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Lifetimes of magnetic-rotational bands in 196Pb
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Lifetimes have been measured for states in four magnetic-rotational bands in196Pd using the Doppler-shift
attenuation method. Line shapes of several transitions in each band have been analyzed ing-ray coincidence
spectra measured with the EUROBALL spectrometer array. TheB(M1) values deduced from the lifetimes
show a decrease with increasing spin within the bands as expected for the shears mechanism. TheB(M1)
values are compared to calculations within the framework of the tilted-axis cranking model.
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I. INTRODUCTION

In many near-spherical nuclei rotational cascades
strongly enhanced magnetic dipole (M1) transitions have
been observed in recent years@1,2#. TheseM1 bands occur
when the symmetry is broken by the current distributions
a few high-spin particles and holes outside a near-sphe
core and by the magnetic moments associated with th
currents@3–7#. The particle-hole interaction is repulsive; b
cause of this, the lowest energy is obtained for a perpend
lar coupling of the particle and hole orbitals. This is t
configuration of the bandhead@4#. The perpendicular cou
pling of the proton-particle and neutron-hole~or vice versa!
spins gives rise to a large component of the magnetic
ment perpendicular to the total angular momentum. T
component of the magnetic moment is responsible for
strongly enhancedM1 radiation. Since it is a magnetic mo
ment that breaks the symmetry and rotates around the a
lar momentum vector, this mode of nuclear excitation h
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been called ‘‘magnetic rotation’’@5,6#. This is very different
from the conventional rotation of a deformed charge dis
bution that gives rise to bands of enhancedE2 radiation.

Within the magnetic-rotational bands angular moment
and excitation energy are increased by a step-by-step a
ment of the particle and hole spins into the direction of t
total spin@3–7#. Since this resembles the closing of a pair
shears, theM1 bands have also been called ‘‘shears ban
@3#. A consequence of the shears effect is a decrease o
perpendicular component of the magnetic moment and, t
a well defined decrease of theB(M1) values with increasing
angular momentum in the bands@6,8#. This decrease of the
B(M1) values, which is considered to be the clearest sig
ture of the shears mechanism, has been observed experi
tally for M1 bands in different mass regions@8–17#; how-
ever, lifetimes have generally only been measured for
most strongly populated band in each isotope.

In our recent spectroscopic investigation of196Pb @18# us-
ing the EUROBALLg-ray spectrometer array@19# we have
established nine magnetic-rotational bands in that nucleu
this paper, we report on a Doppler-shift attenuation meth
~DSAM! analysis of lifetimes of states in four of these band
For the remaining bands a lifetime analysis was not poss
due to the lack of sufficient uncontaminated energy gate
produce cleang-ray coincidence spectra or a lack of statis
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FIG. 1. Gamma-ray coinci-
dence spectra showing line shap
of transitions of band 1~upper
panel, triple-gated spectrum! and
band 4~lower panel, double-gated
spectrum! in 196Pb ~Ref. @18#!
measured at 76.6° and 129.7°.
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cal accuracy. It was the aim of this investigation to ver
whether theB(M1) values deduced from the lifetimes sho
the characteristic decrease expected for shears bands.

In the following section the experimental methods a
results are described; these results are then discussed
compared to tilted-axis cranking~TAC! calculations in
Sec. III.

II. EXPERIMENTAL METHODS AND RESULTS

High-spin states in196Pb were populated using the rea
tion 170Er(30Si,4n). The 30Si beam of 144 MeV was pro
vided by the Vivitron tandem accelerator at the Institut
Recherches Subatomiques at Strasbourg. An enriched170Er
foil of 1.65 mg/cm2 thickness on a 6.64 mg/cm2 thick Au
backing was used as a target. Coincidences between
emittedg rays were measured with the EUROBALL spe
trometer array@19#. It comprises 30 Compton-suppress
conventional~tapered! Ge detectors and 41 composite G
detectors. Of the latter, the 26 Clover detectors are compo
of four Ge crystals each and the 15 Cluster detectors con
of seven Ge crystals each. At the time of the experiment,
individual Ge crystals out of the total of 239 crystals of t
full array could be used. An inner ball of 210 BGO scint
lation detectors was used as a multiplicity filter. Coinciden
events were written to tape when four or more Ge crys
before Compton suppression and five or more BGO detec
showed a signal. In the presorting of the data gain match
pile-up suppression, Compton suppression, and add-bac
the composite detectors were carried out. After setting a w
dow on the prompt time peak, a total of 1.13109 events with
g-ray coincidence fold greater than or equal to 3 remain
for further analysis.

The Ge crystals of the EUROBALL spectrometer arr
can be grouped into eight rings at the following avera
06431
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angles with respect to the beam direction: 15.5°, 34
52.3°, 76.6°, 103.3°, 129.7°, 137.1°, and 156.2°. For each
these anglesg-ray coincidence spectra were produced by s
ting double or triple gates on the transitions in the low-sp
part of the bands which were emitted after the nuclei h
come to rest in the Au backing. Background corrected sp
tra which were obtained by subtracting a fraction of the sp
trum with the next lower coincidence fold were used for t
line-shape analysis. Figure 1 shows examples of such spe
from forward and backward detectors of bands 1 and 4. T
spectra are not symmetrical due to the different detec
types under forward~tapered Ge! and backward~Cluster!
angles in the EUROBALL array. In the intermediate-ener
region of the bands, typically for transition energies betwe
300 and 500 keV, the Doppler-shifted line shapes could
analyzed. Spectra from the near-90° detectors were use
locate possible contaminations at the position of the shif
peaks in the spectra from the forward and backward de
tors. Sufficiently clean spectra for a line-shape analysis co
be observed for bands 1, 4, 7, and 8 of196Pb@18#. In order to
obtained sufficient statistics, it was necessary to work w
spectra created by setting gates on transitions below the
sitions for which the lifetimes were to be determined. F
this reason, the side-feeding lifetimes had to be taken
account; the side-feeding model used in the analysis is
scribed below.

Line shapes were calculated and fitted to the experime
spectra using the program developed by Bacelaret al. @20#
and modified by Gasconet al. @21#. In the first step of the
calculation, a Monte Carlo simulation of 5000 histories
nuclei recoiling through the target and stopper foils is p
formed. Starting with the initial recoil velocity ofv/c
51.53%, calculated for the center of the target, this res
4-2
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FIG. 2. Examples of experimental and calculated line shapes forg-ray transitions belonging to bands 1, 4, 7, and 8 for forward, near-
and backward angles. Fits to contaminations are included. The shape of the contaminant for the 423.7 keVg ray of band 7 is different in the
different angle spectra due to the presence of the short-lived 420.8 keVg ray at higher spin in the same band~Ref. @18#! which shows
different line shapes at the different angles.
nt
he
nd
lo
he
ca

a

th
T
fiv
e
no
n
a
a
nt
re
t-

di
d
ro
re
-

om
fe-

for
ine

a
si-
vel
the
i-
ding
ed

in
e
s in
e of
ea-
-

es

er-
de-
in
ing
in statistical velocity distributions of about 720 differe
times with time intervals of 2 fs. In the second step, t
details of the detector geometry are taken into account a
line shape is calculated for each decay time, using the ve
ity distributions from the first step of the calculation and t
stopping powers. The electronic stopping powers were
culated using the tables of Northcliffe and Schilling@22#,
corrected for shell effects. The nuclear contribution w
treated according to the prescription given by Lindhardet al.
@23#. Finally, the calculated line shapes were fitted to
experimental ones with the lifetimes as free parameters.
side feeding was modeled by a rotational cascade of
transitions with a moment of inertia typical of that of th
investigatedM1 bands in a spin region where they show
crossing. Calculations were also performed with differe
moments of inertia for the side-feeding cascade, but it w
found that the level lifetimes were not sensitive to this p
rameter. The intensities of the side-feeding transitions i
each level were obtained from the difference of measu
intensities of theg-ray transitions populating and depopula
ing the level of interest.

In the line-shape fitting procedure, spectra from three
ferent angle groups of forward, near-90°, and backward
tectors were always used simultaneously. The results f
different combinations of these angle groups were in ag
ment within the limits of error and final values for the life
06431
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times for the levels were obtained by taking averages fr
the different fits. In the fits the in-band and side-feeding li
times, the background, and contamination parameters
each transition were allowed to vary. The calculated l
shapes were fitted to experimental spectra by
x2-minimization procedure, starting with the highest tran
tion of a cascade. The effective lifetime of the highest le
was then fixed and used as the in-band feeding time for
next lower level. In addition, a global fit for all the trans
tions of a cascade with independent in-band and side-fee
lifetimes was performed. Examples of the fits of calculat
line shapes to experimental spectra are shown in Fig. 2.

Lifetimes of states in four magnetic-rotational bands
196Pb, bands 1, 4, 7, and 8@18#, have been determined. W
were unable to extract reliable results for the other band
this nucleus either because of poor statistics or becaus
contaminations in the spectra. In band 1 we could not m
sure lifetimes of transitions below the 271 state due to pres
ence of intense unshiftedg rays from low-lying levels of
energy close to that of the band. The side-feeding lifetim
were varied within reasonable limits~about 10%! around the
values obtained from the lowest-x2 fits to determine the in-
fluence on the in-band lifetimes. It was found that the unc
tainties of the in-band lifetimes due to changes in the si
feeding lifetimes diminish for the transitions lower down
the band. The lifetimes of the transitions of the side-feed
4-3
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TABLE I. Measured lifetimest and reduced transition probabilitiesB(M1) andB(E2) of states of magnetic-rotational bands in196Pb.
Side-feeding intensitiesI s f and the branching ratioBg ~see text! are also given.

Eg
M1

~keV!
I s f

~%!
Eg

E2

~keV! Bg

t
~ps!

B(M1)
(mN

2 )
B(E2)a

(e2b2)

Band 1 526.4 45~11! 1016.6 0.81~6! 0.1620.03
10.03 1.8020.36

10.36 0.07820.031
10.031

490.2 33~8! 938.9 0.83~5! 0.1320.03
10.03 2.7520.66

10.66 0.13120.054
10.054

448.7 42~7! 846.4 0.83~5! 0.1420.02
10.02 3.2420.50

10.50 0.19120.063
10.063

397.7 51~10! 736.4 0.89~2! 0.1320.02
10.03 5.1221.19

10.80 0.26920.094
10.082

Band 4 454.0 39~10! 0.1320.02
10.03 4.0820.94

10.63

443.7 27~8! 0.1120.02
10.02 5.1220.93

10.93

432.5 27~9! 0.1420.02
10.03 4.3020.92

10.61

412.3 36~10! 0.1320.02
10.03 5.2421.21

10.81

379.4 35~9! 0.1520.02
10.03 5.6021.12

10.75

342.9 26~6! 0.1720.03
10.03 6.3021.11

11.11

Band 7 362.8 27~9! 0.1520.03
10.03 6.2621.25

11.25

413.7 26~8! 0.2020.04
10.04 3.3820.56

10.56

423.7 35~8! 0.1620.03
10.03 3.9720.75

10.75

348.8 40~8! 0.1620.03
10.04 6.4521.59

11.19

Band 8 513.2 34~12! 0.1420.03
10.03 2.7220.58

10.58

464.1 33~10! 0.1420.02
10.03 3.5720.77

10.51

399.5 39~10! 0.1320.02
10.02 5.6820.87

10.87

339.3 28~8! 0.1520.02
10.03 7.3721.47

10.98

289.0 22~6! 0.2320.04
10.04 6.8421.19

11.19

aCalculated fromB(M1)/B(E2) ratios obtained from Ref.@18#.
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cascade with similar energies as those of theM1 band are
comparable to the in-band lifetimes. The results for the li
times of states in the fourM1 bands that could be analyze
are summarized in Table I. The quoted errors include
statistical and systematic uncertainties, determined as
scribed above, but do not include the systematic errors in
duced through the treatment of the stopping power wh
may be as large as 10%–15%.

III. DISCUSSION

From the lifetimes presented above reduced transi
probabilities can be obtained for high-spin states in
06431
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magnetic-rotational bands 1, 4, 7, and 8 in196Pb. The re-
ducedM1 transition probabilities,B(M1), were calculated
assuming that theDI 51 in-band transitions are of pureM1
character. A smallE2 admixture~d! would not influence the
results since it enters asd2 in the analysis. For band 1,DI
52 crossover transitions were observed and the branc
ratios Bg5I g(DI 51)/@ I g(DI 51)1I g(DI 52)# were
adopted from Ref.@18#. The totalM1 conversion coefficients
were taken from Ref.@24#. The resultingB(M1) values are
summarized in Table I. Figure 3 presents plots of these
ues as a function of spin for all four bands. Band 7 is n
linked to lower-lying states and its configuration is therefo
r
ef.

pin
FIG. 3. Experimental B(M1) values for
bands 1, 4, 7, and 8 in196Pb. Calculations within
the framework of the TAC model are included fo
the configurations of the bands suggested in R
@18#. For band 1 previous results~Refs. @10,12#!
are shown by open symbols. For band 7 the s
assignments are tentative~Ref. @18#!.
4-4
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LIFETIMES OF MAGNETIC-ROTATIONAL . . . PHYSICAL REVIEW C 66, 064314 ~2002!
uncertain. The spin values adopted in Fig. 3 are suggeste
the decay pattern of the band.

For band 1 lifetimes have been measured previously
the lower part of the band, below the band crossing, and
the upper part of the band, above the crossing, by
Doppler-shift recoil-distance method@12# and the DSAM
@10#, respectively. TheB(M1) deduced from the previousl
measured lifetimes are included in Fig. 3. Our results for
high-spin region of band 1 are in agreement with these
ues.

Configuration assignments have been made previo
@18# for the bands in196Pb on the basis of their excitatio
energies, spins, parities, and systematic behavior as we
by comparison to TAC model calculations. The nomenclat
is adopted from the work of Baldsiefenet al. @3#, where
quasineutron orbitals are labeled according to the cran
shell model by lettersA,B, . . . , and theproton excitation is
given by its spin quantum number. In the four bands inv
tigated in this work, the proton contribution to the config
ration is thep(h9/2i 13/2)112 excitation. This particlelike ex-
citation is coupled to different quasineutron-hole excitatio
For the occurrence of the magnetic-rotational bands the h
spin quasineutron holes~A,B,C! of n i 13/2 origin are of impor-
tance. At the bandhead the high-spin particles and h
couple with their orbitals approximately perpendicular fo
maximum overlap of their density distributions. Within th
bands, energy and spin are increased by the shears effec@3#.

The experimentally observed decrease of theB(M1) val-
ues with increasing spin within the bands is a direct con
quence of the shears effect. As the proton and neutron s
align step by step with the direction of the total angu
momentum, the component of the magnetic moment tha
perpendicular to the total spin,m' , decreases. Since th
component of the magnetic moment is responsible for
M1-transition strength, theB(M1) values have to decreas
with increasing spin within the bands. However, a smo
decrease is only expected within a band if the configura
does not change. In spin regions where configurat
changes occur the transition strength can vary drastic
This is clearly demonstrated in Fig. 3 by the large differen
of B(M1) values of band 1 below and above theBC align-
ment. Band 4 shows an alignment around spin 30\ @18# and
the configuration change is also reflected by the lar
B(M1) values in that spin range. As mentioned above,
configuration assignment for band 7 is tentative@18#. The
increase inB(M1) observed at a tentative spin of 26\ is
caused by a configuration change which causes a backb
ing in that spin range@18#.

In the past the TAC model@5,6# has been applied to ca
culate properties of the shears bands. Compared to our
vious calculations @3,8#, we have made the following
changes:~i! the TAC quadrupole-quadrupole coupling co
stant was adjusted to reproduce the experimental quadru
moment of the 121 isomer in196Pb @25#; and ~ii ! the defor-
mation within the bands, which was kept fixed previous
was calculated self-consistently as a function of rotatio
frequency for each configuration. TheB(M1) values calcu-
lated in this way for the four-quasineutron-hole/two-prot
configurations suggested for the bands@18# are included in
06431
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Fig. 3. As can be seen, the overall slope of the decreas
the B(M1) values is reproduced reasonably well by the c
culations. However, for bands 7 and 8 the absolute val
underestimate the experimental results. This discrepa
may be either due to uncertainties of the calculations or
to the configuration assignments, in particular for band
which is not connected to lower-lying levels@18#.

A comparison of theB(M1) values of the four bands
shows that they are rather similar. This is expected for ba
based on similar configurations. Bands 1, 4, and 8 all h
three quasineutrons ofn i 13/2 origin and one natural-parity
quasineutron ofp3/2f 5/2 origin coupled to thep(h9/2i 13/2)112

excitation in their configuration. For band 7 the tentative
suggested configuration@18# differs from those of the othe
bands as it probably involves only twoi 13/2 quasineutrons.
The main contribution to the magnetic moment stems fr
the proton excitation, which is the same in all four bands.
component perpendicular to the nuclear spin,m' , deter-
mines the size of theB(M1) values. Thus, the observed siz
and the decrease should be similar in all four bands, des
the difference in neutron excitations. The decrease is als
direct confirmation of the shears effect@3#. Although small
decreases ofB(M1) values may occur inM1 bands based
on high-K multiquasiparticle states, the reductions observ
here can only be explained by involving the shears conc
This observation agrees with previous results for the str
gest magnetic-rotational bands in a series of Pb isotopes
mass numbers between 194 and 199@8–12#.

IV. SUMMARY

To summarize, we have measured lifetimes of states
four magnetic-rotational bands in196Pb. Doppler-broadened
line shapes ing-ray coincidence spectra measured with t
EUROBALL spectrometer have been analyzed. The dedu
B(M1) values show a decrease with increasing angular
mentum, as expected for the shears effect.B(M1) values
calculated within the framework of the TAC model repr
duce the qualitative behavior reasonably well. Together w
previous analyses ofB(M1) values in neighboring isotopes
the data support the suggestion that the shears mechani
responsible for the generation of angular momentum w
increasing energy within theseM1 bands.
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