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Recoil-gated plunger lifetime measurements in188Pb
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Electromagnetic transition probabilities were measured using the recoil distance Doppler-shift technique and
the 40Ca(152Sm,4n)188Pb reaction at a beam energy of 805 MeV to investigate shape coexistence in188Pb. For
the first time, a plunger was combined with Gammasphere and the Argonne Fragment Mass Analyzer. It was
possible to measure the lifetimes of two states in the prolate band of188Pb and, thus, provide for the first time
evidence for the collectivity of this band. A three-level mixing calculation revealed that the first 21 state is
predominantly of prolate character.
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I. INTRODUCTION

The Pb region offers a good illustration of the pheno
enon of shape coexistence@1#. While 208Pb is an example o
a double-magic spherical nucleus, the first two excited st
in the neutron midshell nucleus186Pb are 01 levels for
which oblate and prolate deformation can be inferred@2#.
Almost as spectacular is the situation in188Pb, where the 01

state of presumed oblate deformation is the first excited s
@3,4#, followed by the prolate 01 excitation, 120 keV higher
and almost at the same excitation energy as the 21

1 state
@5–7#.

Two complementary approaches contribute to the theo
ical understanding of shape coexistence in the Pb region.
schematic shell-model approach@8,9#, the occurrence of in-
truder states is explained by the combined effect of~i! the
monopole and quadrupole interaction acting in the vale
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space of many-particle many-hole~mp-nh! proton excita-
tions across theZ582 closed shell and of~ii ! a very large
open neutron shell. Qualitatively, the deformation of t
mp-nh excitations arises from the deformation-driving qua
rupole interactions between the valence protons and n
trons. The behavior with mass of the energy of the first
cited 01 states in the Pb isotopes is well reproduced.
neutron midshell, the number of valence particles and, th
the effect of the proton-neutron interaction becomes ma
mal, and the 2p-2h and 4p-4h configurations are both p
dicted to be close to the 0p-0h closed shell ground state@9#.
In a very different picture, calculations using a deform
mean-field approach@10# show the existence of three close
spaced minima with spherical, oblate (b2.20.18) and pro-
late (b2.0.27) deformation in the potential energy surfac
of the Pb isotopes aroundN5104. The mean-field approac
reproduces well the mass behavior of the first excited1

states, which are associated with the oblate minimum,
predicts the appearance of prolate states at low energie
isotopes below190Pb.

The experimental study of the light Pb nuclei makes u
of two complementary approaches as well. The 01 states
were successfully studied in thea decay of Po parents, an
the reported small hindrance factors@3–6# are consistent
with the shell-model mp-nh structure of the levels involve
Furthermore, information obtained froma-decay studies in-
dicates that the properties of the proton shell closure aZ
582 do not change significantly in any of the known P
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-
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isotopes@4,11#, leading to the expectation of spherical cha
acter for closed shell nuclei. Experimental evidence conce
ing low-lying rotational bands in the midshell Pb isotope
which are expected to be associated with the two deform
01 configurations, has been first provided several years
for 188Pb and186Pb @12,13#. The level scheme of188Pb in-
vestigated by Heeseet al. @12# displays rotational-like se
quences, based on a state of spin (21), extending up to a
(161) level. A partial level scheme of188Pb is shown in Fig.
1. Two recent studies have confirmed and extended the
vious information on188Pb, by promptg and electron spec
troscopy@7# and g spectroscopy following isomeric decay
@14#. In-beam studies making use of the recoil-gating te
nique have reached beyond the neutron midshell to184Pb
@15# and 182Pb @16#. The prompt in-beam studies of the P
isotopes aroundN5104 select nearly exclusively the yra
prolate band, and the information on the oblate configura
is mostly limited to the 01 ‘‘bandhead’’ seen ina decay.
Most of the spherical excitations are also nonyrast, with
exception of long-lived isomers@14#. Even in the mass re
gion where all three configurations~spherical, oblate, pro
late! become energetically close, little is known about t
magnitude of the mixing between the three structures of
ferent deformation at spins higher than 0\.

Theoretical studies of the mixing between shape coex
ing configurations with significant deformation are quite
volved and difficult to perform. Therefore, it is important fo
our understanding of shape coexistence to extract mix
matrix elements directly from experiment. We have p
formed a lifetime measurement on188Pb, with the aim of
studying the deformation of the known rotational band
supposedly, prolate character@7,12,13#, and its mixing with
the oblate and/or spherical configurations.

II. EXPERIMENTAL DETAILS AND RESULTS

In a pioneering experiment, we have studied t
40Ca(152Sm,4n)188Pb reaction in inverse kinematics, com

0 0

2 724
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0 725
0 591
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10 2368
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341
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FIG. 1. Partial level scheme of188Pb adopted from Ref.@12#.
The excited 01 states are taken from Ref.@7#. The energies are
given in keV.
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bining the high granularity and high efficiency forg-ray de-
tection of the Gammasphere array@17# and the high mass
resolution of the Fragment Mass Analyzer~FMA! @18# with
the sensitivity of the New Yale Plunger Device~NYPD! @19#
for lifetimes in the region of one to several hundreds of
coseconds. The fusion-evaporation reacti
40Ca(152Sm,4n)188Pb was used with a 800-mg/cm2-thick
40Ca target evaporated onto a 900-mg/cm2-thick 92Mo back-
ing. The 152Sm beam, with energy of 805 MeV and intensi
1–2 pnA, was delivered by the ATLAS accelerator at A
gonne National Laboratory. The standard Gammasphere
get chamber was replaced by the NYPD@19#, which con-
tained the Mo-backed40Ca target. A degrader foil of
4-mg/cm2-thick 93Nb was used in the NYPD, instead of th
usual stopper foil, in order to allow the fusion-evaporati
products to recoil into the FMA. Evaporation residues we
separated byM /q, whereM is the mass andq is the charge
state of the evaporation residue, and detected at the f
plane of the FMA using two microchannel plate detectors
provide position and timing information and an ion chamb
with three segments along the direction of the beam
DE-E information. Promptg rays were detected by th
Gammasphere array in a configuration consisting of 1
large volume, high-purity germanium detectors, each in
bismuth germanium oxide Compton suppression shie
grouped into 16 rings around the target chamber. Detec
belonging to the same ring are positioned at the same p
angle with respect to the beam axis. The overwhelming ba
ground generated by fission products was suppressed b
lecting onlyg rays in coincidence with a recoil at the FM
focal plane. An additional selection using theDE-E informa-
tion was imposed on the particles detected at the focal p
in order to separate the evaporation residues from152Sm ions
accidentally scattered from the beam. A total of 3.63106

events were obtained which satisfy these conditions.
The beam energy in the middle of the target amounted

730 MeV, resulting in a mean recoil energy after the targe
530 MeV and a recoil velocity of 7.8% of the velocity o
light c. The recoils were slowed down tov/c55.8% after
passing through the Nb degrader and separated from th
rect beam and fission products using the FMA at 0° w
respect to the beam direction. The velocity of the152Sm
projectiles after the target wasv/c59.9% and decreased t
v/c57.9% after the degrader. Recoil-gatedg rays were de-
tected for eight different target-degrader distances, rang
between;5 mm ~just before electrical contact between ta
get and degrader! and 6000mm. All g rays were Doppler
corrected using the valuev/c55.8% ~velocity after the de-
grader! and the angle corresponding to the ring of Gamm
sphere in which they were detected. The time of flight of t
recoils between target and degrader ranged between a
hundred femtoseconds for the smallest distance and;300 ps
for the largest one. Figure 2 shows a recoil-gatedg-ray pro-
jection spectrum for a target-stopper distance of 5mm ~elec-
trical contact!, obtained by adding together the spectra of
rings of Gammasphere located at forward angles betw
31.7° and 79.2° with respect to the beam direction. Des
the additional gate set on the recoils identified at the fo
plane of the FMA,g rays originating from the Coulomb
4-2
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excitation of the 152Sm beam are still clearly seen in th
spectra as well as background originating from random
incidences.

For the analysis of the experiment, the 16 detector ri
of Gammasphere were rearranged, using the Doppler-
correction for the recoil velocity after the degrader, into fo
ward, backward, and medium polar angleu groups, corre-
sponding tou<69.8°, u>110.2°, and 79.2°<u<110.2°,
respectively. The recoil-gated coincidentg rays were then
sorted into nine matrices at each measured distance ac
ing to their registration by the detectors belonging to a p
of particular angular groups. Normalization factors for t
data at the different distances were obtained usingg rays
following the Coulomb excitation of levels of the152Sm pro-
jectile. The differential decay curve method~DDCM! @20,21#
was employed for the lifetime analysis. Referring the rea
to Refs.@20,21# for more details, here we only mention th
main points as well as features specific to the present w
In the framework of the DDCM, the lifetime of a particula
level is determined using only the decay curves of one of
depopulating transitions and those of the direct feeders. T
is an important advantage compared to the standard ana
of recoil distance Doppler-shift~RDDS! decay curves~with
fitting procedures!, where the complete feeding history of th
level of interest has to be taken into account in the deter
nation of its lifetime. In its coincidence variant, the DDC
analysis effectively eliminates the uncertainties due to
known feeding times encountered in the standard RD
analysis. We have applied this coincidence version for
determination of the lifetime of the 21 level in 188Pb ~see
below!. In the present work, to increase the statistics of
coincidence spectra, gates were placed on the full line sh
of the detectedg-ray transitions corresponding to emissio
in flight both before and after the degrader, in all three
gular groups. This is different from the usual practice
setting gates within the framework of the coincidence v
sion of the DDCM, where the shifted components of t
feeding transitions are normally used. Here, the need to
crease statistics and the~related! insufficient resolution be-
tween the fully shifted and degraded components of
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FIG. 2. Recoil-gatedg-singles spectrum obtained by summin
together the spectra of the first six rings of Gammasphere.
target-degrader distance is 5mm. Theg-ray transitions from188Pb
are marked with an asterisk.
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g-ray transitions forced us to use the former approach. W
the present data, it was possible to determine the lifetime
the 41 and 21 levels located at 1065 keV and 724 ke
respectively~Fig. 1!. For this purpose, we used the data f
the cascade consisting of the 370-, 341-, and 724-keV t
sitions. In the case of the 41 level, spectra at forward and
backward angles were used. They were obtained by ga
on the 724-keV transition in the matrices at forward, bac
ward, and medium angles. In these spectra, some of w
are presented in Fig. 3, the areas of the fully shiftedS̃(x) and
degradedR̃(x) components of the 370- and 341-keV tran
tions were determined at every distancex by a careful peak
fitting procedure. It was found that the 370-keV transiti
accounts for 62% of the feeding of the 41 level. To deter-
mine the lifetimet of this level, we employed the following
formula @20,21#:

t i5t i~x!5

bi j

S̃i j ~`!

~11a i j !I i j
g (

h
S̃hi~x!

~11ahi!I hi
g

S̃hi~`!
2S̃i j ~x!

dS̃i j ~x!/dt
.

~1!

Here, the summation in the numerator runs over all dir
feedersh of the leveli which is depopulated by the transitio
i→ j . The quantitiesblm are the branching ratios of the tran
sitions l→m, a lm are the internal conversion coefficients
theseg-ray transitions,I lm

g are their relative intensities, an

S̃lm(`) are the areas of the fully shifted components at
largest distance.@The latter quantities are equal to are
R̃lm(0) of the degraded peaks at distancex50 mm.# The
time derivativedS̃i j (x)/dt is obtained by fitting piecewise
with second-order polynomials the decay curveS̃i j (x) over
an optimized set of time bounds. In this way, Eq.~1! yields a
set of valuest(x) ~the so-calledt curve! which should natu-
rally lie on a constant line. Deviations from such behav
immediately indicate the presence of systematic errors in
analysis. In addition, this equation allows for a straightfo
ward calculation of the statistical uncertainty of the me
value oft i determined as a mean value of thet curve within
the sensitivity region, i.e., where the numerator and deno
nator are not too small. To determine the lifetime of the 41

level, we summed up the gated decay curves of the 370-
341-keV transitions at forward and backward angles. B
cause of the 38% unknown feeding at this state, we ha
involve in the analysis an hypothesis about its time behav
It was assumed that it is similar to the time behavior of t
known feeding and, therefore, the sum in the numerato
Eq. ~1! was reduced to the decay curve of the 370-keV tr
sition, with an intensity renormalized to that of the 341-ke
one ~for a more detailed discussion, also on other poss
approaches to treating the unknown feeding, see Ref.@20#!.
The final result oft(41)516(8) ps was derived. For th
analysis of the 21 level, the decay curveS̃(x) of the 724-
keV transition was obtained by gating similarly to the case
the 41 level, but this time on the feeding 341- and 370-ke
transitions. The areas of the fully shifted peaks at backw

e

4-3
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figure and 1200mm for the spectra in the lower part. Theg-ray transitions from188Pb are indicated.U andF denote the unshifted and fully
shifted components, respectively.
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and forward angles were again summed up. The feeding
described by the decay curve of the 341-keV transition, u
earlier for the analysis of the 41 level and obtained with a
gate on the 724-keVg ray. Thus, the problem of the sid
feeding was eliminated at the 21 level. The effect of modi-
fying the time dependence of the decay curve of the 724-k
transition by using the indirect gate on the 370-keV li
compared to the gate on the 341 keV one was found to
small. The final result of the lifetime analysis ist(21)
513(7) ps. Figures 4 and 5 illustrate the lifetime determ
nation of the 21 and 41 levels, respectively.

According to Refs.@22,23#, several effects have to b
taken into account in the lifetime analysis of RDDS measu
ments. The influence of solid-angle effects, nuclear deor
tation, relativistic abberation, and different detector efficie
cies forg rays emitted in flight at different recoil velocitie
was considered. For instance, it was found that the so
angle effects have an appreciable influence on the a
R̃i j (x) of the degraded peaks at distances above 1 mm. H
ever, the distances at which the lifetimes were determine
the present work within the framework of the DDCM a
shorter. The influence of the other effects mentioned ab
falls within the statistical uncertainties of the derived lif
times which are, admittedly, quite large due the relativ
poor statistics of this pioneering measurement.

From the lifetimes derived in the present work we e
tracted the reducedE2 transition probabilities:
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B~E2;21
1→g.s.!55~3! W.u.,

B~E2; 41
1→21

1!5160~80! W.u.

III. DISCUSSION

The new transition probabilities measured in this work a
important to gain a better understanding of the comp
nuclear structure of188Pb. As already mentioned, a prola
structure was attributed to the rotational band observed
188Pb on the basis of systematics and theoretical calculati
The B(E2;41

1→21
1) value of 160~80! W.u. determined in

this work can be considered as the first direct experime
proof of an underlying collective structure and, thus, su
ports the previously made assumption. The deformationb
50.198(48) deduced from theB(E2;41

1→21
1) value using

the relations

B~E2,I→I 22!5
5

16p
Q0

2^IK20uI 22K&2 ~2!

and

Q05
3

A5p
ZR0

2b~110.16b! ~3!
4-4
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is smaller than the theoretical estimatesb50.26–0.27
@10,24,25#. We will come back to this point later in the dis
cussion.

The B(E2;21
1→g.s.)55(3) W.u. is much smaller than

the B(E2;41
1→21

1) value and agrees with the value e
pected for theE2 transition strength between spherical sta
in the lead region@26#. In previous publications, the lowes
21 state was considered to be of dominant spherical st
ture, see, e.g., Refs.@5,27#. Although this interpretation is
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is proportional to the time derivative of the decay curveS̃ shown in
the middle panel. The factor of proportionality is just the value
the lifetime obtained by a simultaneous fit of the difference and
decay curve. Lifetime values calculated at different distances wi
the sensitivity region are presented in the top panel as well as
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consistent with the measuredB(E2;21
1→g.s.)55(3) W.u.,

it is in conflict with the collectiveB(E2;41
1→21

1) value
because the transition from a deformed, presumably pro
@5,12#, state (41

1 level! to a spherical state is expected to
noncollective and of the order of 1 W.u.

Of course, the three different structures, prolate, obla
and spherical, can mix and this has an effect on the obse
decay patterns. In the following, we use the new experim
tal data to investigate this issue. Detailed mixing calculatio
were carried out by Van Duppenet al. for 01 states of
1902200Pb @26#. In the case of188Pb, Allat et al. @5# per-
formed three-level mixing calculations in which several a
sumptions were made because of the rather scarce ex
mental data. At the time of those studies, only the 01 states
of all three structures involved in188Pb were known, and
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only the yrast sequence was established at higher spins
The assumptions used by Allattet al. were as follows:~1!

constant mixing strengths as a function of spin,~2! extrapo-
lation of the unmixed deformed states using the Harris
rametrization,~3! fit of the used mixing strengths as well a
of the unperturbed spherical states,~4! the energies of the
unmixed prolate and oblate bandheads were estimated
systematics, e.g., the~2p-2h! systematics.

The results obtained by Allattet al. are not consisten
with the largeB(E2;41

1→21
1) value measured in this work

which indicates that the lowest 21
1 state is of dominant pro

late character, as well as the higher members of the obse
rotational band. At the same time, the deformation extrac
from the B(E2;41

1→21
1) value is somewhat smaller tha

the theoretical estimates, which leads one to expect for
21

1 wave function a squared prolate amplitude of 60% a
higher. Since this 21 state is the lowest observed one, t
unmixed spherical and oblate 21 levels should lie higher in
excitation energy compared to the unmixed prolate 21 state.
Recently, new experimental data were provided by Draco
et al. @28#. These authors report on a new, positive par
band, presumably of oblate character. The excitation ene
of the 21 level was found to be 953 keV. It is depopulate
via a strong transition to the ground state and via a 229-k
g ray to the 21

1 state. No transition to an excited 01 state has
been observed so far. Before we discuss this point in m
detail, we have to address the mixing of the 01 states.

Experimentally, the situation for the 01 levels is much
clearer, since three different states have been observed
assigned the respective dominant prolate, oblate, and sp
cal character by arguments based on the 01 systematics ob-
served in neighboring lead nuclei as well as on an analysi
a-decay hindrance factors@3–7#. For 188Pb one finds a se
quence of excitation energiesEsph<Eobl<Epro .

The energy of the unmixed prolate 01 state can be esti
mated by fitting the experimental energies of the band m
bers with the Harris approximation@29#, which yieldsE0pro

5710 keV. The unmixed spherical 01 state is assumed to b
very close to the actual ground state, because it has a
tively large energy difference to the other 01 levels. Finally,
the position of the unperturbed oblate 01 state can be esti
mated by extrapolating the excitation energies of hea
lead isotopes down to188Pb. This results in E0obl

'600 keV. A two-level mixing calculation givesE0obl

5606 keV and an oblate-prolate interaction strength
Vobl-pro540 keV with the constraint that the observed 01

states are reproduced by the calculation. In this picture,
admixture of deformed configurations into the spheri
ground state is assumed to be very small because of the
excitation energy differences. At the same time, a three-le
mixing calculation would be rather insensitive toward inte
action matrix elements connecting with the spherical sta

A slightly different approach can be taken where, inste
of the Harris parametrization, the observed yrast sequenc
180Pt ~the corresponding states agree within a few keV w
the levels of the band of188Pb) is used to extrapolate th
unperturbed prolate 01 state. This procedure results
E0obl

5626 keV, E0pro
5687 keV, and Vobl-pro560 keV.
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Obviously both approaches produce comparable result
fact that gives confidence in the adopted interpretation
well as some idea about the accuracy of the evaluation of
unperturbed energies and the mixing strengthVobl-pro .

After having studied the details of the mixing of the 01

states, we can turn again to the 21 levels. Using the analogy
with the yrast sequence of180Pt, one finds for the unmixed
prolate 21 stateE2pro

5840 keV. In order to reproduce ou

experimental 21
1 state with a dominantly prolate character

a three-level mixing calculation, the position of the pure
spherical 21 level is of crucial importance. A position below
the purely prolate state, as suggested in the work of Al
et al. @5#, is in contradiction with our experimental assig
ment of dominantly prolate character to the lowest 21 level.

The above argument is supported by the work of Drac
lis et al. @28#, who, in addition to establishing the oblate sta
at 953 keV excitation energy, found a candidate for t
spherical 21 level at an excitation energy of 1109 keV. Usin
the data specified above, we performed a mixing calcula
with the constraint on reproducing the energy of the o
served 21 states, including the 21 level at 1109 keV. Differ-
ent excitation energies for the unperturbed spherical and
late 21 states were tested in the ranges of 1030–1070 k
and 910–940 keV, respectively. It turned out that the app
constraints determined the interaction strengths fairly w
with an accuracy of 10–20 keV. The results of the calcu
tion with the best agreement with the experiment are given
Table I and in Fig. 6.

The excitation energy obtained for the unmixed spheri
21 state E2sph

51040 keV is close to the valuesE2sph

'1060–1070 keV determined in Ref.@26# for the heavier Pb
isotopes (A5190–196). The wave function of the lowest 21

state has a squared prolate amplitude of 62%, consistent
the measuredB(E2;41

1→21
1) value of 160~80! W.u. Shortly

after this work was completed, we received a preprint o
paper dedicated to188Pb by Dracouliset al. @30# where a
dominant prolate amplitude ofapro

2 569% is also given for
the yrast 21 state. This value is quite close to our resu
Differences appear for the smaller components of the w
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FIG. 6. Experimental and unperturbed levels, represented w
solid and dashed lines, respectively, for the low-lying spheric
oblate, and prolate structures in188Pb. The experimental 02,3

1 and
22,3

1 states are taken from Ref.@7# and Refs.@28,30#, respectively.
The energies are given in keV. The details of the three-band mix
calculation are given in Table I and are discussed in the text.
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TABLE I. Mixing amplitudes, unmixed, and mixed level energies~in keV! and interaction strengths~in
keV! in 188Pb for the first three 21 levels. The numbers in the first row of the second column represen
calculated mixed level energies~in keV!. For comparison the corresponding experimental values are give
brackets.

Calculation Experimental levels
721 (21

1 ; 724 keV! 953 (22
1 ; 953 keV! 1116 (23

1 ; 1109 keV!

840 0.786 0.441 20.432
Prolate
910 20.019 20.682 20.731
Oblate
1040 20.617 0.583 20.528
Spherical

Vsph-pro Vsph-obl Vobl-pro

Interactions 55 60 150
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functions which can be easily explained by different assum
tions used in the band mixing calculations.

Thus, our calculation accounts for the decrease of
experimental transition strength compared to that expe
from the theoretical estimate of the deformation of the u
mixed prolate band.

For the oblate-prolate interaction strengthVobl-pro
5150 keV was determined. This is considerably larger th
the corresponding interaction strengthVobl-pro560 keV for
the 01 states. No solution could be found with approx
mately equal interaction strengthsVobl-pro for the 01 and the
21 states. We note that spin dependent interaction stren
have been found also in other cases, e.g., mixing of intru
with spherical states@31,32# or superdeformed with norma
deformed states@33–36#.

Our findings indicate a less developed separation of
oblate and prolate structures in188Pb at spin 2\ than at spin
0\. Different structures separated by a pronounced poten
well interact less strongly than those separated by a less
veloped one. Concerning the interaction strengths of the1

states, we cannot draw any further conclusion since
known experimental data do not allow to fix the correspo
ing interaction strengths sufficiently well. It will be interes
ing to compare the new experimental data on188Pb with
more fundamental theoretical approaches which are un
development, e.g., Refs.@37,38#.
an

r, P
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IV. CONCLUSIONS

We have performed a lifetime measurement of the 21
1 and

41
1 levels in 188Pb using the reaction40Ca(152Sm,4n)188Pb at

805 MeV. The NYPD was used together with the Gamm
sphere array and the FMA separator.g rays emitted by the
evaporation residues were selected from the overwhelm
fission background using the recoil-gating technique.

By means of the RDDS method, the lifetimes of the 21
1

and 41
1 states of188Pb were extracted. The deduced tran

tion probabilities show that the band observed in188Pb is
indeed of collective nature with a deformationb>0.17. The
lowest 21 state is of dominant prolate character (apro

2

50.62). In the framework of a three-band mixing calcu
tion, it is possible to reproduce all known experimental da
including the transition probabilities determined in this wor
Lifetime information for band members of higher spin c
provide a better insight into the unperturbed structure of
prolate band, and a more reliable mixing picture for the lo
spin states.
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