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Systematic study of electric quadrupole excitations in the stable even mass Sn nuclei
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The spherical semimagic116,118,120,122,124Sn nuclei have been investigated intensively using nuclear reso-
nance fluorescence techniques. The measurement of the photon scattering cross sections, angular distributions,
and linear polarization or azimuthal asymmetries of the resonantly scattered~unpolarized and polarized! pho-
tons enabled a model independent determination of reduced transition probabilities, level spins, and parities.
Besides the enhanced dipole excitations to the well-known (21

1
^ 31

2)12 two-phonon states several electric
quadrupole transitions were detected in the investigated energy region below 4 MeV. Quasiparticle phonon
model calculations reveal several collective and noncollective 21 states in this energy region. In contrast to the
known two-phonon (21

1
^ 31

2)12 states, the wave functions of the observed 21 states are dominated by one-
phonon components. However, the fragmentation of theB(E2)↑ strength is influenced by two-phonon 21

admixtures.

PACS number~s!: 23.20.Lv, 21.10.Re, 25.20.Dc, 27.60.1j
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I. INTRODUCTION

During the last decade, much experimental and theore
interest went into the study of low angular momenta~dipole
and quadrupole! excitations. The even semimagic Sn nuc
represent an ideal case to investigate in a systematic wa
two-phonon (21

1
^ 31

2)12 state and low-lying 21 states. The
Sn nuclei, having a spherical shape with small deformat
parameters@1,2#, form the longest chain of stable isotop
with reasonable abundances in order to get isotopically
riched targets of a few grams. We have investigated
116,118,120,122,124Sn nuclei in the energy region up to 4 Me
using the nuclear resonance fluorescence~NRF! technique.
The low-energy level scheme of spherical nuclei is char
terized by strong collective vibrational quadrupole (21

1) and
octupole (31

2) excitations which can be described in a the
retical approach as phonons@3#. The NRF technique is an
outstanding tool to investigate the 12 member of the
quadrupole-octupole coupled (21

1
^ 31

2)12 two-phonon quin-
tuplet @4#. The real photon probe is extremely selective: on
dipole and to a lesser extent electric quadrupole transit
are induced and the enhanced electric dipole transition
the 12 states correspond with high photon scattering cr
sections. Since in the present experiment, the scattering
tensities for electric quadrupole transitions are about one
der of magnitude weaker than the electric dipole ones,
NRF method allows us to study collective and weakly c
lective 21 excitations with a one-phonon nature. This w
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demonstrated recently by the investigation of the mixe
symmetry one-phonon 2ms

1 state in 136Ba @5# and 94Mo @6#.
The observation of two-phonon 21 states in NRF experi-
ments is not expected. The 1p-1h E2 strength in the low
energy region is nearly totally concentrated in the we
known collective quadrupole 21

1 vibration. The remaining
B(E2)↑ strength is distributed over several other noncolle
tive and weakly collective 21 configurations of 1p-1h na-
ture @7#.

Our results on116,124Sn and the uniform properties of th
observed two-phonon (21

1
^ 31

2)12 states in the Sn isotope
are described in previous papers@8,9#. In the actual paper
we will focus on the full systematics of quadrupole excit
tions in the five investigated even mass Sn isotopes and
detailed multiphonon analysis performed within the fram
work of the quasiparticle phonon model~QPM!. The com-
plete experimentally observed data on dipole and elec
quadrupole transitions for the116,118,120,122,124Sn nuclei will
be presented and compared with the earlier (n,n8g) data
@10#.

II. EXPERIMENTAL METHOD AND SETUP

The nuclear resonance fluorescence technique has alr
been extensively described, see, e.g., Ref.@11#. The experi-
ments reported on here, were performed at the bremss
lung NRF facility at the 4.3 MV Dynamitron accelerator o
the Stuttgart University@11#. The electron energy was 4.
MeV. Due to the high quality of theg beam, two NRF setups
are operated simultaneously. A first setup, intended for
gular distribution measurements, consists of three coaxial
Ge detectors at scattering angles of 90°, 127°, and 150°
an efficiencye of 100, 100, and 22 % relative to a 3 in.33 in.
NaI~Tl! scintillation detector. At the second setup, dow
wards the photon beam, an arrangement with two Comp

s-

-
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polarimeters (e> 60% and 25%! and an additional HP Geg
detector (e> 38%, at 127°) was installed. The two Compto
polarimeters were placed at scattering angles 90° and
The Compton polarimeter with the lower efficiency was s
rounded by an active BGO anti-Compton shield in order
improve the response function@12#. Both Compton polarim-
eters have similar polarization sensitivitiesQ of about 20%
at 0.5 MeV and 9.5% at 4.4 MeV@13#. As the electrical
signal from the core of the Compton polarimeter carries
full energy information of the detectedg-rays, angular dis-
tribution as well as linear polarization measurements co
therefore be carried out with the same setup.

The targets consisted of sandwiched27Al and isotopically
enriched Sn disks with a diameter of 20 mm. The continu
high intensityg beam enables count rates in the order
4000 counts per second with an excellent energy resolu
and reduces irradiation times to about a few days at the
setup. At this setup, angular distribution measurements
116Sn, 120Sn, 122Sn, and 124Sn were performed. For118Sn
and 122Sn angular distribution measurements and meas
ments of the linear polarization of the resonantly scatte
photons with Compton polarimetry were carried out at
second setup. The parities of some observed levels in116Sn
and 124Sn nuclei were previously determined via (gW ,g8)
measurements at the NRF setup in Gent@8#. For a detailed
description of this setup, we refer to Ref.@14#.

III. EXPERIMENTAL RESULTS

The high energy part of the recorded (g,g8) spectra on
116,118,120,122,124Sn is shown in Fig. 1. Each spectrum is dom
nated by the ground state transition from the (21

1
^ 31

2)12

two-phonon state. Comparison of the expected ratios of
angular distribution functionsW(90°)/W(127°) for 0-1-0
and 0-2-0 spin sequences~corrected for the solid angles o
the detectors! with the experimentally measured ratios, a
lowed the identification of several dipole and quadrup
transitions. All the transitions, except the strongE1 transi-
tions to the two-phonon states~see Ref.@9#! were too weak
to allow any conclusion about the parity in the Compt
polarimetry measurements. Nevertheless, observedJ52
states should have a positive parity, sinceM2 excitations are
known to have scattering intensities below the sensitivity
the setup.

Our experimental results for116,118,120,122,124Sn are sum-
marized in Table I. Energies are corrected for recoil and
possible, a weighted average of the results was taken fo
scattering angles 90° and 127°. In general, the excita
energies are measured to a precision better than 1 keV
columns 2 and 3, the spins deduced from the present ex
ments are compared with the results of the (n,n8g) experi-
ment@10#. No contradiction is found. In118Sn a new level at
3982 keV and in122Sn a new level at 3871 keV were ob
served. In the last two columns the reduced excitation pr
abilities B(E1)↑ and B(E2)↑ are given according to the
observed spin sequence, the parity of the excited level
the known branching ratiosG0 /G. If the spin could not be
determined in this work, it was adopted from the earl
02430
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(n,n8g) work @10#. Branching ratios were not observed
our NRF experiments, thereforeG0 /G values are taken from
the literature, mainly from recent (n,n8g) investigations
@15–19#. In the case of116Sn, the adopted decay branchin
for the 2843.9 keV level in Nuclear Data Sheets@20# is not in
agreement with data from (n,g) work @21#, from 116Sb ~15.8
min! EC decay studies@22# ~although the data from both
works were included in this issue of the Nuclear Data She!
and from (n,n8g) work @15#. The results from Ref.@15# are
in very good agreement with the data from the (n,g) experi-
ment with exception of the 4013 keV level. For this level t
data from Ref.@21# were taken.

In columns 7 and 8, the ground state decay widthsG0
deduced from our experiments are compared with the o
derived from lifetimet measurements@10#. The ground state
decay widthsG0,(g,g8) obtained in (g,g8) experiments may
be smaller than the decay widthsG0,(n,n8g) found in the
(n,n8g) measurements. This can be understood from
equations used in the analysis. In NRF, the scattering in
sity is proportional toG0

2/G whereas in (n,n8g) experiments
the lifetimet is measured:

G0,(g,g8)5
G0

2

G

G

G0
,

G0,(n,n8g)5
\

t

G0

G
.

If the branching ratioG0 /G is overestimated due to unob
served transitions to lower-lying excited statesG0,(g,g8) will

FIG. 1. High energy part~2600 – 3600 keV! of the NRF spectra
for 116,118,120,122,124Sn. The dominating peak in each spectrum c
responds to the deexcitation of the (21

1
^ 31

2)12 state. This peak is
indicated with 12 and its single escape peak with SE(12). Promi-
nent 21 states are marked with ‘‘21.’’ The 2614 keV background
line from the decay of208Tl is labeled with ‘‘Bg.’’ Lines stemming
from the 27Al calibration standard are labeled by ‘‘Al.’’
9-2
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TABLE I. Properties of the levels observed in116Sn, 118Sn, 120Sn, 122Sn, and124Sn.

Energy Jp Jp a IS G0
2/G G0 /Gb G0,(g,g8) G0,(n,n8g) B(E1)↑ B(E2)↑

~keV! (g,g8) (n,n8g) ~eV b! ~meV! ~meV! ~meV! (1023e2 fm2) (e2 fm4)
116Sn

1293.6~3! 21
1 21

1 12.6 ~12! 1.10 ~10! 1 1.10~10! 1883 ~171!
2843.9~3! 21 21 5.6 ~6! 2.37 ~26! 0.745~19! 3.18 ~36! 4.0520.76

10.71 106 ~12!

3088.7~6! (21) 21 2.2 ~4! 1.11 ~21! 0.654~14! 1.70 ~32! 1.4320.76
10.83 37 ~7!

3333.7~3! 12 1(1) 87.8 ~87! 84.7 ~84! 1 84.7~84! 51212
115 6.55 ~65!

4012.9~6! 1 1 6.1~26! 8.5 ~36! 0.714~89! c 11.9 ~53! 1626
111 0.53 ~27!

4026.8~5! 1 1 10.4~40! 14.6 ~56! 1 14.6~56! ,27 0.64~25!

118Sn

1229.6~4! 21
1 21

1 11.8 ~16! 0.93 ~13! 1 0.93~13! 2051 ~286!
2903.8~6! 21 21 5.8 ~5! 2.54 ~22! 0.730~19! 3.47 ~31! 4.3320.90

10.89 105 ~13!

3057.0~5! 21 2.3 ~3! 1.12 ~13! 0.815~14! 1.37 ~16! 3.3521.26
10.65 32 ~4!

3228.2~6! (21) 21 1.5 ~3! 0.79 ~16! 1 0.79~16! 2.9921.84
10.45 14 ~3!

3270.3~5! 12 1 95.4~71! 88.5 ~65! 1 88.5~65! 94254
167 7.25 ~54!

3856.9~10! 1 1,21 2.3 ~4! 2.98 ~57! 0.543~55! 5.5 ~12! 0.27~6!

3982.2~8! 1 4.5 ~8! 6.2 ~11! 6.2 ~11! 0.28 ~5!

120Sn

1171.2~6! 21
1 21

1 12.6 ~15! 0.90 ~11! 1 0.90~11! 2521 ~299!
2728.9~11! 21 1.5 ~6! 0.58 ~23! 0.441~25! 1.32 ~52! 0.8320.31

10.38 54 ~21!

2930.2~6! 21 21 3.9 ~5! 1.76 ~21! 0.649~25! 2.71 ~35! 3.2921.04
10.99 78 ~10!

3157.6~5! 21 21 8.4 ~8! 4.36 ~39! 0.825~16! 5.29 ~49! 7.521.6
11.8 104 ~10!

3278.8~6! 1(2) 1 100.2~67! 93.4 ~63! 1 93.5~63! 39210
116 7.60 ~51!

3284.9~8! 21 0.6 ~2! 0.31 ~11! 0.630~25! 0.50 ~17! 1.721.3
11.5 8 ~3!

3582.5~7! 21 0.8 ~2! 0.56 ~15! 0.611~50! 0.91 ~26! 5.022.7
15.0 10 ~3!

3764.6~15! 1 1 2.2~4! 2.71 ~51! 0.529~42! 5.13 ~96! 0.28 ~5!

3835.6~10! 21 1.1 ~4! 0.86 ~31! 0.489~40! 1.77 ~65! 1.821.5
12.2 13 ~5!

4006.4~9! 21 3.2 ~8! 2.70 ~77! 1 2.70~77! 16 ~5!

122Sn

1140.8~8! 21
1 21

1 10.7 ~15! 0.73 ~10! 1 0.73~10! 2328 ~333!
2415.5~9! 21 1.7 ~4! 0.50 ~11! 0.706~22! 0.71 ~16! 0.9720.23

10.25 54 ~12!

3127.6~7! 21 21 11.2 ~10! 5.70 ~52! 1 5.70~52! 10.622.1
12.3 118 ~11!

3358.5~8! 12 1 96.7~72! 94.6 ~71! 1 94.6~71! 73226
159 7.16 ~54!

3582.5~8! 21 21 4.3 ~6! 2.89 ~38! 0.813~23! 3.56 ~48! 13.425.0
17.2 30 ~4!

3751.5~11! 21 1.6 ~4! 1.16 ~30! 1 1.16~30! 8.224.6
18.2 10 ~2!

3759.2~12! 1 1 2.4~5! 2.90 ~62! 0.344~34! 8.4 ~18! 5.723.4
117.0 0.46 ~10!

3819.7~16! 21 1.0 ~3! 0.76 ~24! 0.475~39! 1.60 ~52! 4.522.5
13.4 12 ~4!

3871.0~9! 1 2.1 ~5! 2.72 ~64! 2.72 ~64! 0.13 ~3!

3929.9~11! 1,21 1.9 ~6! 1.52 ~44! 0.812~53! 1.88 ~55! 0.089~26! 12 ~4!

124Sn

1131.8~4! 21
1 21

1 7.3 ~10! 0.49 ~7! 1 0.49~7! 1629 ~224!
2426.5~5! (21) 21 1.3 ~3! 2.1 ~11! 0.654~45! 0.63 ~16! 0.8520.31

10.32 46 ~12!

3214.8~4! 21 21 16.5 ~18! 8.87 ~97! 0.852~23! 10.4 ~12! 15.623.1
14.5 188 ~21!

3490.1~3! 12 1 85.4~93! 90.2 ~98! 1 90.2~98! 73229
191 6.08 ~66!

3697.4~5! 1 1 (21) 9.5 ~14! 11.3 ~17! 0.855~40! 13.2 ~21! 13.424.2
16.7 0.75 ~12!

3710.5~5! (21) 21 9.2 ~14! 6.6 ~10! 0.775~40! 8.5 ~14! 11.922.2
111.3 75 ~12!

aSee Ref.@10#.
bSee for116SnRef. @15#, 118SnRef. @16#, for 120SnRef. @17#, for 122SnRef. @18#, and for 124SnRef. @19#.
cReference@21#.
024309-3
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be underestimated andG0,(n,n8g) will be overestimated. For
the strongE1 transitions to the two-phonon states, the d
crepancy between both values has another origin: str
transitions correspond to short lifetimes, which are diffic
to be measured accurately with the Doppler shift attenua
method applied in the (n,n8g) experiments.

Several 21 states are observed in each of the Sn nuclei
Table II and the bottom part of Fig. 2, the observedB(E2)↑
quadrupole excitation probabilities between 2 and 4 MeV
the different Sn isotopes are presented. This energy inte
was chosen to eliminate the influence of the dominating1

1

state. The totalE2 strength in this energy region is about
order of magnitude weaker than the 21

1 state and is nearly
constant throughout the Sn isotopic chain. TheB(E2)↑ val-
ues of the 21

1 state in each of the Sn nuclei has also be
investigated in Coulomb excitation experiments@23#. The
agreement with our results for118Sn and124Sn is excellent.
For 116Sn and122Sn theB(E2)↑ values differ by 15% and
for 120Sn by 20%. However, these transitions are located
region of the NRF spectrum where the background increa
highly due to nonresonant scattering of the photons, resul
in the statistical uncertainties of 10 to 15 % mentioned
Table I. Thus also for these last nuclei we can consider
the agreement between the NRF and Coulomb excitation
sults is fair.

TABLE II. Total B(E2)↑ strengths in the Sn isotopes between
and 4 MeV. The experimental data are compared with the resul
QPM calculations.

(2,E,4 MeVB(E2)↑ (2,E,4 MeVB(E2)↑
Isotope (e2 fm4) (e2 fm4)

(g, g8) QPM

116Sna 143 ~19! 203
118Sn 151~20! 226
120Sn 283~57! 240
122Sn 236~37! 237
124Sna 309 ~45! 217

aSee Ref.@8#.

FIG. 2. Comparison between the calculated~top! and experi-
mentally observed~bottom! B(E2)↑ strengths for 21 states be-
tween 2 and 4 MeV in the Sn isotopes.
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IV. DISCUSSION

The properties of the 21 states from the present exper
mental studies, including the results for116,124Sn @8# are
compared in Table II and Fig. 2 with the corresponding
sults from the QPM calculation. This model has alrea
proven to be successful in describing the properties of o
phonon and multiphonon states in a variety of other nuc
@7,24,25#. It provides complementary information about th
microscopic wave functions of the excited states which is
available in an experimental analysis.

The QPM formalism and general technical details of
application to the description of the properties of low-lyin
states in spherical nuclei can be found in Ref.@26#. In the
present calculations excited states in even-even nuclei
angular momentumJ and projectionM are described by a
wave function including different one-, two-, and thre
phonon configurations:

CJM
n 5H (

a
Sa

n ~J!Qa
11(

ab

Dab
n ~J!@Qa

1
^ Qb

1#JM

A11da,b

1 (
abg

I

Tabg
n ~J!†@Qa

1
^ Qb

1# I ^ Qg
1
‡JM

A11da,b1da,g1db,g12da,b,g
J u&ph.

~1!

In this expressionu&ph is the wave function of the 01 ground
state, the phonon vacuum. The Greek charactersa, b, andg
represent the phonon’s indexes (l,m,i ) with l the multipo-
larity, m its projection andi 51, 2, 3, . . . labeling whether
the phonon with quantum numberslp has the lowest, next to
lowest, etc. excitation energy. Multiphonon configuratio
are constructed by folding the phonon operators. T
phononsQlm i

1 ~treated as quasibosons! are composed of
many two-quasiparticle components of a definite spin a
parity lp:

Qlm i
1 5

1

2 (
t

n,p

(
j j 8

mm8

$c j j 8
l i Cjm j8m8

lm a jm
1 a j 8m8

1

2~21!l2mw j j 8
l i Cj 8m8 jm

l2m a j 8m8a jm%, ~2!

where a jm
1 (a jm) is a creation~annihilation! operator of a

quasiparticle on a level of an average field with quant
numbersj [un,l , j & and projectionm. The energy spectrum
of the one-phonon excitations and their internal fermi
structure is obtained by solving the quasiparticle-RPA eq
tions. The spectrum of excited states described by the w
function in Eq. ~1! is obtained by a diagonalization of th
model Hamiltonian in the space of these states. The dia
nalization also yields the contribution of one-phonon a
multiphonon configurations, with respective coefficien
Sn(J), Dn(J), and Tn(J), to the structure of eachn
51,2,3, . . . , excited state with quantum numbersJp.

According to a spherical vibrator model, the first 21
1 state

is highly collective with a largeB(E2)↑ strength of about
2000e2 fm4. The QPM wave function@Eq. ~1!# of this state

of
9-4
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consists for 96–99 % of the first quadrupole RPA phonon.
transition charge density is characterized by a surface p
typical for collective low-lying states and is in a good agre
ment with the experimental one@27#. The QPM predicts for
each Sn isotope another, however less collective, o
phonon 21 state with an energy between 3.0 and 3.2 M
and aB(E2)↑ strength of about 120–150e2 fm4. The other
21 phonons with an energy less than 5 MeV are noncoll
tive ~i.e., are practically pure two-quasiparticle configur
tions!. Thus, their properties mainly depend on the aver
field used in the calculation and not on the strength of
residual interaction.

The B(E2) strength distribution over the low-lying 21

excited states is determined by the one-phonon compon
of the wave function, Eq.~1!. It is compared to the experi
mental results in Table II and Fig. 2. The contribution of t
two-phonon components to the reduced transition probab
for direct excitation of the 21 states from the ground stat
does not exceed a few percent of the totalE2 one-phonon
strength for the energy interval between 2 and 4 MeV. N
ertheless, two-phonon configurations cannot be neglecte
the description of the characteristics of the low-lying 21

states since their role is essential to achieve the cor
E2-strength fragmentation. A small admixture of on
phonon components stemming from the isoscalar giant qu
rupole resonance does not change appreciably the totaE2
nd

D
T
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strength in this energy region. The general agreement of
QPM predictions with experimental findings in both th
E2-strength fragmentation and the total amount of strengt
rather good.

V. CONCLUSIONS

Besides the 12 two-phonon states, we observed in th
even mass tin isotopes in addition to the well-known colle
tive 21

1 state several other 21 states of lower collectivity
below 4 MeV. TheB(E2)↑-strength distribution is rathe
similar along the chain of the Sn isotopes. A QPM analy
of 21 states shows that one-phonon configurations in th
wave functions are responsible for the totalB(E2)↑ strength
while the admixtures of more complex configurations lead
a fragmentation of the strength.
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