
PHYSICAL REVIEW C, VOLUME 62, 014309
Search for the electric dipole excitations to the 3s1Õ2‹†21
¿‹31

À
‡ multiplet in 117Sn
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The odd-mass117Sn 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 of theE1, M1, andE2 excitation strength in the
low energy region. It is proven that the 12 component of the two-phonon@21

1
^ 31

2# quintuplet built on top of
the 1/21 ground state is strongly fragmented. The theoretical calculations are consistent with the experimental
data.

PACS number~s!: 25.20.Dc, 23.20.2g, 21.10.Re, 21.60.2n
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I. INTRODUCTION

Low-lying electric dipole excitations have been studi
extensively in a variety of spherical@1# and deformed nucle
@2,3# over the last decade. A survey on the systematics
observed electric dipole excitations in theA5130–200 mass
region is given in Ref.@4#. Systematic nuclear resonanc
fluorescence~NRF! experiments performed within the chain
of the N582 isotones@5# (138Ba, 140Ce, 142Nd, and 144Sm)
and theZ550 isotopes@6,7# (1162124Sn) showed that the
low-lying electric dipole strengthB(E1)↑ is mainly concen-
trated in the firstJp511

2 state. Some uniform properties o
these 11

2 states were observed in both chains. Their exc
tion energies are lying close to the summed energies of
first quadrupole and octupole collective vibrational states
they are populated by an enhanced electric dipole excita
~two to three orders of magnitude larger than typicalE1
transition strengths!. Both arguments strongly suggest an u
derlying quadrupole-octupole coupled@21

1
^ 31

2# two-
phonon structure. Indeed, a detailed microscopic st
within the framework of the quasiparticle phonon model
vealed a practically pure two-phonon@21

1
^ 31

2#12 configu-
ration in the wave function of these 11

2 states. The observe
enhanced electric dipole strength of the ‘‘forbidden’’E1
transitions can be reproduced from a consideration of
internal fermion structure of the phonons and taking in
account a delicate destructive interference with the GDR2

one-phonons@7,8#. The most direct experimental proof fo
an underlying two-phonon structure can be obtained from
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measurement of the decay pattern of the two-phonon st
to their one-phonon components. This has been achieve
to now only in very few cases:142Nd, 144Nd, and 144Sm
@9–13#. In each of these nuclei, the sameB(E2) strength
could be measured in the 11

2→31
2 as well as in the 21

1

→0g.s.
1 decay consistent with a two-phonon picture. It is s

a tough challenge to observe the other members of
@21

1
^ 31

2# two-phonon quintuplet as illustrated recently
Ref. @14#.

As a natural extension of the systematic investigations
the even-even spherical nuclei, the question arises how
observed enhanced electric dipole excitation strength of
two-phonon@21

1
^ 31

2#12 state fragments over several leve
of a particle two-phonon coupled multiplet in the odd-ma
adjacent nuclei. In such a study, the experimental techni
and the theoretical model should meet some requirement
the first place, the experimental probe should be very se
tive in the excitation of levels because of the high level de
sity in odd-mass nuclei. The number of the involved levels
the odd-mass nucleus increases drastically compared to
even-even neighboring nucleus: in the odd-mass nucleus
els with a spin equalJ021, J0 andJ011 can be populated
via dipole excitations from the ground state with spinJ0.
Quadrupole transitions will excite levels with a spin betwe
J022 andJ012. The real photon probe is such a selecti
experimental tool. Using an intensive bremsstrahlung sou
only dipole and to a much lesser extent also electric quad
pole excitations will be induced. Secondly, the theoreti
model should be able to distinguish between the degree
freedom of the collective phonons and the additional part
degrees of freedom which open extra possible excita
channels and which have no counterparts in the even-e
nuclei.

Electric dipole excitations to a particle-two-phonon mu
tiplet were for the first time identified in143Nd @15#. In the
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energy region between 2.8 and 3.8 MeV, 13 levels w
observed for which an underlying particle-two-phon
f 7/2^ @21

1
^ 31

2# structure was suggested. The observed fr
mentation andB(E1)↑ strength distribution could be repro
duced in a phenomenological simple core coupling mo
based on quadrupole-quadrupole coupling@16#. Moreover,
the summed experimentalB(E1)↑ strength between 2.8 an
3.8 MeV agrees within the statistical error with the know
B(E1)↑ strength of the two-phonon@21

1
^ 31

2#12 state in the
neighboring even-mass142Nd nucleus. It was concluded tha
the unpaired neutron in itsf 7/2 orbital, outside the closed
major N582 shell, couples extremely weakly to the tw
phonon @21

1
^ 31

2# quintuplet and plays the role of a pur
spectator. Later on, similar NRF-experiments performed
139La and 141Pr @17# revealed also a large fragmentation
the electric dipole strength, but in both cases less than 4
of the two-phononB(E1)↑ strength in the neighboring even
mass138Ba, 140Ce, and142Nd nuclei was observed. In139La
and 141Pr the odd proton in the partly filled shell couple
more strongly to the two-phonon quintuplet. Intermedia
cases have been observed in the open shell nuclei113Cd @18#
and 133Cs @19#.

The odd-mass117Sn nucleus was chosen to investigate
fragmentation of the well-known two-phononB(E1)↑
strength from its even-mass neighbors116Sn and118Sn. The
NRF technique was used for obvious reasons. In117Sn, the
unpaired neutron is situated halfway between the major N5
50 and 82 shells. As an interesting property, the ground s
spinJ0

p51/21 limits the possible dipole excitations to leve
with a spinJ51/2 or 3/2 and electric quadrupole excitatio
can only occur to states with a spin and parityJp53/21 and
5/21. For the first time, calculations within the QPM a
carried out in a complete configuration space for an o
mass spherical nucleus. Our first results on the experim
tally observed fragmentation and on the performed calc
tions were described in a previous paper@20#. In the present
paper a comprehensive discussion of the experimental
theoretical aspects of our work will be presented.

II. EXPERIMENTAL METHOD AND SETUP

The nuclear resonance fluorescence technique, the r
nant scattering of real photons off nuclei as described
many reviewing articles, e.g.,@1,21,22#, was applied to in-
vestigate the117Sn nucleus. The main advantages of this r
photon probe consist of the highly selective excitation
levels, as pointed out in the Introduction, and the possibi
of a completely model independent analysis of the data.
use of HP Ge detectors to detect the resonantly scatt
photons, allows the observation of individual levels and
determination of their excitation energiesEx with a precision
better than 1 keV. The total elastic scattering cross sec
I S , energy integrated over a single resonance and integr
over the full solid angle equals@1#

I S5gS p\c

Ex
D 2G0

2

G
, ~1!
01430
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with G0 andG the ground state and total decay width andg
a statistical factor depending on the ground state spinJ0 and
the spinJ of the excited level:

g5
2J11

2J011
. ~2!

In our experiments, the scattering cross sections of the
served levels in117Sn are determined relative to the27Al
calibration standard. The spectral shape of the incom
bremsstrahlung flux is fitted using the Schiff formula for th
targets and the cross sections for the transitions in117Sn are
extracted relatively to the cross sections of well-known tra
sitions in 27Al @23#. For even-even nuclei, the spinJ of the
excited level is easily obtained from the measured ang
distribution of the resonantly scattered photons. A clear d
tinction between dipole and quadrupole transitions can
made by comparing the observedg intensities at the scatter
ing angles of 90° and 127°@1#. However, for odd-mass nu
clei the extraction of limited spin information is only pos
sible for nuclei as117Sn with a ground state spinJ0 of 1/2
@18#. Higher half integer ground state spins lead to nea
isotropic angular distributions. From an evaluation of the a
gular distribution functionW for the involved spin sequence
scattering angle and multipole mixing ratiod, the following
results are obtained:

1
2 → 1

2 → 1
2

W~90°!

W~127°!
51,

W~90°!

W~150°!
51, ~3!

1
2 → 3

2 → 1
2

W~90°!

W~127°!
50.866,

W~90°!

W~150°!
50.757, d50,6`, ~4!

1
2 → 5

2 → 1
2

W~90°!

W~127°!
51.168,

W~90°!

W~150°!
50.842, d50. ~5!

The scattering angles correspond to those used in our ex
ments. The angular distribution functionsW are independen
of the parity of the excited level. In Fig. 1 the expect
angular correlation function ratios are shown in
W(90°)/W(150°) versusW(90°)/W(127°) plot for different
values of the mixing ratiod and for the three possible in
duced spin sequences. A level with spin 1/2 can only
excited from the ground state via a dipole transition a
hence no mixing of multipolarities is possible in a 1/2-1/
1/2 spin cascade. Such a cascade has an isotropic an
distribution functionW. The square in Fig. 1 represents th
unique location in this figure where 1/2-1/2-1/2 spin s
quences can be found. In the case of a 1/2-3/2-1/2 spin
quence, the intensity ratiosW(90°)/W(127°) and
W(90°)/W(150°) are strongly influenced by the mixing rat
d. This results in the solid line in Fig. 1. For pureE1 and
M1 transitions to the 3/2 level, corresponding to a mixi
ratio d equal 0, or for pureE2 transitions, with a mixing
9-2
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SEARCH FOR THE ELECTRIC DIPOLE EXCITATIONS . . . PHYSICAL REVIEW C 62 014309
ratio d equal 6`, the same two values for the ratio
W(90°)/W(127°) andW(90°)/W(150°) are obtained@see
Eq. ~4!#. This is represented by the triangle in Fig. 1. Fo
1/2-5/2-1/2 spin sequence, only pureE2 excitations to the
5/2 level are observed in our NRF experiments. The sta
Fig. 1 represents the expected position of these 1/2-5/2
spin sequences. Experimental points are included in Fig
They will be discussed in Sec. III. For the strongest tran
tions observed with a high statistical precision, the exp
mental uncertainties on the ratiosW(90°)/W(127°) and
W(90°)/(150°) will be small enough to suggest the induc
half integer spin sequence. In most cases the statistical a
racy will not allow to determine the spin sequence and he
the statistical spin factorg cannot be determined.

Compton polarimetry@24# and the scattering of linearly
polarized off-axis bremsstrahlung@25,26# represent two use
ful techniques to determine the parities of the excited lev
in even-even nuclei@1#. For odd-mass nuclei, the measur
azimuthal asymmetry of the resonantly scattered photons
their polarization will nearly vanish because of the half in
ger spin sequences and it will strongly depend on the mix
ratio d. The lower statistics in these experiments do not
low to distinguish between the different possible cases. F
further analysis of the data, it will be assumed that all o
served levels are populated via pure electric dipole exc
tions and that they do not have any decay branchings~unless
observed experimentally! to intermediate lower-lying levels
(G0 /G51). This assumption, imposed because of the lack
experimental information on the spin and parities of the
cited levels, is justified by the fact that in generalE1 transi-
tions have higher transition probabilities thanM1 or E2
transitions. It should however be remarked that this assu
tion contains some risk as will become clear further in t
paper from the results of theoretical calculations. Under
above assumption, the product of the ground state trans
width and the spin factorg can immediately be extracte

FIG. 1. Observed angular distribution ratiosW(90°)/W(150°)
versusW(90°)/(127°) ~open points with error bars!. The square
represents the unique location for 1/2-1/2-1/2 spin sequences.
E1, M1, or E2 transitions in a 1/2-3/2-1/2 spin sequence a
marked with the triangle.E1 and mixedM1/E2 transitions (d
Þ0,6`) in this spin sequence are located on the solid line. T
star corresponds to a pureE2 transition in a 1/2-5/2-1/2 spin se
quence.
01430
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from the measured scattering cross sectionI S @Eq. ~1!# and
the reduced electric dipole excitation probability is given

B~E1!↑5
2.866

3

g•G0

Ex
3 ~1023 e2 fm2!, ~6!

with the ground state transition widthG0 in meV and the
excitation energyEx in MeV. The deducedB(E1)↑ strength
in our NRF experiments includes automatically the statisti
factor g and hence can immediately be compared with
observedB(E1)↑ strength in other nuclei or calculated from
theoretical models.

The experiments were performed at the NRF-facility
the 4.3 MV Dynamitron accelerator of the Stuttgart Unive
sity. The energy of the electron beam was 4.1 MeV and
beam current was limited to about 250mA due to the thermal
capacity of the bremsstrahlung production target and
avoid too high count rates in the detectors. A setup cons
ing of 3 HP Ge detectors, installed at scattering angles
90°, 127°, and 150° each with an efficiencye of 100%
@relative to a 333 in.2 NaI~Tl! detector#, was used to mea
sure the total elastic scattering cross sections of the leve
117Sn. These HP Ge detectors allow to detect the resona
scattered photons with a high sensitivity and a very go
energy resolution. Two metallic Sn disks with a diameter
1 cm, a total weight of 1.649 g, and an isotopic enrichm
of 92.10% in 117Sn were irradiated during five days. Tw
27Al disks with a total amount of 0.780 g were alternat
with the two 117Sn disks for calibration purposes.

III. RESULTS

Part of the recorded117Sn (g,g8) spectrum (2.6<Eg
<3.6 MeV! is shown in Fig. 2 together with the spectra of i
even-even116Sn and118Sn neighbors. In our previous stud
ies on 116Sn and118Sn @7#, we found that theE1 strength in
this energy region below 4 MeV is mostly concentrated
the two-phonon@21

1
^ 31

2#12 state. In the spectra of th
even-even nuclei, the dominating peak at an energy of ab
3.3 MeV corresponds to the deexcitation of this two-phon
12 state into the ground state. In comparison to the spe
of the even-even Sn nuclei, the117Sn spectrum contains a lo
of g transitions superimposed on the smooth backgroun
the vicinity of the two-phonon 12 states. The peaks stem
ming from the deexcitation of the two-phonon@21

1
^ 31

2#12

states in116,118,120Sn have also been observed in the spectr
due to the small admixtures of 0.86%, 5.81%, and 0.76%
the target. In Fig. 2~b! only the peak for118Sn can be clearly
observed due to the scale used. All observedg transitions in
117Sn are listed in Table I with the corresponding level e
citation energies, the measured total elastic scattering c
sectionsI S , the extracted transition width ratiosg•(G0

2/G)
~depending on the statistical spin-factorg) and deduced elec
tric excitation probabilitiesB(E1)↑. The total elastic scatter
ing cross sections has been determined from a summed s
trum over the three scattering angles. The three HP
detectors have nearly the same efficiency and in the sum
spectra the angular dependence of the transition intensit

ure

e

9-3
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the possible spin cascade is averaged out. This metho
lows us to observe also some weaker lines.

In some cases, the observed angular distribution ra
provide an indication of the spinJ of the photoexcited levels
These results are summarized in Table II. In the first colu
the energies of these levels are given. In the next columns
observed angular distribution ratiosW(90°)/W(127°) and
W(90°)/W(150°) and the suggested spin are presented.
experimentally observed angular distribution rati
W(90°)/W(150°) versusW(90°)/(127°) are included in
Fig. 1 ~open points with error bars!. Two groups ofg tran-
sitions can clearly be observed. For a first group of 5 lev
located around the triangle, a probable spin assignmen
3/2 can be given. A second group of 6 levels can be fou
around the square. Here an assignment of 1/2~3/2! can be
given. We preferJ51/2 for these states because we supp
that strong transitions should have anE1 character. These
E1 transitions have an isotropic distribution only for excit
states with J51/2. However we cannot excludeJ53/2
~negative or positive parity! as transitions with a mixing ratio
d around23.73 or 0.27 also lead to an isotropic distributio
All the spins given in Table II were assigned at least a
statistical significance level of 1s. Under these conditions
no levels with a spin of 5/2 were found.

Five of the observedg transitions are probably due t
inelastic deexcitations of a level to the well-known first 3/21

state in117Sn at 158.562~12! keV @27#. They are summarized

FIG. 2. Photon scattering spectra of the odd-mass117Sn
~summed spectrum! inserted between those of the even-even116Sn
and 118Sn nuclei~at a scattering angle of 127°), all taken with a
end point energy of 4.1 MeV.
01430
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in Table III. In this table the level excitation energiesEx , the
energiesEg of the deexcitingg transitions, the relativeg
intensitiesI g , the ground state transition widthsg•G0 , and
reduced electric dipole excitation probabilities corrected
the observed inelastic decays, are given. All levels are
cluded for which holds

Ei2~Ex2E158!,DE, ~7!

with

DE5A~DEx!
21~DEi !

21~DE158!
2 ~8!

and Ex , Ei , E158, and DEx , DEi , DE158 the excitation
energies of the level, the energy of the inelasticg transition
and the first 3/21 state and their respective uncertaintie
Using the above mentioned rule for detecting inelastic
cays two other candidates were found. Theg ray with the
energy of 3560.5 keV can be due to an inelastic transition
one line from the multiplet at 3719.8 keV to the first 3/21

state. Also theg ray with the energy of 2986.7 keV fits into
the energy relation with the observed level at 3144.9 ke
However, when thisg ray is seen as completely inelastic, a
unreasonable low branching ratioG0 /G of 12% for the
3144.9 keV level is obtained. Both cases are not conside
in Table III. Certainty about the observed probable inelas
g transitions requires time coincidence or excitation funct
measurements. With the above mentioned method, our
perimental results show no further candidates for inela
transitions to other excited levels.

IV. DISCUSSION

According to the phenomenological core coupling mod
the level scheme for117Sn can be obtained from the couplin
of the unpaired 3s1/2 neutron to the116Sn core. This is sche
matically shown in Fig. 3. Each level in116Sn ~except for
J50 levels! gives rise to two new levels due to the spin 1
of the unpaired neutron. The low-lying level scheme of116Sn
is dominated by the strong quadrupole (21) and octupole
(32) vibrational states, typical for a spherical semimag
nucleus. The coupling of the 3s1/2 neutron to the first 21

state in 116Sn results in two new levels@3s1/2^ 21
1#3/21 and

@3s1/2^ 21
1#5/21 which can be excited in NRF viaM1 and

E2 transitions~solid lines in Fig. 3!. The similar doublet
consisting of the@3s1/2^ 31

2#5/22 and @3s1/2^ 31
2#7/22 states

requiresM2 andE3 excitations which are not observable
NRF ~dashed lines!. The main aim of our NRF experiment
was to search for levels belonging to the 3s1/2^ @21

1
^ 31

2#
multiplet which can be populated via electric dipole tran
tions. When the quadrupole-octupole coupled two-phon
quintuplet is built on top of the 1/21 ground state, a multiple
of 10 negative parity states is obtained of which 3 levels c
be excited viaE1 transitions~solid lines in Fig. 3!. In this
simple model, these three transitions carry the comp
B(E1)↑ strength. In Fig. 4~b! the obtained total scatterin
cross sectionsI S for the photo-excited levels in117Sn ~with
exclusion of the lines which are probable due to inelas
scattering given in Table III! and in its even-even neighbor
9-4
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TABLE I. Properties of the observed levels in117Sn. The exci-
tation energies, integrated cross sectionsI S , transition width ratios
g•G0

2/G, and the excitation probabilitiesB(E1)↑ are given.

Energy I S g
G0

2

G
B(E1)↑ a

~keV! ~eV b! ~meV! (1023 e2 fm2)

1447.2 ~4! 2.31 ~40! 1.26 ~22! 0.398~68!
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! 0.825~58!
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!b 1.19 ~20! 2.43 ~42! 0.105~18!
2864.1~11! 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 ~28! 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!
3065.7~5!b 1.53 ~22! 3.74 ~55! 0.124~18!
3100.8 ~7! 0.76 ~15! 1.91 ~38! 0.061~12!
3108.2 ~7! 0.83 ~17! 2.08 ~43! 0.066~14!
3127.8~4!b 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!
3224.6~11! 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!c 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!
3773.3~13! 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!
01430
116Sn @Fig. 4~a!# and 118Sn @Fig. 4~d!# are plotted. The total
scattering cross section for the excitation of the two-phon
@21

1
^ 31

2# states in116Sn and118Sn has been reduced by
factor of 3. A strong fragmentation of the strength has be
observed in117Sn compared to its even-even neighbors. It
already clear from the observed fragmentation of the stren
that a phenomenological core coupling model, which w
successful in describing the observed strength in143Nd, will
be insufficient in our case. Due to a lack of spin and par
information of the photo-excited levels in117Sn in our NRF
experiment and due to a lack of experimental data from ot
investigations@27#, we need to turn to a more elaborate
theoretical interpretation to get more insight.

A. QPM formalism for odd-mass nuclei

The quasiparticle phonon model~QPM! was already suc-
cessful in describing collective properties in even-even m
nuclei @28#. Recently, the QPM has been applied to descr

TABLE II. Suggested spin assignments for some levels in117Sn.
For each level, the observed angular correlation rat
W(90°)/W(127°) andW(90°)/W(150°) are given. The last col
umn contains the suggested spin.

Energy~keV!
W~90°!

W~127°!

W~90°!

W~150°!
J

2048.2 0.952~86! 1.043~95! 1
2 ( 3

2 )
2367.3 0.780~53! 0.716~47! 3

2

2986.7 0.983~174! 0.902~120! 1
2 ( 3

2 )
2995.7 0.882~70! 0.773~60! 3

2

3169.1 0.942~106! 0.670~77! 3
2

3224.6 0.984~126! 0.939~104! 1
2 ( 3

2 )
3228.2 0.825~60! 0.842~58! 3

2

3286.0 1.139~130! 1.055~135! 1
2 ( 3

2 )
3349.9 1.020~134! 0.992~139! 1

2 ( 3
2 )

3489.6 0.827~89! 0.697~75! 3
2

3871.3 0.899~146! 0.969~159! 1
2 ( 3

2 )

TABLE I. ~Continued!.

Energy I S g
G0

2

G
B(E1)↑ a

~keV! ~eV b! ~meV! (1023 e2 fm2)

3949.8~16! 3.21 ~137! 13.03~558! 0.202~87!

3980.9~5! 3.47 ~68! 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!

aAssuming electric dipole excitations.
bThe g transition might be due to an inelastic decay of a high
lying level; see Table III.
cMultiplet.
9-5
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TABLE III. Levels with probable inelastic transitions to the 158.562 keV (3/21) level in 117Sn. Columns
two and three contain for each level the energy of the observedg rays and theg intensity. The given ground
state decay widthsg•G0 and theB(E1)↑ strengths are corrected for the possible inelastic transitions.

Ex Eg I g g•G0 B(E1)↑
~keV! ~keV! ~meV! (1023 e2 fm2)

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!
t
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the position and theE1 excitation probability of the lowes
12 state in the even-even1162124Sn isotopes@7#. This state
has a two-phonon character with a contribution of t
@21

1
^ 31

2#12 configuration of 96–99 %. For odd-mass nucl
this model was used to describe the fragmentation of de
lying hole and high-lying particle states@29,30# and the pho-
toproduction of isomers@31–33#. It has already been applie
to calculate the absolute amount of strength in115In @34#, but
until now it has not been extended to describe and un
stand the high fragmentation of the strength and the distr
tion of the B(E1)↑, B(M1)↑, andB(E2)↑ strength in the
energy region below 4 MeV.

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

FIG. 3. Schematic level schemes for the odd-mass117Sn nucleus
and the even-even core nucleus116Sn. The level scheme for117Sn
can be obtained in a phenomenological simple core coupling m
by coupling the 3s1/2 neutron to the even-even116Sn neighbor.
01430
,
p-

r-
u-

-
a

wave function which includes ‘‘quasiparticlêN-phonon’’
configurations, withN50,1,2, are presented in review a
ticles @29,30#. It is extended here by including ‘‘quasiparticl
^ three-phonon’’ configurations as well. A Woods-Sax
potential is used in the QPM as an average field for prot
and neutrons. Phonons of different multipolarities and pa
ties are obtained by solving the RPA equations with a se
rable form of the residual interaction including a Boh
Mottelson form factor. The single-particle spectrum a
phonon basis are fixed from calculations in the neighbor

el

FIG. 4. Total integrated photon scattering cross sectionsI S ob-
served in 117Sn ~b! centered between those observed in its ev
even neighbors116Sn ~a! and 118Sn ~d! @37#. The integrated elastic
photon scattering cross sections calculated within the QPM are
cluded in panel~c! for comparison. The lines marked by a triang
correspond to levels with a 3/2 spin. The squares represent le
with a 1/2 ~3/2! spin.
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even-even nuclear core, i.e., in116Sn @7# when the117Sn nucleus is considered.
In our present calculations the wave functions of the ground state and the excited states are mixtures of

‘‘quasiparticlê N-phonon’’ (@qp^ Nph#) configurations, whereN50,1,2,3:

Cn~JM!5H Cn~J!aJM
1 1(

j b1

Sj b1

n ~J!@a j
1Qb1

1 #JM1 (
j b1b2

D j b1b2

n ~J!@a j
1Qb1

1 Qb2

1 #JM

A11db1b2

1 (
j b1b2b3

Tj b1b2b3

n ~J!@a j
1Qb1

1 Qb2

1 Qb3

1 #JM

A11db1b2
1db1b3

1db2b3
12db1b2b3

J u&g.s., ~9!
s

ar

ar

um

on

th

d

and
n

n
ce
th,

me
q.

ion
re
not

n-
o

ies,
n-
om
tate

m-
e-
of
pic
he
ter-
where the coefficientsC, S, D, andT describe a contribution
of each configuration to a norm of the wave function. We u
the following notationsa1 andQ1 for the coupling between
the creation operators of quasiparticles and phonons:

@a j
1Ql i

1 #JM5(
mm

Cjmlm
JM a jm

1 Qlm i
1 ,

@a j
1Qb1

1 Qb2

1 Qb3

1 #JM5 (
l1l2

@a j
1
†Qb1

1 @Qb2

1 Qb3

1 #l1
‡l2

#JM ,

@Ql1i 1
1 Ql2i 2

1 #lm5 (
m1m2

Cl1m1l2m2

lm Ql1m1i 1
1 Ql2m2i 2

1 , ~10!

whereC are Clebsh-Gordon coefficients. Quasiparticles
characterized by their shell quantum numbersjm[unl jm&
with a half integer value of the total angular momentaj.
They are the result of a Bogoliubov transformation from p
ticle creation~annihilation! ajm

1 (ajm) operators:

ajm
1 5 uja jm

1 1 ~21! j 2mv ja j 2m . ~11!

The quasiparticle energy spectrum and the occupation n
ber coefficientsuj and v j in Eq. ~11! are obtained in the
QPM by solving the BCS equations separately for neutr
and protons.

Phonons with quantum numbersb[ulm i & are linear su-
perpositions of two-quasiparticle configurations:

Qlm i
1 5

1

2 (
t

n,p

(
j j 8

$c j j 8
l i

@a j
1a j 8

1
#lm

2~21!l2mw j j 8
l i

@a j 8a j #l2m%. ~12!

A spectrum of phonon excitations is obtained by solving
RPA equations for each multipolarityl which is an integer
value. The RPA equations also yield forward~backward!
c j j 8

l i (w j j 8
l i ) amplitudes in definition~12!:

S c
w D

j j 8

l i

~t!5
1

AY t
l i

f j j 8
l

~t!~ujv j 81uj 8v j !

« j1« j 87vl i

, ~13!

where« j is a quasiparticle energy,vl i is the energy neede
for the excitation of an one-phonon configuration,f j j 8

l is a
01430
e

e

-

-

s

e

reduced single-particle matrix element of residual forces,
the valueY t

l i is determined from a normalization conditio
for the phonon operators:

^uQlm iQlm i
1 u&ph5(

t

n,p

(
j j 8

$~c j j 8
l i

!22~w j j 8
l i

!2%51. ~14!

The phonon’s indexi is used to distinguish between phono
excitations with the same multipolarity but with a differen
in energy and structure. The RPA equations yield bo
collective- ~e.g., 21

1 and 31
2), and weakly-collective

phonons. The latter correspond to phonons for which so
specific two-quasiparticle configuration is dominant in E
~12! while for other configurationsc j j 8

l i ,w j j 8
l i '0.

When the second, third, etc., terms in the wave funct
of Eq. ~9! are considered, phonon excitations of the co
couple to a quasiparticle at any level of the average field,
only at the ones with the quantum numbersJp as for a pure
quasiparticle configuration. It is only necessary that all co
figurations in Eq.~9! have the same total spin and parity. T
achieve a correct position of the@qp^ 2ph# configurations,
in which we are especially interested in these stud
@qp^ 3ph# configurations are important. The excitation e
ergies and the contribution of the different components fr
the configuration space to the structure of each excited s
@i.e., coefficientsC, S, D, andT in Eq. ~9!# are obtained by a
diagonalization of the model Hamiltonian on a set of e
ployed wave functions. The coupling matrix elements b
tween the different configurations in the wave functions
Eq. ~9! in odd-mass nuclei are calculated on a microsco
footing, making use of the internal fermion structure of t
phonons and the model Hamiltonian. For example, the in
action matrix element between the@qp^ 1ph# and the
@qp^ 2ph# configurations has the form~see Ref.@30#!

^@a jmQlm i #JMuHu@a j 8m8
1

@Ql1m1i 1
1 Ql2m2i 2

1 # IM 8#JM&

5d j j 8dlIUl1i 1

l2i 2~l i !2~2 ! j 81l1I2A~2 j 11!~2I 11!

3F ~2 !l1dll1H l2 l1 I

J j j 8J G~ j j 8l2i 2!

1~2 !l2dll2H l1 l2 I

J j j 8J G~ j j 8l1i 1!G , ~15!
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whereH is a model Hamiltonian,Ul1i 1

l2i 2(l i ) is an interaction

matrix element between one- and two-phonon configurati
in the neighboring even-mass nucleus (U is a complex func-
tion of phonon’s amplitudesc and w and f j j 8

l ; its explicit
form can be found in Ref.@35#! andG is an interaction ma-
trix element between quasiparticleaJM

1 and quasiparticle-
phonon@a jm

1 Qlm i
1 #JM configurations. It is equal to

G~J jl i !5A2l11

2J11

f J j
l ~uJuj2v jvJ!

AY t
l i

. ~16!

Equations~15! and ~16! are obtained by applying the ex
act commutation relations between the phonon and quas
ticle operators:

@a jm ,Qlm i
1 #_5 (

j 8m8
c j j 8

l i Cjm j8m8
lm a j 8m8

1 ,

~17!

@a jm
1 ,Qlm i

1 #_5~21!l2m (
j 8m8

w j j 8
l i Cjm j8m8

l2m a j 8m8 .

The exact commutation relations between the phonon op
tors Qlm i andQl8m8 i 8

1

@Qlm i ,Ql8m8 i 8
1

#_5dll8dmm8d i i 8

2 (
j j 8 j 2

mm8m2

a jm
1 a j 8m8$c j 8 j 2

l i c j j 2

l8 i 8Cj 8m8 j 2m2

lm

3Cjm j2m2

l8m8 2~2 !l1l81m1m8w j j 2

l i w j 8 j 2

l8 i 8

3Cjm j2m2

l2m Cj 8m8 j 2m2

l82m8 % ~18!

are used to calculate the interaction matrix elementsU in
even-even nuclei.

The interaction matrix elements between the@qp^ 2ph#
and the@qp^ 3ph# configurations have a structure similar
Eq. ~15!. We do not provide them here because of their co
plexity. But even Eq.~15! shows that an unpaired quasipa
ticle does not behave as a spectator but modifies the inte
tion between the complex configurations compared to
even-mass nucleus~see second term in this equation!. This
takes place because the phonons possess an internal fe
structure and the matrix elementsG correspond to an inter
action between an unpaired quasiparticle and the t
quasiparticle configurations composing the phonon opera

It should be pointed out that in the present approach
teraction matrix elements are calculated in first order per
bation theory. This means that any@qp^ Nph# configuration
interacts with the@qp^ (N61)ph#) ones, but its coupling to
@qp^ (N62)ph# configurations is not included in this theo
retical treatment. The omitted couplings have nonvanish
interaction matrix elements only in second order perturba
theory. They are much smaller than the ones taken into
count and they are excluded from our consideration for te
nical reasons. An interaction with other@qp^ Nph# configu-
01430
s

ar-
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rations is taken into account while treating the Pauli princi
corrections. In a calculation of the self-energy of the co
plex configurations we employ a model Hamiltonian writt
in terms of quasiparticle operators and exact commuta
relations ~17! and ~18! between quasiparticle and phono
operators. In this case, we obtain a ‘‘Pauli shift correctio
for the energy of a complex configuration from the sum
the energies of its constituents. Also, when considering co
plex configurations their internal fermion structure is an
lyzed and the ones which violate the Pauli principle are
cluded from the configuration space. Pauli princip
corrections have been treated in a diagonal approxima
~see Ref.@29# for details!.

In the actual calculations, the phonon basis includes
phonons with multipolarity and paritylp516,21,32, and
41. Several low-energy phonons of each multipolarity a
included in the model space. The most important ones are
first collective 21, 32, and 41 phonons and the ones whic
form the giant dipole resonance~GDR!. Noncollective low-
lying phonons of an unnatural parity and natural par
phonons of higher multipolarities are of a marginal impo
tance. To make realistic calculations possible one has
truncate the configuration space. We have done this on
basis of excitation energy arguments. All@qp^ 1ph# and
@qp^ 2ph# with Ex<6 MeV, and @qp^ 3ph# with Ex<8
MeV configurations are included in the model space. T
only exceptions are@Jg.s.̂ 12# configurations which have
not been truncated at all to treat a core polarization effect
to the coupling of low-energy dipole transitions to the GD
on a microscopic level. Thus, for electric dipole transitio
we have no renormalized effective charges and usedeeff(p)
5(N/A) e and eeff(n)52(Z/A) e values to separate th
center of mass motion. ForM1 transitions we usegs

eff

50.64gs
free as recommended in Ref.@36#. By doing this all

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

B. Comparison between experimental data
and QPM calculations

Since onlyE1, M1, andE2 transitions can be observe
in the present experiment, the discussion of the propertie
the excited states will be restricted to states withJp

51/26, 3/26, and 5/21. As the parities of the decaying lev
els are unknown and the spin could be assigned for on
few levels, the best quantity for the comparison between
theoretical predictions and the experimental results are
total integrated cross sectionsI s . The theoretical reduced
excitation probabilitiesB(pL)↑ can be transformed intoI S
values via the following relation:

I S5
8p3~L11!

L@~2L11!!! #2 S Ex

\cD 2L21

B~pL !↑ G0

G tot
, ~19!

whereEx is the excitation energy,L the multipolarity of the
transition, andG0 denotes the partial ground state dec
9-8
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width. The obtainedI S values for the elastic transitions a
plotted in Fig. 4~c! and compared with the results of ou
(g,g8) experiments given in Fig. 4~b!. The inelastic decays
are accounted for in the total decay widthsG tot . Details con-
cerning the calculations and branching ratios will be d
cussed below. Supporting the experimental findings, our
culations also produce a strong fragmentation of
electromagnetic strength. The strongest transitions haveE1
character, but alsoE2 andM1 excitations yield comparabl
cross sections. The total cross sectionI S is disentangled into
its E1, M1, and E2 components in Figs. 5~b!–5~d!, and
compared to the calculatedI s values of the core nucleus
116Sn @Fig. 5~a!#. The calculated sum of the total cross se
tions of the plottedE1, M1, and E2 transitions in Figs.
5~b!–5~d! equals 73, 37, and 42 eV b. The summed exp
mental elastic cross sections, shown in Fig. 4~b!, equals 133
~21! eV b and agrees within 15% with the theoretically pr
dicted value of 152 eV b.

Although the experimentally observed levels do n
match in detail with the calculated level scheme one by o
some interesting general conclusions can be drawn. The m
essential differences in the electromagnetic strength distr
tion over low-lying states in even-even116,118Sn and odd-
mass117Sn take place for the electric dipole transitions. T
reason becomes clear by considering which states ca
excited from the ground state byE1 transitions. In the even
even core there is only one 12 configuration with an excita-
tion energy below 4 MeV@thick line with triangle in Fig.
5~a!#. It has a@21

1
^ 31

2#12 two-phonon nature@7#. This is a
general feature in heavy semimagic even-even nuclei@8#. All
other 12 configurations have excitation energies more tha
MeV higher. Therefore, the 11

2 state has an almost pure two
phonon character in semimagic nuclei. In contrast, there
many @qp^ 1ph# and @qp^ 2ph# configurations with the
same spin and parity close to the two corresponding confi

FIG. 5. Calculated integrated elastic photon scattering cross
tions I S in 116Sn~a! and 117Sn~b!–~d!. The integrated cross section
I S for E1 transitions are plotted by thick lines in~a! and ~b!. The
E1 transitions in~b! which are predominantly due to@3s1/2^ @21

1

^ 31
2#12#1/22,3/22→3s1/2 transitions are marked by triangles.
01430
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rations @3s1/2^ @21
1

^ 31
2#12#1/22,3/22 in 117Sn. Interactions

lead to a strong fragmentation of these two main configu
tions ~see Table IV!. The resulting states are carrying a fra
tion of theE1 excitation strength from the ground state.

The predicted properties of some states with spin and
ity Jp51/22 and 3/22 which can be excited from the 1/21

ground state in117Sn by electric dipole transition are pre
sented in Table IV. A large part of the@3s1/2^ @21

1

^ 31
2#12#1/22,3/22 configurations is concentrated in the 3/22

states with an excitation energy of 3.04, 3.55, and 3.56 M
and in the 1/22 states at 3.00 and 3.63 MeV~see, fifth col-
umn of this table!. These states are marked with triangles
Fig. 5~b! ~as well as four other states with a smaller cont
bution of these configurations!. TheE1 strength distribution
among low-lying levels is even more complex because 32

states at 2.13, 2.33, and 3.93 MeV have a noticeable co
bution from the 3p3/2 one-quasiparticle configuration~indi-
cated in the fourth column of Table IV! with a large reduced
excitation matrix element̂3p3/2uuE1uu3s1/2& for which there
is no analogue in the even-even core116Sn. Also the cou-
pling to @3s1/2^ 1GDR

2 #, which treats the core polarizatio
effect, is somewhat different than in the core nucleus,

c-

TABLE IV. Theoretical excitation energies (Ex) and B(E1)↓
reduced transition probabilities for decays into the 1/21

1 ground
state and the low-lying 3/21

1 state for negative parity states in117Sn.
Only the states withB(E1,Jp→1/21

1).1025 e2 fm2 are presented.
In the last two columns the contribution of the quasiparticle (aJp

1 )
and the@3s1/2^ @21

1
^ 31

2#12#Jp configurations to the wave func
tions of the states@see Eq.~9!# is provided if it is larger than 0.1%

Ex B(E1)↓ (1023 e2 fm2) aJp
1

@
1
2

1
^ @21

1
^ 31

2#12#

~MeV! Jp→1/21
1 Jp→3/21

1

Jp53/22

2.13 0.329 0.092 1.0%
2.33 0.560 0.180 1.8%
2.64 0.030 0.024
3.04 0.058 0.032 10.7%
3.37 0.121 0.039 0.4%
3.46 0.072 0.002 0.2%
3.49 0.011 0.002
3.55 0.551 0.012 47.8%
3.56 0.660 0.038 0.1% 32.0%
3.65 0.160 0.336 0.5% 0.1%
3.75 0.015 0.003
3.78 0.081 0.033 0.3%
3.85 0.042 0.025 2.8%
3.93 0.235 0.205 0.9%
4.21 0.087 0.047 0.3%
4.32 0.133 0.074 0.5%

Jp51/22

2.95 0.022 0.023 0.8%
3.00 0.698 0.072 0.1% 21.9%
3.63 0.560 0.250 62.9%
3.72 0.070 1.790 4.0%
4.45 0.020 0.005
9-9
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cause the blocking effect plays an important role in the
teraction with other configurations~see also Ref.@34#, where
only the last type of transitions has been accounted for!. The
calculated totalB(E1)↑ strength in the energy region from
2.0 to 4.0 MeV is 7.231023 e2 fm2. It agrees well with the
calculatedB(E1,0g.s.

1 →@21
^ 32#12)58.231023 e2 fm2 in

the neighboring116Sn nucleus@7#.
The calculations indicate that among the negative pa

states in117Sn which are relatively strongly excited from th
ground state, a few are characterized by a visibleE1 decay
into the low-lying 3/21

1 state. These are 3/22 states at 2.33
3.65, and 3.93 MeV and 1/22 state at 3.63 MeV. The state a
2.33 MeV decays into the 3/21

1 state due to single-particl
transition with a large reduced excitation matrix eleme
^2d3/2uuE1uu3p3/2&. The states at higher energies decay in
the 3/21

1 state because of an admixture of@3p1/2^ @21
1

^ 31
2#12#1/22,3/22 configurations in their wave functions.
Positive parity states in117Sn are deexciting to the 1/21

ground state byM1 or E2 or mixedM1/E2 transitions. The
predicted properties of the 1/21, 3/21, and 5/21 states in
117Sn are presented in Table V. TheB(E2)↑ strength distri-
bution is dominated by the excitation of the 3/21 state at
1.27 MeV and the 5/21 state at 1.49 MeV. The wave func
tions of these states carry 85% and 60% of the@3s1/2^ 21

1#
configuration, respectively. These two states correspond
a high probability to the experimentally observed levels
1447 and 1510 keV. A smaller fraction of the above me
tioned configuration can be found in the 3/21 state at 2.32
MeV ~5%! and the 5/21 state at 2.23 MeV~6%!. The rather
fragmentedE2 strength at higher energies@Fig. 5~c!# is
mainly due to@3s1/2^ 24,5

1 # configurations which are muc
less collective than the first one. FragmentedE2 strength
between 2.0 and 4.0 MeV originating from the excitation
the 24,5

1 phonons has also been observed in NRF experim
on the even-mass116Sn nucleus@37#. It could be well repro-
duced by theoretical calculations@see thin lines in Fig. 5~a!#.
In the odd-mass117Sn nucleus the corresponding strength
even more fragmented because of the higher density of
configurations. Nevertheless, theseE2 excitations at high en
ergies contribute appreciably to the reaction cross sect
because theE2 photon scattering cross section is a cu
function of the excitation energy@see Eq.~19!#.

The B(M1)↑ strength in the calculations is concentrat
mainly above 3.5 MeV as can be seen in Fig. 5~d!. The wave
functions of the 1/21 and 3/21 states at these energies a
very complex. The main configurations, responsible for
M1 strength, are the@2d5/2,3/2̂ 2i

1# ones which are excited
because of the internal fermion structure of the phon
~similar toE1 0g.s.

1 →@21
1

^ 31
2#12 excitations!. They have no

analogous transitions in even-even nuclei. The configura
@3s1/2^ 11

1# has an excitation energy of about 4.2 MeV b
its contribution to the structure of states below 4 MeV
rather weak. Most of the states with the largestB(M1)↑
values haveJp51/21 ~see Table V!.

The QPM calculations show that the two-phononB(E1)
strength from the even-even nuclei is fragmented over s
eral states. Even with the present sensitivity of our N
setup, it is impossible to resolve all of these details. Nev
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theless, when all experimentally observed transitions
tween 2.7 and 3.6 MeV are considered to beE1 transitions,
the total summedB(E1)↑ strength amounts to 5.59~64!
1023 e2 fm2 or 85~13!–77~14! % of the two-phononB(E1)
strength in the neighboring nuclei116Sn and 118Sn. This
value is considerably higher than in the case of139La and
141Pr @17# where less than 40% was observed. It shows t
the 1/21 ground state spin of117Sn limits the possible frag-
mentation and hence a larger amount of the particle tw

TABLE V. Theoretical excitation energies (Ex) and B(M1)↓
and B(E2)↓ reduced transition probabilities for decays into t
1/21

1 ground state and the low-lying 3/21
1 states of positive parity

states in117Sn. Only the states withB(M1,Jp→1/21
1).1022 mN

2

or B(E2,Jp→1/21
1).1 e2 fm4 are presented.

Ex B(M1)↓ (mN
2 ) B(E2)↓ (e2 fm4)

MeV Jp→1/21
1 Jp→3/21

1 Jp→1/21
1 Jp→3/21

1

Jp51/21

2.14 0.011 0.001
3.58 0.039 0.006
3.66 0.010 0.014
3.87 0.012 0.002
3.89 0.035 0.012
4.02 0.045 0.031
4.10 0.200
4.25 0.027

Jp53/21

1.27 353 1
1.39 1 353
1.78 0.005 2 7
2.32 0.003 20 12
2.47 2 10
3.07 10
3.28 16
3.56 0.018 0.009 1
3.63 0.010 0.040
3.66 0.001 0.004 5
3.87 0.001 8 2
3.88 0.002 4 1
4.05 0.002 10
4.17 1
4.42 0.011 0.004

Jp55/21

1.01 82 11
1.32 37 309
1.49 239 25
2.22 1 4
2.23 22 1
3.07 2 1
3.27 20
3.79 2
3.87 4
3.89 8
4.06 9
4.17 1
9-10
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phonon coupledB(E1) strength could be resolved in th
NRF experiment.

V. CONCLUSIONS

Nuclear resonance fluorescence experiments perfor
on the odd-mass spherical nucleus117Sn revealed a large
fragmentation of the electromagnetic strength below an
citation energy of 4 MeV. The search for the fragments
the 3s1/2^ @21

1
^ 31

2# multiplet carrying theB(E1) strength
of the adjacent even-even nuclei is complicated by the l
ited spin information. QPM calculations carried out for t
first time in a complete configuration space can explain
s

.
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on
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fragmentation of the excitation strength and shed light
how theB(E1), B(M1), andB(E2) strength is distributed
over this energy region.
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