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Lifetimes of states in the opposite-parity bands of153Eu: Recoil-distance measurements
following Coulomb excitation
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The lifetimes of 12 states in the opposite-parity bands of153Eu have been measured using a recoil-distance
technique following Coulomb excitation with a 220-MeV58Ni beam. Electric-quadrupole (Q0) and -dipole
(D0) moments, and intrinsicg factors (gK) have been extracted from the lifetimes. TheQ0 and D0 values
show very little dependence on spin and parity, and have the values of approximately 6.6e b and 0.077e fm,
respectively. ThegK values are found to differ for the positive- and negative-parity states. Although the large
D0 values suggest a reflection-asymmetric octupole-deformed nuclear shape, the differentgK values contradict
this interpretation. A discussion of the nuclear structure of153Eu in terms of potential parity-doublet bands and
octupole deformation is given.@S0556-2813~98!02511-4#

PACS number~s!: 21.10.Ky, 21.10.Tg, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

Near-degenerate states with equal spin and opposite
ity, known as parity doublets, are one of the experimen
characteristics of octupole deformation in odd-mass nu
@1–4#. Rotational bands with very similar properties may
built upon the parity-doublet states. Within such bands,
intrinsic gyromagnetic ratiosgK will therefore be the same
for the states withI 1 andI 2. Furthermore, as a consequen
of the octupole-deformed shape, enhanced electric-dip
transitions may be observed, connecting the states with
and parityI 1/2 to those with (I 21)2/1. Several examples
of parity-doublet bands have been observed in nuclei in
light-actinide region; one of the best cases is that of90

223Th
@5#, and similar structures have also been seen in225Th @6#,

88
221Ra @7#, and 89

220Ac @8#. In the rare-earth region where oc
tupole correlations are weaker@9,10#, bands have been ob
served in some odd-proton nuclei such as61

151Pm @11,12# and

63
153Eu @13#, which have all the characteristics of parit
doublet partners. However, these nuclei lie away from
predicted center of octupole deformation in this regi
( 56

146Ba90) and some recent studies@14# have suggested tha
the suspected parity-doublet bands can be explained wit
invoking octupole deformation.
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The stable isotope153Eu is the subject of the presen
work. This nucleus has previously been studied by Coulo
excitation: Lewis and Graetzer@15# first observed states u
to 9/21, and the level scheme was extended to 15/21 by
Thun and Miller @16#. Dracoulis et al. @17# used the
154Sm(d,3n) reaction, and arranged the excited states i
rotational bands. In the most recent study, Pearsonet al. @13#
used the150Nd(7Li,4n) reaction. Part of the level schem
deduced in that work is shown in Fig. 1. The levels may
arranged in sequences which have the characteristic
parity-doublet bands. Furthermore, electric-dipole mome
(D0) and g factors (gK2gR) were inferred from the mea
suredB(E1)/B(E2) andB(M1)/B(E2) ratios. States in the
opposite-parity bands were found to have large, collect
D0 values, suggestive of octupole correlations, but (gK
2gR) values were found to be different for the states
different parity, implying that the bands are not based on
intrinsic parity-mixed state. A more recent high-spin stu
by Basu et al. @18# has presented some evidence that
(gK2gR) values may become equal in the positive- a
negative-parity bands at high spin, although large errors
the data points make their work rather inconclusive. T
conclusions of Ref.@13# were based on the assumption of
constant quadrupole moment within the opposite-pa
bands, equal to the measured spectroscopic quadrupole
ment of the ground state@19#. A measurement of the life-
times together with experimental branching ratios allo
electromagnetic moments and absoluteB(E2), B(M1), and
B(E1) values to be determined from which nuclear-struct
information can be deduced without such assumptions.

The goal of the present work was to measure the lifetim
in the opposite-parity bands of153Eu. Prior to this work,
only the lifetimes of the 7/21, 9/21, 5/22, and 7/22 states
had been measured@16#. In this work the lifetimes of the
9/21 to 25/21 states in the positive-parity band~nine states!
and 17/22 to 21/22 states in the negative-parity band~three
states! have been measured.
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3172 PRC 58J. F. SMITHet al.
FIG. 1. The levels in153Eu observed in this work.
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II. EXPERIMENTAL DETAILS

Since simple rotational-model estimates suggest that
lifetimes of interest should be of the order 1029– 10212s, a
recoil-distance method was chosen for the measurement.
particular recoil-distance technique that was used has b
described in earlier publications@20,21#; a schematic depic
tion of the apparatus is shown in Figure 2. Excited state
e

he
en

in

153Eu were populated using Coulomb excitation, primar
because this allows the populations of the states to be ca
lated exactly, and hence allows correction for feeding fro
higher-lying states to be made when extracting the lifetim
A thin target of 153Eu was bombarded with a 220-MeV58Ni
beam from the Rochester 16 MV MP tandem Van de Gra
accelerator. The beam energy was at;80 % of the Coulomb



el
te

er
ve
ith
ar

4
e
re
e

th
op

t
d

ift

a-
to
e

a

t
ou
is
b
e
e

h

a
te
d
r

he
o

be-

-
ays
nite
coil
to

il-

hat

ear
-

ge
se

sion

m-
for
e
o-

fit

r to
s,

le-
e
sed.
ing

-
d-
ere
trix

peri-

tu
a
an
ne
.

PRC 58 3173LIFETIMES OF STATES IN THE OPPOSITE-PARITY . . .
barrier, in order to ensure that the excitation was pur
electromagnetic. The target consisted of approxima
390 mg/cm2 of 99%-enriched 153Eu, evaporated onto a
500 mg/cm2 58Ni backing. Three Compton-suppressed g
manium detectors were used, the details of which are gi
in Fig. 2. Gamma rays were collected in coincidence w
backscattered58Ni ions, which were detected by an annul
parallel-plate avalanche counter~PPAC! filled with isobu-
tane at a pressure of 4 Torr@22#. The PPAC was placed 5
mm upstream of the target and covered an angular rang
138°–168° with respect to the beam direction. This cor
sponded to the target nuclei recoiling into a forward-focus
cone covering approximately 4°–13°.

The recoil-distance method used was a variation of
standard method. Instead of stopping the recoils in a ‘‘st
per’’ foil, a 2.8-mg/cm2 nickel ‘‘shifter’’ foil was placed
downstream of the target in order to reduce the speed of
recoiling target nuclei. The difference in Doppler-shifte
gamma-ray energies from nuclei deexciting before the sh
foil ~with full recoil velocity! and after the shifter foil~with
reduced velocity! was found to be about 9 keV at a gamm
ray energy of about 500 keV. The shifter foil was aligned
within 0.6° of the orientation of the target by reflecting th
beam of a He-Ne laser from the surface of both the target
the shifter foil @20#. An ‘‘Inchworm’’ transducer device,
manufactured by Burleigh Instruments, Inc., was used
move the shifter foil in 6-nm steps, over a range of ab
25.4 mm. For small distances the target-to-shifter foil d
tanced was determined by measuring the capacitance
tween the target and shifter foil, which varies in invers
proportion tod @23#. For large distances an optical encod
was used to determine the separation to an accuracy of;2
mm.

In total, data were recorded for 14 recoil distances. T
distances used inmm were 16, 24, 38, 62, 100~32!, 200,
320, 450, 800, 1500, 3000, 5000, 8000, and 10 000. D
were collected for almost 24 h for several of the shor
distances, to ensure that enough events were collecte
measure the shortest lifetimes of the highest levels. The
coil velocity had to be determined in order to extract t
lifetimes. This was measured by replacing the shifter f
with a thick 11-mg/cm2 nickel foil in which the recoils were

FIG. 2. Arrangement of the Rochester recoil-distance appara
The detector at 0° has an efficiency of 70%, relative to that of
in. 3 3 in. NaI~Tl! detector, while the other two detectors have
efficiency of 20%. The detectors at 0°, 55°, and 90° are positio
at 120 mm, 150 mm, and 200 mm from the target, respectively
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brought to rest. A measurement of the energy difference
tween the stopped peaks~with no Doppler shift! and thefast
peaks~with the full Doppler shift! for the strongest transi
tions enabled the velocity to be calculated. The gamma r
were detected at 0° and a correction was made for the fi
solid-angle subtended by the germanium crystal. The re
velocity between the target and the shifter foil was found
be v/c50.0435(7), and this was reduced to v/c
50.0257(4) after the shifter foil.

III. ANALYSIS

The procedure for extraction of the lifetime from reco
distance data is given in many references such as@24#. In
essence, the method involves construction of the ratioR,
where

R5
I s

I s1I f
, ~1!

and I s and I f are the intensities of the ‘‘slow’’~small Dop-
pler shift! and ‘‘fast’’ ~large Doppler shift! peaks, respec-
tively. As a first-order approximation it can be assumed t
the decay of the states is purely exponential, that is,

ln R5
2d

vt
, ~2!

wherev is the recoil velocity,d is the recoil distance~be-
tween the target and the shifter foil!, andt is the lifetime of
the state. The peak intensitiesI s andI f were measured using
the spectrum-analysis codeGF2 from the RADWARE @25# se-
ries of analysis codes.

There are several effects which perturb the simple lin
relationship of Eq.~2! and will alter the experimentally mea
sured intensities. In brief, these are~i! relativistic solid-angle
effects, ~ii ! geometric solid-angle effects,~iii ! energy-
dependent detector efficiencies,~iv! finite detector size,~v!
the nuclear-deorientation effect,~vi! feeding from higher-
lying states, and~vii ! gamma-ray emission during passa
through the shifter foil. Corrections had to be made for the
perturbing effects and these were carried out using a ver
of the codeORACLE @26#: the original code was modified@27#
to compute time-ordered decay, in order to account for co
plicated branching of gamma decay, which is necessary
treating odd-A nuclei. The perturbations caused by th
nuclear deorientation effect were corrected using the tw
state model@28# with parameters that have been found to
a wide range of nuclei@29#.

The Rochester Coulomb-excitation codeGOSIA @30# was
used to calculate the populations of the states in orde
correct for feeding. To calculate the excitation probabilitie
GOSIA requires the electromagnetic transition matrix e
ments for all the significant couplings. In calculating th
feeding correction, a several-step iterative process was u
As an initial estimate matrix elements were calculated us
rotor-model equations~given below!. These matrix elements
were then used by the codeGOSIA to compute the Coulomb
excitation probabilities for each level, from which the fee
ing correction was calculated. The calculated intensities w
then used to extract lifetimes and hence experimental ma
elements, using the procedure described above. The ex

s.
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3174 PRC 58J. F. SMITHet al.
FIG. 3. Summed spectra for recoil distancesd58000mm andd510 000mm, recorded by the large-volume germanium detector at
The intensity at such long recoil distances lies predominantly in the the fully Doppler-shifted~fast! peaks. The peaks are marked with th
unshifted gamma-ray energies.
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mental matrix elements were then input intoGOSIA which
calculated an improved feeding correction, which was in t
used to extract more accurate experimental matrix eleme
This iterative process was found to converge rapidly. T
initial set of rotor-model matrix elements was calculated
ing the rotor-model equations

^I i uuEluuI f&5A~2I i11!alQl0^I iKil0uI fK f&, ~3!

^I i uuM1uuI f&5A~2I i11!A 3

4p
~gK2gR!Ki^I iKi10uI fK f&,

~4!
n
ts.
e
-

alÞ15A2l11

16p
, a15A 3

4p
, ~5!

wheregK and gR are the intrinsic and rotational gyromag
netic ratios andQl0 are the (2l)th-order electric multipole
moments. The termŝI iKil0uI fK f& are Clebsch-Gordan co
efficients. The intrinsic electric-dipole moments used we
those obtained from@13#, otherwise a value of 0.075e fm
was used. The intrinsic electric quadrupole moment used
that of 6.75e b, from the measurement of the spectrosco
quadrupole moment in Ref.@19#. The intrinsic electric-
e
-

FIG. 4. Representative spectra for the recoil distancesd516 mm, d5100 mm and d5450 mm. The spectra were recorded by th
germanium detector at 0°. The change in the relative proportion of intensity in the fully Doppler-shifted~fast! and the reduced Doppler
shifted ~slow! peaks is evident. The unshifted energies are given on the lowest spectrum.
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PRC 58 3175LIFETIMES OF STATES IN THE OPPOSITE-PARITY . . .
octupole moment was assumed to be 1.136e b3/2, equal to
that of 150Nd measured by Clarkson@31#, and the hexadeca
pole matrix elements used were an average of the value
^41uuE4uu01& measured for the isotonic neighbors152Sm
and 154Gd @32#.

IV. RESULTS

The levels in the opposite-parity bands of153Eu which
were populated in this work are shown in Fig. 1. In total,
excited states were observed, which were depopulated
about 85 gamma rays. Some gamma-ray spectra recorde
the germanium detector at 0° are given in Figs. 3 and 4.
spectra reveal the quality of the data, but also serve to il
trate the high density of gamma-ray transitions in the 10
500-keV range. With such a large number of transitions, i
not surprising that many of the transition energies are deg
erate. For example there are seven transitions with ener
between 150 and 160 keV, and with the recoil-distan
method, many of these transitions have both a fast and s
component, which further complicates the spectra. For
reason, the gamma-ray energies used in the present wor
adopted from the gamma-gamma coincidence study of R
@13# where it was possible to produce clean, gated spec
from which accurate peak positions could be determin
The relative intensities of populations of the bands can
seen in Fig. 3. It should be pointed out that the 35/22 state
has recently been reported@33# to be isomeric, with a life-

FIG. 5. Decay curves for the transitions from states in
positive-parity band. All points correspond to data corrected by
codeORACLE, as described in the text.
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time of 8.6~1.3! ns. If this state is isomeric, it would b
expecteda priori that Coulomb excitation would populate
only very weakly; as can been seen from Fig. 3 the 600
keV transition depopulating this level contains only seve

e
e

FIG. 6. Decay curves for the transitions from states in
positive-parity band. All open points correspond to data correc
by the codeORACLE, as described in the text. The solid points in t
lowermost panel correspond to uncorrected data, and are show
illustrate the effect of correcting the intensities.

FIG. 7. Decay curves for the transitions from states in
negative-parity band. All points correspond to data corrected by
codeORACLE, as described in the text.
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3176 PRC 58J. F. SMITHet al.
counts, suggesting that this state was not populated with
significant intensity. The effect of delayed feeding from t
isomer will therefore be negligible, and need not be cons
ered in this analysis. Indeed, no evidence for a stopped~re-
coil at rest! or slow ~small Doppler shift! component of the
600.6-keV transition could be seen in the data.

For some contaminated transitions it was possible to m
sure only the fast~large Doppler shift! or slow ~small Dop-
pler shift! component, in which case the lifetime was e
tracted by normalizing the total intensity to that of a
uncontaminated transition, because the ratio of total inte
ties (I s1I f) for any two transitions will be the same in all o
the recoil-distance spectra. In total, it was possible to ext
the lifetimes of 12 of the 33 excited states that were po
lated: nine in the positive-parity band and three in t
negative-parity band. The fits made to the data by the c
ORACLE are given in Figs. 5–7. The measured lifetimes
given in Table I. The errors in the lifetimes include cont
butions from the error in the linear fit made by the co
ORACLE, in thev/c measurement, in the measurement of
recoil distance, and in the feeding correction. The latter e
was estimated by varying the lifetimes of the feeding lev

TABLE I. The 12 lifetime values measured in this work. For t
19/21 and 17/21 states it was possible to extract a lifetime fro
two decay branches. The weighted mean value is given for th
states, and both the decay branch and the lifetime obtained fo
respective branch are given in the next column to the right.

I p texpt ~ps! I p texpt ~ps!

25
2

1 1.80~14! 13
2

1 28.5~7!
23
2

1 2.48~10! 11
2

1 75~5!
21
2

1 3.38~11! 9
2

1 250~8!
19
2

1 4.4~5! 19
2

1→ 17
2

1: 4.3~6! 21
2

2 2.7~6!
19
2

1→ 15
2

1: 5.12~13! 19
2

2 6.6~6!
17
2

1 8.6~3! 17
2

1→ 15
2

2: 8.9~6! 17
2

2 7.2~5!
17
2

1→ 13
2

1: 8.4~4!
15
2

1 14.5~3!
ny
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with lifetimes t f6dt f , between the limitst f1dt f and t f
2dt f , and investigating the subsequent effect on the l
time under evaluation. The corrections made byORACLE
have all been tested to determine their effects on the
tracted lifetimes@20#; the largest correction is found to b
that due to feeding from the higher-lying states, which p
duced effects up to 16% in the worst cases. Variation of
deorientation parameters by 50% results in less than a
change in the lifetime. The correction due to radiation los
the shifter foil is found to be about 0.1 ps. The offset in t
recoil distance was found by fitting one of the strongest tr
sitions in the positive-parity band, and was fixed for all oth
measurements. As an illustration of the effects of the per
bations listed in the previous section, both corrected and
correctedR values are plotted on the lowermost panel of F
6.

In order to elucidate the underlying physics, it is nec
sary to extract the individualE2, E1, andM1 matrix ele-
ments from the lifetime data. In addition to the lifetimes, th
requires a knowledge of the branching ratios and mix
ratios. In principle this information was available from th
experimental data. In practice, however, it was not poss
to extract reliable mixing ratios for the mixedM1/E2 tran-
sitions although, within the large experimental errors,
data were consistent with the gamma-ray yields predicted
the Coulomb-excitation codeGOSIA assuming the final set o
matrix elements. Problems with contaminated transiti
also meant that it was not possible to extract branching ra
for all the states. Where the branching ratio could not
measured, the values from the gamma-gamma coincid
data of Ref.@13# were adopted. The branching ratios used
given in Table II. The intensities were measured using d
from the detector at 55°. TheM1 matrix elements were ex
tracted by assuming that the^I uuE2uuI 21& matrix elements
were related to thê I uuE2uuI 22& matrix elements by the
rotor relation

^I uuE2uuI 21&25^I uuE2uuI 22&2 ^IK i20u~ I 21!K f&
2

^IK i20u~ I 22!K f&
2

.

~6!

se
he
ele-
TABLE II. Measured branching ratios used in the extraction of transition probabilities and matrix
ments.Dp5y andDp5n indicate where there is a change in parity.

g-ray energy~keV! Branching ratios
DI 51 DI 52 DI 51 I (DI 51,Dp5y)/I (DI 52,Dp5n) I (DI 51,Dp5n)/I (DI 52,Dp5n)

I i
p i Dp5y Dp5n Dp5n Ref. @13# This work Ref.@13# This work

9
2

1 41.5 193.1 109.7 0.29~2!
11
2

1 89.4 241.8 132.1 0.025~6! 0.164~15!
13
2

1 159.3 288.1 155.9 0.17~3! 0.145~17!
15
2

1 177.2 330.0 174.0 0.099~6! 0.082~9!
17
2

1 262.4 370.8 197.0 0.146~10! 0.078~6! 0.078~6!
19
2

1 236.3 406.9 210.2 0.135~7! 0.135~17! 0.055~8! 0.034~10!
21
2

1 339.6 442.6 232.5 0.105~11! 0.11~2! 0.026~8! 0.038~8!
23
2

1 272.6 473.7 241.2 0.12~5! 0.09~3! 0.05~5!
25
2

1 393.9 504.9 263.2 0.12~2!
17
2

2 170.3 347.9 236.2 0.20~5! 0.99~8!
19
2

2 103.7 365.3 129.0 0.01~8! 0.16~2!
21
2

2 201.0 437.3 308.2 0.069~12! 0.62~5!
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PRC 58 3177LIFETIMES OF STATES IN THE OPPOSITE-PARITY . . .
This model-dependent assumption allowed extraction of
^I uuM1uuI 21&, ^I uuE2uuI 22&, and^I uuE1uuI 21& matrix el-
ements for each state. The reduced matrix elements ded
from the lifetimes are given in Table III. Also given are th
electric dipole momentsD0 and the electric quadrupole mo
ments Q0 . Model-dependentM1 matrix elements and th
(gK2gR) values are given in Table IV. TheD0 , Q0 , and
(gK2gR) values are plotted against spin in Fig. 8.

V. DISCUSSION

Prior to this work, the lifetimes of the I p

57/21, 9/21, 5/22 and 7/22 @16# states had been mea
sured. The only lifetime measured in this experiment t
had previously been measured was that of the 9/21 state at
193.1 keV. The previously measured value of 290~20! ps
differs by two standard deviations from the value from th
work. The discrepancy may arise from the fact that, in R
@16#, no mention is made of a feeding correction in extra
ing the lifetime. From the lifetimes and decay branching

TABLE III. Transition probabilities, matrix elements, and mo
ments derived from the lifetimes;Q0 are electric quadrupole mo
ments;D0 are electric dipole moments. Panel~a! gives theE2 ma-
trix elements derived from theI→(I 22) transitions, and~b! gives
the E1 matrix elements.

~a! I→(I 22)

I p
B(E2)
(e b)2

^uuE2uu&
(e fm2!

Q0

(e b!

9
2

1 0.60~3! 246~5! 7.79~17!
11
2

1 0.90~6! 329~11! 7.3~3!
13
2

1 0.98~3! 371~6! 6.77~11!
15
2

1 1.15~3! 428~6! 6.83~9!
17
2

1 1.09~5! 443~10! 6.38~15!
19
2

1 1.19~9! 487~18! 6.5~2!
21
2

1 1.21~5! 516~10! 6.38~12!
23
2

1 1.18~8! 533~17! 6.2~2!
25
2

1 1.22~10! 560~20! 6.2~3!
17
2

2 0.93~8! 410~17! 5.9~3!
19
2

2 1.40~13! 530~20! 7.0~3!
21
2

2 1.1~2! 480~50! 6.0~6!

~b! I→(I 21)

I p
B(E1)

1024 (e fm)
^uuE1uu&
(e fm!

D0

(e fm!

11
2

1 2.0~5! 0.049~6! 0.048~6!
13
2

1 6.1~8! 0.093~6! 0.081~5!
15
2

1 6.15~4! 0.099~3! 0.079~3!
17
2

1 4.8~4! 0.093~4! 0.068~3!
19
2

1 10.5~15! 0.145~11! 0.100~7!
21
1

1 4.5~9! 0.099~10! 0.064~7!
23
2

1 10~3! 0.15~3! 0.094~15!
25
2

1 6.1~13! 0.126~13! 0.074~8!
17
2

2 15~4! 0.17~2! 0.121~16!
19
2

2 8~5! 0.12~4! 0.09~3!
21
2

2 11~3! 0.16~2! 0.102~14!
e

ed

t

f.
-
-

tios, electromagnetic matrix elements and moments h
been extracted. The electric quadrupole and electric dip
moments are observed to be independent of spin and p
and are scattered about mean values of 6.7~5! e b and
0.077~7! e fm, respectively.

The spectroscopic quadrupole moment of the ground s
has been measured to have a value of 2.41e b @19#, which
corresponds to an intrinsic quadrupole moment of 6.75e b.
The values measured in this work above 11/21 indicate that
the value of the quadrupole moment stays constant with s
It is difficult to explain the large values of the quadrupo
moment Q0 for the 9/21 and 11/21 states, which are
;10–20 % larger than those of the rest of the band. TheE1
transition connecting the 9/21 and 7/22 states, which would
have an energy of 41.5 keV, was not reported in Ref.@13#. A

FIG. 8. Moments and g factors deduced from the lifetim
Panel~a! shows the electric quadrupole momentsQ0 derived from
the I→(I 22) transitions,~b! shows the electric dipole moment
D0 , and~c! shows the (gK2gR) values.

TABLE IV. The M1 matrix elements deduced from the life
times. Use of a mixing ratio derived from a rotational model mea
that these values are model dependent.

I→(I 21)

I p
B(M1)

1021 (mN
2 )

^uuM1uu&
(mn) (gK2gR)

9
2

1 1.0~2! 0.31~3! 0.15~2!
11
2

1 2.2~4! 0.51~4! 0.20~2!
13
1

1 3.8~6! 0.73~6! 0.25~2!
15
2

1 3.1~6! 0.70~7! 0.22~2!
17
2

1 4.2~5! 0.86~5! 0.26~2!
19
2

1 2.1~10! 0.7~2! 0.18~4!
21
2

1 3.1~9! 0.83~12! 0.22~3!
23
2

1 6~6! 1.2~6! 0.30~15!
17
2

2 23~3! 2.05~12! 0.60~4!
19
2

2 47~8! 3.1~3! 0.85~7!
21
2

2 23~5! 2.3~3! 0.59~7!
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transition with such low energy would be difficult to obser
with the germanium detectors that were used in Ref.@13# and
in this work. Assuming the sameB(E1)/B(E2) ratio for the
9/21 state, as that measured for the 15/21 state, the 41.5-keV
E1 transition would carry a approximately 0.02 of the inte
sity of the 193.1-keV 9/21 – 5/21 E2 transition. However, it
would take anE1 transition with 0.5 times the intensity o
the E2 transition in order to reduce the measuredQ0 value
by ;20 %. Such an intenseE1 transition would require an
abnormally large electric dipole moment for the 9/21 state,
and is very unlikely. Lack of knowledge aboutE1 decays or
lack of knowledge about detection efficiency cannot expl
the largeQ0 values for the 9/21 and 11/21 states.

The intrinsic dipole momentsD0 show no dependence o
the spin or parity. The values are comparable in magnitud
the large collectiveD0 values seen in the actinide region a
some other nuclei close to146Ba, and are much larger tha
known E1 rates outside the region of strong octupole cor
lations. This would be expected if the 5/21 and 5/22 bands
constitute a parity doublet. In the recent work of Ref.@13#,
D0 values were deduced fromI (E1)/I (E2) intensity ratios,
assuming a constant quadrupole moment of 6.75e b. TheD0
values were found to show little variation and were scatte
about 0.09e fm, in fair agreement with the values measur
in this work. The values for the negative-parity band, e
tracted from theI 2→(I 21)1 transitions, may be larger tha
those of the positive-parity band@ I 1→(I 21)2#, although it
is difficult to draw a conclusion from only three data poin
Figure 9 shows the dipole moments for a number of nu
with 56<Z<64, 86<N<91 taken from the compilation o
Ref. @2#. The trend shows that the electric dipole momen
a maximum for Z.60, N.88. However, it should be
pointed out that shell effects make electric dipole mome
an unreliable measure of octupole collectivity@34,35#. For
the N590 isotones it appears that the odd-proton isoto
have smaller electric dipole moments than their even-e
neighbors.

The experimental characteristics of octupole deformat
in an odd-Z nucleus such as153Eu would be a pair of parity-
doublet bands consisting of near-degenerate states of o
site parity, interconnected by enhancedE1 transitions@1023

FIG. 9. Experimental values of the electric dipole momentD0 in
units of e fm. The data are taken from the compilation of Ref.@2#
and references therein, apart from the153Eu value, which is ex-
tracted from these lifetime data.
-
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Weisskopf units~W.u.!#. With the bands being based on th
same intrinsic parity-mixed state, the magnetic moments
the bandheads should be very nearly the same and equa
‘‘hybridized’’ value @4#, which is intermediate between th
magnetic moments of the reflection-symmetric orbitals
volved. The level structure deduced in Ref.@13# and given
on Fig. 1 clearly shows the distinctive pattern of a pair
parity-doublet bands. However, despite this observation
Ref. @13# B(M1)/B(E2) ratios were used to show that th
bandheads have different magnetic moments, and it was
cluded that the positive- and negative-parity bands arose
to the accidental degeneracy of the@532#5/22 and@413#5/21

Nilsson orbitals.
The magnetic moments are crucial in the interpretation

parity-doublet bands. The (gK2gR) values extracted from
the present data are consistently larger in the negative-p
band than in the positive-parity band. The magnetic mome
of the bandheads, calculated with weighted mean (gK2gR)
values of 0.214~8! for the 5/21 band and 0.65~3! for the
5/22, band are presented in Table V, in comparison to th
measured and predicted elsewhere.~The value ofgR was
assumed to beZ/A50.41.! The model predictions (mcalc)
were calculated using a Woods-Saxon potential with
‘‘universal’’ parameter set@37#. It is worth pointing out that
the experimental magnetic moment value for the negat
parity band is smaller than that expected for the@532#5/22

orbital, which may suggest a shift towards a hybridiz
mean.

Recent work has presented arguments for and agains
existence of parity doublets and octupole deformation
153Eu. Noseket al. @38# have performed microscopic calcu
lations and concluded that the 5/26 states cannot constitute
parity doublet. Afanasjev and Ragnarsson@39# have satisfac-
torily reproduced the experimental decoupling parame
and magnetic moments without introducing reflection asy
metry. While it seems that the low-spin spectroscopic f
tures can be explained without octupole deformation, A
nasjev and Mizutori @14# have recently examined th
experimental data and concluded that octupole deforma
is plausible at medium-spin values. They used rotation
frequency ratios~R! and parity-splitting (dEp) values, as
suggested by Nazarewicz and Olanders@40#, and performed
an analysis similar to that presented for223Th in Ref. @5#.
While R and dEp tend away from the values expected f
stable octupole deformation at the highest spins, the disc
ancies can be explained by the rotational alignment of a
of neutrons. Indeed the quasiparticle alignment frequen

TABLE V. A comparison of magnetic moments, for the ban
heads. The values from this work have been deduced using a
tional model, assumingQ0 5 6.75 e b. The model predictions are
calculated using a Woods-Saxon potential@35#.

Magnetic moments (mN) I p5
5
2

1 I p5
5
2

2

This work 1.41~5! 2.1~1!

mcalc(b250.25,b350) 1.28 2.81
mcalc(b250.25,b350.05) 1.67 2.40
Measured@36# 1.533~1! 3.22~23!

Reference@13# @expt.B(M1)/B(E2) ratios# 1.41~14! 2.24~18!
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are better explained in the cranked-shell-model framew
when a nonzero value ofb3 is used.

VI. SUMMARY AND CONCLUSIONS

Using the recoil-distance method following Coulomb e
citation of 153Eu, the lifetimes of 12 excited states have be
measured. The electric-quadrupole and electric-dipole
ments are observed to be independent of spin and parity
are scattered about mean values of 6.7~5! e b and 0.077~7! e
fm, respectively. The present measurements therefore
date the assumption made in earlier work@13#, in which it
was assumed that the quadrupole moments of the stat
the opposite-parity bands are not appreciably different
order to conclude that the bands have different intrin
structures, and therefore are not a pair of parity-doub
bands. This work supports that conclusion.

The observation of the distinctive parity-doublet-ty
structure, together with a preponderance ofE1 transitions
and large electric-dipole moments, makes the interpreta
in terms of a reflection-symmetric shape rather puzzling
the interpretation is made in terms of reflection asymme
then the magnetic moments cannot be understood; simila
.
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a reflection-symmetric interpretation cannot explain the
hancedE1 transitions between the opposite-parity ban
Very little is known about octupole modes that are super
posed on nuclear ground states. It remains a challenge to
theory to explain these experimental observations. An
perimental challenge would be to measure theB(E3) values
in 153Eu using the Coulomb-excitation method which h
recently been used to extractE3 matrix elements for some
lanthanide and actinide nuclei@20,41–44#. However, a full
‘‘Coulomb-excitation analysis’’ in an odd-mass nucleus su
as this will prove to be very difficult because of the lar
number of coupling matrix elements between the low-lyi
excited states.
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