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The odd-masg$’Sn nucleus was investigated in nuclear resonance fluorescence experiments up to an end
point energy of the incident photon spectrum of 4.1 MeV at the bremsstrahlung facility of the Stuttgart
University. More than 50 mainly hitherto unknown levels were found. From the measurement of the scattering
cross sections model independent absolute excitation strengths were extracted. The measured angular distri-
butions suggested the spins of 11 excited levels. Quasiparticle phonon model calculations including a complete
configuration space were performed for the first time for a heavy odd-mass spherical nucleus. These calcula-
tions give a clear insight in the fragmentation and distribution oBheM 1, andE2 excitation strength in the
low energy region. It is proven that the component of the two-phondi2; ®3; ] quintuplet built on top of
the 1/2" ground state is strongly fragmented. The theoretical calculations are consistent with the experimental
data.

PACS numbds): 25.20.Dc, 23.20-g, 21.10.Re, 21.66:n

[. INTRODUCTION measurement of the decay pattern of the two-phonon states
to their one-phonon components. This has been achieved up
Low-lying electric dipole excitations have been studiedto now only in very few cases}*Nd, #Nd, and **Sm
extensively in a variety of sphericpl] and deformed nuclei [9-13]. In each of these nuclei, the sarB§E2) strength
[2,3] over the last decade. A survey on the systematics ofould be measured in the;1+3; as well as in the 2
observed electric dipole excitations in tAe= 130—200 mass —>0;s_decay consistent with a two-phonon picture. It is still
region is given in Ref[4]. Systematic nuclear resonance a tough challenge to observe the other members of the
fluorescencéNRF) experiments performed within the chains [2; ®3;] two-phonon quintuplet as illustrated recently in
of the N=82 isotoneg5] (**Ba, **Ce, *Nd, and**'Sm)  Ref.[14].
and theZ=50 isotopes[6,7] (*!* *?Sn) showed that the  As a natural extension of the systematic investigations on
low-lying electric dipole strengtB(E1)T is mainly concen-  the even-even spherical nuclei, the question arises how the
trated in the firstt”=1, state. Some uniform properties of gbserved enhanced electric dipole excitation strength of the
these 1 states were observed in both chains. Their eXCitatwo-phonon[ZI'®31_]1_ state fragments over several levels
tion energies are lying close to the summed energies of thef a particle two-phonon coupled multiplet in the odd-mass
first quadrupole and octupole collective vibrational states anddjacent nuclei. In such a study, the experimental technique
they are populated by an enhanced electric dipole excitatiognd the theoretical model should meet some requirements. In
(two to three orders of magnitude larger than typi€dl  the first place, the experimental probe should be very selec-
transition strengths Both arguments strongly suggest an un-jve in the excitation of levels because of the high level den-
derlying quadrupole-octupole coupled2; ®3;] two- ity in odd-mass nuclei. The number of the involved levels in
phonon structure. Indeed, a detailed microscopic studyhe odd-mass nucleus increases drastically compared to the
within the framework of the quasiparticle phonon model re-even-even neighboring nucleus: in the odd-mass nucleus lev-
vealed a practically pure two-phond@; ®3; ];- configu-  els with a spin equal,—1, J, andJ,+1 can be populated
ration in the wave function of theseg, Istates. The observed via dipole excitations from the ground state with sgig
enhanced electric dipole strength of the “forbiddei®’l Quadrupole transitions will excite levels with a spin between
transitions can be reproduced from a consideration of thd,—2 andJy+2. The real photon probe is such a selective
internal fermion structure of the phonons and taking intoexperimental tool. Using an intensive bremsstrahlung source
account a delicate destructive interference with the GDR 1 only dipole and to a much lesser extent also electric quadru-
one-phonong7,8]. The most direct experimental proof for pole excitations will be induced. Secondly, the theoretical
an underlying two-phonon structure can be obtained from anodel should be able to distinguish between the degrees of
freedom of the collective phonons and the additional particle
degrees of freedom which open extra possible excitation
*Permanent address: Bogoliubov Laboratory of Theoretical Physchannels and which have no counterparts in the even-even

ics, Joint Institute of Nuclear Research, Dubna, Russia. nuclei.
"Present address: Oliver Lodge Laboratory, University of Liver-  Electric dipole excitations to a particle-two-phonon mul-
pool, Oxford Street, Liverpool L69 7ZE, UK. tiplet were for the first time identified if*3Nd [15]. In the
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energy region between 2.8 and 3.8 MeV, 13 levels weravith I'y andI” the ground state and total decay width and
observed for which an underlying particle-two-phonona statistical factor depending on the ground state 3piand
f1,®[2] ®3; ] structure was suggested. The observed fragthe spinJ of the excited level:
mentation and(E1)7T strength distribution could be repro-

duced in a phenomenological simple core coupling model _ 2J+1
based on quadrupole-quadrupole coupl[d®]. Moreover, g 2Jp+1°
the summed experimentB(E1)7T strength between 2.8 and ) _ ]
3.8 MeV agrees within the statistical error with the known !N OUr experiments, the scattering cross sections of the ob-

B(E1) strength of the two-phondi2; 3; ],- state in the served levels in'’Sn are determined relative to théAl

neighboring even-mas¥2Nd nucleus. It was concluded that calibration standard. The spectral shape of the incoming
bremsstrahlung flux is fitted using the Schiff formula for thin

the unpaired neutron in it§;, orbital, outside the closed ) .

major N=82 shell, couples extremely weakly to the two- targets and thg cross sections for th_e transitions'{8n are

phonon[2; ®3; ] quintuplet and plays the role of a pure e_x_tractgd2r7elat|vely to the cross sectlons_of well-known tran-

spectator. Later on, similar NRF-experiments performed orprions in Al .[23]' For even-even nuclei, the spihof the

139 5 and 14%Pr [17] revealed also a large fragmentation of e?<C|§ed .Ievel is easily obtained from the measured angu_lar
0%|str|but|on of the resonantly scattered photons. A clear dis-

the electric dipole strength, but in both cases less than 40 . ol | "
of the two-phonorB(E1) strength in the neighboring even- tinction between_dlpo e and quadrupo_e_ transitions can be
made by comparing the observedntensities at the scatter-

13 14 14 i
mass’*Ba, **Ce, and™*Nd nuclei was observed. IfL.a ing angles of 90° and 1271]. However, for odd-mass nu-

and **'Pr the odd proton in the partly filled shell couples clei the extraction of limited spin information is only pos-
more strongly to the two-phonon quintuplet. Intermediate P yp

; i aall? ; ;
cases have been observed in the open shell nttied [18] Si%le fo_r RUCIﬁ' I?S' Sh with a %round state SP%dOf 172 |
and 13%Cs[19]. [18]. Higher half integer ground state spins lead to nearly

The odd-mas#17sn nucleus was chosen to investigate the|sotrop|c angular distributions. From an evaluation of the an-

fragmentation of the well-known two-phonoB(E1)] gular distribution functioiWV for the involved spin sequence,

strength from its even-mass neighbdféSn and*sn. The scattlttanng angtle_ an(;j_ multipole mixing rawp the following
NRF technique was used for obvious reasons'isn, the results are obtained:

unpaired neutron is situated halfway between the majer N 1,11

50 and 82 shells. As an interesting property, the ground state

spinJJ=1/2" limits the possible dipole excitations to levels W(90°) W(90°) 1 3
with a spinJ=1/2 or 3/2 and electric quadrupole excitations W(127°) ' W(150°) )
can only occur to states with a spin and padfi=3/2" and

5/2". For the first time, calculations within the QPM are i—o3—3

carried out in a complete configuration space for an odd- . .

mass spherical nucleus. Our first results on the experimen- W(90°) _ W(90°) =0.757, §=0+%, (4)
tally observed fragmentation and on the performed calcula- W(127°) ~ 7' W(150°) "' T
tions were described in a previous pap2@]. In the present .

paper a comprehensive discussion of the experimental ardd—272

theoretical aspects of our work will be presented. W(90°) W(90°)

W(127°) 0% W(150°)

2

=0.842, 6=0. (5

Il. EXPERIMENTAL METHOD AND SETUP . . .
The scattering angles correspond to those used in our experi-

The nuclear resonance fluorescence technique, the resments. The angular distribution functiod¢are independent
nant scattering of real photons off nuclei as described irof the parity of the excited level. In Fig. 1 the expected
many reviewing articles, e.g[1,21,23, was applied to in- angular correlation function ratios are shown in a
vestigate the'*’Sn nucleus. The main advantages of this reaM/(90°)/W(150°) versusV(90°)W(127°) plot for different
photon probe consist of the highly selective excitation ofyalues of the mixing ratios and for the three possible in-
levels, as pointed out in the Introduction, and the possibilityduced spin sequences. A level with spin 1/2 can only be
of a completely model independent analysis of the data. Thexcited from the ground state via a dipole transition and
use of HP Ge detectors to detect the resonantly scattere¢tbnce no mixing of multipolarities is possible in a 1/2-1/2-
photons, allows the observation of individual levels and the1/2 spin cascade. Such a cascade has an isotropic angular
determination of their excitation energiEg with a precision  distribution functionW. The square in Fig. 1 represents the
better than 1 keV. The total elastic scattering cross sectionnique location in this figure where 1/2-1/2-1/2 spin se-
I's, energy integrated over a single resonance and integratefliences can be found. In the case of a 1/2-3/2-1/2 spin se-
over the full solid angle equal4] quence, the intensity ratiosW(90°)/W(127°) and

W(90°)/W(150°) are strongly influenced by the mixing ratio
o2 6. This results in the solid line in Fig. 1. For pukl and

_ (Wﬁc) & (1) M1 transitions to the 3/2 level, corresponding to a mixing
s=9 E, ) I’ ratio 6 equal 0, or for pureE2 transitions, with a mixing
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12g ‘ ‘ ‘ * ‘ 3 from the measured scattering cross sectigfiEg. (1)] and
L1 E the reduced electric dipole excitation probability is given by
= 1o Es i : 2.866g- I
g 0.9 / : B(El)T='Tg 30(10—3 e?fm?), (6)
Y o8l * E E
§ 0.7¢ % E with the ground state transition width, in meV and the
5> 06¢ E excitation energy, in MeV. The deduce@®(E1)T strength
S 05k | 1/2-1/2-1/2 F in our NRF experiments includes automatically the statistical
= g A 1/2-3/2-1/2,6 =0, %00 1 factor g and hence can immediately be compared with the
Sikg & 1/2-5/2_1/26-0 observedB(E1)7 strength in other nuclei or calculated from
L o o S B S B R} theoretical models.
o o The experiments were performed at the NRF-facility of
W(90°)/W(127°)(6) the 4.3 MV Dynamitron accelerator of the Stuttgart Univer-

sity. The energy of the electron beam was 4.1 MeV and the
versusW(90°)/(127°) (open points with error baysThe square beam current was limited to about 2a@\ due to the thermal

represents the unique location for 1/2-1/2-1/2 spin sequences. Pu?@p?City Of_ the bremsstra_hlung production target and _to
E1, M1, or E2 transitions in a 1/2-3/2-1/2 spin sequence are@void too high count rates in the detectors. A setup consist-

marked with the triangleE1 and mixedM1/E2 transitons ¢  INg of 3 HP Ge detectors, installed at scattering angles of
#0,*) in this spin sequence are located on the solid line. The90°, 127°, and 150° each with an efficieneyof 100%
star corresponds to a puEe2 transition in a 1/2-5/2-1/2 spin se- [relative to a 3<3 in2 Nal(Tl) detectot, was used to mea-
quence. sure the total elastic scattering cross sections of the levels in
117Sn. These HP Ge detectors allow to detect the resonantly
ratio & equal *x, the same two values for the ratios scattered photons with a high sensitivity and a very good
W(90°)/W(127°) andW(90°)/W(150°) are obtainedsee energy resolution. Two metallic Sn disks with a diameter of
Eq. (4)]. This is represented by the triangle in Fig. 1. For a1 cm, a total weight of 1.649 g, and an isotopic enrichment

1/2-5/2-1/2 spin sequence, only pui2 excitations to the of 92.10% in *’Sn were irradiated during five days. Two
5/2 level are observed in our NRF experiments. The star |r?7A| disks with a total amount of 0.780 g were alternated
Fig. 1 represents the expected position of these 1/2-5/2-1igjith the two *1’Sn disks for calibration purposes.

spin sequences. Experimental points are included in Fig. 1.
They will be discussed in Sec. lll. For the strongest transi-
tions observed with a high statistical precision, the experi-
mental uncertainties on the ratio&/(90°)/W(127°) and 17 ,
W(90°)/(150°) will be small enough to suggest the induced _ Part of the recorded'Sn (y,y") spectrum (2&E,

half integer spin sequence. In most cases the statistical accu\—g"6 MeV) is shown in Fig. 2 together with the spectra of its

11 11 H H
racy will not allow to determine the spin sequence and hencgven—el\ien *Sn f‘lnd "Sn neighbors. In our previous St_Ud'
the statistical spin factay cannot be determined. les on *1%Sn and'*%Sn (7], we found that théE1 strength in

Compton polarimetn24] and the scattering of linearly this energy region below 4 MeV is mostly concentrated in

polarized off-axis bremsstrahlurig5,26] represent two use- M€ two-phonon[_2f®3l]ll- state. In the spectra of the
ful techniques to determine the parities of the excited level§Ven-even nuclei, the dominating peak at an energy of about
in even-even nucldil]. For odd-mass nuclei, the measured 3._3 MeV _corresponds to the deexcitation c_)f this two-phonon
azimuthal asymmetry of the resonantly scattered photons antj State into the ground state. In comparison to the spectra
their polarization will nearly vanish because of the half inte-Of the even-even Sn nuclei, tHeSn spectrum contains a lot
ger spin sequences and it will strongly depend on the mixingf ¥ transitions superimposed on the smooth background in
ratio 5. The lower statistics in these experiments do not althe vicinity of the two-phonon 1 states. The Qreaks_ stem-
low to distinguish between the different possible cases. For 81ing from the deexcitation of the two-phonp#; ®3, |;-
further analysis of the data, it will be assumed that all ob-States in***1#12&n have also been observed in the spectrum
served levels are populated via pure electric dipole excitadue to the small admixtures of 0.86%, 5.81%, and 0.76% in
tions and that they do not have any decay branchingtess ~ the target. In Fig. @) only the peak for*®Sn can be clearly
observed experimentaliyto intermediate lower-lying levels observed due to the scale used. All obseryadansitions in
(T',/T =1). This assumption, imposed because of the lack of-'Sn are listed in Table | with the corresponding level ex-
experimental information on the spin and parities of the excitation energies, the measured total elastic scattering cross
cited levels, is justified by the fact that in genekl transi-  sectionsls, the extracted transition width ratias (I'2/T')

tions have higher transition probabilities thaéhl or E2 (depending on the statistical spin-facgjrand deduced elec-
transitions. It should however be remarked that this assumg¥ic excitation probabilitie8(E1)T. The total elastic scatter-
tion contains some risk as will become clear further in thising cross sections has been determined from a summed spec-
paper from the results of theoretical calculations. Under thérum over the three scattering angles. The three HP Ge-
above assumption, the product of the ground state transitiofletectors have nearly the same efficiency and in the summed
width and the spin factog can immediately be extracted spectra the angular dependence of the transition intensity on

FIG. 1. Observed angular distribution ratigg(90°)/W(150°)

IIl. RESULTS
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S in Table Ill. In this table the level excitation energigeg, the
1200 F a) 116g = fanergi_e-sE7 of the deexcitingy trans.it.ions,.the relativey
8 a1 1 E intensitiesl ,,, the ground state transition widtlgsI'y, and
800 F 3 reduced electric dipole excitation probabilities corrected for
i ] the observed inelastic decays, are given. All levels are in-
400 % ; 3 cluded for which holds
> : . E
g 0 ottt e e Ei~ (B~ Eusg<AE, @
o j b) Al H7Sni with
— 2000} ]
g : AE=\(AE)%+(AE;)?+ (AE;59? ®
n 1000F and E,, E;, Eiss, and AE,, AE;, AE;sg the excitation
"E : energies of the level, the energy of the inelastitransition
| O; and the first 3/2 state and their respective uncertainties.
O E Using the above mentioned rule for detecting inelastic de-
© ; cays two other candidates were found. Theay with the
2000 ¢ energy of 3560.5 keV can be due to an inelastic transition of
: one line from the multiplet at 3719.8 keV to the first 3/2
1000 ; state. Also they ray with the energy of 2986.7 keV fits into
i 1 the energy relation with the observed level at 3144.9 keV.
: E However, when thigy ray is seen as completely inelastic, an
ob v S : unreasonable low branching ratid,/I" of 12% for the

=750 3000 3250 3500 3144.9 keV level is obtained. Both cases are not considered
in Table Ill. Certainty about the observed probable inelastic
Energy (keV) v transitions requires time coincidence or excitation function
) measurements. With the above mentioned method, our ex-
FIG. 2. PhOtor.' scattering spectra of the odd-mds&Sn perimental results show no further candidates for inelastic
(summed spectrujrinserted between those of the even-evéisn .. .
and *¥sn nuclei(at a scattering angle of 127°), all taken with an transitions to other excited levels.
end point energy of 4.1 MeV.

IV. DISCUSSION
the possible spin cascade is averaged out. This method al-
lows us to observe also some weaker lines.
In some cases, the observed angular distribution ratio

According to the phenomenological core coupling model,
the level scheme fot*’Sn can be obtained from the coupling

provide an indication of the spihiof the photoexcited levels. ©f the unpaired 8,,, neutron to the'**Sn core. This is sche-
These results are summarized in Table II. In the first columdnatically shown in Fig. 3. Each level if °Sn (except for
the energies of these levels are given. In the next columns thk=0 1evels gives rise to two new levels due to the spin 1/2
observed angular distribution ratio#/(90°)/W(127°) and pf the qnpalred neutron. The low-lying Ie\iel schemét6n
W(90°)/W(150°) and the suggested spin are presented. Thi§ dominated by the strong quadrupole’(2and octupole
experimentally observed angular distribution ratios(3 ) vibrational states, typical for a spherical semimagic
W(90°)/W(150°) versusw(90°)/(127°) are included in nuclegs.ﬂThe couplmg of thes3, neutron to tbe first 2
Fig. 1 (open points with error baysTwo groups ofy tran-  State in*'%Sn results in two new levels3sy,®2; ]3>+ and
sitions can clearly be observed. For a first group of 5 levels| 3512821 Js2+ Which can be excited in NRF visi1 and
located around the triangle, a probable spin assignment df2 transitions(solid lines in Fig. 3. The similar doublet
3/2 can be given. A second group of 6 levels can be foungonsisting of theg 3s;,,®3; |5~ and[3s,,®3; |7~ States
around the square. Here an assignment of(3/2) can be requiresM2 andE3 excitations which are not observable in
given. We prefed=1/2 for these states because we suppos®RF (dashed lines The main aim of our NRF experiments
that strong transitions should have BA character. These was to search for levels belonging to the;3®[2; ®3; |
E1 transitions have an isotropic distribution only for excited multiplet which can be populated via electric dipole transi-
states withJ=1/2. However we cannot exclud@é=3/2 tions. When the quadrupole-octupole coupled two-phonon
(negative or positive parijyas transitions with a mixing ratio quintuplet is built on top of the 1/2ground state, a multiplet
6 around—3.73 or 0.27 also lead to an isotropic distribution. of 10 negative parity states is obtained of which 3 levels can
All the spins given in Table Il were assigned at least at e excited viaE1l transitions(solid lines in Fig. 3. In this
statistical significance level ofd. Under these conditions, simple model, these three transitions carry the complete
no levels with a spin of 5/2 were found. B(E1)7 strength. In Fig. &) the obtained total scattering
Five of the observedy transitions are probably due to cross sectionsg for the photo-excited levels ift’Sn (with
inelastic deexcitations of a level to the well-known first3/2 exclusion of the lines which are probable due to inelastic
state in*'’Sn at 158.56@12) keV [27]. They are summarized scattering given in Table IJland in its even-even neighbors
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TABLE |. Properties of the observed levels 1’Sn. The exci-
tation energies, integrated cross sectibgistransition width ratios

g~l"§/1“, and the excitation probabilitid8(E1)] are given.

Ener | I B(E1)T ?
ay s gf

(keV) (eVhb) (meV) (1073 e2fm?)
1447.2 (4) 2.31(40) 1.26(22) 0.398(69)
1510.1(3)  4.12(48) 2.45(29) 0.679(80)
2048.2(3)  6.20(49) 6.77 (54) 0.752(60)
2128.6 (4) 1.05(22) 1.24(25) 0.123(25)
2280.4 (6) 0.45(16) 0.61(22) 0.049(18)
2304.6 (5) 0.73(18) 1.01(25) 0.079(20)
2356.7(8)b 0.80(25) 1.15(36) 0.084(27)
2367.3(2) 7.86 (55) 11.46(80) 0.825(598)
2415.9(3) 1.86(23) 2.82(35) 0.191(24)
2515.8 (5) 0.72(17) 1.18(28) 0.071(17)
2590.2 (5) 1.00(23 1.75(40) 0.096(22)
2709.1 (5) 1.46(22) 2.80(42) 0.134(20)
2718.2 (4) 1.74 (43 3.34(82) 0.159(39)
2775.2 (4) 1.02(19 2.04(37) 0.091(17)
2803.4(5)° 1.19(20) 2.43(42) 0.105(18)
2864.111) 0.57(21) 1.21(45) 0.049(18)
2879.8 (9) 0.58(20) 1.25(42) 0.050(17)
2908.5 (4) 2.15(28) 4.73(62) 0.184(24)
2961.9 (4) 2.66(29) 6.08(63) 0.224(23)
2986.7 (3) 7.28(85) 16.89(197) 0.606(71)
2995.7 (3) 5.48(41) 12.80(96) 0.455(34)
3065.75)°  1.53(22) 3.74(55) 0.124(18)
3100.8 (7) 0.76 (15 1.91(39) 0.061(12)
3108.2(7) 0.83(17) 2.08(43) 0.066(14)
3127.84)° 1.75(21) 4.45(53) 0.139(17)
3134.3(6) 0.96(17) 2.46 (43 0.076(13)
3144.9 (5) 1.11(18) 2.86(45) 0.088(14)
3169.1 (4) 3.36(32 8.78(83) 0.264(25)
3224.611) 5.71(51) 15.45(137) 0.440(39)
3228.2(7)  12.80(91)  34.71(247 0.986(71)
3286.0 (4) 3.57(35) 10.05(97) 0.284(26)
3349.9(3) 3.25(31) 9.50(90) 0.242(23)
3360.1(8) 0.55(20) 1.60(59) 0.040(15)
3385.4 (4) 1.39(21) 4.15(63) 0.102(16)
3408.5(9) 0.52(19 1.57 (58 0.038(14)
3425.8 (9) 0.60(25) 1.84(75) 0.044(18)
3468.8 (6) 0.47(16) 1.47 (49 0.034(11)
3489.6 (3) 5.46 (48) 17.31(151) 0.389(34)
3520.4(7) 0.53(20) 1.70(64) 0.037(14)
3560.5 (6) 0.54(16) 1.79(53 0.038(11)
3719.8(7)¢ 3.16(45) 11.38(163 0.211(30)
3749.4 (4) 2.08(34) 7.62(123 0.138(22)
3761.4(8)b 0.90(32 3.32(117) 0.060(21)
3773.313 0.91(39) 3.37(144) 0.060(26)
3788.3(7) 1.57(36) 5.87(133 0.103(24)
3871.3(4) 5.05(65) 19.71(255 0.325(42)
3883.2 (4) 3.58(53 14.06(207) 0.229(34)
3900.2 (6) 1.09(29) 4.33(117 0.070(19)
3920.1(7) 1.45 (40) 5.79(158 0.092(25)
3930.4 (5) 1.12(29) 4.51(117) 0.071(19)

PHYSICAL REVIEW C 62 014309

TABLE I. (Continued.

Energy Is 952’ B(E1)T 2
r

(keV) (eVb) (meV) (1073 e?fm?)
3949.8(16) 3.21(137 13.03(558 0.202(87)
3980.9(5) 3.47 (69) 14.31(280) 0.217(43)
3994.0(6) 1.73(46) 7.17 (189 0.108(29)
4013.6(6) 2.54(77) 10.65(324) 0.157(48)
4027.8(4) 6.56 (129 27.70(544) 0.405(80)
4043.6(7) 3.94(113 16.78(482 0.242(70)

@Assuming electric dipole excitations.

bThe y transition might be due to an inelastic decay of a higher-
lying level; see Table IIl.

‘Multiplet.

11851 [Fig. 4@)] and *8sn[Fig. 4(d)] are plotted. The total
scattering cross section for the excitation of the two-phonon
[27 ®3;] states in''%Sn and'®Sn has been reduced by a
factor of 3. A strong fragmentation of the strength has been
observed in'’Sn compared to its even-even neighbors. It is
already clear from the observed fragmentation of the strength
that a phenomenological core coupling model, which was
successful in describing the observed strengtf*ild, will

be insufficient in our case. Due to a lack of spin and parity
information of the photo-excited levels i’Sn in our NRF
experiment and due to a lack of experimental data from other
investigations[27], we need to turn to a more elaborated
theoretical interpretation to get more insight.

A. QPM formalism for odd-mass nuclei

The quasiparticle phonon mod@PM) was already suc-
cessful in describing collective properties in even-even mass
nuclei[28]. Recently, the QPM has been applied to describe

TABLE Il. Suggested spin assignments for some levelsiBn.
For each level, the observed angular correlation ratios
W(90°)/W(127°) andW(90°)/W(150°) are given. The last col-
umn contains the suggested spin.

Energy (keV) _W90%) W(90%)
W(127°) W(150°)
2048.2 0.95286) 1.043(95) 1
2367.3 0.78053) 0.716(47) 3
2986.7 0.983174) 0.902(120 13
2995.7 0.88270) 0.773(60) 3
3169.1 0.942106) 0.670(77) 3
3224.6 0.984126) 0.939(104 1
3228.2 0.82560) 0.842(58) 3
3286.0 1.139130) 1.055(135) 1
3349.9 1.020134) 0.992(139 e
3489.6 0.82789) 0.697(75) 3
3871.3 0.899146) 0.969(159 1
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TABLE Ill. Levels with probable inelastic transitions to the 158.562 keV (3/Rvel in 11’Sn. Columns
two and three contain for each level the energy of the obsepmeys and they intensity. The given ground
state decay widthg-I'y and theB(E1)1 strengths are corrected for the possible inelastic transitions.

E, E, , 9T B(E1)]
(keV) (keV) (meV) (1073 e?fm?)

2515.8(5) 2515.8(5) 100.0 2.7(8) 0.162(49)
2356.7(8) 127.6(435

2961.9(4) 2961.9(4) 100.0 9.2(11) 0.338(39)
2803.4(5) 51.3(78)

3224.6(11) 3224.6(11) 100.0 20.3(6) 0.577(17)
3065.7(5) 31.2(37)

3286.0(4) 3286.0(4) 100.0 16.3(16) 0.439(43)
3127.8(4) 54.5(53)

3920.1(7) 3920.1(7) 100.0 11.4(38) 0.180(60)
3761.4(8) 96.0(375

the position and th&1 excitation probability of the lowest wave function which includes “quasipartictéN-phonon”

1~ state in the even-eveh'® 24Sn isotopeg7]. This state

configurations, withN=0,1,2, are presented in review ar-

has a two-phonon character with a contribution of theticles[29,30. It is extended here by including “quasiparticle
[2, ®37 11~ configuration of 96—99 %. For odd-mass nuclei, ® three-phonon” configurations as well. A Woods-Saxon
this model was used to describe the fragmentation of deepotential is used in the QPM as an average field for protons

lying hole and high-lying particle stat¢29,30 and the pho-

and neutrons. Phonons of different multipolarities and pari-

toproduction of isomerg31—-33. It has already been applied ties are obtained by solving the RPA equations with a sepa-

to calculate the absolute amount of strengti’inin [34], but

rable form of the residual interaction including a Bohr-

until now it has not been extended to describe and undemiottelson form factor. The single-particle spectrum and
stand the high fragmentation of the strength and the distribuphonon basis are fixed from calculations in the neighboring
tion of theB(E1)71, B(M1)7, andB(E2)7 strength in the

energy region below 4 MeV.

General ideas about the QPM and its formalism to de-
scribe the excited states in odd-mass spherical nuclei with a

® <@

+ -
CHEEN

3 12 .

e L s2” 381/2+® 31
st

+ _ 4

2 o 3+ } 3512t® 21
ot 12"

FIG. 3. Schematic level schemes for the odd-m&&n nucleus
and the even-even core nucleti$sn. The level scheme fort’Sn

> 351, ® 2 ®3))
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FIG. 4. Total integrated photon scattering cross sectigrb-
served in'7Sn (b) centered between those observed in its even-
even neighborg*®sn (a) and 1'&n (d) [37]. The integrated elastic

photon scattering cross sections calculated within the QPM are in-
cluded in panelc) for comparison. The lines marked by a triangle

can be obtained in a phenomenological simple core coupling modedorrespond to levels with a 3/2 spin. The squares represent levels

by coupling the 3;/, neutron to the even-evelt®Sn neighbor.
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even-even nuclear core, i.e., 1%n[7] when the'*’Sn nucleus is considered.
In our present calculations the wave functions of the ground state and the excited states are mixtures of different
“quasiparticlesN-phonon” ((qp®Nph]) configurations, wher&=0,1,2,3:

D}}Blﬁz(‘J)[ ajJr leQ;rz]J M

1+ 6ﬁ1ﬁ2

VYAM)={ C"Dagy+ > Sl (D) Qp lamt 2
iB1 1B1B2

v A+t At At
Tis,8,8,(D @ Qg Qp,Qp lam

J’_
iB1B2Bs \[1+ 8 5,% O, .t Bp,p,+ 205,58,

Dgs. 9

where the coefficient€, S D, andT describe a contribution reduced single-particle matrix element of residual forces, and
of each configuration to a norm of the wave function. We usehe value) ﬁ' is determined from a normalization condition
the following notationsx™ andQ™ for the coupling between  for the phonon operators:

the creation operators of quasiparticles and phonons:

n,p
(1QuuiQiilpn=2 2 {(¥))?= (¢ )% =1. (14)
[arQ:i]JMZ%: Cfnhfmaer;m, pEREP i’ ) )
y73
The phonon’s index is used to distinguish between phonon
+ A+ A+ AF _ FrA+ rA+ A+ excitations with the same multipolarity but with a difference
Lo Q'B:LQ'BZQ'BSJJM_)\%Z Lo [Qﬁl[QﬁzQﬁs]"l]"z]JM’ in energy and structure. The RPA equations yield both,
collective- (e.g., 2 and 3 ), and weakly-collective
P B N n . phonons. The latter correspond to phonons for which some
[Q)‘lilQ)\ziz]M‘_M%z C)\fﬂl)\zﬂzQ)\lﬂlilQ)\zﬂziz’ (10 specific two-quasiparticle configuration is dominant in Eq.
(12) while for other configurationﬂ/]?‘j', ,go}‘j',wo
where C are Clebsh-Gordon coefficients. Quasiparticles are When the second, third, etc., terms in the wave function
characterized by their shell quantum numbgrs=|nljm) of Eqg. (9) are considered, phonon excitations of the core
with a half integer value of the total angular momenpta couple to a quasiparticle at any level of the average field, not
They are the result of a Bogoliubov transformation from par-only at the ones with the quantum numbéfsas for a pure

ticle creation(annihilation aj*m (ajm) operators: quasiparticle configuration. It is only necessary that all con-
. . - figurations in Eq(9) have the same total spin and parity. To
ajm = Uj@jm + (=1) " Mo a5 . (1) achieve a correct position of thejpe 2ph] configurations,

) ) ) in which we are especially interested in these studies,
The quasiparticle energy spectrum and the occupation numiq ne 3ph] configurations are important. The excitation en-
ber coefficientsu; and v; in Eq. (11) are obtained in the grgies and the contribution of the different components from
QPM by solving the BCS equations separately for neutrong,o configuration space to the structure of each excited state
and protons. _ _ [i.e., coefficientsC, S, D, andT in Eq. (9)] are obtained by a
Phonons with quantum numbegs=|\ wi) are linear su-  giagonalization of the model Hamiltonian on a set of em-
perpositions of two-quasiparticle configurations: ployed wave functions. The coupling matrix elements be-
1P tween the different configurations in the wave functions of
+ _= NP4+t Eqg. (9) in odd-mass nuclei are calculated on a microscopic
Quui =73 ZT ? Ly ap footing, making use of the internal fermion structure of the
N phonons and the model Hamiltonian. For example, the inter-
— (=D *olajrajlh- b (12 action matrix element between thHep®1ph] and the

®2ph] configurations has the forigsee Ref[30
A spectrum of phonon excitations is obtained by solving the[qp Ph] g ® 130

RPA equations for each multipolarity which is an integer [@imOruilsmlHI[2: W [QF . QF . Tim/]
value. The RPA equations also yield forwafdackward (LermQuulonl ML Qi Qg T Jow)
¥, (e}j,) amplitudes in definitior(12): :5“,5MU§§;§(M)_(_)J-/+H|2 Qi+D@i+D)
; A
1}0 i 1 fjj,(T)(UjUj/+Uerj) )\2 )\l |
T)= ) 13 X|(—) 8 IRy

(<P ”,( ) \/y—>;. ejte; T o (13 (=)Mo, g (] "Nai2)

wheree; is a quasiparticle energy,; is the energy needed \ Ao A |
+(— 2

for the excitation of an one-phonon configuratidf), is a (=)%20,) | i PO Ml |, @3
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whereH is a model Hamiltonianuii:i()\i) is an interaction

matrix element between one- and two-phonon configuration

in the neighboring even-mass nuclelis i6 a complex func-
tion of phonon’s amplitudegs and ¢ and f?j,; its explicit

form can be found in Ref.35]) andI' is an interaction ma-
trix element between quasiparticlej,\,, and quasipatrticle-

phonon[ «;,Q, i 1sm configurations. It is equal to

L 2\+1 fgj(UJUj_UjUJ)
F(JJA|)=\/2J+1 \/W .

(16)

PHYSICAL REVIEW C 62 014309

rations is taken into account while treating the Pauli principle
gorrections. In a calculation of the self-energy of the com-
plex configurations we employ a model Hamiltonian written
in terms of quasiparticle operators and exact commutation
relations (17) and (18) between quasiparticle and phonon
operators. In this case, we obtain a “Pauli shift correction”
for the energy of a complex configuration from the sum of
the energies of its constituents. Also, when considering com-
plex configurations their internal fermion structure is ana-
lyzed and the ones which violate the Pauli principle are ex-
cluded from the configuration space. Pauli principle
corrections have been treated in a diagonal approximation

Equations(15) and (16) are obtained by applying the ex- (see Ref[29] for detailg. o
act commutation relations between the phonon and quasipar- In the actual calculations, the phonon basis includes the

ticle operators:

+ _ INEPEN ) +
[ajle)\,u.i]__z (f/ljj'cjmj/m’aj/m/’
jlm/

(17

+ oAt 71— A— A AN
[ajle)\,u,i]__(_l) ”2 ‘ijrcjmjlfmfaj’m’-
j/m/

The exact commutation relations between the phonon oper%—

4
tors Q, ,; and Q)\,#,i,

[Q)\,ui ’Q;\r’,u.’i ’]_: 5}\)\’ 5,u,u' 5ii’

. + NN A
Z ajmaj’m’{lﬁjrjzwjjz Cj'm'jzmz
12
mm’ my
NMup' NN tprp N N
Xijj2m2 (=) 112707,
A= )\,_M/
X Cimiym,Cj ’m’szz} (18

are used to calculate the interaction matrix elemeunti
even-even nuclei.
The interaction matrix elements between flop® 2ph]

phonons with multipolarity and parity™=1+,2",37, and

4%, Several low-energy phonons of each multipolarity are
included in the model space. The most important ones are the
first collective 2", 37, and 4" phonons and the ones which
form the giant dipole resonan¢&DR). Noncollective low-
lying phonons of an unnatural parity and natural parity
phonons of higher multipolarities are of a marginal impor-
tance. To make realistic calculations possible one has to
runcate the configuration space. We have done this on the
asis of excitation energy arguments. Adp® 1ph] and
[qp®2ph] with E,<6 MeV, and[qp® 3ph] with E,<8
MeV configurations are included in the model space. The
only exceptions ar¢Jy®1™ ] configurations which have
not been truncated at all to treat a core polarization effect due
to the coupling of low-energy dipole transitions to the GDR
on a microscopic level. Thus, for electric dipole transitions
we have no renormalized effective charges and «S&¢h)
=(N/A) e and e®f(n)=—(Z/A) e values to separate the
center of mass motion. FOM1 transitions we usegS"
=0.649"° as recommended in Reff36]. By doing this all

the important configurations for the description of low-lying
states up to 4 MeV are included in the model space. The
dimension of this space depends on the total spin of the
excited states, and it varies between 500 and 700 configura-
tions.

and thel qp® 3ph] configurations have a structure similar to
Eq. (15). We do not provide them here because of their com-
plexity. But even Eq(15) shows that an unpaired quasipar-
ticle does not behave as a spectator but modifies the interac- _ »
tion between the complex configurations compared to an SInce onlyEl, M1, andE2 transitions can be observed
even-mass nucleusee second term in this equatiohis N the pr_esent experlm(_ant, the dlsc_ussmn of the properties of
takes place because the phonons possess an internal fermf§ €xcited states will be restricted to states with
structure and the matrix elemeritscorrespond to an inter- — /2, 3/27, and 5/2. As the parities of the decaying lev-
action between an unpaired quasiparticle and the two€ls are unknown and the spin could be assigned for only a

quasiparticle configurations composing the phonon operatof€V levels, the best quantity for the comparison between the
It should be pointed out that in the present approach in;heorgtmal predictions and.the expenmental.results are the

teraction matrix elements are calculated in first order perturlot@l integrated cross sectiong. The theoretical reduced

bation theory. This means that alyp® N ph] configuration excnatlon probabllltlgsB(wL)T can be transformed intbg

interacts with thé qp® (N 1)ph]) ones, but its coupling to  Values via the following relation:

[gp® (N=2)ph] configurations is not included in this theo- 3 oL—1

retical treatment. The omitted couplings have nonvanishing |3=M(5)

interaction matrix elements only in second order perturbation L[(2L+1)11]2 %

theory. They are much smaller than the ones taken into ac-

count and they are excluded from our consideration for techwhereE, is the excitation energyt, the multipolarity of the

nical reasons. An interaction with othlggp® N ph] configu-  transition, andl’y denotes the partial ground state decay

B. Comparison between experimental data
and QPM calculations
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40— T T T T T T TABLE IV. Theoretical excitation energieE() and B(E1)]|
30} a) EE2 165, 1 i reduced transition probabilities for decays into the;j1fround
20l w03 state and the low-lying 3f2state for negative parity states 1h'sn.
Only the states witlB(E1,J"—1/27)>10"5 e?fm? are presented.
10r | | ) In the last two columns the contribution of the quasipartiaig*,,q
o T T . T T | } and the[3s,,®[2; ®37 ];-];~ configurations to the wave func-
321(5)- b)E1 175 N . tions of the stategsee Eq(9)] is provided if it is larger than 0.1%.
Q2 5| ]
R . ] E.  B(EDL (107° &) o [*e[2]@3;]; ]
~ 5| | | L Ll (MeV) J7—1/2f 37302
8 i i i i E N A.re|l 1
Or ¢)E2 "7Sn 17=3/2"
5 | | L | I | l . 2.13 0.329 0.092 1.0%
3 DM — 2.33 0.560 0.180 1.8%
I| 2.64 0.030 0.024
0 L . |I|| A 3.04 0.058 0.032 10.7%
1015 20 Ef"(sMe;’}‘)o 3.5 40 3.37 0.121 0039  0.4%
3.46 0.072 0.002 0.2%
FIG. 5. Calculated integrated elastic photon scattering cross sec-3.49 0.011 0.002
tionslgin 1%n(a) and'’Sn(b)—(d). The integrated cross sections  3.55 0.551 0.012 47.8%
I for E1 transitions are plotted by thick lines {@) and(b). The 3.56 0.660 0.038 0.1% 32.0%
E1 transitions in(b) which are predominantly due {Bs;,®[2; 3.65 0.160 0.336 0.5% 0.1%
®31 ]1-J1/2- 312~ — 3512 transitions are marked by triangles. 3.75 0.015 0.003
3.78 0.081 0.033 0.3%
width. The obtained 5 values for the elastic transitions are 3 gg 0.042 0.025 2.8%
plotted in Fig. 4c) and compared with the results of our 393 0.235 0.205 0.9%
(v,7'") experiments given in Fig.(8). The inelastic decays 4 91 0.087 0.047 0.3%
are gccounted forin .the total decay wlldihtgt. .Detal!s con- 43 0.133 0.074 0.5%
cerning the calculations and branching ratios will be dis- JT=1/2"
cussgd below. Supporting the experimental fmdmgs, our cal- 295 0.022 0.023 0.8%
culations alsq produce a strong fragment_a_tlon of the 3.00 0.698 0072 0.1% 21.9%
electromagnetic strength. The strongest transitions IiEve
o . 3.63 0.560 0.250 62.9%
character, but als&2 andM1 excitations yield comparable
cross sections. The total cross sectigris disentangled into 3.72 0.070 1.790 4.0%
4.45 0.020 0.005

its E1, M1, andE2 components in Figs.(B)-5(d), and
compared to the calculateld values of the core nucleus,
1183n[Fig. 5@)]. The calculated sum of the total cross sec- L N ,
tions of the plottedE1, M1, andE2 transitions in Figs. ations[3s;,®[2; ®3; ]1-]12- 32~ in ~'Sn. Interactions
5(b)-5(d) equals 73, 37, and 42 eV b. The summed experilead to a strong fragmentation of these two main configura-
mental elastic cross sections, shown in Fih)4equals 133 tions(see Table IV. The resulting states are carrying a frac-
(21) eV b and agrees within 15% with the theoretically pre-tion of theE1 excitation strength from the ground state.
dicted value of 152 eV b. The predicted properties of some states with spin and par-
Although the experimentally observed levels do notity J7=1/2" and 3/2" which can be excited from the 1/2
match in detail with the calculated level scheme one by oneground state in'*’Sn by electric dipole transition are pre-
some interesting general conclusions can be drawn. The mosented in Table IV. A large part of th¢3s;,®[2;
essential differences in the electromagnetic strength distribus 3 ],-]1,,- 3o~ configurations is concentrated in the 3/2
tion over low-lying states in even-evett®!%n and odd- states with an excitation energy of 3.04, 3.55, and 3.56 MeV
mass!’Sn take place for the electric dipole transitions. Theand in the 1/2 states at 3.00 and 3.63 Meléee, fifth col-
reason becomes clear by considering which states can hgnn of this tablg These states are marked with triangles in
excited from the ground state IB/1 transitions. In the even- Fig. 5b) (as well as four other states with a smaller contri-
even core there is only one Iconfiguration with an excita- bution of these configurationsThe E1 strength distribution
tion energy below 4 MeVMthick line with triangle in Fig. among low-lying levels is even more complex because 3/2
5(a)]. It has a[2; ®3; ];- two-phonon naturg7]. This is a  states at 2.13, 2.33, and 3.93 MeV have a noticeable contri-
general feature in heavy semimagic even-even n{igleiAll bution from the 5, one-quasiparticle configuratiofndi-
other 1" configurations have excitation energies more than Xated in the fourth column of Table )With a large reduced
MeV higher. Therefore, the 1 state has an almost pure two- excitation matrix element3p,||[E1||3sy/,) for which there
phonon character in semimagic nuclei. In contrast, there aris no analogue in the even-even corésSn. Also the cou-
many [qp®1ph] and [qp®2ph] configurations with the pling to [3s,,®15pgl, Which treats the core polarization
same spin and parity close to the two corresponding configueffect, is somewhat different than in the core nucleus, be-
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cause the blocking effect plays an important role in the in- TABLE V. Theoretical excitation energiess() andB(M1)]
teraction with other configuratior(see also Ref.34], where  and B(E2)| reduced transition probabilities for decays into the
only the last type of transitions has been accounted Tove /2 ground state and the low-lying 3/2states of positive parity
calculated totaB(E1)1 strength in the energy region from States in'’Sn. Only the states witB(M1J7—1/2{)>10"% u{
2.0 t0 4.0 MeV is 7.X 1073 e?fm?. It agrees well with the ©Or B(E2J7—1/2])>1 e?fm* are presented.
calculatedB(E1,0; —[2"®37];-)=8.2x10"3 e?fm? in
the neighboring”%Sn nucleug7].

The calculations indicate that among the negative parity

= B(M1)l (uf) B(E2)| (e®fm?)
MeV  J"—1/20  J"—3/2f  J"—1/2] I3/

states in*!’Sn which are relatively strongly excited from the =12+
ground state, a few are characterized by a vistbledecay 214 0.011 0.001
into the low-lying 3/2 state. These are 3/2states at 2.33, 353 0.039 0.006
3.65, and 3.93 MeV and 1/2state at 3.63 MeV. The state at 3 gg 0.010 0.014
2.33 MeV decays into the 3f2state due to single-particle 3 g7 0.012 0.002
transition with a large reduced excitation matrix element 3 gg 0.035 0.012
(2d3/J|E1||3psyp). The states at higher energies decay into 4 o 0.045 0.031
the 3/2 state because of an admixture EBp;,®[2; 4.10 0.200
®3; ]1-11/2- 32— configurations in their wave functions. 4.25 0.027
Positive parity states if'’Sn are deexciting to the 172 T3/
ground state by 1 or E2 or mixedM 1/E2 transitions. The 1 57 353 1
ggsdicted properties of the 1/2 3/2", and 5/2 states in 1 3q 1 353
Sn are pres_ented in Table V. _TBqﬁEZ)T strength distri- 1.78 0.005 2 7
bution is dominated by the excitation of the 3/2tate at 232 0.003 20 12
1.27 MeV and the 5/2 state at 1.49 MeV. The wave func- 2 47 2 10
tions of these states carry 85% and 60% of[tBs,,®2; ] 3.07 10
configuration, respectively. These two states correspond with 3.08 16
a high probability to the experimentally observed levels at
. 3.56 0.018 0.009 1
1447 and 1510 keV. A smaller fraction of the above men-
. . . ) 3.63 0.010 0.040
tioned configuration can be found in the 3/3tate at 2.32 366 0.001 0.004 5
MeV (5%) and the 5/2 state at 2.23 Me\W(6%). The rather ' ' '
. e . 3.87 0.001 8 2
fragmentedE2 strength at higher energid&ig. 5c)] is .88 0.002 4 1
mainly due to[3s,,,®2, ] configurations which are much ' '
. > 4.05 0.002 10
less collective than the first one. Fragmente® strength 417 1
between 2.0 and 4.0 MeV originating from the excitation of
- . . 4.42 0.011 0.004
the 2, s phonons has also been observed in NRF experiments N
: J7=5/2
on the even-mas$'sn nucleug37]. It could be well repro- 101 82 1
duced by theoretical calculatiofsee thin lines in Fig. @)]. 1'32 37 309
In the odd-mass’Sn nucleus the corresponding strength is
even more fragmented because of the higher density of the 149 239 25
configurations. Nevertheless, thdse excitations at high en- 1 4
ergies contribute appreciably to the reaction cross section, 2-23 22 1
because th€E2 photon scattering cross section is a cubic 3-07 2 1
function of the excitation energisee Eq.(19)]. 3.27 20
The B(M1)1 strength in the calculations is concentrated 3.79 2
mainly above 3.5 MeV as can be seen in Fi@l)5The wave 3.87 4
functions of the 1/2 and 3/2 states at these energies are 3.89 8
very complex. The main configurations, responsible for the 4.06 9
M1 strength, are thg2ds, 3/52 2] ones which are excited ~ 4.17 1

because of the internal fermion structure of the phonons
(similar toE1 Oy —[2; ®3; ];- excitation3. They have no
analogous transitions in even-even nuclei. The configuratiotheless, when all experimentally observed transitions be-
[3s1,®1; ] has an excitation energy of about 4.2 MeV buttween 2.7 and 3.6 MeV are considered toHE transitions,
its contribution to the structure of states below 4 MeV isthe total summedB(E1)T strength amounts to 5.54)
rather weak. Most of the states with the large§M1)7 103 e?fm? or 8513)—-77(14) % of the two-phonorB(E1)
values havel™=1/2" (see Table V. strength in the neighboring nucléit®sn and '8Sn. This
The QPM calculations show that the two-phor®¢E1)  value is considerably higher than in the case'®la and
strength from the even-even nuclei is fragmented over sevi*'Pr[17] where less than 40% was observed. It shows that
eral states. Even with the present sensitivity of our NRRthe 1/2" ground state spin of*’Sn limits the possible frag-
setup, it is impossible to resolve all of these details. Nevermentation and hence a larger amount of the particle two-
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phonon coupledB(E1) strength could be resolved in this fragmentation of the excitation strength and shed light on
NRF experiment. how theB(E1), B(M1), andB(E2) strength is distributed
over this energy region.
V. CONCLUSIONS

Nuclear resonance fluorescence experiments performed
on the odd-mass spherical nuclet’¥Sn revealed a large
fragmentation of the electromagnetic strength below an ex- This work is part of the research program of the Fund for
citation energy of 4 MeV. The search for the fragments ofScientific Research Flanders. The support by the Deutsche
the 3s,,®[2; ®3; ] multiplet carrying theB(E1) strength  ForschungsgemeinschafDFG) under Contract Nos. Kn
of the adjacent even-even nuclei is complicated by the lim154-30 and Br 799/9-1 is gratefully acknowledged. V.Yu.P.
ited spin information. QPM calculations carried out for the acknowledges financial support from the Research Council
first time in a complete configuration space can explain thef the University of Gent and NATO.
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