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Octupole Vibration and Influence of Shell Effects on theE1 Transition Rates in 140Xe
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Spectroscopic studies of tig decay of'“°l have firmly established octupole collectivity i Xe 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.
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The low-energy structures of multifermion nuclear sys- Previous experimental work [12—14] has given much
tems comprising of an even number of protons and neuaew information on the'3¥-1%Xe nuclei, but has not
trons can be largely described by collective degrees dbeen able to positively identify any octupole states.
freedom. These are dominated by the reflection symmefor “°Xe, the ground state band was established up
ric quadrupole mode, while the reflection asymmetric octo the 16" level (with some degree of uncertainty for
tupole mode of excitation, when present, is much weaketthe higher-spin members), and one of the side bands
Consequently, the experimental information and systemabbserved was suggested to be an octupole band. We have
ics on properties of the negative parity bands, related tperformed a study of*°Xe levels as populated in the
the latter mode of excitation, are quite limited. Octupoledecay of'*°l. The aim has been to identify the lower
collectivity [1-5] is pronounced only in certain regions members of the first few excited bands and rigorously
of the nuclear chart, just above the closed shells of heavgssign level parities and angular momenta. Crucial to
nuclei, where nuclei have only a few valence neutrons anthe parity determination have been measurements of the
protons and the competing quadrupole collectivity is weakrelatively weak conversion electron lines of transitions in
These regions, which provide the bulk of experimental datéhe ~1 MeV region. Equally important was the use of
on the octupole mode, are associated with the filling othe 8y y(¢) method [15] for direct measurements of level
the unique parity orbitals, see, e.g., Refs. [6,7]. For thdifetimes in order to deduce the strengths of the intraband
neutron-rich region above the doubly magitSn, the pre-  E2 transitions and to verify the possible quenching of the
dicted [6], strong octupole collectivity has been verified ex-E1 transition rates as suggested independently by Butler
perimentally [8] in several cases. Recent theoretical workand Nazarewicz [10] and by Mantand Robledo [9].

[7,9] have explored the limits of octupole correlations, and The data obtained are quite extensive, and a full report
suggest that the XéZ = 54) isotopes form the lower on the!*’l decay will be given elsewhere [16]. At least
boundary of octupole collectivity, with**Xe being the two low-lying collective bands were found in addition
most octupole soft of th&¥~148Xe nuclei. Until now, it to the ground band. In the present paper we confirm
has been unclear whether the theoretical predictions for thdne octupole nature of the band suggested by Bentaleb
Xe isotopes were in fact accurate. et al. [12,13] and focus on the observation of shell effects

Although atomic nuclei do not in general posséss on the E1 rates of transitions between the octupole
moments, sizable moments of this type are associated witbnd the ground state bands. Furthermore, the ground
octupole collective states. The nuclid®Xe is, how- state quadrupole collectivity has been clarified from the
ever, predicted [9,10] to exhibit a quenching of the dipoleaccurate measurement of thg level lifetime.
moment associated with the octupole correlations, simi- The '*°| activity was obtained as a mass separated
lar in nature to the case dt°Ba [8,11]. This prediction fission product from thermal neutron-induced fission using
is of particular significance. Previous observations of thehe OSIRIS ISOL facility [17] at Studsvik. Prior to the
quenching of the dipole moments, a unique phenomenopresent experiments, studies of exotic | isotopes have
that has been identified in only two cases,'ifBa and been severely hampered by the very strong production of
2?Ra, have preceded the theoretical explanations. Cuisobaric Cs, due to the highly efficient surface ionization
rent theoretical calculations [9,10] predict only one ad-of the latter element. This problem was overcome by
ditional occurrence of dipole moment quenching: the Xeselecting doubly charged ions of = 140, created by
isotopes centered &t°Xe. This nucleus thus constitutes electron impact ionization [17], which suppressed the Cs
a critical testing ground for a unique result of the theoreti-contamination by a factor of at lea$0’> in comparison
cal studies; a result which is intimately linked to the basicwith the singly charged case. No activities other than the
parameters of the models being used. A = 140 isobars were present in the doubly charged beam.
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The singles spectra of rays following the decay of giving a means for selecting specific levels for the lifetime
140] were studied using both large volume and low-energyanalysis. A crucial time calibration of the BaBetector
photon Ge spectrometers, employing a multispectrumvas obtained using a few calibration sources. Levels of
technique to identify the half-lives of individual lines.  particular interest here are the 1513 and 1772 keV states
A moving tape system was used to repetitively remove thend the members of the ground state band.

“old” sources collected on the tape. The rather short half- Specifically, the lifetime of the," level was deter-
life of °1 (0.9 s), as compared with the other = 140  mined both by a centroid-shift method and by slope fit-
isobars, permitted easy identification of someyBfays in  ting. The centroid shift was determined by gating on the
140Xe, with energies up to about 2.8 MeV. We found 8 detector, and on the 376 and 457 keVlines in the

no evidence for transitions if*°Xe that could follow BaF, and the germanium detector, respectively, and then
from the 8-delayed neutron decay 1. A majority of  reversing they gates to find the shift in the centroid po-
the observed transitions were placed in a decay schensi#tion. For slope fitting (see Fig. 3), a sum of time dis-
constructed using coincidence relations observed in &ibutions, selected by germanium gates on the 927, 1136,
yy-coincidence measurement. A partial level schemel194, 1587, and 1765 keV transitions, was used. The two
relevant for the present discussion, is shown in Fig. 1. methods yielded half-lives of 70.5(22) and 70(5) ps, re-

An additional dual multispectrum experiment was madespectively. The4," level lifetime was determined with
using a Ge detector and a high resolution Si(Li) detectothe centroid-shift method with gates on tige detector,
(cooled to liquid nitrogen temperature) to simultaneouslyand on the 457 keV transition in BaRnd the 376, 998,
measurey rays and conversion electrons. Partial resultsl049, 2377, and 2413 keV transitions in the germanium
of the conversion electron measurements are given indetector. The gate on the 376 keV line is corrected for
Table I, and a section of the electron spectrum is showtifetimes of transitions feeding th¢" level (79% of the
in Fig. 2. feeding intensity consists of transitions with lifetimes that

Level lifetimes were measured using a triple coinci-were measured and could therefore be properly subtracted,
dence system [15] consisting of a plastic scintillator for whereas the transitions of higher energy, which constitute
particles and a BaFand a coaxial Ge detector forrays.  the remaining21%, are effectively prompt). All higher
Fast timing coincidences between the plastic scintillatoexcited states of interest here decay to either2fieor
and the Bak crystal were gated by slower events obtained4;* levels, and their half-lives were determined from the
between the plastic scintillator and the Ge detector, therebgentroid shifts of the transitions deexciting these two lev-
els when gating in Ge on theray from the higher excited
state. See Ref. [16] for further details on the fast timing
11.429) ps 21772 analysis. A summary of the level half-lives obtained and
of the deduced transition rates is given in Table II.

The previous experimental information on the excited
states of*’Xe is almost entirely based on studies of prompt
v rays following spontaneous fission. In these studies it
was suggested that one band could be of octupole origin.
Additional data on level lifetimes and parities were crucial
for clarifying the nature of states and to identify collective
bands, in particular for a nucleus such'#5<e that lacks
well-developed rotational collectivity.

Specifically, several levels of the ground band have
been proposed from the spontaneous fission studies [13].

<7.7ps 3

0

TABLE |. Experimental and theoretical conversion coeffi-

FIG. 1. Partial level scheme dfXe illustrating the y-ra / » .
g yray cients for selected transitions ii°Xe. The E1 character of

ﬁgﬁa%i/mog) tr;(ra]dosc_tuIp:ec\)llglsb%r;dt.hiSTkki)!gnéog?: r\\:veed” rg)%r;()aulfgtreéh?n the 355.0 and 937.4 keV transitions was crucial for the identifi-
the B decay of4~ Ol The spins and parities shown are Cation of the octupole band.

firmly supported by our conversion electron data. All level Theoreticalax

half-lives are from this work. Additional members of both Transition Empiricalexy  E1 E2 M1  Multipolarity
bands shown here were reported in Ref. [13] although that
work could not identify the octupole character of the excited 258.6 0.078(7) 0.03 0.055 0.053 M( or) E2
band. Of special importance is the fact that the 258 and 355.0 <0.007 0.006 0.02 0.023 El
937 keV transitions are a#/1/E2 and of parity changing1 376.7 0.018(1) 0.005 0.018 0.02 E2
multipolarity, respectively. This leads to unique assignments 457.7 0.0085(5) 0.003 0.012 0.0093/ or) E2
of parity and angular momenta for the negative parity states. ggo 4 0.0046(14) 0.0018 0.005 0.0065 E2

A number of strong transitions used as gates in the half-life g37 4 0.00057(20) 0.0007 0.0017 0.0023 El
determination are schematically indicated by short arrows. y y - - -
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i Our B-decay data also show that the new level at
_Efflg‘;i‘i q 1513 keV and the level at 1772 keV observed previously
*E2 [13] can be firmly identified as the spin 3 and 5 members
of a collective band having a negative parity. Thus, we
agree with Bentalelt al. concerning the octupole nature
~-E1 of the5™ state. The parity is given by thel multipolari-
ties of the relatively strong 355 and 937 keV transitions
WM depopulating the higher level. Additionally, the internal

conversion data gave &1 or E2 multipolarity for the
connecting transition of 258 keV. The level lifetime and
2300 . . . . y-ray branching show that this intraband transition has
890 900 910 920 930 940 @ B(E2) value [37(10) W.u.] comparable to that of the
ground band.
ELECTRON ENERGY (keV) The relatively low excitation energies of the first band
FIG. 2. A section of the conversion electron spectrum show-mejmber_sv too low to O”g'nate from noncolle_ctl_ve eX(_:I-
ing the weak K line of the 937 keV transition. The expectedtations, imply that the band is of octupole origin. It is
peak size, as derived from theoretical conversion coefficientthereby the first firmly identified octupole structure ob-
for different multipolarities, is shown with symbols. The ex- served in the neutron-rich xenon isotopes, and constitutes
perimental data is compatible only with @1 multipolarity. the first experimental verification that octupole collectivity
occurs at modest excitation energies already at 54.
The energy of th&™ level of 14°Xe is actually compa-
The first few of these are well established on groundsable to that of theZ = 56 isotope'4’Ba. Thel~ band
of the transition intensities. Our results for transitionhead can be expected ne#50-1400 keV, assuming a
multipolarities and transition strengths fully confirm the reasonably regular band structure. Our data show no in-
collective nature of the band up to the 1417 k&Vlevel,  dications for such a level, probably due to its very low
which is the highest one observed by us in that bandpopulation in theB decay of4°l. The significant3-
Our value for the half-life of the," level, 70.5(22) ps, particle population of the*, 47, and6* levels of the
is almost a factor of 2 lower than the preliminary valueground band is compatible only withH” = 4~ for the 8-
of 113(5) ps from a survey by Cheifett al.[18], and  decaying state of*’l. The relatively strong3 transitions
brings theB(E2;2" — 07) of 14°Xe into agreement with observed to thé~ and5~ states are thus of the allowed
the systematics of Grodzins (as quoted by Ramial)  Gamow-Teller type. Note that previous information on
[19] as well as with the global systematics of Ramanthe decay properties ¢f°1 is very limited [20].
et al.[19]. Our deducedB(E2;2" — 07) and Qo of The E1 transition rates deduced from the half-lives of
24.9(8) W.u. and 2.32(4) eb, respectively, are typical the 3~ and 5~ levels, Table Il, are exceptionally low.
of vibrational nuclei in this region. The quadrupole For ease of comparison it is convenient [10] to express
deformation parametgs, is obtained as 0.146(3), which the E1 strength in terms of the intrinsic dipole moment
is near the upper boundary of predictions [7,9,10]. Dy. The deduced values @, in '“°Xe are in the range
0.019 to 0.023 ¢fm and thus comparable to the lowest
observed in the regions of octupole correlations. [Note
that the significantly revised value df(E2;2" — 0")
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has implications on the previous attempts [13] at ex-
tracting the intrinsic dipole moment from the reduced
100 376.7 keV level
T,,,=70(5) ps
§ TABLE II. Level half-lives and reduced transition probabili-
= ties for selected transitions #i°Xe.
o i Level Transition T\ B(A)
, ’ (keV) (keV) v intensity (ps) (W.u)
‘ ‘ ‘ i H ’ 376 376.7 98.2(1) 70.5(22) 24.9(8)
Al 1 4 . H’ ll l 834 457.7 68.3(36) 15.8(34) 40(9)
0 500 1000 1416 582.4 9.3(6) <8.6 >19.7
TIME (ps) 1513 678.7 1.72) <77 >2.91 X 1073
1513 1136.7 44(5) <77 >1.58 X 1073
FIG. 3. A time-delayed spectrum with a slope due to the half- 1772 258.6 0.7(1) 11.4(29) 37(10)
life of the 2, level. The dashed and solid lines represent 1772 355.0 1.3(1) 11.4(29)3.1(8) X 1075

the prompt Gaussian response function and #iefit to the 1772 937.4 18.8(11) 11.4(29)2.4(6) X 1075
spectrum, respectively. See the text for details. - : - -
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transition probabilities via rotational model formulas.] low-lying octupole band in'“°Xe. The new data have
Both macroscopic and microscopic contributions play aestablished*’Xe as the nearest octupole collective nucleus
role in the dipole moment, but the macroscopic contribu+o the doubly magi¢*?Sn. The2," half-life determination
tion is not expected [6,10] to be significant outside therepresents a correction of a previous, tentative, result
actinide region. The very low values @f, should thus and restores agreement with systematics for the dynamic
be attributed to a vanishing microscopic part, which hagjuadrupole deformation of the ground band, which is
separate contributions from neutrons and protons. Thesgucial for the interpretation of th&(E1)/B(E2) ratios
contributions vary strongly as a function of the respectivemeasured in prompt fission experiments as well as for
particle numbers (see illustration in Ref. [11]), reflectingmodel calculations for the Xe nuclei.

the filling of the shells. Measured rates in'4Ba The authors wish to thank Leif Jacobsson and Pér
[11] showed that this nucleus had a drastically smalledonsson for their expert operation of the OSIRIS mass
dipole moment than those of neighboring nuclei, whichseparator. Financial support from the Swedish Natural
was explained [7,10] as being due to a cancellation resultScience Research Council is also gratefully acknowl-
ing from the variations mentioned above. The first pre-edged.

dictions of a quenched dipole moment, performed within

the same theoretical frameworks, locate it at the very on-

set of octupole correlations, in theé = 54 Xe isotopes.
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