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Lifetime measurements of highly deformed bands in134,135Nd and 131Ce
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The quadrupole moments of highly deformed bands in134,135Nd and 131Ce have been determined using the
Doppler-shift attenuation method. The obtainedQ0 values show no clear dependence on the number of
occupiedn i 13/2 intruder orbitals. Cranked shell model calculations indicate that the charge-quadrupole mo-
ments of the highly deformed bands decrease with increasing spin. The expected increase in deformation
induced by then i 13/2 orbital in two bands of134Nd is attenuated by a rotation-induced shrinking effect driving
the nucleus towards smaller deformation.@S0556-2813~98!50401-3#

PACS number~s!: 21.10.Tg, 21.10.Re, 23.20.Lv, 27.60.1j
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The highly deformed ~HD! bands observed in th
A5130 mass region are based on ellipsoidal shapes
approximate axis ratio 3:2 (b250.3– 0.4), which differ from
the shapes on which the normal-deformed bands are b
(b250.15– 0.25). These elongated shapes are stabilize
the shell gaps in thestatic single-particle energy spectrum
which, in the case of theA5130 nuclei, occur atZ558 and
N572, N56. The occupancy of theN56 n i 13/2 intruder
orbitals is essential for the observation of the HD bands
high spin@1#: due to the strong Coriolis coupling of high-j
orbitals, the two signature partners of theV51/2 n i 13/2 or-
bital cross theN572 gap at quite low rotational frequenc
and inducedynamicshell gaps atN573,N574 @1,2#. There-
fore, it is not easy to disentangle between the contribution
the N572 shell gap and that of the intruder orbitals to t
stabilization of the highly deformed minimum in theA
5130 mass region. The dependence of the quadrupole d
mation on the number of high-N intruder orbitals is well
established in theA5150 mass region from the lifetim
measurements performed for the superdeformed band
148,149Gd, 152Dy @3#, 151,152Dy, 151Tb @4#, being understood
theoretically by the additivity of the independent contrib
tions from the individual hole or particle orbitals to the do
bly magic superdeformed core152Dy @5#. In the A5130
mass region, on the contrary, the absence of a clear de
dence of the quadrupole deformation on the number of
cupied intruder orbitals has been inferred from the repor
equal quadrupole moments for the yrast HD bands of131Ce
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and 132Ce @6#, assumed to be based onn i 13/2 and n( i 13/2)
2

configurations, respectively. Since cranked shell-model
culations predict a difference in deformation of;10% be-
tween the configurations with one and twon i 13/2 orbitals@7#,
the conclusion was drawn in Ref.@6# that the shape-driving
force of then i 13/2 orbital is less than expected. Howeve
different quadrupole moments have been reported in
same paper for the yrast and excited HD bands of131Ce,
which involve also one and twon i 13/2 orbitals, respectively.

The present lifetime measurements are intended to s
further the shape-polarizing effect of then i 13/2 intruder or-
bital, this time in the 134Nd nucleus, where quite a goo
understanding of the underlying configurations of the H
bands has been acquired@8#. In our previous works on
134Nd, we reported two bands built on the second minimu
and two bands which at high spin seem to evolve towa
high deformation through the consecutive step-wise occu
tion of the first and secondn i 13/2 orbitals @2,8,9#. The exis-
tence in 134Nd of high-spin bands built on configuration
with zero, one or twon i 13/2 intruder orbitals over well-
defined frequency ranges, makes this nucleus a favorite
to study the deformation-driving effects of then i 13/2 intruder
orbitals. The present experiment was aimed at the dete
nation of the quadrupole moments for several HD ban
from the same measurement exploiting the high efficiency
the modern detectors arrays, which enables the simultan
observation of several HD bands populated in the same
action. In this way, the systematic uncertainties~associated
mainly with the stopping powers, but also with the bea
energy, target thickness, etc.! are considerably reduced, a
lowing the extraction of precise relative quadrupole m
ments. Measurements of this type have been reporte
131,132Ce @6#, 132,133Ce @10#, 148,149Gd and 152Dy @3#, and
151,152Dy and 151Tb @4#.

The highly deformed bands of the134,135Nd and 131Ce
nuclei have been populated via the110Pd~28Si,xnya) reac-
tion at a beam energy of 132 MeV. The target consisted
1 mg/cm2 110Pd evaporated on a 10 mg/cm2 thick Au back-

,
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ing. The beam was provided by the XTU Tandem accelera
of the Legnaro National Laboratories. The gamma spectr
eter ~GASP! array with 40 Compton-suppressed HPGe d
tectors and the 80-element bismuth orthogermanate~BGO!
inner ball was used for gamma-ray detection. The Ital
Silicon Sphere~ISIS! ball consisting of 40DE2E Si-
telescopes was used for charged particles detection. Ev
were collected when three or more Ge detectors fired in
incidence with at least four BGO detectors. A total of 1
3109 triple and higher-fold Compton-suppressed eve
were collected. For every band of interest, the data w
sorted off-line in double-gated spectra from all detectors,
projecting only those at definite angles to the beam, nam
at 36, 60, 72, 90, 108, 120, 144 deg. The use of the ISIS
in separating the 4n anda3n reaction channels was essent
to obtain accurate centroid shifts for the nearly degene
peaks in the lower part of the yrast HD bands of134Nd and
131Ce, respectively. The spectra of the yrast band of134Nd
have been obtained by imposing a veto ona particles, which
suppressed thea3n channel, whereas those of the HD ba
of 131Ce have been obtained by selecting events in coi
dence witha particles. Typical double-gated spectra at fo
ward and backward angles are shown in Fig. 1 for band
134Nd ~see Ref.@8#!.

The analysis has been performed using the Doppler s
attenuation method~DSAM! @11#. The fractional Doppler
shiftsF(t), i.e., the ratio between the average recoil veloc
at which a state decays and the average initial velocity (v0),
were determined from theg-ray peak centroids extracte
from different angles. The initial velocity of the recoiling N
nuclei was calculated using the bombarding energy at
midpoint of the 110Pd target and assuming that the evap
rated neutrons did not perturb the average speed; a valu
v0 /c50.0202(2) has been found, which is consistent w
the Doppler shift of the highest observed transitions in
bands. Note that the fractional shifts of the transitions at
top of the bands do not go to 1~see Fig. 2 below!. This is

FIG. 1. Spectra for band 3 of134Nd at 36° and 144°, obtained
from combinations of all double gates on the in-band transiti
above the 748 keVg ray. In the upper panel the in-band transitio
are marked with diamonds.
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because in the band description used in the fitting proced
we also included the known highest transitions in the ba
which were observed in previous thin-target experime
with similar projectile-target combinations and beam en
gies, but not seen in the present thick-target data. The r
tively slow sidefeeding of these transitions was an additio
factor which led to fractional shifts smaller than 1 at the t
of the bands. For the131Ce nucleus, which is populated afte
the evaporation of ana particle ~and 3 neutrons!, the reac-
tion kinematics played a more important role. The mome
tum of the compound nucleus is modified by the evapora
massivea particle, which leads to a change of the velocity
the Ce residue. A Monte Carlo simulation has been use
correct for the reaction kinematics by taking into account
emission ofa particles, leading to a value of the effectiv
initial velocity for the 131Ce recoils ofv0 /c50.0192(2),
which again is in good agreement with the Doppler shift
the highest observed transitions in the band.

The use of the DSAM method for relating the lifetime
a nuclear state to the recoil velocity has two serious lim
tions: ~i! the stopping powers used to model the slowi
down process are poorly known, and~ii ! the lifetime of un-
resolved feedings introduce additional uncertainties in
final results. Since there are no experimental values for
slowing-down process of the134Nd ions in Pd and Au, we
compared various parametrizations of the stopping pow
@12–14# with the recent experimental values of Brandoli
et al. @15# for 144Nd ions in Pb, which show that the ‘‘best’

s

FIG. 2. Experimental~circles! and fitted~solid lines! F(t) val-
ues for the high-spin bands in the134,135Nd and 131Ce nuclei. The
dynamic moments of inertia used to simulate the sidefeeding
cades areJs f

(2)550,55,45\2 MeV21, for the bands of134Nd, 135Nd,
131Ce, respectively. TheQ0 values deduced from the best fits a
indicated in each panel. TheF(t) values obtained by using th
calculated quadrupole moments are drawn with dashed lines, w
for the yrast and excited HD bands of134Nd and for 131Ce are
hardly distinguishable from the solid line fitting the experimen
F(t) values.
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TABLE I. The experimentally derived in-band (Q0
exp) and sidefeeding (Qs f) quadrupole moments, an

the deduced quadrupole deformationsb2 ~assuming no triaxiality! for high-spin bands in134,135Nd and
131,132Ce. The last column gives the range of variation of the calculated quadrupole moments (Q0

the) for the
observed states, whose spins are indicated in parenthesis.

Band Q0
exp (e b) Qs f (e b) b2 Q0

the (e b)

134Nd yrast HD 6.8~3! 6~1! 0.35~1! 7.4 ~19!→5.9 ~39!
134Nd excited HD 6.4~4! 6~1! 0.33~2! 6.9 ~18!→6.4 ~40!
134Nd band 3, lower part 4.9~3! 2.5~5! 0.26~2! 4.8 ~18!→6.1 ~26!
134Nd band 3, upper part ;6.5 ;6 ;0.34 6.07a (32→40)
134Nd band 3, lower1upper 5.0~3! 4~1! 0.26~2!
135Nd HD 7.3~10! 3.0~5! 0.37~5! 6.4 ~24.5!→5.5 ~38.5!
131Ce yrast HD 7.3~4! 6~1! 0.38~2! 7.5 ~20.5!→6.7 ~40.5!
132Ce yrast HDb 7.4~3! 0.38~2! 8.0 ~24!→6.6 ~52!

aAs we could not calculate the positive-parity configuration involving only onei 13/2 neutron, we estimated
Q0

the for the upper part of band 3 assuming that the contribution of onei 13/2 neutron is half of the calculated
contribution of twoi 13/2 neutrons$Q0@( i 13/2)

2#% with respect to the configuration with zeroi 13/2 neutrons
(^Q0

L&, which is an average over the observed spin range in the lower part of band 3!: Q05^Q0
L&

1
1
2 $Q0@( i 13/2)

2#2Q0
L%5(4.816.1)/21(6.6925.45)/256.07 e b.

bFrom Ref.@6#.
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stopping powers are those of Northcliffe and Schilling@14#.
Anyhow, regardless of which stopping powers are used,
relative quadrupole moments are the most significant res
The slowing down history of the recoiling nuclei was, ther
fore, calculated using the electronic stopping powers ta
from the Northcliffe and Schilling tables@14#, scaled accord-
ing to the experimental values for4He ions as suggested b
Sie et al. @16#. The nuclear contribution of the stoppin
power was treated using a Monte Carlo procedure accor
to the theory of Lindhard, Scharff, and Schiott@17# as pa-
rametrized by Winterbon@18#. The multiple scattering was
treated in the Blaugrund approximation@19#.

The spectra gated only on the high-lying transitions of
bands, where the sidefeeding contribution is much redu
had a poor statistics and the extracted values of the cen
shifts were affected by errors too large to be of any pract
use. Therefore, the centroid shifts were determined fr
double-gated spectra on all combinations of in-band tra
tions, in which the sidefeeding has full effect. The sidefe
ing into each state was modeled by a single rotational c
cade controlled by the dynamic moment of inertiaJ(2)

s f and
the sidefeeding quadrupole momentQs f , both kept constan
throughout the band. In all cases a cascade with only
transition was sufficient to reproduce the data, this be
equivalent to the decay of a single unresolved state with
effective lifetime determined by all precursor states. The
fective intensity of the sidefeeding has been determined
properly taking into account the procedure of generating
doubly gated spectra~gating on a transition of the ban
eliminates the sidefeeding for the states below this transit
but does not alter the sidefeeding of the states above it!. The
assumed spin independent parameters for the in-band
sidefeeding quadrupole moments (Q0 and Qs f) have been
determined from a two-dimensionalx2 minimization of the
experimentalF(t) values. A constant dynamic moment
inertia for the sidefeeding of each band has been used,
tained from the average of theJs f

(2) values over the observe
spin range.

The results of the fitting procedures for the bands
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134,135Nd and 131Ce are shown in Fig. 2. The obtained in
band (Q0

exp) and sidefeeding quadrupole moments (Qs f), as
well as the corresponding quadrupole deformationsb2 ~as-
suming no triaxiality! are listed in Table I.

For 134Nd, the quadrupole moments of band HD yra
band HD excited and band 3@8# have been obtained. Th
configurations of these three bands have been discusse
our previous works@2,8#. For the yrast HD band, involving
one n i 13/2 intruder orbital, a quadrupole moment of 6.8~3!
e b has been extracted. For the excited HD band, in wh
the lower part below the backbend involves onen i 13/2 or-
bital, whereas the higher part involves twon i 13/2 intruder
orbitals @8#, the extracted experimental quadrupole mom
is Q056.4(4) e b. Band 3 of134Nd exhibits a bandcrossing
at spin;30\, which marks the occupation of the firstn i 13/2

intruder orbital@8# and therefore the data was fitted cons
ering two distinct parts. For the upper part the fit gives
quadrupole moment ofQ0;6.5 e b. Since the number o
experimental points is small~four! and they characterize th
top part of the band which is quite insensitive to the quad
pole moment~the sensitive area is where the curvature of
fractional shift curve is large!, this value has a large error~of
the order of 20– 30 %) and therefore it must be conside
with caution. For the lower part of the band, taking in
account also the feeding by the upper part of the band w
Q0;6.5 e b, a quadrupole moment of 4.9~3! e b has been
determined. In order to check this fitting procedure, the
perimental fractional Doppler shifts of band 3 have also be
fitted with a uniqueQ0 value of 5.0~3! e b ~see Fig. 2!. The
statistics of the present experiment does not allow one
distinguish firmly between the fits with constant or with tw
Q0 values, even if the fit with an uniqueQ0 passes below the
highest experimental points~see Fig. 2!. It has to be noted
that for all three bands in134Nd the same sidefeeding (Qs f

56 e b andJs f
(2)550\2 MeV21) was used. The present re

sults for three high-spin bands of134Nd indicate that the
measured quadrupole moments are not directly related to
number of occupiedn i 13/2 intruder orbitals.
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For the HD band of 135Nd a quadrupole moment o
7.3~10! e b has been extracted. It must be noted, howev
that a reasonable fit of the experimentalF(t) values is ob-
tained with a much slower sidefeeding ofQs f54.0(5) e b.
This result is in agreement with that reported by Diamo
et al. @20#, where a quadrupole moment ofQ057.4(10) e b
has been established with a sidefeeding ofQs f53.5 e b.
This band has only onen i 13/2 intruder orbital occupied, and
as expected, its quadrupole moment is close to that of
yrast HD in 134Nd. The small quadrupole moment of th
sidefeeding cascades can be an indication that at high s
the near-yrast quasicontinuum is mainly composed of sm
deformation~triaxial! bands. This is not unexpected, sin
the existence of high-spin triaxial bands in this mass reg
is well documented by recent results on133Ce @21# and
136Nd @22#.

For the yrast HD band of131Ce a quadrupole moment o
7.3~4! e b has been established, in good agreement with
7.4~3! e b value of Clarket al. @6#. This value is much highe
than the values obtained in Refs.@23# and@24#, of Q0.6 e b
and 5.5e b, respectively.

In order to elucidate the results of the present work,
performed extended cranked Strutinsky-type calculations
cluding quadrupole and monopole pairing correlations. T
pairing field is calculated self-consistently and the Routh
is minimized with respect to the deformation parametersb2 ,
b4 , andg at each step in frequency. For further details, s
Ref. @25#. The expectation value of the quadrupole operat
Q20 andQ22 are calculated using the intrinsic wave functio
at the minimum of the total Routhian surface calculations

A common feature revealed by the calculations for
HD bands with smooth behavior, i.e., where the number
occupiedn i 13/2 orbitals ~one or two! stays constant through
out the band, is a pronounced shrinking effect at high sp
the calculated quadrupole moments exhibit a decrease
spin of the order of 20%~see the fifth column of Table I!.
The reduction ofb2 as a function of rotational frequency ha
been explained@26# and discussed@27# for Yb isotopes in
terms of the rotation-induced deoccupation of the a
aligned high-j , low-V quasiparticle configurations~those in
which the nucleons move in the opposite direction with
spect to the nuclear rotation!. The same effect exists also i
the highly deformed Nd and Ce nuclei. It is caused by
Coriolis plus centrifugal forces and leads to the loss of a
aligned high-j low-V orbits which have a strong polarizin
effect on the nuclear shape, causing the nucleus to bec
less deformed and therefore resulting in a reduction of
Q0 values.

In contrast with the decreasing values of the HD ban
with smooth behavior, the calculated quadrupole moment
the bands where an additionaln i 13/2 orbital is occupied at
high spin ~e.g., the excited HD band of134Nd) are nearly
constant. This can be qualitatively understood through
compensation of the rotation-induced shrinking effect at h
spins~which drives towards smaller deformation! by the po-
larizing force of the secondn i 13/2 intruder orbital ~which
drives towards larger deformation!. In such a simplified pic-
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ture it is assumed that the most important factors which co
pete in determining the equilibrium deformation at high sp
are the rotation-induced shrinking effect and the polarizat
by then i 13/2 orbital. Note that calculations with the modifie
harmonic oscillator potential without pairing interactio
yield quadrupole moments very similar to our calculatio
and a similar shrinking effect@7#. The statistics of the presen
data is not enough to allow for the measurement of the l
time of each individual transition, and therefore this shrin
ing effect could not be determined. However, the fractio
Doppler shifts obtained by using the calculatedQ0

the values
give in general a good agreement~see the curves drawn with
dashed lines in Fig. 1!. Note that the experimental quadru
pole moments have been deduced by fitting theF(t) values
with constantQ0

exp.
The polarizing effect of the neutroni 13/2 intruder orbital

can be studied at best in Nd and Ce isotopes, where
proton shell structure does not change over a rather w
region in rotational frequency@2#. Since the neutrons do no
contribute to the charge-quadrupole moment, we deal w
the pure shape-polarization effect of then i 13/2 intruder or-
bital. However, the present calculations show that the po
izing effect of then i 13/2 intruder orbital in theA5130 mass
region is attenuated by the rotation-induced shrinking eff
at high spin, which weakens the additivity relationship
quadrupole moments verified in theA5150 mass region@5#.
In fact, neither in the excited HD band nor in band 3
134Nd one observes a clear increase in deformation when
number ofn i 13/2 intruder orbitals increases. In the case
band 3, the crossing is sharper than in the excited HD ba
leading to a more localized distortion of theF(t) curve. The
rotation-induced shrinking manifesting over a broader s
range, is less effective in smoothing the crossing region
tween the configurations with zero and onen i 13/2 intruder
orbitals. It is therefore easier~even if the statistics of the
present experiment was not sufficient to give conclusive
sults! to determine individualQ0 values for the regions be
low and above the crossing. The extracted quadrupole
ment of Q0;6.5 e b for the higher part of band 3~when
fitted with different Q0 values for the regions below an
above the backbending! is very similar to that of the excited
HD band ofQ056.4(4) e b. This is in agreement with the
assigned configurations for the lower part of the excited H
band and for the higher part of band 3, which both involve
singlen i 13/2 orbital.

In summary, lifetime measurements have been perform
for three bands in134Nd, and for the yrast HD bands o
135Nd and 131Ce. The expected increase of the quadrup
moment of the excited HD band and band 3 of134Nd, which
at high spin have an additionaln i 13/2 orbital occupied, is
smoothed by the reduction of the deformation due to
shrinking effect. The deduced fractional Doppler shifts f
the five analyzed bands obtained using the calculated cha
quadrupole moments are in general good agreement with
periment, showing the adequacy of the cranked Strutins
type calculations of the deformation properties at high sp
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