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Two-Phonon Octupole Excitation in 298Pb
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Experimental evidence for identification of the 5241-k&V state in?°Pb as the lowest-spin member
of the 3 ® 37 quartet is reported. This state, observed previously in neutron transfer reactions and
inelastic proton scattering, has been populated with the inelastic neutron scattering reaction. Its decay
to the 3~ octupole phonon ir*®Pb is confirmed byy-y coincidence measurements, and the spin-0
assignment is substantiated by the population cross section. The cascade E3 tvamsitions thus
established is an expected signature of a two-phonon octupole excitation.

PACS numbers: 21.10.Re, 25.40.Fq, 27.80.+w

The low-lying 3~ excitations observed in even-even additional decay branches from these states. The lower
nuclei near closed shells have frequently been interpreteaf these two states now seems firmly established [16—18]
as collective surface vibrations of the octupole type, ands the neutron pairing vibrational state 3#Pb, but, de-
the E3 strengths of the3™ — 0% transitions in these spite arguments [5,18] the higher state is predominantly
nuclei support this view [1]. Moreover, a two-phonon of two-phonon octupole character, the situation remains
3~ ® 37 quartet of state®8",2%,4", and6") is expected unclear.
at about twice the energy of the one-phonon octupole The most convincing evidence for tite" member of
excitation. The identification and characterization of thesé¢he two-phonon octupole quartet would be the measure-
states should provide valuable information about thement of a Iarge?(E3;O§ph0n0n — 3 phonon) Value. How-
effects of the Pauli principle and phonon-phonon couplingever, the predicted lifetime of the two-phonéi state
between elementary modes of excitation. (from tens to hundreds of picoseconds, depending on the

In recent years, a number of searches for two-phonoassumptions used), combined with its nonobservation in
octupole excitations in spherical even-even nuclei such aSoulomb excitation or other reactions where the recoil
146Gd [2,3] and?°%Pb [4—10] have been reported, but no distance lifetime method could be used [6,7,9,10], indi-
clear-cut identification of the members of the two-phononcates that the measurement of this lifetime will be diffi-
quartet has emerged. Individual, but more complexgcult. Inthe absence of thiB(E3) determination, the best
states of the two-phonon type have been establisheglidence for the two-phonon state would be the observa-
in */Gd [11] and in theN = 84 isotones'*Nd [12], tion of a0 state which preferentially decays by &3
1465m [12], and*8Gd [13,14]. However, because thesetransition to the one-phonon state over other, lower multi-
states involve the coupling of particles to the two-polarity transitions.
phonon octupole excitation, e.gy’> ® (3~ ® 37 )¢+ in Inelastic neutron scattering witprray detection should
1483d, their descriptions are not straightforward. Thebe an excellent probe in search for two-phonon octupole
identification of these states by the characteristic cascadxcitations in?°%Pb. Statistical model calculations indi-
of two enhanced3 transitions has been possible becauseate that all states with spins6 below 6.0 MeV in exci-
they occur as yrast states and lower multipolarity decaytation should be populated with sufficient cross sections to
do not occur readily. permit their observations. The nonselective nature of this

The3~ first excited state of°®Pb with anE3 transition  reaction, coupled with the excellent resolution obtained
strength of 34 W.u. [1] has long been interpreted as a colthroughvy-ray detection, thus provides a good opportunity
lective vibrational state. In this nucleus’ excited states to observe two-phonon octupole excitations. With the
are known [5,15,16] at 4866 and 5237 keV, approximately(n, n’y) reaction, the identification of a spin-0 state may
twice the energy of the octupole phonon, whereas it is anbe accomplished if the excitation functions of transitions
ticipated that three such states should be present, i.e., tifim the level agree in both shape and magnitude with
neutron and proton pairing vibrations and the lowest-spirthat expected from the statistical model calculations and
member of the two-phonon octupole quartet [17]. Julinthe angular distributions of the transitions are isotropic.
and co-workers [5] searched for the missihig state by  Furthermore, the expected two-phortwnstate should lie
observingeQ internal conversion transitions to the groundat approximately twice the energy of the one-phonon ex-
state following the?®’Pl(d, p) and 2°%PK( p, p’) reactions, citation, exhibit no Doppler shift since the lifetime is ex-
but found only the two aforementioned states and ngected to be>1 ps, and have a branching ratio favoring
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the E3 transition to the one-phonon state. Therefore, a destates, and threshold determinations (Fig. 3) permit the
tailed study of?°®Pb in the 4.5- to 6.0-MeV energy region unambiguous placement of rays that populate the first
was undertaken with thé:, n'y) reaction, the ultimate excited state 0f%Pb. With they-ray singles measure-
goal being to identify all states with spins6 that decay ments, these data provide an excellent opportunity for de-
by y-ray emission, with special emphasis on two-phonortecting even weakly populated levels; the decays of all
octupole candidates. known J = 6 states below 5.8 MeV irf%Pb were ob-
Gamma-ray excitation functions, angular distributions,served and a number of new levels #¥Pb, including
Doppler-shift attenuation lifetimes, andy coincidences two below 5.0 MeV, have been established [20].
were measured with th@, n'y) reaction and accelerator-  The coincidence of 2626.5 = 0.4-keV vy ray with
produced monoenergetic neutrons. The experimentanly the 2614-keV transition (Fig. 2) and its excitation
apparatus and methods used for these studies at thigreshold (Fig. 3) confirm that thig ray is from a state
University of Kentucky have been reported on many oc-at 5241 keV in2%%Pb. (It should be noted that @ ray
casions, and the latest developments have been describefd this energy has also been observed in then'y)
recently [19]. Thewvy rays from the(n,n’y) reaction reaction with reactor fast neutrons and placed from a
(Fig. 1) were detected using a BGO-Compton-suppressegfate at 5241 keV [21], but no further characterization
n-type HPGe detector having a relative efficiency ofwas reported.) Two known, well-established states in
57% and an energy resolution of 2.0 keV at 1.33 MeV.this energy region are expected to be populated by
Time-of-flight suppression was used to reduce extraneouselastic neutron scattedn the aforementioned™ state
background events. For the excitation function and anand a3~ state at 5245 keV. The 2631-key ray from
gular distribution measurements, a large (77.6 g), highlyhe latter state is clearly evident in Figs. 1 and 2; no
enriched (99.08%) isotopic sample of meta#®Pb was evidence is found for additional states in this region.
used. The measured angular distribution (Fig. 4) of the 2626-
In addition to these singles experimenis,;y coinci- keV vy ray is isotropic, as expected for a spin-0 state.
dence measurements have been performed using “beanigloreover, no Doppler shift is observed for this transition
of fast neutrons produced with a forced-reflection neutror{Fig. 4), indicating that the lifetime of the statesl ps.
collimator. A 2-kg sheet of natural lead served as theéFor comparison, also shown in Fig. 4 are the angular
target for this(n,n’y7y) coincidence measurement. Co- distribution and the Doppler shift of the 2631-ké¥™ —
incidences were recorded with three HPGe detectors df ) y-ray transition.
32%, 52%, and 57% relative efficiencies in a close ge- The magnitude of the cross section for production of the
ometrical arrangement located as near as possible to tt¥626-keVy ray (Fig. 3) also demonstrates that the spin of
sample which was irradiated with the collimated neutronsthe 5241-keV state is zero. If the spin of this state were 1
the sample and detector array were slightly over one mesr 2, ground-state transitions would be anticipated, as are
ter from the source of neutrons. Figure 2 illustrates theobserved [20,22] for all other known states of these spins
gate on the 2614-ke¥~ — 0" transition in2%Pb from in 2°Pb. Based on the cross section (Fig. 3), angular
the "Ph(n, n’yy) reaction att,, = 6.5 MeV. This gate, distribution (Fig. 4), and Doppler shift (Fig. 4) data, other
in combination with others on transitions from low-lying
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FIG. 1. Gamma-ray spectrum from tR&Ph(n, n'y) reaction  reaction at an incident neutron energy of 6.5 MeV. The 2626-
measured at 60relative to the incident 6.2-MeV neutrons. The keV y ray and other nearby coincidemtrays are indicated in
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FIG. 3. Excitation functions of the 2626-key ray from the 5241-keV state and the sum of glirays from the 5245-ke\3~
state. Comparisons are made with calculated cross sections for various spin possibilities. The increasing cross sections for the
5241-keV state at the highest measured energies are likely the effect of feeding from higher-lying states.

(higher) spin possibilities are extremely unlikely. In of the EO transition from the two-phonon octupolE
short, all of the experimental data are consistent with thetate to the ground state should represent about 20%
conclusion that the 5241-keV state has zero spin, and thef the deexcitation of such a state. Unfortunately, no
0~ possibility, with anM3 transition to th& ™~ first excited relationship between the population of the 5241-keV state
state, seems remote. in their reactions and théz, n'y) reaction is possible, so
The energy of the knowr0* state, 5237 + 2 keV  a decay branching ratio cannot be established.
from internal conversion electron measurements [5] of It would also be desirable to measure the multipolarity
the ground-state transition, is slightly different from the of the 2626-keV transition by detecting internal conversion
energy of 5241 keV established in the present workglectrons or interna¢* e~ pairs, but this determination is
however, a reevaluation of the energy calibration of thesaot possible using the massive scattering sample required
internal conversion data [23] indicates that the energyor inelastic neutron scattering. Measurements with other
is in good agreement with that obtained in this work.reactions and thin targets are being pursued; however, it
It must be concluded that only or®" state is present is not clear that the cross section [5] for population of
and that the 2626-ke\y ray represents th@* — 3~  the 5241-keV state is sufficient and that other technical
transition. When this transition is considered with thedifficulties can be overcome. The limit of > 1 ps for
2614-keV 3~ — 01 transition, a cascade of two E3 the lifetime of the 5241-keV state established in this work
transitions, a characteristic signature of a two-phononis not inconsistent with the 2626-keV transition being a
octupole excitation, is establishedhis E3-E3 cascade is collective E3, but a measurement of the collectivity of the
the first observed in a nucleus outside ie= 82 region  5241-keV state would, of course, prove very meaningful.
and the first leading directly to the ground state of an Different theoretical approaches [18,24,25] lead to
even-even nucleus. This observation offers strong supposomewhat differing conclusions about the location of
for suggestions [5,16,18], based primarily on energy andhe other members of the two-phonon quartet. The
population arguments, that the second excitdédstate identification of these higher-spin members would provide
in 2%Pb is the0™ member of the two-phonon octupole a measure of the anharmonicity of this vibration and is
quartet. A search has been conducted for other possibte#f fundamental importance, but their characterization is
transitions from this state, i.e., aBl transition to the expected to be difficult, since decays B transitions
4842-keV1~ state or arE2 transition to the 4085-ke®?"  will likely predominate. It should also be noted that
state, but none were found. The absence of other decay y rays deexciting the 4866-ke\d™ neutron paring
branches could be taken as evidence of the collectiveibrational state were observed in the present work. The
nature of thed*™ — 3~ transition. identification of the proton pairing vibration iRPb is
Julinet al. [5] estimated theoretically tha#t conversion also of great interest. Additional experimental studies to
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FIG. 4. Gamma-ray angular distributions with Legendre polynamial fits (top) and Doppler shifts (bottom) of th€(®626-37)
and 2631{3~ — 37) keV vy rays. The larger energy uncertainties at backward angles are attributed to difficulties in deconvolution
of the close-lying doublets produced by the Doppler shift of the 2631-kady to lower energies.
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