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High spin states of134Ce have been studied using an array of 8 Compton suppressed clover detectors and a
multiplicity filter consisting of 14 NaIsT1d detectors. Two newDI =1 bandsB4 andB5 with strong intraband
magnetic dipole transitions have been established. The crossoverE2 transitions have been observed in theB4
band and lifetimes of levels, both inB4 andB5 bands, have been measured using the Doppler shift attenuation
method. The measuredBsM1d values are large for theB4 band, yet the measuredBsM1d/BsE2d ratios are
nearly constant with increasing frequency and do not support the magnetic rotation character. TheB4 band also
exhibits a small gain in alignment at a higher frequency suggesting an upbending and a band crossing. These
features are sought to be explained in terms of two closely lying configurationsA:psg7/2d2 ^ nsh11/2d3/2d and
B:psh11/2d2 ^ nsh11/2d3/2d, which have a small and a moderate deformation, respectively. The tilted axis crank-
ing (TAC) calculations suggest that configurationB crosses the configurationA with a small alignment gain
and mixing between the two may explain the observed features. The measuredBsM1d values deduced from the
lifetimes for theB5 band show a decrease with increasing spin which is a characteristic feature of magnetic
rotation bands. The results of the TAC calculations explain theB5 band very well by using the four-
quasiparticle configurationpsg7/2h11/2d ^ nsh11/2

−2 d and establish it as a magnetic rotational band.
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I. INTRODUCTION

Several rotationlike bands with strongDI =1 transitions
were observed in the early nineties in weakly deformed, neu-
tron deficient Pb isotopes[1–3]. These were initially inter-
preted as oblate structures with high-K h9/2 and i13/2 protons
coupled to the rotation alignedi13/2 neutrons. However, the
most striking feature of the bands, which is the existence of
a long sequence of rotational transitions without considerable
amount of deformation, remained a mystery. Later, an intu-
itively appealing idea, in terms of what is now known as the
“shears mechanism,” was proposed by Frauendorf[4,5] and
these bands came to be known as magnetic rotation(MR)
bands. In this picture, the valence highV proton particles
(holes) and low V neutron holes(particles) or vice versa
couple to form two long spin vectorsjp and jn, adding up to
a total spinJ of the nucleus. In the lowest energy state, the
proton and neutron spin vectors are oriented almost perpen-
dicular to each other resembling the blades of a shears. This
coupling results in a large net transverse magnetic dipole
moment which precesses around the totalJ and is respon-
sible for the intenseM1 radiation. The closing of the shears
results in an increase ofJ and a decrease of the transverse
magnetic dipole moment leading to a decrease in theM1
transition probabilities with increasingJ. This is considered
to be an important and most direct signature of the shears
mechanism. Although the MR bands have been experimen-
tally established in mass regions aroundA,190, 110, and 80
[6–8] for sometime, the confirmed presence of such a band
in mass 130 region has been reported in136Ce recently[9].

Nuclei in the mass 130 region exhibit several interesting
features with the nucleons inh11/2 orbitals driving the
nucleus to nonspherical shapes. AlthoughDI =1 bands built
on multi-quasiparticle structures have been observed earlier

in this region[10–12] none of them were conclusively iden-
tified as MR bands. Recently, aDI =1 band in136Ce has been
interpreted as MR band by obtaining a direct confirmation of
the decline in theBsM1d values; a transition from the prin-
cipal axis cranking to tilted axis cranking(TAC) induced by
a shape change has also been witnessed for the first time[9]
in this experiment. In the mass 130 region, the high-j bands
involve low V protons and highV neutrons and provide a
good testing ground for the shears mechanism. In the present
paper, we focus our attention on the observation and inter-
pretation of two newDI =1 bands in134Ce. Our measure-
ments confirm the existence of oneDI =1 magnetic rotation
band similar to that observed in136Ce. The otherDI =1 band
shows nearly constantBsM1d/BsE2d ratios andBsM1d val-
ues with increasing frequency. It has been interpreted as a
tilted band arising from the mixture of two closely lying
bands.

II. EXPERIMENT

The level structure of134Ce was earlier studied through
sa, xnd reaction[13] and b decay of134Pr [14]. Highly de-
formed bands have also been reported by O’Brienet al. [15].
In the present work, the high spin states in134Ce have been
studied through the120Sns18O, 4nd134Ce heavy-ion fusion
evaporation reaction with a beam energy of 80 MeV. The
experiment was carried out at the 14-UD pelletron accelera-
tor in TIFR Mumbai, India, which delivered the 80 MeV18O
beam on a 1.3 mg/cm2 thick enriched120Sn target foil rolled
onto a 15 mg/cm2 thick Au backing. Theg decay following
the reaction was studied using an array consisting of 8
Compton suppressed clover detectors with 14 NaIsT1d
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multiplicity filter. This array was setup as a joint collabora-
tion between TIFR, Mumbai, SINP and IUC-DAEF, Kolkata,
and NSC, New Delhi[16,17]. The data were collected when
three or more clovers fired along with two or more NaI(Tl)
detectors. The decay scheme was established from the

analysis ofg-g coincidence data. The spins of levels and
multipolarity of theg transitions were obtained from the di-
rectional correlation orientation(DCO) ratios, angular distri-
bution, and integrated polarization directional correlation
measurements[18]. The DCO ratio is defined as

RDCO =
Intensity ofg1 observed at 30 ° and 35 ° gated ong2 at 75 ° and 90°

Intensity ofg1 observed at 75 ° and 90 ° gated ong2 at 30 ° and 35°
. s1d

III. THE DI =1 BANDS

The partial level scheme of134Ce obtained from the
present data is shown in Fig. 1. Several new transitions in
134Ce have been observed in the present work. In particular,
two bands withDI =1 transitions have been established for
the first time. These bands are labeled asB4 andB5 in the
level scheme. The transitions connecting theB4 band to the
B3 band and those connecting theB5 band to theB6 band
have been identified. The background subtracted gated spec-
tra for the B4 band are shown in Fig. 2 and 3. The 239
+275 keV gated spectrum shows the presence of a sequence
of low energy transitions shown in Fig. 2(a). The DCO ratio
and the angular distribution measurements(see Table I) sug-
gestDI =1 for the 196, 239, 275, 332, 399, 420, and 476 keV
transitions. The measured polarization asymmetry estab-

lishedM1 multipolarity for the 239, 275, and 399 keV tran-
sitions. Other transitions in the cascade, i.e., 196, 332, 420,
and 476 keV transitions, have been assumed to haveM1
multipolarity. This assignment has been supported by the ob-
servation of the crossoverE2 transitions shown in Figs. 2(b),
2(c), 3(a), and 3(b). The M1 multipolarities are also sup-
ported by the measured lifetimes and theBsM1d values de-
rived from them. The 664 and 783 keV transitions connect-
ing the B4 band to theB3 andB6 bands, respectively, are
also shown and labeled with an asterisks* d in Fig. 3(a). The
DCO ratio and polarization measurements(see Table I) sug-
gestDI =1 andE1 multipolarity for the 664 keV transition,
thereby fixing negative parity andI =11 for the 4384 keV
level in theB4 band. Theg gated spectra in Fig. 4(a) show
transitions in bandB5. The transitions connecting this band
to the B6 andB7 bands are labeled with an asterisks* d in

FIG. 1. Partial level scheme of134Ce.
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TABLE I. Properties of transitions inB4 band and the connecting transitions observed in134Ce following
the 120Sns80O,4ngd reaction.

Eg Ei Ig A2/A0 A4/A0 RDCO Polarization Multipolarity Assignment

(keV) (keV) s%d asymmetry

165.0 4188 0.23(4) sM1d 10−→ s9−d
196.2 4384 2.4(3) −0.31s2d 0.39(3) 0.62(19) M1 11−→10−

238.8 4623 3.8(3) −0.45s3d 0.09(6) 0.44(9) −0.06s3d M1 12−→11−

275.3 4898 4.8(4) −0.21s1d −0.23s2d 0.48(10) −0.05s4d M1 13−→12−

331.7 5230 3.0(2) 0.64(9) M1 14−→13−

398.8 5630 2.2(3) 0.50(18) −0.09s4d M1 15−→14−

408.9 409 100 +0.18s2d −0.12s3d 0.97(7) +0.06s1d E2 2+→0+

420.0 6050 2.4(2) 0.39(18) M1 16−→15−

435.2 4623 0.23(7) E2 12−→10−

475.5 6525 0.61(8) 0.47(16) M1 17+→16+

513.7 4898 0.49(4) E2 13−→11−

607.2 5230 0.39(6) E2 14−→12−

664.3 4384 2.8(3) 0.53(16) +0.05s2d E1 11−→10+

731.1 5630 0.44(4) E2 15−→13−

783.1 4384 1.5(3) 1.57(94) sE2d 11−→ s9−d
819.1 6050 0.76(21) E2 16−→14−

895.5 6525 0.16(2) E2 17−→15−

1030.0 4188 , 0.2 M1 10−→9−

FIG. 2. (a) Background subtracted gated spectrum showingM1
transitions of bandB4 in 134Ce.(b),(c) Spectra showing the 435 and
514 keV crossoverE2 transitions of bandB4. The energies are
labeled in keV.

FIG. 3. (a),(b) Gated spectra showing the crossoverE2 transi-
tions and connecting transitions(labeled with an asterisk *) of band
B4 in 134Ce. The energies are labeled in keV.
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Figs. 4(a) and 4(b). The DCO ratio measurements suggest
DI =1 for transitions in theB5 band(see Table II). The mea-
sured polarization asymmetry showsM1 multipolarity for
the 340 keV transition in theB5 band. Other transitions in
the B5 band have been assumed to haveM1 multipolarity.
Although crossoverE2 transitions are not observed in this
band, but the measured lifetimes of four levels and the de-
rived BsM1d values support the assignment ofM1 multipo-
larity to transitions in this band. The 472 keV connecting
transition is also found to haveM1 character withDI =1
from the polarization measurements. Therefore, the

5969 keV level in theB5 band has been assignedI =16 and a
negative parity since theB6 band has a negative parity(see
Table III).

It is seen from Tables I and II thatM1 transitions in both
B4 and B5 bands have similar intensities. However, the
crossoverE2 transitions have been observed in theB4 band
but not in bandB5, thereby implying a stronger magnetic
character or a relatively weaker deformation in theB5 band.
The BsM1d/BsE2d values deduced from the branching ratios
for transitions inB4 band are listed in Table IV. These ratios
exhibit a nearly constant behavior as a function of the rota-
tional frequency"v as shown by filled circles in Fig. 5(c).
The plots of the measured excitation energy vs"v and an-
gular momentumI vs "v are shown in Fig. 5(a) and Fig.
5(b), respectively.

The BsM1d values of the transitions in both the bands
have been obtained through measurements of lifetimes using
the Doppler shift attenuation method. Two-dimensional ma-
trices were constructed with the detector atu
=30°, 60°, 120°, or 145° along one axis and all other detec-
tors along the other axis. The line shapes were projected for
all angles with gates on stopped transitions below the transi-
tions of interest. These experimental line shapes were fitted
with the “LINESHAPE” analysis code of Wells and Johnson
[19]. The slowing down history of the recoiling nuclei was
generated using the Monte Carlo technique with 5000 histo-
ries and a time step of 0.001 ps. The electronic stopping
powers of Northcliffe and Schilling[20] corrected for shell
effects were used for calculating the energy loss. The side
feeding was modeled to be transitions of independently vari-
able lifetimes. The side feeding intensities were constrained
to the experimental numbers. The topmost transition was fit-
ted first and then the next lower one with top feeding taken
from the fitted values of the transition above. Finally a global
fit was obtained for the whole cascade with independently
variable lifetimes for each level and their side feedings. The
line shapes of 340, 458, 520, and 548 keV of the bandB5 are
shown in Fig. 6. Lifetimes extracted from these fits for the
levels in bandB5 are listed in Table V. The line shape fit-
tings were obtained for the 420 and 476 keV transitions of
bandB4, and their lifetimes are listed in Table IV. The mea-

FIG. 4. (a),(b) Gated spectra showing theM1 transitions and
connecting transitions(labeled with an asterisk *) of band B5 in
134Ce. The energies are labeled in keV.

TABLE II. Properties of transitions inB5 band and the connecting transitions observed in134Ce following
the 120Sns80O,4ngd reaction.

Eg Ei Ig A2/A0 A4/A0 RDCO Polarization Multipolarity Assignment

(keV) (keV) s%d asymmetry

155.5 5749 1.5(2) 0.62(23) M1 15−→14−

219.6 5969 4.3(4) −0.32s2d −0.33s2d 0.56(10) M1 16−→15−

251.7 5749 1.5(2) 15−→15−

340.2 6310 6.4(4) 0.47(7) −0.02s2d M1 17−→16−

457.6 6767 3.6(3) 0.58(15) M1 18−→17−

471.5 5969 1.3(1) 0.60(14) −0.06s5d M1 16−→15−

519.8 7287 1.2(1) 0.60(22) M1 19−→18−

548.0 7835 1.0(1) 0.59(8) M1 20−→19−

947.4 5969 1.3(2) E2 16−→14−

1450.2 5594 ,0.2 +0.17s8d E2 14−→12−
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sured spin vs rotational frequency"v for B5 band is plotted
in Fig. 7(a) and the experimentalBsM1d values for 17− to
20− levels in this band are plotted in Fig. 7(b).

IV. RESULTS AND DISCUSSION

The observed characteristics of the two negative parity
DI =1 bands, i.e.,B4 and B5 bands, have been compared
with the results of the hybrid version of TAC calculations
[21]. It is seen that the angular momentum of the band head
and the level structure ofB5 band closely resemble those of
the B3 band in 136Ce [9]. It suggests a similar four-
quasiparticle configuration for the two bands. The observed
similarity in the magnitude and behavior ofBsM1d values
with increasing spin further strengthens the idea that the
bandB5 of 134Ce is similar to bandB3 of 136Ce. We have,
therefore, chosen a four-quasiparticle configuration
psg7/2h11/2d ^ nsh11/2d−2 for the bandB5 of 134Ce. The pairing
parameters were chosen as 80% of the odd-even mass differ-
ence, i.e.,Dp=1.148 andDn=0.934 MeV. The minimization
of the total energy carried out in a self-consistent manner
gave the deformation parameterse2=0.149,e4=0.01,g=43°

and an average tilt angleu,35° for the angular momentum
vector with respect to the principle axisx. The results of our
calculations of spin vs rotational frequency"v show a very
good agreement with the experimental values shown as filled
circle in Fig. 7(a). Even the upbend at high frequencies is
quite well reproduced. The calculatedBsM1d values shown
in Fig. 7(b) also give a good agreement with the experimen-
tal data and strongly support the MR character of bandB5.

The negative parity bandB4 in 134Ce exhibits several in-
teresting features which require detailed calculations for its
proper understanding. This band exhibits a mild backbending
at I =14" with a gain in alignment of about 2". The
BsM1d/BsE2d ratios show a nearly constant trend with in-
creasing rotational frequency. However, theBsM1d values,
measured for two of the high spin transitions, are quite large,
suggesting a magnetic character. We have carried out TAC
calculations for all the possible four-quasiparticle configura-
tions which lead to a negative parity band. On the basis of
these calculations and the constraints of reproducing the ob-
served band head spin and relative excitation energy of band
B4 with respect to bandB5 (bandB4 is observed to lie lower
than bandB5), we have arrived at two possible configura-
tions for the band B4: Configuration A: psg7/2d2

TABLE III. Properties of transitions inB6 andB7 bands and the connecting transitions observed in134Ce
following the 120Sns80O,4ngd reaction.

Eg Ei Ig A2/A0 A4/A0 RDCO Polarization Multipolarity Assignment

(keV) (keV) s%d asymmetry

422.4 2896 13(1) 1.15(18) E2 8−→6−

451.4 3158 12(1) 0.91(9) E2 9−→7−

509.5 3405 12(1) 1.05(14) E2 10−→8−

532.2 2706 14(1) 1.05(14) E2 7−→5−

595.0 3753 11(1) 0.90(6) E2 11−→9−

737.6 4143 11(1) +0.20s3d −0.26s5d 1.12(16) +0.09s2d E2 12−→10−

789.4 4542 11(1) 1.19(13) E2 13−→11−

877.3 5020 6.9(5) 1.22(20) E2 14−→12−

955.5 5497 4.4(4) 0.94(16) E2 15−→13−

1006.0 6026 5.9(4) 1.46(43) E2 16−→14−

1044.7 7070 2.0(2) 1.22(33) E2 18−→16−

1125.2 2174 28(2) 0.57(08) +0.04s1d E1 5−→4+

TABLE IV. Lifetimes, BsM1d/BsE2d, BsM1d, and BsE2d values for transitions deexciting 12− to 17−

levels of bandB4 in 134Ce. Errors on stopping power are not included.

Eg (keV) I i
p→ I f

p BsM1d/BsE2d smN/e bd2 t spsda BsM1d smN
2d BsE2d se bd2

239.0 12−→11− 13.0±3.9

275.0 13−→12− 11.7±1.3

332.0 14−→13− 12.1±2.1

399.0 15−→14− 11.4±1.8 ,0.75b

420.0 16−→15− 11.0±3.1 0.81−0.12
+0.12 0.72−0.11

+0.11 0.07−0.02
+0.02

476.0 17−→16− 13.8±2.4 ,0.82−0.10
+0.10c .0.51−0.06

+0.06 .0.04−0.01
+0.01

aLifetimes obtained from the weighted average of values at four anglesu=30°, 60°, 120°, and 145°.
bAssuming a lower limit of 1 ps for the mean lifetime of the level.
cEffective lifetime.
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^ nsh11/2d3/2d and configurationB: psh11/2d2 ^ nsh11/2d3/2d.
The calculated deformation parameters for the configura-

tionsA andB aree2=0.016,e4=0.015,g=7° with an average
tilt angle u,35° ande2=0.169,e4=0.016,g=28° with an
average tilt angleu,65°, respectively. The results of our
calculations for the bands based on the configurationsA and
B are shown in Fig. 5. Both the bands are close to each other
and lie lower than theB5 band. The calculated energies of

the configurationsA andB as a function of angular momen-
tum are plotted in Fig. 5(a). It appears from this plot that the
configurationB crosses the configurationA nearI =13". The
angular momentumI as a function of rotational frequency
"v for both the configurationsA and B along with the ex-
perimental data(filled circles) are plotted in Fig. 5(b). The
gain in alignment in going from the configurationA to the
configuration B is calculated to be of the order of 3",
whereas the observed gain in the alignment is of the order of
2". A mixing of these two bands based on the configurations
A and B may be able to explain the observed behavior of
band B4. The BsM1d/BsE2d ratios for the configurationA
decrease marginally from 5 to 2smN/ebd2, whereas these
values for the configurationB decrease from 17 to 13
smN/ebd2 over the same rotational frequency range. The cal-
culatedBsM1d/BsE2d ratios for both the configurations and
also the experimental values are plotted in Fig. 5(c). The
experimental values are found to lie between the calculated
values for the two configurations being closer to configura-
tion B, but do not show any significant decrease. The experi-
mental and calculatedBsM1d values as a function of"v are
also plotted in Fig. 8. Since the 399 keV transition did not
show a line shape, the 15− level in B4 band is assumed to
have a lower limit of 1 ps for its lifetime. This leads to an
upper limit of 0.75smNd2 for the BsM1d value of the

FIG. 5. (a) The experimental and calculated(TAC) excitation
energies as a function of angular momentum for bandB4 in 134Ce.
(b) The experimental and calculated angular momentumI vs fre-
quency"v. (c) The experimentalBsM1d/BsE2d values vs frequency
"v. The results of TAC calculations for the configurationA is
shown as a solid line and the results for configurationB are shown
as dotted line.

FIG. 6. Experimental and theoretical line
shapes for the 340, 458, 520, and 548 keVg rays
at the forward 30°, 60°, and backward
120°, 145° angles with respect to the beam direc-
tion in the B5 band of 134Ce. The contaminant
peaks are shown in dotted lines and line shapes
for g rays of interest are shown with solid lines.

TABLE V. Lifetimes andBsM1d values for transitions deexcit-
ing 17− to 20− levels of bandB5 in 134Ce. Errors on stopping power
are not included.

Eg (keV) I i
p→ I f

p t spsda BsM1d smN
2db

340.2 17−→16− 0.85−0.07
+0.07 1.71−0.14

+0.13

457.6 18−→17− 0.34−0.03
+0.03 1.76−0.15

+0.17

519.7 19−→18− 0.28−0.03
+0.03 1.47−0.14

+0.16

547.6 20−→19− ,0.28−0.04
+0.03c .1.24−0.14

+0.17

aLifetimes obtained from the weighted average of values at four
anglesu=30°, 60°, 120°, and 145°.
bAssuming pureM1 transitions since crossoverE2 transitions have
not been observed.
cEffective lifetime.
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399 keV transition, thereby indicating that theBsM1d values
may not be increasing appreciably with decreasing spin. TAC
calculations predict large but decreasingBsM1d with increas-
ing spin for the configurationB but small and nearly constant
values for the configurationA. Figure 8 shows that the ex-
perimentalBsM1d values also lie between the calculated val-
ues for the configurationsA andB. It, therefore, appears that
both the configurations may have a role to play in theB4
band. The behavior of the observedBsM1d values along with
the small gain in alignment suggest that bandB4 could be a
tilted band based on a small and a moderate deformation
minimum lying close to each other. It may be noted that the
principle axis cranking calculations carried out by us have
been unable to explain the various features, and no such band
has been observed by us in136Ce[9]. This indicates a sudden
change in the structure due to decrease in neutron number by
2 in the mass 130 region.

V. CONCLUSIONS

In conclusion, two newDI =1 bandsB4 andB5 have been
observed in134Ce for the first time. Both the bands appear to

have four-quasiparticle configurations. TheB5 band is
strongly magnetic in character like theB3 band reported in
136Ce[9]. TheB4 band, on the other hand, shows experimen-
tal BsM1d/BsE2d and BsM1d values which lie between the
theoretical values obtained for two different configurationsA
and B—the configurationB having largerBsM1d values
compared to the configurationA. It is proposed that the band
B4 is a tilted band[22] with a mixing between the two
closely lying minima corresponding to a small(prolate) and
a moderate (triaxial) deformation. Nearly constant
BsM1d/BsE2d values do not support shears mechanism or
magnetic rotation for this band.
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