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Abstract 

In nuclear resonance tluorescence experiments with unpolarized and linearly polarized bremsstrahlung we have observed for 
the lirst time very strong electric dipole transitions at about 3.5 MeV in the spherical, semi magic ~C'Sn and ~24Sn nuclei. These 
transitions can be attributed to possible two phonon 2 + ®3 - excitations. The measured transition strengths are compared to the 
results of a QRPA calculation. 

Collective excitations such as quadrupole and octu- 
pole vibrations are characteristic features in the low 
cnergy level scheme of  spherical nuclei [1] .  Much 
attention has been paid throughout the last years to 
multiphonon excitations in which two or more collec- 
tive states couple with each other. In the case of quad- 
rupole vibrations the coupling of  two 2 ' phonons leads 
to a degenerate triplet of states with J ~ ' = 0  +, 2 ' ,  4 ÷ 
Such multiplcts have been found experimentally and 
described theoretically in many even-even nuclei near 
closed shells [ 1,2]. Data on multiphonon excitations 
involving octupole excitations are rare. The most com- 
pelling result is the observation of the coupling of  two 
3 -  phonons in 147Gd ( 3 - @ 3 - @  particle multiplet) 
and ~4~Gd [3,4].  Coupling between the quadrupole and 
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octupole vibrational modes leads to another class of  
two-phonon states. A quintuplet of  states with j r =  1 - ,  
2 - ,  3 , 4 - ,  5 -  is predicted at an energy close to the 
sum of the energies of the 2 ' and 3 - phonon [ 5 ]. The 

1 - member of  this multiplet generally displays a very 
strong El  ground state transition. In photon scattering 
experiments such 1 - states have been found in various 
N = 8 2  nuclei [6 -9]  with large E1 decay strength to 
the ground state. Experimental eftbrts are under way to 
detect other members of  this multiplet with different 

experimental techniques. Very recently dipole excita- 
tions to a 2 ÷ ® 3  ® particle multiplet in the odd ~4~Nd 

have also been identitied [ 10]. As the semi magic Sn 
isotopes ( Z = 5 0 )  have relatively low lying 3 states 
varying in energy between 2.2 and 2.6 MeV with very 
strong (E3; 3 -  ~ 0  ~) transitions and 2 ' states at an 
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almost stable energy of about 1.2 MeV, the 1 - member 
of the 2 ' ® 3 -  muitiplet should be found at about 3.5 
MeV. This paper reports on the first observation of such 
1 - states in ~6Sn and 1245n in nuclear resonance flu- 
orescence (NRF) experiments performed at the brems- 
strahlung facilities of the Nuclear Physics Laboratory 
in Gent and the Institut ftir Strahlenphysik in Stuttgart. 

Photon scattering (NRF) experiments represent an 
outstanding tool to investigate such 1 - states. The fun- 
damental advantage of this technique is the well under- 
stood mechanism of excitation and deexcitation via the 
electromagnetic interaction. Therefore completely 
model independent information can be extracted from 
such experiments. The small momentum transfer of real 
photons makes photon scattering extremely selective 
in exciting states, mainly by dipole and to a much lesser 
extent by electric quadrupole transitions. Transition 
width ratios Fo/f'(~ and F: ground state and total 
decay width) and reduced transition probabilities 
B(rrL) can be determined from the measured scattering 
cross sections while the spins of the excited states J can 
be extracted from the measured angular distributions 
for even-even nuclei [ 11 I. Parity assignments can be 
achieved by using linearly polarized photons and meas- 
uring the azimuthal asymmetry of the scattered pho- 
tons. The measured asymmetry E is the product of the 
degree of polarization of the beam Pv and the analyzing 
power ,~(0) of the reaction: 

N ~ - Nil 
E = - P ~ (  0 ) ,  ( 1 ) 

N± +NIl 

with N_L and N~l the measured counting rates perpen- 
dicular and parallel to the polarization plane of the 
polarized bremsstrahlung beam. The analyzing power 
,~(0) is maximal at a scattering angle of 90 ° for spin 
cascades 0-1-O and 0 -2-0  and amounts to + 1 for El 
and - 1 for MI and E2 transitions. This technique has 
been applied successfully for several years at the Gies- 
sen 65 MeV linac using partially linearly polarized off- 
axis bremsstrahlung [ 11 ]. Since 1992 a new polarized 
bremsstrahlung facility is operational at the Gent 15 
MeV linac [ 12]. 

Our interest in the Sn isotopes is also due to the 
expectation of considerable spin-flip M 1 strength in the 
energy region between 6 and 9 MeV. Searching for 
dipole transitions in l l6Sn and ~24Sn NRF experiments 
have been performed at the i 5 MeV linac in Gent [ 12 ]. 

Both angular correlations and cross sections measure- 
ments using unpolarized bremsstrahlung [(3', 3") 
experiments] and polarization measurements using lin- 
early polarized off-axis bremsstrahlung [ ( 3;, 3") exper- 
iments] were carried out. The complete results will be 
published in a forthcoming paper. In addition, for the 
low energy region, (3', 3") measurements were per- 
formed at the bremsstrahlung facility of the Dynami- 
tron in Stuttgart [ 13]. The results for excitation below 
4 MeV will be presented in this paper. The targets 
consisted of 2 cm diameter disks of isotopically 
enriched ( > 96%) metallic Sn sandwiched between 
H3BO 3 (Gent) or AI (Stuttgart) disks. The well- 
known transitions in ~IB, ~60 or  27A1 served as a stan- 
dard for energy and photon flux calibration. The 
amount of target material used in the different experi- 
ments varied between 1 and 5 g. 

In Gent we have performed ( 3', 3") experiments with 
10 MeV bremsstrahlung, followed by (~, 3") experi- 
ments with 12 MeV linearly polarized bremsstrahlung. 
In the energy region of interest between 3 and 4 MeV 
unfortunately no conclusions about multipolarity and 
parity were possible at first sight due to a strong feeding 
of the levels from higher lying excited states. This is 
illustrated by Fig. 1 which shows the measured asym- 
metry in the ('~, 3") experiment on  116Sn as a function 
of the energy. The dashed bands in this figure represent 
the expected asymmetry values for electric and mag- 
netic dipole transitions. These values are equivalent to 
the degree of polarization of the bremsstrahlung beam. 
Above about 5 MeV all transitions clearly turned out 
to be El transitions except for one tentative M 1 assign- 
ment. At lower energy the asymmetries are strongly 
reduced due to the feeding of these levels from higher 
lying excited states. For almost all of these levels we 
will show later that feeding is the dominating phenom- 
enon resulting in almost isotropic angular distributions 
and hence vanishing asymmetries. 

In Stuttgart (3', 7 ' )  experiments were performed 
with 4.1 MeV bremsstrahlung. Fig. 2 displays the spec- 
tra obtained for both isotopes. One immediately 
observes the dominating peaks at 3334 keV in ~6Sn 
and at 3490 keV in ~24Sn. In both cases five transitions 
could be observed between 2 and 4 MeV. In Fig. 3 the 
intensity ratio Wgo o/W~ 27 o is plotted for both isotopes. 
The full lines at 0.75 and 2.03 represent the expected 
values for pure dipole and quadrupole scattering. The 
dotted line represents the situation for an isotropic dis- 
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Fig. I. Measu red  a s y m m e t r y  as  a funct ion o f  the e n e r g y  in the ( ~, ~/') expe r imen t  on H~Sn, measu red  with 12 M e V  polar ized  b remss t r ah lung .  

For  the I - state at 3334  keV both  the m e a s u r e d  va lue  ( • ) and the va lue  obta ined af ter  cor rec t ing  for  feeding are d isp layed  ( O ) .  

tribution. The crosses in the figure correspond to tran- 
sitions in 27A1 which have an (almost) isotropic 
angular distribution. 

The results are summarized in "Fable 1. In the last 
column the ratio of the obtained transition width in the 
experiment with 10 MeV bremsstrahlung to the tran- 
sition width with 4.1 MeV bremsstrahlung is given: 
R =  ( l o l  F) t° McV / ( I (2 / ff)4'l McV. The conclusion is 
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clear: the levels are strongly fed from higher lying 
excited states in the experiment with 10 MeV brems- 
strahlung. Typical values for this ratio at 3.5 MeV are 
of the order of 20 for ~t6Sn and of the order of 5 for 
t 2 4 S n .  This corresponds to respectively 95% and 80% 
feeding. By feeding we mean here the ratio ( R -  1)/  
R, i.e. the ratio of the observed transition strength with 
I0 MeV bmmsstrahlung that is caused by population 

C ~ ~ ~ 116Sn 

2 8 0 0  3000  3 2 0 0  

g m 
3400 3600 3800 4000 

E n e r g y  [ k e Y ]  

Fig. 2. ( %  y ' )  spect ra  for '~°Sn and ~24Sn m e a s u r e d  with 4. I M e V  bremss t rah lung .  
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Fig. 3. Measured intensity ratio W,r,o/W~27o as a function of the 
energy. 

from higher lying excited states to the total observed 
transition strength. The difference between l l6Sn and 
124Sn is probably mainly due to the difference in neu- 
tron separation energy for the two nuclei: 9.6 MeV for 
~°Sn and 8.5 MeV for ~24Sn. Our results for the tran- 
sition widths of the first 2 ÷ levels in lt6Sn and 1245n 

agree very well with the known values from literature 
[14,16]. For the other levels we have compared our 
results with the transition widths obtained in (n, n', y) 
measurements and round a reasonable (1165n) to good 
(1245n) agreement [ 15]. 

Table 1 
Experimental results for ~6Sn and ~ S n  

Very strong electric dipole transitions are observed 
i at 3334 keV in ~6Sn with Io = 85(8) meV and at 3490 

keV in ~Z4Sn wi th / "o=90(10)  meV. The multipolari- 
ties and transition widths of these transitions were 
determined in the (3', Y') experiments performed in 
Stuttgart. The parities of these levels which are only 
weakly fed, could be extracted from the ( ~, y ' )  exper- 

iments performed in Gent. Asymmetry values of 
respectively 10.7(34)% for ~6Sn and 21.8(66)% for 
1245n were measured. Correcting for the amount of 

feeding of respectively 60.2(72)% and 38.8(77)% 
deduced from comparing the measurements at high and 
low energy results in asymmetry values of respectively 
28.6(90)% and 36(11)%. These values should be 
compared with the degree of polarization of the brems- 
strahlung beam: 42.0(20)% at 3.33 MeV and 
40.8(20)% at 3.49 MeV. They allow the conclusion 
that the electric dipole character of these transitions has 
been determined unequivocally. Both the measured 
asymmetry value ( • )  and the asymmetry value 
obtained after correcting for feeding (O)  for the 1 - 
state at 3334 keV in tt6Sn are displayed in Fig. 1. 

The strong El transitions observed for both isotopes 
can be attributed to two-phonon 2 ' @ 3 -  excitations. 
Already the extremely low feeding (see Table 1) of 
the two 1 states at 3334 keV in J~6Sn and at 3490 keV 

Nucleus E~ (keV) J" W,,,oo/W~27o 1~o/I" (meV) R '~ 

this work other works 

J~'Sn 

124Sn 

1294 2 + 1.76(19) 1.10(10) 1.157(31) ~ 210(26) 
2844 2 + 1.95(26) 2.37(26) 3.11~ a 24.9(37) 
3088 (2 + ) 1.63(58) 1.11(21) 0 .9 '~  ~1 34.5(65) 
3334 1 - " 0.71(3) 84.7(84) 51~I~ " 2.49(28) 
4013 1 0.89(33) 8.5(36) 232~ 6 'j 17.4(74) 
4027 I 0.78(21) 14.6(56) >4 ~ 7.4(29) 

1132 2 + 1.69(38) 0.488(67) 0.470(10) ~ 
2426 (2+) 2.1(11) 0.41(10) 0.56L~II ~ 
3214 2 + 1.82(17) 8.87(97) 13.4t~ d 
3490 I - ~ 0.70(3) 90.2(98) 7 3 ~  ,1 
3697 I 0.61(10) 11.3(17) 11.7+]~ a 
3710 (2 + ) 1.56(30) 6.6(10) 8.9~:I ~ 

179(19) 
140(36) 

3.(>4(43) 
1.63(19) 
5.04(83) 
6.4(12) 

t, Parity determined in ("~, y') experiment. 
From Ref. [ 141. 

d From Ref. 115J. 
~' From Ref. 1161. 
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in ~24Sn in comparison to the neighbouring states can 
be regarded as a hint for a special configuration of  these 
states. Their energies are close to the sum of  the ener- 
gies of  the 2 + (1294 keV and 1132 keV) and the 3 
phonon (2266 keV and 2602 keV). Their E1 transition 
strengths B(EI ,  I - ~ 0  +) of 2.18(22) × 10-3e 2 fm 2 
corresponding to 1.42(14) × 10 -3 W.u. and 
2.03(22) × 10-3e2fm 2 corresponding to 1.27(14) × 
1 0  - 3  W.u. are about two orders of  magnitude larger 
than the usual E1 strengths in this mass region [ 17]. 
These El strengths are also of  the same order of  the 
values for the corresponding El strengths B(EI ,  
3 -  --*2 + ) of  respectively 1.1(4) × 10 -3 and 
1.26(10) x I0 -  ~ W.u. [15].  Similar large B(EI ,  
I-  ~ 0 +) transition strengths have been observed in 
the N =  82 isotones 16--9] and a successful theoretical 
interpretation of  these 1 states as two-phonon exci- 
tations was given in the framework of the quasi-particle 
phonon model (QPM) [ 18,19]. 

The decay of  the particular 1 two-phonon 
12 + ® 3 - ;  1 - )  configuration occurring through the 
one-body El operator will vanish unless ground state 
correlations and I p - l h  1 - (one-phonon) admixtures 
of  the giant electric dipole resonance into the two- 
phonon 12 ' ® 3  ; 1 - ) state are considered. In a sche- 
matic model one can derive the latter (polarization) 
charge considering only the lowest lying proton l p - I  h 
I lg~}~ lh~/2(Tr); 1 - )  admixture. In more realistic 
calculations all unperturbed proton and ncutron 1 p - I  h 
states need to be considered, also including the residual 
interaction within this complete l p - l h  space in order 
to address the question of  fragmentation of  the two- 
phonon state 1 2 + ® 3 - ;  I-  ). The diagonalization in 
the I p--lh 1 space results into the formation of  the El 
giant dipole resonance (GDR) at 15.5 MeV in the Sn 
nuclei pulling the unperturbed 1 p- I  h E 1 strength into 

that resonant state. As an outcome the unperturbed two- 
phonon 1 2 + ® 3 - ;  1 - )  excitation retains its major 
structure (see Table 2). Similar results show up in the 
experimental data for the N = 82 nuclei. In the detailed 
calculation in which the wave functions describing the 
first 2 ~ and 3 states are derived within the QRPA, a 
non-vanishing direct El component is present in the 
ground state decay of  the two-phonon 12 ' @3 - ;  1 - ) 
state. The precise reason for the appearance of  such a 
contribution is the fact that specific 2 qp, 4 qp . . . .  
components are contained in the construction of  the 
QRPA correlated ground state [ 18]. In the schematic 
model only the large polarization contribution shows 
up. In the realistic studies, where we call the one-pho- 
non states l i; 1 - )  (i: rank number), the 1- wave 
function reads 

I1 ) = R ( 2 p h [ 2 ' ® 3 - ;  1 - ) +  y ' R ( i )  li; 1 - ) .  
i 

(2) 

Here we include all 1 - one phonon states up to 20 
MeV and only one two-phonon state. The coupling 
strengths between the pure two-phonon component and 
all the pure one-phonon states are calculated in a fully 
microscopic way using the QRPA description of  these 
one-phonon states (see Refs. [ 20,21 ] ). Both the direct 
two-phonon to ground state and one-phonon to ground 
state contributions as well as the two-phonon ampli- 
tude, the final B(EI  ) 1" value and the theoretical energy 
for the lowest 1 - state are given in Table 2. For com- 
parison the results from the NRF experiments have also 
been included. The polarization contributions are rather 
large giving rise to (taken separately) B(EI  ) $ values 
of  the order of (5-10)  X 1 0  - 3  e 2 fm 2. In the studies 
carried out here, the major contribution to the polari- 
zation charge is coming from the GDR El state at 15.5 

Table 2 
Results from QRPA calculations for H~'Sn and t~Sn and comparison with experimental results 

116Sn 124Sn 

theory (2'  ®3-; I -IM(EI)I0 +) (efm) 0.0318 
y], R(i)(i; 1-1]M(E1)II0 + ) (efm) 0.0688 
Amplitude (2 + ® 3- ) -0.949 
B(EI) 1" (e 2 fm 2) 1.49X 10 3 
E~ (MeV) 3.15 

0.0495 
0.114 

- 0.964 
4.39X 10 3 
3.57 

Experimenl B(EI ) 1" (e 2 fm 2) 6.55(65) X 10 -3 6.08(66) X 10 -3 
E~ (MeV) 3.334 3.490 
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MeV with a 0.1% amplitude admixture in the original 
two-phonon state. There is however a direct two-pho- 
non to ground state component (even though the 
ground state correlations are rather small) going 
through 90% of the 1 - wave function. Both contribu- 
tions interfere destructively giving rise to final B(El  ) 1" 
values that are of the correct magnitude in the investi- 
gated Sn nuclei. 

We can conclude that we have shown in our NRF 
experiments the presence of I - states in 116Sn and 1248n 

at about 3.5 MeV decaying via strong El transitions. 
These 1 - states are very near to the unperturbed energy 
of the two-phonon J2 * ® 3 - ;  1 - )  configuration. The 
observed large El strength seems to be a general feature 
near closed shells since in the N = 8 2  closed shell 
nuclei, similar strongly excited I -  states have been 
observed and interpreted as two-phonon ] 2 * ® 3 - ;  
I - )  states. The El strength is resulting from (i) a 
component originating through small admixtures 
(0.1% amplitude admixture) of the 1- GDR at 15.5 
MeV, called polarization charge, and (ii) a direct two- 
phonon to ground state component originating in the 
QRPA correlations present in the 0 + ground state. 
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