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Octupole Vibration and Influence of Shell Effects on theE1 Transition Rates in 140Xe
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Spectroscopic studies of theb decay of140I have firmly established octupole collectivity in140Xe and
evinced unique theoretical predictions of a quenched dipole moment. The first detailed investigations
of an exotic Xe nucleus, including measurements of half-lives of levels in the ground and octupole
bands, were made possible due to a new approach to produce beams of iodine with ISOL sources
[S0031-9007(99)09362-X]
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The low-energy structures of multifermion nuclear sy
tems comprising of an even number of protons and ne
trons can be largely described by collective degrees
freedom. These are dominated by the reflection symm
ric quadrupole mode, while the reflection asymmetric o
tupole mode of excitation, when present, is much weak
Consequently, the experimental information and system
ics on properties of the negative parity bands, related
the latter mode of excitation, are quite limited. Octupo
collectivity [1–5] is pronounced only in certain region
of the nuclear chart, just above the closed shells of hea
nuclei, where nuclei have only a few valence neutrons a
protons and the competing quadrupole collectivity is wea
These regions, which provide the bulk of experimental da
on the octupole mode, are associated with the filling
the unique parity orbitals, see, e.g., Refs. [6,7]. For t
neutron-rich region above the doubly magic132Sn, the pre-
dicted [6], strong octupole collectivity has been verified e
perimentally [8] in several cases. Recent theoretical wor
[7,9] have explored the limits of octupole correlations, an
suggest that the XesZ ­ 54d isotopes form the lower
boundary of octupole collectivity, with142Xe being the
most octupole soft of the138 148Xe nuclei. Until now, it
has been unclear whether the theoretical predictions for
Xe isotopes were in fact accurate.

Although atomic nuclei do not in general possessE1
moments, sizable moments of this type are associated w
octupole collective states. The nuclide140Xe is, how-
ever, predicted [9,10] to exhibit a quenching of the dipo
moment associated with the octupole correlations, sim
lar in nature to the case of146Ba [8,11]. This prediction
is of particular significance. Previous observations of t
quenching of the dipole moments, a unique phenomen
that has been identified in only two cases, in146Ba and
224Ra, have preceded the theoretical explanations. C
rent theoretical calculations [9,10] predict only one a
ditional occurrence of dipole moment quenching: the X
isotopes centered at140Xe. This nucleus thus constitutes
a critical testing ground for a unique result of the theore
cal studies; a result which is intimately linked to the bas
parameters of the models being used.
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Previous experimental work [12–14] has given mu
new information on the138 144Xe nuclei, but has not
been able to positively identify any octupole state
For 140Xe, the ground state band was established
to the 161 level (with some degree of uncertainty fo
the higher-spin members), and one of the side ba
observed was suggested to be an octupole band. We h
performed a study of140Xe levels as populated in the
decay of 140I. The aim has been to identify the lowe
members of the first few excited bands and rigorou
assign level parities and angular momenta. Crucial
the parity determination have been measurements of
relatively weak conversion electron lines of transitions
the ,1 MeV region. Equally important was the use o
thebggstd method [15] for direct measurements of lev
lifetimes in order to deduce the strengths of the intraba
E2 transitions and to verify the possible quenching of t
E1 transition rates as suggested independently by Bu
and Nazarewicz [10] and by Martı´n and Robledo [9].

The data obtained are quite extensive, and a full rep
on the140I decay will be given elsewhere [16]. At leas
two low-lying collective bands were found in additio
to the ground band. In the present paper we confi
the octupole nature of the band suggested by Benta
et al. [12,13] and focus on the observation of shell effec
on the E1 rates of transitions between the octupo
and the ground state bands. Furthermore, the gro
state quadrupole collectivity has been clarified from t
accurate measurement of the21

1 level lifetime.
The 140I activity was obtained as a mass separat

fission product from thermal neutron-induced fission usi
the OSIRIS ISOL facility [17] at Studsvik. Prior to the
present experiments, studies of exotic I isotopes ha
been severely hampered by the very strong production
isobaric Cs, due to the highly efficient surface ionizatio
of the latter element. This problem was overcome
selecting doubly charged ions ofA ­ 140, created by
electron impact ionization [17], which suppressed the
contamination by a factor of at least102 in comparison
with the singly charged case. No activities other than t
A ­ 140 isobars were present in the doubly charged bea
© 1999 The American Physical Society 4783
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The singles spectra ofg rays following the decay of
140I were studied using both large volume and low-energ
photon Ge spectrometers, employing a multispectru
technique to identify the half-lives of individualg lines.
A moving tape system was used to repetitively remove t
“old” sources collected on the tape. The rather short ha
life of 140I s0.9 sd, as compared with the otherA ­ 140
isobars, permitted easy identification of some 80g rays in
140Xe, with energies up to about 2.8 MeV. We found
no evidence for transitions in139Xe that could follow
from theb-delayed neutron decay of140I. A majority of
the observed transitions were placed in a decay sche
constructed using coincidence relations observed in
gg-coincidence measurement. A partial level schem
relevant for the present discussion, is shown in Fig. 1.

An additional dual multispectrum experiment was mad
using a Ge detector and a high resolution Si(Li) detect
(cooled to liquid nitrogen temperature) to simultaneous
measureg rays and conversion electrons. Partial resul
of the conversion electron measurements are given
Table I, and a section of the electron spectrum is show
in Fig. 2.

Level lifetimes were measured using a triple coinc
dence system [15] consisting of a plastic scintillator forb

particles and a BaF2 and a coaxial Ge detector forg rays.
Fast timing coincidences between the plastic scintillat
and the BaF2 crystal were gated by slower events obtaine
between the plastic scintillator and the Ge detector, there

FIG. 1. Partial level scheme of140Xe illustrating theg-ray
decay of the octupole band. The32 (observed here for the
first time) and52 levels of this band are well populated in
the b decay of 42 140I. The spins and parities shown are
firmly supported by our conversion electron data. All leve
half-lives are from this work. Additional members of both
bands shown here were reported in Ref. [13] although th
work could not identify the octupole character of the excite
band. Of special importance is the fact that the 258 an
937 keV transitions are ofM1yE2 and of parity changingE1
multipolarity, respectively. This leads to unique assignmen
of parity and angular momenta for the negative parity state
A number of strong transitions used as gates in the half-li
determination are schematically indicated by short arrows.
4784
y
m

he
lf-

me
a

e,

e
or
ly
ts
in

n

i-

or
d
by

l

at
d
d

ts
s.
fe

giving a means for selecting specific levels for the lifetim
analysis. A crucial time calibration of the BaF2 detector
was obtained using a few calibration sources. Levels
particular interest here are the 1513 and 1772 keV stat
and the members of the ground state band.

Specifically, the lifetime of the21
1 level was deter-

mined both by a centroid-shift method and by slope fit
ting. The centroid shift was determined by gating on th
b detector, and on the 376 and 457 keVg lines in the
BaF2 and the germanium detector, respectively, and the
reversing theg gates to find the shift in the centroid po-
sition. For slope fitting (see Fig. 3), a sum of time dis
tributions, selected by germanium gates on the 927, 113
1194, 1587, and 1765 keV transitions, was used. The tw
methods yielded half-lives of 70.5(22) and 70(5) ps, re
spectively. The41

1 level lifetime was determined with
the centroid-shift method with gates on theb detector,
and on the 457 keV transition in BaF2 and the 376, 998,
1049, 2377, and 2413 keV transitions in the germaniu
detector. The gate on the 376 keV line is corrected fo
lifetimes of transitions feeding the41 level (79% of the
feeding intensity consists of transitions with lifetimes tha
were measured and could therefore be properly subtract
whereas the transitions of higher energy, which constitu
the remaining21%, are effectively prompt). All higher
excited states of interest here decay to either the21

1 or
41

1 levels, and their half-lives were determined from the
centroid shifts of the transitions deexciting these two lev
els when gating in Ge on theg ray from the higher excited
state. See Ref. [16] for further details on the fast timin
analysis. A summary of the level half-lives obtained an
of the deduced transition rates is given in Table II.

The previous experimental information on the excite
states of140Xe is almost entirely based on studies of promp
g rays following spontaneous fission. In these studies
was suggested that one band could be of octupole orig
Additional data on level lifetimes and parities were crucia
for clarifying the nature of states and to identify collective
bands, in particular for a nucleus such as140Xe that lacks
well-developed rotational collectivity.

Specifically, several levels of the ground band hav
been proposed from the spontaneous fission studies [1

TABLE I. Experimental and theoretical conversion coeffi-
cients for selected transitions in140Xe. The E1 character of
the 355.0 and 937.4 keV transitions was crucial for the identifi
cation of the octupole band.

TheoreticalaK
Transition EmpiricalaK E1 E2 M1 Multipolarity

258.6 0.078(7) 0.03 0.055 0.053 (M1 or) E2
355.0 ,0.007 0.006 0.02 0.023 E1
376.7 0.018(1) 0.005 0.018 0.02 E2
457.7 0.0085(5) 0.003 0.012 0.0095 (M1 or) E2
582.4 0.0046(14) 0.0018 0.005 0.0065 E2
937.4 0.00057(20) 0.0007 0.0017 0.0023 E1
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FIG. 2. A section of the conversion electron spectrum sho
ing the weak K line of the 937 keV transition. The expecte
peak size, as derived from theoretical conversion coefficie
for different multipolarities, is shown with symbols. The ex
perimental data is compatible only with anE1 multipolarity.

The first few of these are well established on groun
of the transition intensities. Our results for transitio
multipolarities and transition strengths fully confirm th
collective nature of the band up to the 1417 keV61 level,
which is the highest one observed by us in that ban
Our value for the half-life of the21

1 level, 70.5(22) ps,
is almost a factor of 2 lower than the preliminary valu
of 113(5) ps from a survey by Cheifetzet al. [18], and
brings theBsE2; 21 ! 01d of 140Xe into agreement with
the systematics of Grodzins (as quoted by Ramanet al.)
[19] as well as with the global systematics of Rama
et al. [19]. Our deducedBsE2; 21 ! 01d and Q0 of
24.9s8d W.u. and 2.32s4d e b, respectively, are typical
of vibrational nuclei in this region. The quadrupol
deformation parameterb2 is obtained as 0.146(3), which
is near the upper boundary of predictions [7,9,10].

FIG. 3. A time-delayed spectrum with a slope due to the ha
life of the 21

1 level. The dashed and solid lines represe
the prompt Gaussian response function and thex2 fit to the
spectrum, respectively. See the text for details.
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Our b-decay data also show that the new level a
1513 keV and the level at 1772 keV observed previous
[13] can be firmly identified as the spin 3 and 5 membe
of a collective band having a negative parity. Thus, w
agree with Bentalebet al. concerning the octupole nature
of the52 state. The parity is given by theE1 multipolari-
ties of the relatively strong 355 and 937 keV transition
depopulating the higher level. Additionally, the interna
conversion data gave aM1 or E2 multipolarity for the
connecting transition of 258 keV. The level lifetime and
g-ray branching show that this intraband transition ha
a BsE2d value f37s10d W.u.g comparable to that of the
ground band.

The relatively low excitation energies of the first ban
members, too low to originate from noncollective exci
tations, imply that the band is of octupole origin. It is
thereby the first firmly identified octupole structure ob
served in the neutron-rich xenon isotopes, and constitu
the first experimental verification that octupole collectivity
occurs at modest excitation energies already atZ ­ 54.
The energy of the32 level of 140Xe is actually compa-
rable to that of theZ ­ 56 isotope142Ba. The12 band
head can be expected near1350 1400 keV, assuming a
reasonably regular band structure. Our data show no
dications for such a level, probably due to its very low
population in theb decay of 140I. The significantb-
particle population of the21, 41, and 61 levels of the
ground band is compatible only withJp ­ 42 for theb-
decaying state of140I. The relatively strongb transitions
observed to the32 and52 states are thus of the allowed
Gamow-Teller type. Note that previous information on
the decay properties of140I is very limited [20].

The E1 transition rates deduced from the half-lives o
the 32 and 52 levels, Table II, are exceptionally low.
For ease of comparison it is convenient [10] to expre
the E1 strength in terms of the intrinsic dipole momen
D0. The deduced values ofD0 in 140Xe are in the range
0.019 to 0.023 e fm and thus comparable to the lowes
observed in the regions of octupole correlations. [No
that the significantly revised value ofBsE2; 21 ! 01d
has implications on the previous attempts [13] at ex
tracting the intrinsic dipole moment from the reduce

TABLE II. Level half-lives and reduced transition probabili-
ties for selected transitions in140Xe.

Level Transition T1y2 Bsld
(keV) (keV) g intensity (ps) (W.u.)

376 376.7 98.2(1) 70.5(22) 24.9(8)
834 457.7 68.3(36) 15.8(34) 40(9)

1416 582.4 9.3(6) ,8.6 .19.7
1513 678.7 1.7(2) ,7.7 .2.91 3 1025

1513 1136.7 4.4(5) ,7.7 .1.58 3 1025

1772 258.6 0.7(1) 11.4(29) 37(10)
1772 355.0 1.3(1) 11.4(29) 3.1s8d 3 1025

1772 937.4 18.8(11) 11.4(29)2.4s6d 3 1025
4785
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transition probabilities via rotational model formulas.
Both macroscopic and microscopic contributions play
role in the dipole moment, but the macroscopic contrib
tion is not expected [6,10] to be significant outside th
actinide region. The very low values ofD0 should thus
be attributed to a vanishing microscopic part, which ha
separate contributions from neutrons and protons. The
contributions vary strongly as a function of the respectiv
particle numbers (see illustration in Ref. [11]), reflectin
the filling of the shells. MeasuredE1 rates in 146Ba
[11] showed that this nucleus had a drastically small
dipole moment than those of neighboring nuclei, whic
was explained [7,10] as being due to a cancellation resu
ing from the variations mentioned above. The first pre
dictions of a quenched dipole moment, performed with
the same theoretical frameworks, locate it at the very o
set of octupole correlations, in theZ ­ 54 Xe isotopes.
The self-consistent calculations of Martı´n and Robledo
[9] show a sharp minimum ofD0 ­ 0.01 e fm at 140Xe,
whereas the shell correction approach [10] gives low va
ues of jD0j # 0.04 e fm over a range of the heavy Xe
isotopes. In both cases, the predictions are of a diffe
ent order of magnitude than for the nearby barium nucl
and other nuclei in this region. For comparison,142Ba
has a quadrupole collectivity and general structure simil
to 140Xe, but its dipole moment of,0.2 e fm is a factor
of 10 higher than for140Xe. Our single datum at140Xe
cannot distinguish between the slightly different predic
tions of self-consistent and shell correction calculation
but does provide a verification of the correctness of th
physical assumptions underlying the calculations.

In summary, exceptionally lowBsE1d rates have been
measured for140Xe, corresponding to a dipole momen
among the lowest observed in the regions of octupo
collectivity. It represents the first verification of predicte
quenching of the dipole moment in an atomic nucleus. T
experimental results on theb decay of 140I have been
possible due to a novel technique for the extraction
highly pure I beams. It represents a breakthrough eve
that will open up detailed studies of a whole class o
nuclei, namely, those populated in the decay of neutro
rich I and Br that previously were inaccessible. Thi
technique was applied here for the first time. Theb

decay of140I (the Ip of which was deduced as42) has
been studied in detail for the first time, resulting in
firmly established negative parity of the low-lying octupol
band suggested by Bentalebet al. Furthermore, this study
has drastically improved the evidence for a relative
4786
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low-lying octupole band in140Xe. The new data have
established140Xe as the nearest octupole collective nucle
to the doubly magic132Sn. The21

1 half-life determination
represents a correction of a previous, tentative, res
and restores agreement with systematics for the dyna
quadrupole deformation of the ground band, which
crucial for the interpretation of theBsE1dyBsE2d ratios
measured in prompt fission experiments as well as
model calculations for the Xe nuclei.
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