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Abstract. The f-decay of '“°La was studied using the on-line isotope separator KUR-ISOL. Gamma-
gamma angular correlation measurements were performed with a 4-Ge detectors system. Spin assignments
of three levels were made: 3% for the 1576.5 keV level, 41 for the 1627.1 keV level and 57 for the 1810.2
keV level. The mixing ratios (E2/M1) were deduced to be d1s3.2 = 0.25+£0.08, dg38.9 = 0.33£0.05, Jos9.0 =
1197528 610159 = 5.473 L and d1318.1 = 6.5717. These were compared to the calculated values obtained
in three cases involving different Majorana force parameter values. The band structure of **®Ce is discussed
based on the results of calculation using the IBM-2 theory.

PACS. 21.10.Hw Spin and Parity — 23.20.En Angular distribution and correlation measurements —

23.20.Gq Multipole mixing ratios

1 Introduction

The rare earth region of deformed nuclei has been studied
very extensively in recent years. Neutron-rich nuclei with
130 < A < 150 have attracted continuing attention, since
they provide an opportunity to study the transition from
the spherical structure near the N = 82 closed shell to
the deformed region beyond N = 89. The '#5Ce nucleus
has N = 88 and is located at the onset of deformation
of the mass 150 region. Two isomeric states in the parent
nucleus %La (6.2 and 10.0 s) were reported by Monnand
et al. [1]. Studies on the decay of the low-spin 27 isomer of
16La with T} /2 = 6.2 s were compiled in [2]. This isomer
is predominantly produced through the 3-decay of the 0™
ground state of 146Ba. On the other hand, the 3-decay of
the 10.0 s high-spin isomer of “6La was investigated in
detail by Sharshar et al. [3]. Wolf et al. [4] measured ~v-
~ angular correlations on rather strong cascades in 46Ce
generated through the (-decay of the low-spin isomer of
146 a. Studies of other even Ce isotopes (N # 88) have
been carried out at several laboratories [5-8].

An isotope separator on-line (ISOL) of a gas-jet type
installed at a nuclear reactor offers the capability to study
relatively high-lying and high-spin states of '#6Ce which
are fed following the (3-decay of the high-spin isomer of
14613, as the suggested spin and parity values are 6~ for
this isomer and its @3- value is rather high (6.53 MeV) [9].
The ground band of 146Ce is established up to the 8+ state.
Although the quasi-£ and -y bands have been suggested by
Sakai [10], members of these bands have not been clearly

determined because the spin values of those levels have
not been experimentally assigned except for that of the
1274.4 keV level which was previously determined to be 2+
through our v~y angular correlation measurements [11]. It
is of interest to investigate these higher excited states and
compare the systematic behavior of Ce isotopes.

The present investigation of v —~ angular correlations
in 9Ce was undertaken in order to determine unambigu-
ous spin values of higher excited states. A partial level
scheme below 1.8 MeV, taken from [3], is shown in Fig. 1.
The v-transitions having the intensity less than 0.5 are lit-
tle observed. The value (0.5) was taken as the observation
limit for the v-rays at the present experiment. Excitation
levels calculated using the IBM-2 theory are compared to
experimental ones and the band structure of #6Ce is dis-
cussed.

2 Experimental details and results

Activities of “6La were produced by the thermal neu-
tron fission of 235U, followed by use of the on-line mass
separator KUR-ISOL [12] installed at a through-tube fa-
cility of the Kyoto University Reactor. As the target, 30
mg of 235U was irradiated with the thermal neutron flux
of 3x10"?n-cm™2s™!. The fission products were thermalized
in a target chamber and transported by means of a gas-jet
system to a surface-ionization type ion source coupled to
a skimmer system. The thermalized fission products were
ionized using an oxidation technique [13] by adding O2 gas
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Fig. 1. A partial decay scheme of the high-spin isomer of “°La taken from [3]. Spins having (*) are newly assigned by the

present work

to the gas-jet. Several improvements on KUR-ISOL have
been made: an increase in the beam intensity was attained
using a He-N; mixed—gas—jet method [14], the capillary
size was changed to 1.5mme¢ from 1.0 mme to decrease the
exchange over time of the transport gas through the tar-
get chamber, and stabilization of the beam intensity was
attained using a Pbly aerosol. The total increase in beam
intensity obtained was about a ten-fold increase. Low yield
weak activities of rare earth nuclei could be measured. The
ion beam of A = 146, which includes the high-spin isomer
of %La produced directly by fission, was collected for 20
sec on an aluminized plastic tape. After the beam was de-
flected, the tape was moved to a measuring position 20
cm from the collecting position beneath a lead shield and
then coincidence data were accumulated during the next
20 sec, while the next source was collected successively.

Gamma-gamma angular correlations were measured
with a 4-Ge detectors system [15], with which measure-
ments could be performed at six angles simultaneously.
The coincidence efficiencies of various six pairs of detectors
were different due to different detector characteristics. For
example, the Ge detectors used were three closed-ended
detectors (31%HPGe, 33%7yX-HPGe, 34%HPGe) and a
true coaxial detector(32%Ge(Li)), and the operating bi-
ases were 5000V, —3500V, 2000V and 4800V, respectively.

Their resolutions were about 2 keV FWHM at 1332 keV.
When the coincidence efficiency of detectors pair (m,n) is
€mn, the angular correlation function W is as follows,

W(emn7 Emn) = EmnW(emn)~

In order to eliminate differences in coincidence efficiency
of each pair of detectors, measurements were performed
twice with different arrangements of the Ge detectors as
shown in Fig. 2. The measuring angles for the first arrange-
ment (6,y,) were 90°, 105°, 120°, 135°, 150° and 165°, and
those for the second arrangement (. ) were 100°, 110°,
127.5°,137.5°, 152.5° and 170°. The results of the angular
correlation of the 244-121 keV cascade of »?Eu are shown
in Fig.3(a) for the first arrangement and in Fig.3(b) for
the second arrangement. These data were corrected with
single counts. As seen in Figs. 3(a) and (b), the coinci-
dence counts at 120° in the first arrangement and 170° in
the second arrangement are small. This means that the
coincidence efficiency €12 of the pair Ge(1) and Ge(2) is
small. This €, can be cancelled by taking a ratio.

W(emnvgmn) o EmnVV(emn) o W(emn)
W (0 Ermn) a Emn W (04) a W(0n)
When the experimental ratio of coincidence counts at

the angles 0, and 6/ is y™", the following equation is
obtained.

n
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a) First Arrangement

b) Second Arrangement

Fig. 2. Arrangements of the four Ge detectors. The front cor-
ners of the detectors 2, 3 and 4 were cut in order to set each of
them at a short distance (6cm) from the center of the source
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Here, Agy = A¢(1)A.(2) is the product of the angular cor-
relation coefficients [16] and Py is the Legendre function.
The suffixes m and n correspond to the detectors (1~4).
Coincident ~-rays are indicated as 1 and 2. The param-
eter R is the source intensity ratio between the first and
second measurements. The geometrical correction factors
( Q7 and Qp) of the Ge detectors were measured by a
collimated beam method [17]. The above equations were
fitted to the experimental data with the free parameters
R, Ayy and Ayy. The results obtained through this anal-
ysis are shown in Fig. 3(c). Although the Agy values were
not so different among the three cases, the A4y value
(—0.007 £ 0.011) at (c) was as small as the theoretical
value (0.009).

Eu 244-121 keV Angular Correlation
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In the case of measurements of 146Ce, coincident events
were recorded in event by event mode for the first two days
in the first arrangement and for the next two days in the
second arrangement. Four cycle measurements were per-
formed in all, and the data were analyzed off-line. The
event mode data were sorted for desired energy gates at
each of the 12 angles according to detector pairs. Each
spectrum gated with a specified y-ray peak was normal-
ized for the detector efficiency using the singles spectrum
of each detector accumulated simultaneously during the
run. Spectra gated above and below the 7-ray peak were
used to subtract the contributions from the Compton tails
of other coincident v-rays.

The v — « angular correlations of 6-cascades, having
the known spin and parity of 4T — 2% — 07 (409.8 — 258.4
keV ), 1= — 2% — 0% (666.1 — 258.4 keV ), 3= — 21 —
0% (702.1 — 258.4 keV ), 07 — 2T — 0" (784.8 — 258.4
keV ), 67 — 4T — 2% (503.0 — 409.8 keV) and 5~ — 4+ —
2% (514.7 —409.8 keV), were analyzed. The angular corre-
lation coefficients obtained are listed in Table 1 together
with the previous and theoretical ones. As an example, the
obtained pattern of the 784.8-258.4 keV(0-2-0) cascade is
shown in Fig. 4. As the values obtained agreed with the
previous and theoretical values for the pure multipole -
rays, the total reliance of the system was confirmed.

Mixing ratios, 6(E2/M1), were determined directly
from the minimum point of the following S? equation

5%(6) = Zwmn Y5t — R

2

« LD 04 QU (1)QF(2) Age(6) Pe(cos brnn)
1+ 252274 Qgﬂ(l)Q?(2)A“(5)Pf(COS G;nn) 7

where the value of R was adopted from the value obtained
using equation (1) and wyy,, is the inverse of the square of
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Fig. 3. (a) The result (A22 = 0.099+0.005 and A44 = 0.035+0.012) of the first arrangement. (b) The result (A2 = 0.088+0.005
and Asq = 0.077 £ 0.012) of the second arrangement. (c) The result (A22 = 0.102 £+ 0.005 and A4q = —0.007 £ 0.011) of the

ratio analysis
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Table 1. v — v angular correlation coefficients

present previous® theory
C d
aeade Az Aua An Aua A Au
4t -2+ -0t
409.8—258.4 0.10(1) 0.02(1) 0.105(11) —0.001(14) 0.10 0.01
1——2t—0t
666.1—258.4 —0.22(3) —0.02(2) —0.261(24) —0.12(3) -0.25 0.0°
3——2+t—0t
702.1—258.4 —0.08(2) —0.01(4) —0.071(24) —0.05(4) -0.07 0.0°
0t —2+—0+
784.8—258.4 0.30(7) 0.96(13) 0.31(9) 1.02(20) 0.36 1.14
6+ —4+ 2+
503.0—409.8 0.10(2) 0.00(4) — — 0.10 0.01
5= —4+ -2t
514.7—409.8 —0.07(2) 0.01(3) — — -0.07 0°
 [4]. ® M2 mixing is assumed to be zero.
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Fig. 4. Angular correlation of the 784.8-258.4 keV cascade

the standard deviation (1/02(y3")). The error of § was
estimated [18] from the equation

S =82 41.

The obtained angular correlation coefficients and mixing
ratios are listed in Table 2 together with the calculated
values of 4.

The angular correlation of the 638.9 — 503.0 keV cas-
cade is shown in Fig. 5. The fitted value of R was 1.43
and the correlation coefficient was Ass = —0.36 & 0.14.
The spin and parity of 47 or 5% for the 1810.2 keV level
are expected from the y-decay pattern. If they are 41, the
Asgs coefficient is expected to be a positive value (0.102). It
disagrees with the obtained negative value. Thus, the J™
value of 51 was deduced. The S? for this cascade is plotted
versus tan~ 14 in Fig. 6, in which two curves and one point
for the assumed three spin sequences (6-6—4), (5—6—4) and
(4-6-4) are shown. The (4-6-4) sequence is one point at
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Fig. 5. Angular correlation of the 638.9-503.0 keV cascade

the center of the circle. The (6-6-4) sequence is above the
99% confidence line and is not acceptable. The minimum
points of the (5-6-4) sequence were under the 95% con-
fidence line, and the mixing ratio dg3g.9 = 0.33 & 0.05 or
2.3770-32 was obtained for the (5-6-4) sequence.

For the 1627.1 keV level, the spin and parity of 3~
or 47 are expected from the y-decay pattern. Since the
183.2 keV ~-feeding from the above determined 57 level at
1810.2 keV existed and the 183.2 keV v-ray was deemed to
have the M1(E2) character as indicated by the conversion
electron measurement [3], J™ was determined to be 4T
for the 1627.1 keV level. The obtained angular correlation
coefficient of the 1368.8-258.4 keV cascade was Ay =
0.10 £ 0.07, which agreed well with the theoretical value,
Age = 0.102.

The spin and parity of 2+, 3+ or 4% for the 1576.5 keV
level are expected from its y-decays. The existence of the
233.6 keV ~-ray feeding from the 57 level (1810.2keV) re-
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Table 2. -y angular correlation coefficients and mixing ratios. The Majorana parameter values £ = 0.03, 0.18 and 0.35 MeV
were used for cases I, IT and III, respectively. Case II was adopted in the present calculation.

Cascade Azz Ass Present ¢ (E2/M1) IBM-2 [4]
(keV-keV) I I I
2+ -2+ -0+ 0.54 £0.07 or
1015.9—258.4 —0.18 £ 0.04 0.35 £ 0.09 01015.9 = 5.4+31 1.1 4.5 9.2
*—1.5
3t —2F—0t —0.05+0.04 or
1318.1—258.4 —0.13 +0.06 —0.04 +0.12 013181 = 6517 0.05 1.8 4.9
Y—-1.1
4t -2+ -0t
1368.8—258.4 0.10 £ 0.07 — pure E2 — — —
4+ 4+ 2+ 1+0.16
959.0—409.8 —0.12 +0.06 —0.01 £ 0.06 d950.0 = 1.197 574 0.45 1.2 3.2
5+ 6+ —at 0.33+0.05 or
638.9-—503.0 ~0.36£0.14  ~010£0.03  Josso = | 574032 013 045 1.3
BTt —at 0.25 + 0.08
183.2959.0 0.13 £ 0.03 0.02+£0.06 diss2 = { ogi00 0.0 037 1.1
+1—-0.6
' ' ' ' 3 Discussion
2
S Excitation level energies for the 46Ce nucleus were cal-
L 104L i culated using the neutron-proton interacting boson model

95% e

. ~ 7
- 10" | ™, 4 '\J:’ -
5-6-4
L 100 L _
! ! ! ! | !
-90° -60° -30° 0° 30 60° 90

tan1s

Fig. 6. S? versus tan~'§ for the 638.9-503.0 keV cascade.
Three spin sequences are shown

stricts its spin and parity to 37 or 4T. If they are 4T, the
expected Agg value (0.102) does not agree with the ex-
perimental value (-0.13) for the cascade of 1318.1-258.4
keV. Thus, the spin and parity 37 were adopted and
S1318.1 = —0.05 4 0.04 or 6.5777 was obtained.

The value d1015.9 = 0.5440.07 or 5.4191 was obtained
from the angular correlation of the 1015.9-258.4 keV cas-
cade, and, from the 183.2-959.0 keV cascade, the mixing
ratio d183.2(E2/M1) = 0.25 + 0.08 or 2.7102 was deduced
using the dgs9.0 value (1.19) obtained on the basis of the
results of the 959.0-409.8 keV cascade.

(IBM-2) [19]. The effects of the proton subshell closure at
Z = 64 were taken into account in the calculation. The
neutron shell closure was also assumed to be unaffected by
the Z = 64 proton subshell. Thus, both numbers of neu-
tron and proton bosons were N, = N, = 3. Gill et al. [20]
studied the parameters for IBM-2 calculations near the
Z = 64 subshell and they suggested acceptable regions of
the d-boson energy parameter (e4), the quadrupole force
strength parameter (k) and the quadrupole coefficient (x,
and x ) for the nuclei of Ba, Ce, Nd and Sm. In the present
calculation, the NPBOS program by Otsuka and Yoshida
[21] was used. The parameters £ = —0.1 MeV, ¢4 = 0.5
MeV, x, = —0.9 and x, = —1.5 were found to give a
good fit to the experimental levels. These parameters were
within the ranges suggested by Gill et al. [20] except for
the value of x,. The Majorana force parameter & = 0.18
MeV was used. The results are shown in Fig. 7, where
some of the positive-parity levels experimentally observed
are classified and compared with the calculated levels.
The calculated F-spin values of ((F)?/(Finax)?)% are pre-
sented on the calculated levels. The F-spin is the isospin
for the proton and neutron bosons. The IBM-2 predicts
enhanced M1 transitions between states with F-spin quan-
tum numbers of Fi.x and (Finax — 1) [22]. As the mixture
of the component of the (Fina.x — 1) state causes enhance-
ment of M1 transition probability, the Majorana parame-
ter significantly influences the mixing ratios, §(E2/M1). In
three cases , with the Majorana force parameters 0.03(I),
0.18(1T) and 0.35(IIT) MeV, the values of the mixing ratio §
were calculated. For example, the (F)?/({Fyax)? values for
the 27 state were 53.7%, 97.9% and 99.1% in case I, IT and
II1, respectively. The calculated ¢ values for the three cases
are listed in Table 2. Case II was adopted in the present
calculation. The B(E2) values were calculated with the
effective boson charges e, = 0.069 and e, = 0.157, which
were determined to reproduce the measured B(E2) value
(4145 W.u. [2]) of the 2] state at 258.4 keV. Experimen-
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Fig. 7. Band structure of levels in '**Ce. The experimental
and calculated excitation energies are shown. Values written
on the calculated levels are (F)?/{Fmax)? %

Table 3. B(E2) ratios. The suffix 1 corresponds to the ground
band members. The 22 level indicates the 1274.4 keV level and
23 indicates the 1381.9 level. The 42, 43 and 44 states indicate
1627.1, 1711.7 and 1802.3 keV levels, respectively

B(E2) ratios Experimental IBM-2

B(E2:2, — 21)
o o 2
B(E2:2, —0,) 18+04 62 (  state )
B(E2: 23 — 24) . 0.02 ( ~ state )
B(E2:25 — 01) <0.9+0.6
B(E2: 4y — 2,)
B(E2:4; — 2;) 105 £ 22

1311 ( 3 state )
B(E2: 45 — 2,) .
B(E2:43 — 2,) <26 0.1 ( ~y state )
B(E2: 44 — 2,) ,
B(E2: 4, — 21) <16

“ E2 mixing is not clear. * No observation (< 0.5).

tal B(E2) ratios are compared with the calculated values
in Table 3.

3.1 The ground band

Four levels, 258.4, 668.2, 1171.2 and 1736.9 keV were
assigned to constitute the ground band with J™ =
2%, 4%, 67 and (8%), respectively [3,8]. The (8%) level

S. Yamada at al.: Band structure of *¢Ce

is reported to be 1737.9 keV as determined in a study on
252Cf fission fragments [23] and also it was calculated to
be 1735.9 keV in [2]. These levels perhaps corresponds to
the 1736.9 keV level.

3.2 The quasi-8 band

The 1043.1 and 1274.4 keV levels were assigned as mem-
bers of a quasi-3 band [3,10,11]. The isotopes *2Ce,
144Ce, 146Ce and 18Ce have gradually decreasing quasi-
3 band head (05) energies as seen in Fig. 8. As the 23
state behaves in the same way as the 05 state, the 23
level, 1274.4 keV, of 6Ce was systematically confirmed
to be the 27 member of the quasi-3 band. The large value
obtained for the E2 mixing ratio (010150 = 5.4Jj§’:é) of
the 1015.9 keV ~-transition (25 — 27) agrees with the
calculated value (4.5), and the experimental B(E2) ratio
B(E2 : 25 — 27)/(B(E2 : 29 — 07) = 1.8 £ 0.4 is also
preferable to the quasi-G band assignment as seen in Ta-
ble 3. The transition intensity of the y-ray (231.3 keV) in
the case of the 25 — 0 transition is estimated to be about
0.3 and it could not be seen in the present measurement
because it is less than the observation limit of 0.5.

Three candidates, the 1627.1 (42), 1711.7(37,43) and
1802.3 keV((44)) levels exist for the 4T member of the
quasi-3 band, although the assignments of 4% for the
last two levels are not definite. As the experimental ra-
tio B(E2 : 49 — 29)/B(E2 : 45 — 2;) was large (105 +22)
and the calculated value was also large for the [ state as
seen in Table 3, the 1627.1 keV(4s) level was assigned as
the 4 member of the quasi-3 band. The E2/M1 mixing
ratio of 959.0 keV y-ray (42 — 41) was 1.19701% which
agreed with the calculated value 1.2.

3.3 The quasi-v band

The (27) level, 1381.9 keV, was assigned as a band head of
the quasi-y band [3,10] from the systematics. The energy
separation between the 1576.5(3]) and 1381.9(27) keV
levels is similar to the energy difference E(3] — 27) of
144Ce and '“8Ce. The 3] level, 1576.5 keV, is possibly
the quasi-y 3" state. The deduced mixing ratio of the
31 — 27 7-transition (1318.1 keV) was d1315.1(E2/M1) =
—0.05 4+ 0.04 or 6.5717. The larger value is preferable as
the calculated value is |§]|=1.8.

One of the two levels 1711.7 and 1802.3 keV is consid-
ered to be the 47 member of the quasi-y band; although
their 47 assignments are not yet definite, they are ten-
tatively denoted as 43(1711.7 keV) and 44(1802.3 keV)
in this paper. Transitions from these levels to the 25 level
are not observed, that is, these intensities are less than 0.5
[3]. Therefore, the limit value of the B(E2) ratio can be
estimated as B(E2 : 43 — 2)/B(E2 : 43 — 2;) < 26
and B(E2 : 44 — 22)/B(E2 : 44 — 21) < 16. As
the calculated value is 0.1, the 4, level can not be de-
cided. However, the ratio of estimated transition prob-
abilities of (4, — 21)/(4y — 41) was about 0.5 and
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Fig. 8. Systematics of the quasi-8 and -y bands in Ce isotopes. 14*#4Ce from [5,6], 146Ce from the current work, 48Ce from

[7] and **°Ce from [8]

the corresponding experimental value of (43 — 27 1453.5
keV) /(43 — 41 1043.6 keV) was about 0.4, while (44 — 2
1543.8 keV) /(44 — 21 1134.0 keV) was about 2.1. The as-
signment of the 43 level as the quasi-y state is consistent
with the intensity ratio. Thus, the 43 level was tentatively
assigned as the member of the quasi-y band. Although
the ~-transition (329.8 keV) 43 — 23 is not observed, it is
plausible because the estimated transition intensity (0.2)
is less than the observation limit. The 1810.2 keV level as-
signed as 57 is considered to correspond to the 5+ member
of the quasi-y band. The B(E2) ratios decaying from the
5% level are listed in Table 4, and these are in good agree-
ment with the calculations. The estimated ~y-transition in-
tensity for the 5, — 4, (98.5 keV) transition was about
0.2 and it could not be observed because of the observa-
tion limit (0.5). The mixing ratio of the 183.2 keV ~-ray
deduced as § = 0.25+0.08 from the angular correlation of
the 183.2 — 959.0 keV cascade, agrees with the calculated
value, 0.37.

4 Conclusion

Levels of 145Ce as populated in the S-decay of 45La were
investigated. The spins and parities of three levels were
determined from the present measurements. The calcu-
lated levels of the ground, quasi-B and -y bands were
compared with the experimental levels. The levels 1043.1,

Table 4. B(E2) ratios of the y-rays decaying from the 5
state. The 31,41,51 and 6; indicate the 1576.5, 668.2, 1810.2
and 1171.2 keV levels, respectively

Cascade Experimental Cal?glﬁ‘/fi;n
B(E2: 5, — 41) - >
54£07) %1029  41x 10
BE2: 5, —3) < ) % x
B(E2 :h — 42)
e 340. 2
B(E2:55 — 31) 33£07 0.27
B(E2 :h — 61) 4 .,
1.3£0. 1 . 1
BE2: 51 —3) 303 x10 8.6 x 10

“ E2 mixing is not clear.

1274.4 and 1627.1 keV were assigned as 0%, 2% and 4%
members, respectively, of a quasi-8 band. Also, the lev-
els 1381.9, 1576.5, (1711.7) and 1810.2 keV were assigned
as 27, 3T, 4% and 5T members, respectively, of a quasi-vy
band. It was found that the excitation energies of low-
lying positive-parity levels of 46Ce could be fairly well
reproduced by an IBM-2 calculation with appropriate val-
ues of the parameters, although no overall agreement was
obtained especially for higher-lying levels. The Majorana
interaction parameter strongly influenced E2/M1 mixing
ratios. The E2/M1 mixing ratio is expected to be an in-
dicator of the Majorana force. For extended studies on
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band structure of %Ce, definite spin and parity as-

signments for levels from 1.3 to 3 MeV are required. As
a lot of negative-parity levels have been identified exper-
imentally, analyses including f-bosons and calculations of
~-transition rates including negative parity states are also
needed.
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