 ~0.1 3544.5  (147) 29704  (127F)
574.6 1.1(2) 33269 15~ 2752.5 13-
574.9 0.3(1)  5260.9 (22F)  4686.0  (20%)
576.4 4.0(2) 34649 16T 2888.5 14+
583.3 4.5(3) 14234 5+ 840.0 6"
586.4 1.9(2)  1040.2 5~ 453.9 4+
600.9 1.5(2)  1954.1 8~ 1352.8 7

(Continue on next page)
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Table 1. (continued)

E, (ke&V) I, E;(keV) IF By (keV) If
601.7  1.9(3)  4066.6 (18t) 34649 16+
611.8  0.8(3) 39000 (167) 3288.2  (147)
611.9  04(1) 7706 0+ 158.7 2+
618.1  0.10(4) 39450 17 33269  15°
6194  1.0(2) 46860 (20%)  4066.6  (18%)
(636.1)  <0.1  1090.0  (3%)  453.9 4t
641.6  0.44(6) 2970.4  (12+) 23287 12+
648.4  0.3(1) 45484  (187)  3900.0  (167)
655.9  0.10(3) 35445  (14F) 28885  14F
6625  1.2(1) 19541 8~ 12011 8+
663.2  2.1(5) 1117.0 3+ 453.9 4+
682.8  1.4(1) 8415 3~ 158.7 2+
6959  2.6(3) 24875  (10f)  1791.6 10
7328 0.24(7) 24875  (10%)  1754.6 9~
7443 0.21(3) 29704  (12+) 22258 11~
7451  53(5) 15851  (67)  840.0 6T
7709  4.7(4) 12248 4t 453.9 4+
774 1.8(2)  936.1 2+ 158.7 2+
804.7  2.6(2) 20958  (8*)  1291.1 8+
8314  1.1(1)  990.1 2+ 158.7 2+
9133 0.11(4) 22044  (9%) 12911 8+
9263 0.25(4) 13804  (5%)  453.9 4+
931.3  0.6(1) 10900 3+ 158.7 2+
(935.9) <04  936.1 ot 0.0 ot
946.7  4.2(4) 1787.0 7+ 840.0 6+
9489  25(3) 17889  (7)  840.0 6+
958.3  4.7(3) 11170 3% 158.7 2+
969.5  10.0(5) 14234 5+t 453.9 4+

(Continue on next page)
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Table 2: Angular correlation for 148Ce measured in the present work. Here D,Q stand for
dipole (M1 or E1) and quadrupole (E2) multipolarity of y-ray transitions. The § represents

mixing ratios.

cascade decay pattern Ao /A4 values 1)
663.0-295.2  37(D,Q)47(Q)2"  0.05(5)/-0.24(8) 10(6)
969.5-295.2  5T(D,Q)4T(Q)2*  -0.06(1)/-0.09(2) 9.6(1)
363.3-969.5  7T(Q)5T(D,Q)4T  0.03(2)/-0.02(3) 14(10)
167.1-363.3 8 (D)7T(Q)5™ -0.04(2)/-0.04(4)
353.5-167.1 107 (Q)8~ (D)7  -0.07(3)/-0.01(4)
444.6-353.5 127(Q)107(Q)8~ 0.16(3)/0.03(5)
536.1-444.6 14-(Q)127(Q)10~  0.08(3)/0.03(5)
411.9-363.3 9T (Q)7TT(Q)5T 0.16(8),/0.15(14)
777.2-158.7  27(D,Q)2T(Q)0T  0.15(8)/0.08(13)  0.13(11)

3.3(13),20
831.3-158.7  27(D,Q)2T(Q)0"  -0.20(6)/0.31(10) 5.5(35)
770.9-295.2  417(D,Q)4T(Q)2T  -0.02(2)/0.16(4) 3.8(9)
745.1-386.1 67 (D,Q)6T(Q)4T  -0.07(2)/0.13(4) 4.5(18)
463.5-451.1 9-(D)8T(Q)6™ -0.06(2)/-0.01(2)
Table 1. (continued)

E, (keV) I, E; (keV) I7 E; (keV) I7
990.1 1.3(1) 990.1 2+t 0.0 0t
1066.4 0.7(1) 1224.8 4+ 158.7 2+t

(1131.7) <0.7 1585.1 6" 453.9 4t

(1210.4)  <0.5 1369.3  (4™) 158.7 2+t
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Figure 1: (Color online)Partial level scheme of 148Ce. New transitions in the current work

are labeled in red and an asterisk. The 475 keV transition populating the 2199 keV level

reported from Ref. [16] is replaced with a 453 keV transition. Transitions with dashed lines

and parentheses are tentative.
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Figure 2: Triple gate of 559.8, 576.4 and 619.4 keV transitions showing evidence of the new
528.3, 572.4 and 574.9 keV transitions in the ground state band in 1*8Ce. New transitions are

labeled with an asterisk.

Table 3: The partial v ray branching ratio of 148Ce. Part of values come from Ref. [27].
Eiever (keV) E, (keV) branchings  pattern

936.1 482.1 13(1) 2t 4t
777.2 100(3) 2t 2%

990.1 54.1 2t ot
536.1 5.3(6) 24t
831.3 55(3) 2t 2%,
990.1 100(3) 2T =0t 4

1369.3 379.3 100(10) 4t 5—2*

433.2 28.2(14) 4T 52t
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Figure 3: Triple gate of 353.2, 444.6 and 536.3 keV transitions showing evidence of the new
600.9 and 648.4 keV transitions in 148Ce. New transitions are labeled with an asterisk. The

Zr fission partner transitions are labeled with a "p”.
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Figure 4: Partial coincidence spectra by gating on (a) 158.7 and 295.2 keV in the ground state
band and (b) 386.1 and 512.8 keV transitions in 148Ce. New transitions are labeled with an
asterisk. The 1014 and 1039 keV transitions labeled with a ”c” in part (a) are neutron scatter
peaks. The 451.1 keV ground state band transition labeled with a ”b” in part (b) comes from
the background coincidence of the 386.1 keV transition.
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Figure 5: Partial double gate of 451.1 and 463.5 keV transitions showing evidence of the new
transitions populating the 1754.6 keV 8~ level in #8Ce. New transitions are labeled with an

asterisk.
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Figure 6: Examples of angular correlation measurements of (a) 295.2 and 770.9 keV cascade,

(b) 451.1 and 463.5 keV cascade and (c) 969.5 and 295.2 keV cascade.
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Figure 7: Comparison of the ground state band, the 18 and 1+ vibrational bands in 48Ce,

150Nd and 152Sm.

24



25
—+—s=1,n=+

—l—s=1,n=-
20t —<4—s=-1,n=-
—e—s=-1, 7=+
15 +1'\{band
—e— 1B band

Ix

107

0.05 0.10 0.15 0.20 0.25 0.30 0.35
ho (MeV)

Figure 8: (Color online) Angular momentum alignment vs. rotational frequency of the ground

state band, octupole bands, the 18 vibrational band and the 1+ vibrational band in 148Ce.
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