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First Lifetime Measurement of Dipole Collective Bands in Neutron-Deficient Lead Nuclei
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Lifetimes of states in t~o h I =1 bands in ' Pb have been measured using the Doppler-shift attenua-
tion method. The in-band reduced transition probabilities are —1-2 Weisskopf units, assuming magnet-
ic dipole transitions. The measured lifetimes in conjunction ~ith the partial level scheme support an ob-
late collective interpretation for these structures.

PACS numbers: 21.10.Tg, 21.10.Ft, 21.10.Re, 27.80.+~

Neutron-deficient Pb isotopes with a closed proton shell
have long been good candidates for studies of excitations
involving only a few active particles. In fact, low-lying
structures in these isotopes can be described reasonably
well in terms of two- and four-quasiparticle excitations
[I]. One long-standing question is the possible onset of
collective structures at high angular momentum in these
isotopes. Collective states in the second minimum in the
potential energy surface are known in ' ' ' ' Pb, and
they have been identified as prolate superdeformed bands
[2-5). Very recently, bandlike [6-10] Ml structures
have been observed in ' ' ' ' ' Pb and ' Hg.
These structures show similar properties [i.e., B(M1)/
B(E2)-20(ptv/e b), little signature splitting, and small
dynamic moments of inertia] to the M 1 bands [11] in the
mass-130 region. Three of these papers [7-9] argue that
the M 1 structures in Pb are collective oblate, although no
lifetime information was given to confirm this. In this
Letter, we report for the first time lifetime measurements
on two such high-spin first-well bands in a neutron-
deficient Pb isotope. The lifetimes and partial level
scheme obtained in this measurement do point to the in-

terpretation of these structures as collective oblate.
Experiments were carried out at the High Energy

Resolution Array of the Lawrence Berkeley Laboratory
88-Inch Cyclotron. For the present measurements, 20
Compton-suppressed Ge detectors and a 40-element
bismuth germanate central ball were used. The num-

ber(angle) of the Ge detectors with respect to the beam
direction were the following: 4(37 ), 2(51'), 4(79'),
2(103'), 4(123'), 2(152'), and 2(154'). Each detector
was 15.5 cm from the target and subtended 82 msr.
High-spin states in ' Pb were populated via the reaction

Sm( Ca, 4n) at E( Ca) =205 MeV. A thin self-
supporting target and two backed targets were bombard-

ed. The thin target was a stack of three -0.5-mg/cm-
thick 's Sm foils; the backed targets were —1-mg/cm-
thick ' Sm, evaporated onto —12-mg/cm backings of
Pb and Au. A total of -200X IOs doubly coincident
events were collected for each target. The results from
the thin-target measurement were used to identify new

bands in ' Pb and determine the feeding patterns of
these bands. Backed-target results were used to establish

the connection between the new levels and the known

low-lying isomeric states [1] in ' Pb, to suggest the pos-

sible location of previously unobserved isomeric states,
and to determine lifetimes using the Doppler-shift-
attenuation method (DSAM).

The partial level scheme of ' Pb deduced from the

present study is shown in Fig. 1. The transition ordering
is based on coincidence relationships, intensity arguments

using results from both backed-target and thin-target
measurements, and information from a previous study

[1). Two collective [12] bands (labeled I, II) are ob-

served. Band II has the same transition energies as re-

ported in Ref. [8]. The excitation energies of both bands

are uncertain. The minimal excitation energy of band II
is -4.34 MeV if the (20+) state is the band head. Tran-
sition multipolarities were determined using the direc-
tional correlation method [13]. The results indicate
stretched-dipole character for the strong transitions in

these two bands, with little or no quadrupole mixing (see
below). Assuming M1 character for the l5I=I transi-

tions, possible spin-parity assignments using these mul-

tipolarities and the information from the previous study

[1] are also displayed in Fig. 1. For example, the 15

state, which decays to a 14+ state via the 630-keV transi-

tion, was determined in the previous study [1]. If we as-

sume that (2+' 2) It are carried by the unobserved

transition(s), the state between the 322- and the 764-keV
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transitions could have a spin of 17(2). lt is possible that
the state populated by the 1260-keV quadrupole transi-
tion corresponds to the 11 isomer known in several oth-
er even-even Pb isotopes [14], and so this would suggest a
negative parity for band I. Two crossover transitions

1738

FIG. 1. Partial level scheme of ' Pb. Previously observed
states [l] are shaded in light gray, newly established low-lying
states are in dark gray, and the proposed collective structures
are in black. Dashed lines represent suggested locations of the
isomeric states. Intensities of new transitions above the 12+
(r-350 ns) isomer are based on y-ray intensities observed in

the thin-target measurement. Outer width of the arrow of the
M 1 transitions represents the transition intensity corrected for
internal conversion (assuming they are pure M 1 transitions).
Transition intensities below the 10+ state cannot be determined
from the present study. Isomers with I'=11 and E -3.5
MeV are known in light Pb nuclei. Possibly the 1260-keV tran-
sition terminates in such an isomer at E, —3.5 MeV. The
identification of the 322-323-keV doublet is based on a
channel-by-channel projection of the 2D coincidence matrix,
and verified by coincidence gates on other band members. Spin
assignments are no better than + 2h.

were observed in band I. The branching ratios obtained
from the intensity ratio, 1(L =2)/1(L =1), are 0.27(9)
for the 917-472-keV pair and 0.22(8) for the 948-476-
keV pair. From these ratios and the assumption of a ro-
tational B(E2), absolute values of the mixing amplitude
ratio, i6i, for the two predominately Ml transitions are
0.099 and 0.084, respectively. For band II, no crossover
transitions were observed, with upper limits of the
branching ratios -O. l.

The lifetime analysis was made with coincidence data
from the Au- and Pb-backed targets sorted into (a) for-
ward, (b) "90'," and (c) backward matrices. These ma-
trices require a coincidence between (a) a 37' detector
with any detector, (b) either a 79' or a 103' detector
with any detector, and (c) either a 152' or a 154' detec-
tor with any detector. Doppler-shifted line shapes were
observed for transitions in both bands for transition ener-
gies between -300 and -500 keV. Lifetimes were ex-
tracted from these line shapes using the Monte Carlo
code DSAMFT OR [15]. The nuclear and electronic stop-

ping powers were calculated according to the compilation
by Ziegler et al. [16]. The detailed slowing down history
of ' Pb recoils in both Pb and Au backings was simulat-
ed (5000 histories with a time step of 0.002 ps), and then
sorted according to the geometry of the detectors in each
group. The calculated line shapes were obtained taking
into account: (1) detector efficiency, (2) the observed
transition energies of the band, (3) the sidefeeding inten-

sity for each state in the band (each sidefeeding cascade
was modeled with five transitions, a moment of inertia
similar to the main band, and independent reduced tran-
sition probability [17]),and (4) precursor rotational tran-
sitions in the main band. Simultaneous fits to the for-
ward, backward, and "90'" spectra were made. Fits to
the "90'" spectra are important for identifying possible
contaminant lines in the spectra. Stopped peaks within

the fitting region are included in the fit. Examples of the
fits at both forward and backward angles are presented in

Fig. 2, together with the experimental data. Best fits are
obtained with lifetimes of the sidefeedings ranging from
0.4 to 1.4 ps for band I and 0.2 to 0.8 ps for band II. The
sidefeeding lifetimes appear to be slower than the transi-
tion lifetimes. Lifetimes for bands I and II, summarized
in Table I for both Au- and Pb-backed targets, are mutu-

ally consistent. Quoted errors include statistical errors,
errors from data manipulation (e.g. , background subtrac-
tion, etc. ), and errors from the uncertainty of the side-

feeding intensities and lifetimes. However, systematic er-
rors in the treatment of the slowing-down process, which
could be as large as 20%, have been omitted. Reduced
transition strengths, B(WX), assuming multipole mixing
amplitude i6i =0, are also listed.

The relatively large ( —1-2 W.u. ) B(M 1 ) strength
among band members suggests that these are high-A
bands. The dynamic moment of inertia of both bands
(a" —256 MeV ') is about —,

' the kinematic moment
of inertia, suggesting a large amount of aligned angular
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provide the large-K value and the large B(M 1) strength.
A standard cranked-shell model calculation [19] predicts
that the first vi ~3/2 alignment occurs at a frequency
pro=0. 2 MeV (i.e., a transition energy of 200 keV for
dipole transitions). For K) —, bands, the M 1 transition

rate can be estimated [20] from the relation
B(M1) =(3/4tr)(K) (gk

—gtt) (IKIO~I —1,K), where

gtt is the collective g factor (—Z/A). Using [14]
gtr =0.96 for the tr(h9tzit3lz)„- configuration, the re-

duced M1 transition probability calculated for i=26 is
—1.8 W.u. , in qualitative agreement with the observed
electromagnetic properties of these two bands. An esti-
mate of the lifetime including the contribution of i 3t/ z

neutrons can be made using the formula of Donau and
Frauendorf [21]. Assuming two i t 3t2 neutrons with

i =12, g, = —0.2, B(M1) —4.0 W.u. at 1=26. From
the measured lifetimes and the branching ratios of the
two observed E2 transitions, we can calculate the quad-
rupole moment, Qo, where Qo =0.907/[(r s zE„)'
x(IK20~I —2, K)], and rFz is the corresponding E2 life-
time. For large I, Q is not very sensitive to K. Assuming
K =11, ~Qo~

—2 e b for band I. We estimate ~Qo~ ~ 3 e b
for band II. From the relationship [20] between Qo and

Pz, the deformation consistent with the properties of these
two bands is ~Pz~ -O. l. This value is in reasonable agree-
ment with the predicted [18] oblate minimum of
Pz- —0. 15.

In summary, we have established a partial level scheme
and measured the lifetimes of levels in two new rotation-
like bands in ' Pb at relatively high spin and excitation
energy. The properties of these bands suggest that they
are built on high-K two-proton states with oblate defor-
mation. It is also likely their configurations involve two

or more i ] 3/2 neutrons to give both observed spin and

alignment. Detailed neutron configurations of these
structures are beyond the scope of this experimental in-

vestigation; further theoretical studies would be of much

interest.
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