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Systematic nuclear resonance fluorescence experiments including model-independent parity determinations
provided clear evidence for strong, isolatEd excitations at excitation energies of 3.3—3.5 MeV in the
spherical, semimagic nuclété-118.120122.18n ' The correspondindf’=1" states are interpreted as two-phonon
excitations (2 ®37). The excitation energigs,(1~) andreduced excitation probabilitie®(E1)1 are nearly
constant in the entire isotopic chadt=116-124. The results are described in the framework of quasiparticle-
phonon-model calculation§S0556-28139)00704-9

PACS numbegps): 21.10.Re, 23.20.Lv, 25.20.Dc, 27.64.

I. INTRODUCTION Two-phonon excitations of that kind should be a rather
common excitation mode in spherical nuclei near shell clo-
Low-lying natural parity excitations of heavy nuclei have sures. Indeed, in the semimagic Sn isotogé$'?Sn (Z
long been described in terms of phonons in collecfitf  =50) the strongEl excitations were recently observed in
algebraic[2], and microscopic models]. The low-lying3  photon scattering experiments performed by our collabora-
andy vibrations of deformed nuclei fall into this category as tion [17] which were interpreted as excitations to the spin-1
well as the lowest 2 and 3 states of Spherical nuclei. In member of the 23~ quintup|et_ Candidates for similar
this phonon picture, one naturally expects to observe mulexcitations later on were observed also in the neighboring
tiphonon excitations built upon these states. However, if ongclej 12212613¢¢ (z=52) [18].
attempts to construct multiphonon wave functions, the un- The aim of the present work, including model-
derlying single particle degrees of freedom become more anghdependent parity assignments, was to study systematically
more important, leading to significant anharmonicities. It isthe mass dependence of these two-phonon excitations in
therefore of great interest to study multiphonon excitations Ir}sem|mag|c isotopes covering a broad mass range. The Sn
order to learn about the interplay of collective and singlejsotopic chain represents the most favorable, even unique
particle degrees of freedom in complex multinucleon systase. The Sn isotopes exhibit very constant excitation ener-
tems. gies of the low-lying collective excitations in the entire mass
So far, multiplets built from multiple quadrupole excita- range fromA= 100 to 130, in contrast to tHe¢= 82 isotones

tions are rather commonly observed experimentally iM11]. Furthermore, there exist seven stable even-even Sn iso-
spherical vibrator nuclesee, e.g/1,4]). There is also some, topes which are known to be of spherical ship®20. Five
however, sparser evidence for two-phonon doublesyven Sn isotopes have sufficient natural abundances to get
y-vibrational excitations in deformed nuclgb,6]. Direct  enriched target quantities of some grams, allowing the appli-
evidence for a double octupole phonon multiplet is still rarecation of the very sensitive, spin selective nuclear resonance

and mainly indirec{7,8]. . fluorescence techniqu&RF) [21].
In this article we focus on the mixed quadrupole-octupole
two-phonon states (2237). This multiplet consists of five Il. EXPERIMENTAL METHOD

states with spin and parity?, . ..,5 . While experimental

studies of the entire multiplet have been successful in only a The NRF method has proved to represent the outstanding
few case$9,10], the 1~ member of that multiplet can ideally tool to study low-lying dipole excitations in heavy nuclei.
be investigated in{,y’) studies and has been identified in a The intensity of the scattered photons is proportional to the
large number of spherical nuclei near the shell closNre ratio of the partial and total width§3/T" from which the
=82 [11,12. Although these states have been predicted tdnteresting reduced transition probabilitieB(E1)T or
have a two-phonon character for a long tifd8,14], an ex- B(M1)T can be deduced. The measured angular correlations
perimental proof was given only recently by measuring theallow to determine unambiguously the spins of the excited
decay strengths from the two-phonon to the one-phonoistates. Polarization observabl#ise linear polarization of the
stateq 15,16. scattered photons or the analyzing power when using linearly
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FIG. 1. NRF Speth?ﬁfgls'lzo’lzén together with the data from excitations(in 11812%n) the negative parity could be estab-
our previous study ort'®**Sn[17]. The peaks marked by “1" jished exemplarily by the present linear polarization mea-
correspond to the two-phonon excitations. Peaks labeled by “Al” syrements using the Compton polarimeters. This is shown in
stem from transitions irf’Al, used for the photon flux calibration Fig. 2 where the measured azimuthal asymmetriage plot-
[26]. The bremsstrahlung endpoint energy in all measurements Wag,q yversus the excitation energy. The data for the two-
4.1 Mev. phonon excitations ift'8125n (solid symbol$ are in agree-

. . . ment with the negative value of as expected forE1l
polarized photons in the entrance chaprebvide model- transitions(lower dashed lineand are more than three stan-

independent parity as&gnmer@&ee Refs[21,22). dard deviations off from th&1 1 expectatior(positivee val-
The present NRF experiments were performed at the We”fjes The asvmmetries for the nearlv unpolariz¥a tran-
established bremsstrahlung facility of the Stuttgart high-_.-7" y y unp

current 4.3 MV Dynamitron accelerat?1] (maximum dc frzzor;z;?receovr;'t?e?:rg vr\rqtr:?trtheol; frrlreor 2?;§}nd§;nrorf§t§ég}?
electron current 4 mA, typical currert0.5 mA). The ex- y P y y P :

) tion, negative parities for the two-phonon excitations in
cellent quality of the bremsstrahlung beam allowed us to FUN16,1245 " Could be assigned from the feeding corrected ana-

NRF experiments at two different setups simultaneously. A 2ing powers measured in bhoton scatternng experiments
the first NRF site the scattered photons are detected by thr 9P P g €xp

. o Y 7] using partially linearly polarized bremsstrahlung at the
carefully shielded G@iP) y spectrometerseficienciese: Gent facility [27]. Figure 3 summarizes the results for the

100%, 100%, and 22% relative to 433" Nal/TI| detectoy i . X : -
placed at scattering angles of 90°,127°, and 150° with re‘gwo phonon excitations obtained in the Stuttgart NRF experi

spect to the incident beam. At the second site two sectoreg]ents' For all |nve.st|gated Sn' isotopes all quantities are re-
! . rarkably constant: the energies of the one-phonon excita-
single crystal Ge Compton polarimeters<25% and 60% : n Z o
. . o tions E,(27) and E,(37), the two-phonon excitations
[23,24), installed at slightly backward angles f95°, mea- _ . T
. 2 E.(17), and the absolute excitation strengthi®(E1,0
sured the linear polarization of the resonantly scattered pho-*}"_ . . .
tons, providing the parity information. An additional Ge —1 ) Such a beh_awor is ex_pected for collective modes in
’ ' . nuclei of an isotopic chain without changes of the nuclear
detector €=38%) allowed the measurement of angular d's'sha es
tributions at this second site too and hence the simultaneoda 2P ¢~
investigation of a second isotope. In all measurements targets
of high enrichments $#96%) were used. Typical target IV. DISCUSSION AND COMPARISON
guantities were 2.5-3.3 g for the angular correlation mea- WITH QPM CALCULATIONS
surements, whereas 4.5 §?Sn) and 6.5 g {%Sn) were

used in the polarization measurements, respectively. For fur- " the following discussion we restrict ourselves to the
ther experimental details see, e.q., RE#4, 24,29, strongE1 transitions interpreted as two-phonon excitations.

The corresponding 71 states have been detected already in a
comprehensiver(,n’ y) study on the even Sn isotopes by
Govor et al. [28,29. However, the lifetimes of these™1
In Fig. 1 the very cleany,y’) spectra fort'8120125n are  states are too short, corresponding to the enhaB¢&d )|

depicted together with our previously taken data¥'?Sn  values, to be measured with some precision by Doppler shift
[17]. The spectra are dominated by the strong fwo-  methods in ,n’ y) reactions. The observed excitation ener-
phonon excitations. All angular correlation measurementglies E,(17) are very close to the sum of the one-phonon
clearly identified the strong excitation around 3.3—-3.5 MeVexcitation energie€,(2") andE,(37) corresponding to a

in each isotope as a dipole transition. For two of the dipolenearly completely harmonic coupling of the quadrupole and

Ill. RESULTS
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constant in the entire isotopic chain with fluctuations of only
1% (see Table ). The measuredB(E1)7 values also are
nearly constant with a flat maximum f3f°Sn. The absolute
values of 6-& 10 2 e?fm? are at least one order of mag-
nitude larger than for otheE1l transitions in neighboring
nuclei.

Although the energy of the ;1 state is very close to the
sum of the energies of the/2and 3 states, the only unam-
biguous identification of this 1 level as a member of the
two-phonon multiplet (2 ®3~) would be a direct measure-
ment of itsE2 andE3 decay transitions into the;3and 2
one-phonon states. Unfortunately, because of background
and transition intensity considerations, this is not possible in
the present experiment. A reasonable theoretical description
of the experimental dat@excitation energy and decay prop-
ertie9 may provide confidence in a theoretically predicted
structure of the I state. In fact, the direct decay of the
two-phonon state into the ground state is a “forbidden” tran-
sition [31] and, thus, rather sensitive to the details of the
calculations. The model to be used should prove its ability to
describe multiphonon configurations. Also, as shown by
Heyde and De Coster[17,32 one-particle—one-hole
(1p-1h) admixtures, at the low-energy tail of the giant di-
pole resonancéGDR), into the low-lying two-phonon 1
states appreciably change their decay properties to the
ground state, indicating that the GDR phonons should be

octupole vibrations. This nearly perfect correlation betweerincluded in the model space.

the one-phonon sum energies and the two-phonon energies One of the models satisfying these demands is the
E,(17) is demonstrated in the upper panel of Fig. 3. Thequasiparticle-phonon modéDPM). It has been already used
two-phonon anharmonicities are small and result in a minoto interpret the observed enhancBd strengths in theN

lowering of the I two-phonon states. The energy raRg

=82 isotone$31,33. We apply it here for an explanation of

=[E,(17)/[Ex(2")+EL(37)] is about 92.6% and very our actual experimental results concerning the properties of

TABLE I. Properties of the low-lying 2, 37, and 1 levels in the even-even, stable Sn isotopes.
Excitation energie€, and reduced transition probabiliti®& E \) are compared with the results of present
QPM calculations, given in brackefd.

116Sn 118Sn lZOSn 1225r| 124Sn
E.(27) 1.294 1.230 1.171 1.141 1.132
(MeV) [1.31] [1.23 [1.14] [1.13 [1.11]
B(E2,0t—2%) 2 0.19510)  0.2175) 0.2003) 0.19411) 0.1664)
(10* e?fm%) [0.20] [0.20] [0.20] [0.18] [0.17]
E.(37) 2.266 2.325 2.401 2.493 2.614
(MeV) [2.25 [2.35] [2.42] [2.49 [2.65]
B(E3,0F—37) P 0.127417 0.11510) 0.11515  0.09410) 0.07310)
(10° €?fmb) [0.12] [0.12] [0.12] [0.089 [0.074
B(E1,3 —2")? 16799 22853 20217 2.2414) 2.0216)
(1073 e?fm?) [2.0] [2.0] [1.8] [1.2] [0.95]
E (1) 3.334 3.271 3.279 3.359 3.490
(MeV) [3.35 [3.29 [3.32] [3.42] [3.57]
Re=[E(17)]/[Ex(2")+Ex(37)] 0.937 0.920 0.918 0.924 0.932
B(E1,0"—1") 6.5565 9 7.2054°¢ 7.60(51)°¢ 7.16(54° 6.0966)°
(1073 e?fm?) [8.2] [8.6] [7.2] [4.9] [3.5]

3 rom Ref.[28].
bFrom Ref.[30].
‘Present work.

9From our previous measuremeis].
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the low-lying states in the even-even Sn isotopes. The wavB8; —2; occurs mainly via one-phonon components of these
functions describing these states include one-, two-, aneo stateg2;|[M(E1)|3; ), which is possible because of an
three-phonon configurations. First, a phonon basis was cofinternal fermion structure of the phonons. For i transi-
structed by solving the quasiparticle random-phase approxfion 0/ —1; we observe a destructive interference between
mation JERP@ equations for natural parity states)(  an excitation of the main component of thg ktate, the
=1, 2", 37, and 4') with a model Hamiltonian which y, bhonon configuration (223;),- [with a weak matrix

included an average field for protons and neutrons, a monoélement((Zf@S[)rHM(E1)||g.s>], and a small admixture

pole pairing for neutron_s, and a residual interaction inasepa:” . cHoR in this statefwith a large matrix element
rable form. For all Sn isotopes, the same average field WaﬁGDRHM(El)H s)]. As a result of this destructive interfer-
used while the strength of the monopole pairing decreases i 9.5,/

accordance with a & dependence. The strength of the re-cee wWe obta[n transnllon. probabiliies in good agreement
: ) : L . with the experimental findings. We concentrate now on the
sidual interaction for thd”=2" and 3~ levels was adjusted

. N -
for each nucleus in order to reproduce the experimental exc_iecr+easmg strgngth ,Of both the.g@_)ll) and (q,
citation energies anB(E\) values of the 2 and 3, states —24) E1 transitions in our calculation for the two heaviest
For the dipole strength, conditions were imposed to excludén |sottort)je§(s$§ Tahle )I'tTh'S tgnde?ciyds;aerﬂs not to b?h
the spurious center of mass motion and to achieve the correg/PPOred by the present experimental data. ft occurs in the
position of the GDR. Once the one-phonon basis was ob(_:alculatlon due to the decreasing collectivity of the lowest

+ . )
tained, the model Hamiltonian was diagonalized on a basig and espemally 3 states. .AS d|scussed_ above, the
of states for which a coupling between one- and many_strength of the residual interaction has been fitted to repro-

uce the experimental values d(E2, 0" —2;) and

phonon configurations was taken into account. The couplin b i )
matrix elements were calculated microscopically within the (E3;_0+—’31 ). Thus, the decreasing tendency in &
QPM without any free parameter. Multiphonon componentgransition rates fO'me? and'?*sn may be traced back to the
of the wave functions are built of phonons of different mul- decreasing tendency in ti&E2) andB(E3) values as re-
tipolarity and parity and different RPA root numbers, which Ported in Refs[28,30. If in disagreement with Ref$28,30]
finally couple to the sama™ as the one-phonon components. the B(E2) and B(E3) values for *’Sn and **sn would
Since experimental data were only available up to an excitalemain constant, like for the other Sn isotopes, the theory
tion energy of 4 MeV, we included in our calculation schemewould also predict a constant behavior of tB§EL, 3;
only one- and many-phonon configurations below 5.5 MeV.—2;) andB(E1, 0y ,—(2; ®3;),-) transition rates for all
For the 1" states, we took all the one-phonon tonfigura-  isotopes under consideration. The predicted energy of fhe 1
tions up to 20 MeV into account to include the GDR polar- state would be even closer to its experimental value for the
ization effect on the properties of the (®3;),- state on a two heaviest isotopes because an increase of the collectivity
microscopic footing. This avoids a phenomenologic renor-of the 2 and 3 phonons is followed by a decrease of their
malization of the effective charges. energies.

The results of our calculations, given in brackgis for
some properties of the lowest 12*, and 3~ states in the V. CONCLUSIONS
even Sn isotopes are shown and compared with available

: : Strong E1 two-phonon excitations (2237) in the
experimental data in Table I. The agreement between calcu-_ ™. i :
b J semimagicZ=50 nuclej 116:118.120.122.1% haye been sys-

lated and experimental data in the first two rows is not sur- . : ; .
prising since the experimental information was used as ianFma“C"*”V_ observed using the NRF technlqlie. The _exuta—
n energies are found close to the valig,)+E(3;)

data to fit the parameters of the QPM model, as discussedf

above. In general, coupling matrix elements between onee_xpected for a harmonic coup_ling. '_I'he transition probabili-
ties are constant in the whole investigated broad mass range.

and two-phonon configurations are not large in the ) )
Calculations performed in the QPM framework support the

semimagic Sn isotopes. As a result the @nd 3, states are . . ¢ th h itatiofis (2
practically pure one-phonon states with a contribution of thégtgfp))retatlon of these states as two-phonon excitations (
i .

lowest one-phonon configurations of the order of 96-99% i
their wave functions. The last rows in Table | present the
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