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Shape transition and tilted axis rotation in **Ce
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TheAl =1 band built on the 5645 keV (12 level in *Ce has been extended to the 9228 keV (RRvel
using an eight CS-Clover array with 14 element (Y&l multiplicity filter. The crossoveE?2 transitions have
been identified for the first time. The lifetimes of the ™18 22 levels have also been measured by the
Doppler shift attenuation method. The observed band is reproduced well by the “tilted axis craiikiag”
calculations for the four quasiparticleh[ﬁz® wg70h11» configuration having a small oblate deformation
(e,~0.11) and a tilt angle of 32°. The measurBdM1,l—I1—1)/B(E2,|—1—2) ratios as well as the
B(M1,l—I1—1) values for 18 to 23 levels show a decrease with increasing rotational frequency in agree-
ment with these calculations, thus confirming the “magnetic rotatidiR) nature of the band. The calcula-
tions also reveal the presence of a second minimum in energy for the four quasipe§de 7g7,h11/
configuration having triaxial shape witp=21°. This minimum also supports a closely lying band with a tilt
angle of 82°, implying principal axis crankin¢PAC). The measured values @&(M1,|—I1-1)/B(E2|
—1-2) ratios, which are quite small at the lower spins, are also in agreement with the calculated values for the
triaxial shape and a mixing with the near oblate shape. The sudden rise B(lh#&)/B(E2) values atl
=18 clearly indicates a transition from the PAC regime to magnetic rotation, which is induced by the shape
change.

DOI: 10.1103/PhysRevC.66.041303 PACS nuner21.10.Tg, 23.20.Lv, 25.70.Gh, 27.64.

Recently, a number oAl =1 bands, named as magnetic experimental data oB(M1)/B(E2) vs | in %Ba quite
rotation bands, arising due to shears mecharfisinhave  well; however, the same data could also be very well under-
been identified in several mass regions nandely190, 135, stood in terms of a pure higk-band and axially symmetric
110, and 802]. One of the most important characteristics of rotor picture[14].
these bands is the decreasB@M 1) values with increasing High-j bands in the mass 130 region involve Iéwpro-
transition energies. This behavior is well explained by thetons and high) neutron orbitals, and constitute a good test-

application of the “tilted axis crankingTAC) model of  ing ground for the shears mechanism. This is also the reason

Frauendorf[1]. In this model, these bands arise due to afor observing a coexistence of prolate and oblate shapes in

collective motion of proton particleoles in low Q orbit- this region. This encouraged us to confirm the tentative as-

X . : signments and also extend to higher spins Aie=1 band
als coupled to a collective motion of neutron holparticleg built on 5645 keV (14) level. Our measurements reverse

in high Q) orbitals or vice versa. Thus, the net proton andie ordering of two higher lying transitions and lead to firm
neutron spin vectors are aligned perpendicular to each oth%rpin parity assignments. The crosso&# transitions have
forming the blades of a shears. The resultant angular mometeen identified for the first time. Further, the lifetimes of the
tum, therefore, makes an angle with one of the principahigh spin levels withl =18~ have been measured by the
axes. Higher angular momentum states are generated by thBoppler shift attenuation method{DSAM). The experi-
proton and neutron spin vectors closing on the resultant armental B(M1)/B(E2) ratios, as well as th&8(M1) and
gular momentum. Such a coupling breaks the signature synB(E2) values have been obtained and compared with the
metry and gives rise to Al =1 sequence now termed as the Predictions of the TAC model. ThB(M1)/B(E2) ratios for
magnetic rotationalMR) band. The bands in the mass 110 the 16" and 17 levels are nearly a factor of 3 smaller com-
region arise due to one or two proton holes in highgy, Pared to the values for the 18nd 19 levels indicating a
orbitals, and two neutron particles in 10® goy,/ds/, and significant change in the structure at lower spins. This obser-

. o . vation coupled with our theoretical calculations suggest a
hiy; neutron orbital§3—7]. In addition to mass 110 region, yanqition from a triaxial to an oblate shape in this band.

the Al=1 bands showing a decreaseBﬂ\éLl) values with  g,ch a shape change is accompanied by the onset of mag-
increasing spin have been observedff Pb[8-11]iso-  netic rotation as evidenced in the change in coupling scheme
topes also. AlthougiI =1 bands have been seen in massat these angular momenta. A preliminary report of this work
~130 region but the only interpretation in terms of thewas presented in the DAE-BRNS Symposium on Nuclear
shears mechanism is if*°Sm [12]. The TAC calculations Physics held at Kolkata, Indid5].

show a decrease iB(M1)/B(E2) ratios fore,=0.11, y High spin states in'*®Ce have been populated in the
=—15° in agreement with the experimental data for thepresent work through thé?*sn(*°0,4n)*3¢Ce fusion evapo-
Al=1 band in**%m; however, the data are also consistentration reaction by using 80 MeVO beam from the 14-UD
with a nearly constant behavior of tB¥M1)/B(E2) ratios.  Pelletron at T. I. F. R, Mumbai. The target consisted of a
The TAC calculations of Dimitrowet al.[13] reproduced the 1.6 mg/cn? thick enriched '?*Sn foil rolled on a
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12.8 mg/cm thick gold backing. Gamma rays produced in
the above reaction were detected in an array consisting of
eight CS-clover detectors along with 14 element (NBI
multiplicity filter. Each clover detector consists of four HPGe
crystals placed in the form of a clove in a single vacuum
housing[16]. The array was jointly setup by T. I. F. R,,
Mumbai, S. I. N. P. and IUC-DAEF, Kolkata, and N. S. C.,
New Delhi[17]. Each clover was treated as a single detector
and data were collected in LIST mode when three or more
clovers fired simultaneously along with two or more firings
in Nal(TI) multiplicity filter. These data were then sorted into 0l R
two-dimensiondRD) y-y matrices for the study of level : : : : |
structure in Ce isotopes. 2D matrices were also constructed 23 L .
with each detector along one axis and the rest of the detec-
tors along the other axis for the analysis of lifetimes using
the Doppler shift attenuation method. The multipolarity of
transitions has been determined from DCO ratios and angu-
lar distribution measurements. The partial level scheme of
136Ce, obtained from the present study, is shown in Fig. 1.
While several new transitions have been added to the level 17 L
scheme, the main focus of the present Rapid Communication
is the negative parityg3 band which has been extended to
9228 keV (23) level. The 603 keV transition was added at
the top and the order of the 525 and 515 keV transitions 020 030 040 050 060

reported in Ref[18] has been reversed. The crosso

transitions in this band have been observed in the present ho (MeV)

work for the first time. The branching ratios for levels inthe g 2. (a) The experimentaB(M 1)/B(E2) ratios vs frequency
B3 band obtained from the intensities of gamma rays hav, for transitions in theB3 band in'*Ce. The results of TAC
been used to calculate the experimeéM1)/B(E2) ra-  calculations for the shape parametess-0.11, y=52° and the tilt
tios with increasing angular momentum or the energy of theangle =32° are shown with a solid line. The dotted line corre-
Al=1 transitions. The experiment@(M 1)/B(E2) ratios as  sponds toe,=0.11, y=21° and the tilt angle#=82°. (b) The

a function of frequencyiw=E, for Al=1 transitions are experimental and calculate@AC) angular momentuni vs fre-
shown with filled circles in Fig. @). It is observed that the quencyfw.

—— ¢,=0.11, y=52°, 9=32°
oL N . g,=0.11, y=21°, 6=82° -
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value of B(M1)/B(E2)~10 (uy/eb)? for Aw=0.186 and stable tilt angle close to 82°. This band is very close to the
0.288 MeV. It, however, shoots up t®(M1)/B(E2) band obtained foe,=0.11, y=52° at lower rotational fre-
~40 (uy/eb)? for w=0.380 MeV. Thereafter, it de- quencies. Since the tilt angle in this case is close to 82°, it
creases smoothly with increasing rotational frequency. Th@most corresponds to a principal axis crankif@\C). This
observed decrease in the experime®@\1)/B(E2) ratios  deformation leads to very low values fB(M1)/B(E2) ra-
is a signature of the tilted axis rotation as also seen in th&os ~0 to 0.2 (uy/eb)? as shown in Fig. @). It is, there-
mass 190 and 110 regigB8-10]. fore proposed that the bar®3 hasy=21° at lower spins
The experimental data for th@3 band have been com- and makes a transition tp = 52° near ~18. But, the small
pared with the calculations of the hybrid version of TAC B(M1)/B(E2) ratios obtained fory=21° require a mixing
model. It is known that'3®Ce is a transitional nucleus and of triaxial and oblate shapes for reproducing the experimen-
the negativeE2/M 1 mixing ratio suggest an oblate configu- tal values at lower spins. The present calculations, therefore,
ration for theB3 band[18]. A four quasiparticlerg;hq1»  indicate that the sudden rise B(M1) and the transition
® vh[ﬁz configuration has been assigned to this band as alsisom PAC to MR band, are the consequences of-shape
suggested earlief18]. The pairing parameters have beentransition from the triaxialy=21° to near oblatey=52°
chosen as 80% of the odd-even mass difference, Ag., shape. This is further confirmed by the change in the angular
=1.05 MeV andA,=0.898 MeV. A minimization of the to- momentum coupling as revealed by the calculations. The
tal energy in the laboratory frame gives a deformatign  composition of intrinsic angular momentum for the two
=0.11, y=52°, which is nearly oblate. The preferred tilt minima (but same configurationclearly reveals that the
angle remains neaf=32° for most cranking frequencies. minimum aty=21° supports a band which has both the
The results of our calculation for angular momentires @ neutrons and protons having largg (both of the order of B
function of the rotational frequency,», show a reasonably and very smalll; (of the order of 1. On the other hand, the
good agreement with the experimental data in F{§).2Cal-  minimum aty=52° reveals the protons and the neutrons in
culations also show that the configuration chosen is indeegear perpendicular couplinghears mechanisithe protons
the lowest lying negative parity four quasiparticle configura-haye J, = 6.86, J;=5.1 and neutrons hawh =2.3, J3=9.9
tion for the B3 band. The above deformation parameteys  at a rotational frequency of 0.4 MeV. The shape change is
=0.11, y=52° and the tilt anglef=32° were, therefore, responsible for this change in coupling. Further, B{&11)
used to calculateB(M1)/B(E2) ratios and are compared yajues go up aty=52° because here the tilt angle &
with the experimental results in Fig(d). The good agree- —32° a5 compared t6=82° (a value close to 90 and, there-
ment between the experimental data and the calculated curygre, PAQ at y=21°. It is largely the protons that contribute
strongly support the observation of tilted axis rotation foryg theB(M1) values andls is reasonably large for protons
hw=0.38 MeV in *Ce. TheB(M1)/B(E2) ratios forl gt ,=5p°
=16 and 17 are, however, much smaller compared to those Ajthough, there is a good agreement between the mea-
obtained by TAC calculations. _ suredB(M1)/B(E2) values and the predictions of TAC cal-
An explanation for the sharp reductionB(M1)/B(E2)  cyjation forl =18, it is desirable to check the predictions for
values atl =16 and 17 is of utmost importance to build a g(\1) andB(E2) separately. Therefore, lifetimes of 180
complete picture. Normally, this should be indicative of ap>- states in theB3 band have been measured through the
band crossing at=18. For example, a similar situation is psaM in the present work. Line shapes for transitions of
observed in'%%Cd[5], where theB(M 1) values are low near interest were projected for clovers at=30°, 60°, 120°,

the band head andz rise suddenly. The rise has been explaingdse with respect to the beam axis. These spectra were gated
as arising due tehi,, alignment—the band acquires a mag- with strong gamma rays below the transition of interest in all
netic rotational character after the band crossing and thether clovers. The experimental line shapes were fitted with
B(M1) values show the characteristic decline with ianeaSthe LINESHAPE analysis code of Wells and Johns[ﬁg] to
ing angular momentum. Such a band crossing is invariablgxtract lifetimes of 18 to 22~ levels. This code was used to
accompanied by a sudden change in ener@iask-bending  generate 5000 Monte Carlo simulations of the velocity his-
and is seen in the case oficd. . tory of nuclei recoiling in the target and the backing material.
" The present case it""Ce, however, seems to differ from Electronic stopping power of Northcliffe and Schillifig0]

®Cd. The B3 band is nearly smooth except for a back corrected for shell effects were used for calculating the en-
bending observed at higher spins. Our calculation for the tWergy loss. The side feeding intensities were obtained from the
proton mg;h11/, configuration also fails to explain the low intensity of the gamma rays feeding and deexciting each
B(M1)/B(E2) for 1=16 and 17. Further such a configura- level. The experimental and theoretically simulated line
tion does not generate enough angular momentum. A banshapes at forward 60° and backward 120° angles for 436
crossing due to-h?,, alignment atl =17 to 18 is, therefore, keV, 486 keV, and 525 keV transitions are shown in Fig. 3.
quite unlikely. Since'®®Ce is ay soft nucleus, there is a The lifetimes of the 18 to 22" states obtained from the fits
strong possibility of a shape change with spin. We haveo the experimental line shapes and averaged over all the four
searched for another possible minimum in energy for theangles mentioned above are listed in Table |. B(é1)
mg7,2N11,2® vhy3, configuration. It is seen that another mini- and B(E2) values obtained from the experimentally mea-
mum does exist neag,=0.11, y=21°. The TAC calcula- sured lifetimes and/1/E2 branching ratios for 18to 22"
tion for e,=0.11, y=21° indeed produces a band with levels are plotted along with the TAC calculations in Fig. 4.
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FIG. 3. Experimental and theoretical line shapes for the 436,
486, and 525 keVy rays at the forward 60° and backward 120° hio (MeV)

angles with respect to the beam direction in B& band of **Ce.

The contaminant peaks are shown in dotted lines and lineshapes for FIG. 4. B(M1) andB(E2) values vsiw for levels in theB3

y rays of interest are shown with solid lines. band of *Ce. fiw=E (I—I-1) for M1 transitions andE.(l
—1-2)/2 for E2 transitions.

It is seen that there is a good agreement between the expetie B3 band of 3Ce. The small values of the measured
mentalB(M1) andB(E2) values with those obtained from B(M1,|—1-1)/B(E2, —1-2) ratios at the lower spins indi-
the TAC calculations. This further confirms the MR nature ofcate a mixing of a triaxial shape with a near oblate shape.
the B3 band. Also, a transition from a higtk band (PAC regime to a

The results discussed above present the first clear evinagnetic rotational ban@hears regimehas been witnessed;
dence of “magnetic rotation” and oblate shape fer18™ in  the transition is induced by a shape change. This is supported
by a clear evidence of change in the angular momentum
coupling. In conclusion, the present work provides the first
observation of a transition from a normal principal axis ro-
tation into a magnetic rotation band.

TABLE I. Lifetimes, B(M1) andB(E2) values for transitions
deexciting 18 to 22~ levels in**%Ce. Errors on stopping power are
not included.
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