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Lifetimes in the yrast and an octupole-vibrational superdeformed band in196Pb
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Lifetimes have been measured for states in the yrast~band 1! and an excited superdeformed band~band 2!
in 196Pb. The excited band is thought to be built on an octupole vibration, rather than a quasiparticle excitation.
Centroid shifts and line shapes of transitions ing-ray coincidence spectra measured with the EUROBALL
spectrometer have been analyzed. The transition quadrupole moments deduced from these data for the yrast
and the excited superdeformed band are identical within the experimental uncertainties. This result shows that
the excited band is not built on different deformation-driving orbitals compared to band 1. It is compatible with
the previous suggestion of an octupole-vibrational excitation for the signature partner bands 2 and 3.

DOI: 10.1103/PhysRevC.66.024316 PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.En, 27.80.1w
a
of
th
be
s

be
al

ra
rv

ion
he
f the

vi-

SD

ia

-
3

ole

of
d 2.
red
-
ns

nts
the

el

rs

s

I. INTRODUCTION

In recent years, a large number of superdeformed~SD!
rotational bands has been observed in nuclei in the m
'190 region@1#. In order to make reliable assignments
nucleonic configurations to these bands, it is essential
spectroscopic information beyond transition energies
comes available. The largeg-ray spectrometer array
EUROBALL @2# and GAMMASPHERE@3# have allowed
great progress to be made in this respect, e.g., it has
possible to establish the linking transitions to norm
deformed~ND! states in194Hg @4,5# and 194Pb @6,7#, thus
determining spins and transition energies. Furthermore, t
sitions between SD bands in several nuclei were obse
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@8–12#. Such measurements provide invaluable informat
on the orbitals forming the nucleonic configurations of t
SD states. Recent work has also indicated that several o
excited bands in even-even nuclei are based on octupole
brations, rather than quasiparticle excitations@5,12–15#.
Here, we present results on lifetime measurements of
states in196Pb which support this interpretation.

In 196Pb four SD bands are known@16,17#. One of the
excited bands~SD band 3! decays into the yrast SD band v
several very enhanced electric dipole transitions@13# with
B(E1) values of'1024 W.u. Together with theoretical cal
culations@14,18#, these results strongly suggest that band
and its signature partner band 2 are built on an octup
vibration in the SD potential energy minimum of196Pb.

In this work, we report on a measurement of lifetimes
states within the yrast SD band 1 and the excited SD ban
Lifetimes of states in the yrast band have been measu
previously@19#, but for the excited bands no lifetime infor
mation exists. As the analysis of Doppler shifts of transitio
in the two bands was performed ong-ray spectra obtained
under identical conditions, the relative quadrupole mome
deduced from the lifetimes are very reliable. We find that
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quadrupole moments for the yrast SD band 1 and for
band 2 are identical within the experimental uncertainti
This result is compatible with the assignment of band 2 as
octupole vibration. Such an excitation should have no la
effect on the deformation, as it involves many different co
ponents in the wave function. If band 2 would instead
based on an excitation involving strongly deformatio
driving quasiparticle orbitals, like theN56 i 13/2 or N
57 j 15/2 intruder orbitals, a deviation in the deformatio
from the yrast SD band would be expected.

In the following section the experimental methods a
results are described. In the last section the results are
cussed, followed by a brief summary.

II. EXPERIMENTAL METHODS AND RESULTS

High-spin states in196Pb were populated in the reactio
170Er(30Si,4n) at a beam energy of 144 MeV, the30Si beam
being provided by the VIVITRON Tandem accelerator at t
Institute de Recherches Subatomiques, Strasbourg. The
get consisted of an enriched170Er foil of 1.65 mg/cm2 thick-
ness on a 6.64-mg/cm2-thick Au backing. Gamma-ray coin
cidences were measured with the EUROBALL-I
spectrometer@2#. It comprises 30 Compton-suppressed co
ventional Ge detectors and 26 clover and 15 cluster com
ite Ge detectors. At the time of the experiment 230 individ
Ge detector crystals were operational. An inner ball of 2
BGO scintillators was used as a multiplicity filter. Coinc
dence events were recorded when four or more Ge dete
before Compton suppression and five or more BGO detec
of the inner ball gave coincident signals. After the presort
of the data, in which gain matching, pile-up suppression,
add back for the composite detectors was carried out an
window was set on the prompt time peak, a total of 1
3109 events with coincidence fold>3 remained. These dat
were stored in aBLUE database@20# which was used for the
further analysis.

For the Doppler-shift analysis the Ge crystals of t
EUROBALL spectrometer can be grouped into eight rings
the following average angles with respect to the beam di
tion: 15.5°, 34.6°, 52.3°, 76.6°, 103.3°, 129.7°, 137.1°, a
156.2°. Spectra were created for each of these angles
both bands from theBLUE database. Combinations of thre
energy gates on transitions of the respective bands wer
quired. As an example, Fig. 1 shows two such spectra fr
forward and backward detectors for the yrast SD band
Spectra from the near-90° detectors were used to locate
sible contaminations at the position of the shifted peaks
the spectra from the forward and backward detectors.

Two Doppler-shift attenuation methods~DSAM’s!, the
analysis of centroid shifts and of line shapes, were use
determine lifetimes in the SD bands. It is well known th
lifetime measurements by Doppler-shift methods suffer fr
the problem of unknown side-feeding lifetimes. In hig
statistics coincidence measurements this problem can
solved by setting gates on transitions above the states
which the lifetimes are to be determined, thus eliminating
side feeding into these states. For band 2 only spectra
gates below the transitions of interest had sufficient stat
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cal accuracy, but here we could use the side-feeding mo
tested for the yrast SD band. For that band the intensity
sufficient to analyze spectra with both, gates above and
low the transitions of interest.

The centroid-shift analysis was carried out in the follo
ing manner. From the centroids of theg-ray lines in the
spectra of both bands measured at the different angles
respect to the beam direction, the fractional Doppler sh
F(t)5(^Eg(Q)&2E0)/E0bmaxcosQ are determined. Here

FIG. 2. Fractional Doppler shiftsF(t) for the yrast SD band
@panels~a! and~b!# and SD band 2@panel~c!# in 196Pb. For the yrast
SD band spectra created with gates below@panel ~a!# and above
@panel ~b!# the transitions of interest were analyzed. The curv
represent calculated shifts assuming constant quadrupole mom
for each band~see text for details!. The dashed curve corresponds
a fit with slightly different quadrupole moments.

FIG. 1. Triple-gated background-subtracted spectra of the y
SD band 1 from the ring of forward detectors at 34.6°~upper panel!
and the ring of backward detectors at 156.2°~lower panel!. The
peaks are marked with their unshiftedg-ray energy. A transition
from the ND level scheme is markedy.
6-2
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E0 is the energy of the unshifted line, andbmax5ymax/c
51.53% was calculated from the reaction parameters for
center of the target.F(t) is determined by a linear fit to th
experimental values of̂Eg(Q)& plotted as a function of
cosQ. TheseF(t) values are displayed as a function
g-ray energy in Fig. 2.

F(t) curves were calculated using a program develo
by Moore et al. @21#. In the program a rotational cascad
with a constant transition quadrupole momentQt is assumed.
Where spectra with coincidence gates below the transitio
interest were used, the side feeding was modeled by a
cade of five transitions with a constant quadrupole mom
Qsf and with a constant dynamic moment of inertia ofJ(2)

5110\2/MeV. This corresponds to the average moments
inertia of the known SD bands in the range of rotation
frequencies where the lifetimes are determined. The s
feeding intensities are obtained from the measuredg-ray in-
tensities within the bands. The electronic stopping pow
were calculated using the tables of Ziegleret al. @22# and the
nuclear component was treated according to the theor
Lindhardet al. @23#. The calculatedF(t) curves were fitted
to the data with the quadrupole momentsQt andQsf as free
parameters. The results are summarized in Table I.
quoted errors include the statistical uncertainties and the
variance between the fit parameters. The systematic un
tainties associated with the stopping powers are not includ

In addition to the fractional shifts, line shapes of a numb
of transitions in both bands were analyzed. For the yrast
band the line shapes of the nine transitions between 387
688 keV could be analyzed and for the SD band 2 the sha
of the five transitions between 447 and 594 keV@16,17#
could be fitted. For the yrast SD band we used coincide

TABLE I. Results of the centroid-shift analysis for the yrast S
band 1 and the excited SD band 2 in196Pb.

Band Gating Qt @b# Qsf @b#

Yrast SD 1 below 17.821.6
11.3 16.021.4

11.1

above 18.920.9
10.7

Excited SD 2 below 19.820.9
10.7 17.820.7

10.7
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spectra with gates below and above the transitions of in
est, for SD band 2 only spectra gated below the transition
interest had sufficient statistics.

To fit calculated line shapes to the measured spectr
program described by Gasconet al. @24# was used. In a first
step of the calculation, a Monte Carlo simulation of 60
histories of nuclei recoiling through the target and stop
foils is performed. Starting with the initial recoil velocity
vmax/c51.53%, this results in statistical velocity distribu
tions at about 850 different times with time intervals of 1
In the second step, the details of the detector geometry
taken into account and a line shape for each decay tim
calculated, using the velocity distributions obtained in t
first step and the stopping powers. The side-feeding and s
ping powers were treated in a similar way as in theF(t)
analysis described above. Finally, the theoretical line sha
are fitted to the experimental ones with the quadrupole m
ments as free parameters. Figure 3 shows examples o
experimental line shapes of transitions in SD band 2 toge
with results of the fits. These examples demonstrate the
statistics in the individual spectra, particularly for band
However, final values for the quadrupole moments are a
ages of the ones determined from many such spectra.

In the fitting procedure, starting values for the quadrup
moments were taken from the results of theF(t) analysis,
and each line shape was first fitted individually in the spec
from the forward, near-90° and backward detectors. The
shapes of three consecutive transitions in each band w
then fitted simultaneously. In this way, several values for
in-band transition quadrupole momentsQt and the side-
feeding quadrupole momentsQsf were obtained for each
state which agreed within the limits of error. The adopt
values, which are averages of these quadrupole moments
summarized in Table II and compared graphically in Fig.
The uncertainties of the values given in the table were
tained by taking the statistical and systematic errors into
count, the latter being estimated by varying fitting para
eters, starting values and assumptions on the side feed
The uncertainties introduced by the stopping powers are
included.

Inspection of Table II shows that the side-feeding quad
f

e
-

-

FIG. 3. Line shapes of the
522- and 558-keV transitions o
SD band 2 in196Pb measured at
forward ~upper panels! and back-
ward~lower panels! detectors. The
fitted line shapes are given by th
curves. In the spectra of the 558
keV transition a contamination
was taken into account when fit
ting the line shapes.
6-3
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TABLE II. Results of the Doppler-shift line shape analysis of transitions in the yrast~band 1! and excited
SD band~band 2! in 196Pb.

Band Transition@keV# Qt @b# B(E2) @W.u.# t @ps# Qs f @b#

Yrast SD 1 387 20.061.7 20906350 0.6660.11 13.362.0
Gating below 429 21.961.8 25206410 0.3360.06 18.161.7

469 21.261.7 23706380 0.2260.04 17.261.5
508 21.961.5 25406350 0.1460.02 17.761.4
547 20.261.8 21706390 0.1160.02 14.661.7
584 20.461.6 22106350 0.08060.013 18.861.6
620 18.261.6 17706310 0.07560.013 16.661.6
655 22.561.8 27106430 0.03760.006 19.561.7
688 17.862.0 17006380 0.04660.010 14.261.9

Yrast SD 1 387 18.661.6 18006310 0.7760.13
Gating above 429 20.161.8 21206380 0.3960.07

469 19.261.8 19406360 0.2760.05
508 20.261.8 21606390 0.1760.03
547 19.261.6 19606330 0.1360.02
584 21.061.8 23506400 0.07660.013
620 15.762.5 13206420 0.10060.032
655 21.261.8 24006400 0.04260.007

Excited SD 2 447 16.762.0 14706350 0.4660.11 16.761.9
Gating below 485 19.862.2 20706460 0.2260.05 18.461.6

522 19.361.9 19806390 0.1660.03 17.161.4
558 20.661.7 22606370 0.09860.016 18.061.5
594 19.662.1 20506440 0.08060.017 19.361.8
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FIG. 4. Transition quadrupole moments as a function of tran
tion energy for the yrast@panels~a! and ~b!# and excited SD band
@panel~c!# derived from the line shape analysis. For the yrast
band spectra created with both, gating below@panel~a!# and above
@panel ~b!# the transitions of interest were analyzed. The aver
values of 20.5~5!, 19.4~6!, and 19.2~7! b are indicated by the solid
and dashed lines in panels~a!, ~b!, and~c!, respectively.
02431
pole momentsQsf are generally similar or somewhat small
than the transition quadrupole momentsQt . Furthermore, for
SD band 1 the transition quadrupole moments obtained f
spectra gated above and below the transitions of inte
agree within the limits of error. This consistency gives co
fidence in the treatment of the side feeding.

III. DISCUSSION

Combining all the experimental results, the weighted a
erage values for the transition quadrupole moments of
yrast SD band 1 and the excited SD band 2 areQt
519.7(3) b andQt519.5(5) b, respectively. Within the ex
perimental uncertainties the quadrupole moments and
the deformations in the two bands are identical. Our va
for the yrast SD band is in agreement with previous res
@19# with an average ofQt519.5(4) b.

In SD 196Pb the excited bands 2 and 3 have been in
preted as signature partner bands based on an octupole v
tion @13#. This interpretation is supported by the unusua
large transition rates ('1024 W.u.) of the E1 interband
transitions between band 3 and the yrast SD band. Furt
more, band 3 is excited by approximately 845 keV relative
the yrast band, if extrapolated to spinI 50, which is less than
would be expected if it were to correspond to a quasipart
excitation.

The properties of the excited SD bands of even-even
clei in the A5190 region have been well reproduced
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random-phase approximation~RPA! calculations@15,18# and
in calculations using the generator-coordinate method@14#.
These calculations suggest that most, if not all, of the exc
bands are based on collective octupole vibrations. The p
ently available experimental information@5,12,13# seems to
support this conjecture. For196Pb the lowest excitation is
predicted to be theK52 octupole state and bands 2 and
should be thea50 and 1 signature partners, respective
built on that excitation. The calculations also show that o
the a51 band 3 will exhibit a strong decay to the yrast S
band, as is observed in experiment@13#. Such decay become
possible through mixing with lower-K components in the
wave function, which is much larger for thea51 band 3
than for thea50 band 2@15,18#.

For an octupole vibration it may be assumed that the
formation and hence the quadrupole moment is similar
that of the yrast band. An octupole vibration may be d
scribed by superpositions of a large number of tw
quasiparticle states, each of which comprises only a sm
fraction of the total amplitude of the wave function. A
pointed out by Nakatsukasaet al. @18#, for the lowesta51
octupole state in196Pb the largest component of the tot
wave function, which is a two-quasineutron excitation occ
pying N55 andN56 orbitals, has an amplitude atv rot50
which is less than 10% of the total amplitude. The larg
component associated with intruder orbitals from theN57
shell has an amplitude ofucu250.04 atv rot50. This ampli-
tude still decreases towards higher rotational frequenc
Thus the blocking ofN57 intruder orbitals is extremely
weak in the octupole vibrational excitation, which results
a similar deformation of SD bands 2 and 3 and the yrast
band. Indeed, our average experimental quadrupole mom
are the same for the yrast and excited SD band. On the o
hand, if the excited band would correspond to a quasipart
excitation, rather than an octupole vibration, the deformat
of bands 1 and 2 could be rather different. In particular, if
content of high-j N56 andN57 intruder orbitals involved
in the configuration of band 2 was significantly differen
their strong deformation-driving effects could lead to a s
able difference in the quadrupole moments. For instanc
systematic study of the quadrupole moments of the yrast
bands in Pb isotopes@19# revealed a difference of'3 b in Qt
for band 1 of193Pb in which one lessn j 15/2 quasineutron is
populated.

Using the lifetimes derived in the present work and t
interband (E1) to in-band (E2) branching ratios, the abso
lute E1 transition rate can be calculated. In our previo
work @13#, a quadrupole moment of 19.5~5! b was assumed
for the excited SD band 3. That value is the same as the
obtained in the present work for the signature partner ban
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of 19.5~5! b. Thus the strong enhancement of the interba
E1 transitions,B(E1)'1024 W.u., that was derived in the
previous work is confirmed.

Finally, we want to comment on the behavior of the qua
rupole moments within the bands. The values given in Ta
II and Fig. 4 show thatQt remains fairly constant over th
measured range for both bands, although there seems to
small decrease at the lowest spin in band 2. This indica
that the deformations of the bands do not change with
creasing spin. On the other hand, the dynamic moment
inertiaJ(2) of the yrast and excited SD bands in196Pb show
an increase with increasing rotational frequency. Similar
servations have been made for other SD bands in this m
region and it has been argued@25–27# that the observed
changes inJ(2) are not due to deformation changes, but
sult from a gradual alignment of quasiparticles combin
with a pairing reduction. Furthermore, the moments of in
tia of the excited bands in196Pb are somewhat larger at low
and medium frequency than those of the yrast band but
transition quadrupole moments for the individual states
identical within the limits of error; see Fig. 4.

IV. SUMMARY

In summary, lifetime measurements have been perform
using the DSAM for the SD bands 1 and 2 in196Pb. For both
bands fractional Doppler shifts as well as line shapes h
been analyzed. For the yrast SD band 1 the results obta
from spectra gated above and below the transitions of in
est could be compared. The average transition quadru
moments,Qt519.7(3) b andQt519.5(5) b for the two
bands agree within the experimental error. This shows
the deformation is very similar in the two bands as can
expected if band 2 is based on an octupole-vibrational e
tation. The quadrupole moments of the individual states
constant within the bands. They do not reflect the increas
the dynamical moments of inertia as a function of rotatio
frequency which is caused by alignment effects and not b
deformation change.
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