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Dipole transitions to bound states in the Sn nudféBn and!?‘sn have been investigated by means of
nuclear resonance fluoresceribdRF) using 12 MeV linearly polarized bremsstrahlung and unpolarized brems-
strahlung with different end point energigs1, 7.5, and 10 Me) The measurements enable the determination
in a completely model-independent way of reduced transition probabilities, multipolarities, and parities of the
observed transitions. More than 150 new dipole ground state transitions have been identified. The observed
dipole strength distribution displays for both isotopes a clear concentration around 6.5 MeV. For about half of
the observed dipole excitations parities could be extracted. They all turned ouEtb &ecitations except for
three tentativeM1 assignments. The NRF results are compared with data from tagged photon scattering
experiments and quasiparticle phonon model calculati®B3556-28188)05105-X]

PACS numbsfs): 23.20.Lv, 25.20.Dc, 27.66;j

I. INTRODUCTION feature. From the seven even-even stable Sn isotopes we
have chosen for our study the two extreme cas&sn and
In this paper we report on a high resolution study of the'2%Sn which still have a reasonable natural abundance. It is
electric and magnetic dipole strength distribution in the everknown that the Lorentz line extrapolation of t&l GDR
Sn isotopesti®sn and'?Sn. By resonant scattering of real proved to be too rough for the description of #& strength
photons the full energy range of bound states up to the nelbehavior below the neutron binding energy in spherical
tron emission threshold at about 9 MeV was investigatedeven-even nucleil3]. This approach usually overestimates
The dominant part of the photon scattering cross sectioto some extent th&1 strength function at lower energies
measures the component of the excitation which is reacheand cannot explain the observed substructures. In a micro-
via electric dipole absorptiofl]. In spherical nuclei near scopic description the fine structure and the presence of
closed shells th&1 strength distribution often displays fine pigmy resonances have to be explained via the strength
structure. Closely related to our work are the results ofwhich remains at low energy after most of the original un-
tagged photon scattering experiments8i§n performed by perturbed b-1h E1 strength has been shifted to higher en-
Axel et al.in the relevant energy region between about 6 ancergies due to the strong residual particle-hole interaction
9 MeV [2]. These measurements are complementary to ouorming the GDR.
higher resolution nuclear resonance fluorescehtiRF) ex- At low energy strong electric dipole transitions have been
periments in which individual states can be resolved. Thedentified recently in NRF experiments d°Sn and?sn at
elastic scattering cross section fé#Sn exhibits fine struc- about 3.5 MeV[14]. The corresponding1states have large
ture with a pronounced maximum at about 6.5 MEX]. E1 ground state strengths of about 1.5 mW.u. and occur at
Such a peak is often called a pigmy resonance in analoggnergies close to the sum of the energies of thea®d the
with the E1 giant dipole resonand&DR) which peaks near 3~ phonons. They were interpreted as themiember of the
15.5 MeV in the Sn nucldi3]. Analogous pigmy resonances two-phonon 2® 3~ quintuplet. A systematic investigation
have been observed in a number of other spherical nucleif the presence of these two-phonon excitations in the whole
near closed shellgt—7]. The most prominent cases are thosechain of even-even Sn nuclei is in progr¢4s].
observed in the mass region around the doubly magic The semimagic Sn nucleZ&50) are an interesting mass
nucleus 2°%b [5,8]. Recently a renewed interest in theseregion to study theVi1 spin-flip resonance. This resonance
pigmy resonances has shown [83-12]. can be explained in the shell model by transitions between
NRF measurements on a number of Sn isotopes make the occupied and unoccupied members of the spin-orbit part-
possible to check whether the presence of a pigmy resonaneers, which for heavy nuclei also lie at the basis of the de-
is a general characteristic of all even-even Sn nuclei antermination of the closed shell configuratioid$]. Spin-flip
furthermore to identify a possible isotopic dependence of thigxcitations have been studied intensively mainly during the
last two decades with the help of diverse techniques, includ-
ing both electromagnetic and hadronic prok®se[17], and
*Present address: National Superconducting Cyclotron Laboraeferences thereinFor heavy nuclei the centroid of the ob-
tory, Michigan State University, East Lansing, MI 48824, servedM 1 spin-flip strength agreed quite well with the pre-
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diction according to the rule 40 Y3 [MeV] which describes whereE, is the excitation energy of the level avi( 6, ¢)
the A dependence of the spin-orbit splitting. For the case ofepresents the angular distribution. The scattering addse
the Sn isotopes a largel1l strength is expected around 8 the angle between the incoming and scattered photon. The
MeV corresponding to dgp—1g7(7), 19— 1097(v),  azimuthal anglep is the angle between the scattering plane
and 1h;,— 1hg(v) spin-flip excitations. In,p’) experi-  (defined by the incoming and scattered photand the po-
ments on*?%Sn and'?*Sn anM 1 resonance has indeed been larization plangdefined by the electrical field vector and the
observed at an energy around 8.5 MeV. Furthermore therdirection of the incident photon beand, andJ are the spins
was an indication for an additional structure at about 6.8f the ground state and the excited state. The ground state
MeV in 1?%Sn [18]. In photon scattering experiments on decay width, the total width, and the decay width are repre-
1205 using highly polarized tagged photons a tathil sented byl'y,I',I';. For the case of elastic scattering in
strength oB(M 1)1 =8.8u2 was observed, more or less uni- which the excited state decays back to the ground state, the
formly distributed throughout the investigated energy rangesross section is proportional 3/T". If the decay to other
between 7.3 and 9.3 MeM.9]. states can be observed or is known, then the ground state
The experiments described in this article were initiatedtransition widthI'y can be determined. The connection be-
with the intention of using the high resolution NRF tech- tween the experimentally determined widily and the re-
nigue to investigate the fine structure and fragmentation ofluced transition probabilityg(,L)T for a transition with
theE1 andM1 strength below the neutron emission thresh-multipolarity L and paritys is given by
old. It should be remarked that the NRF technique is espe-
cially suited to investigat&1l strength. On the other hand,
real photons are not the ideal probe to stiMy strengths lp=———————
(other probes such &sandp scattering are more suitgdot L[(2L+1)!17]?
only because real photon absorption is predominahktly

absorption(the M1 absorption probability is some 2 orders g gin of the excited state can be determined by measuring
of magnitude lowex, but also theE1 branching of the ex-  yhe anqular distributioW(6) of the scattered photons with

cited 1" to possible T or 27 levels will have a high prob-  oqnect to the incoming unpolarized photon beam. This an-
ability compared to thd1 ground state transition probabil- gular distribution can be described by a sum of even Leg-

ity. .The present article focuses mainly on the highgr energ¥ingre polynomiald22]. For the case of even-even nuclei
region above 4 MeV. The resullts for the energy region belowyit ground state spid,=0 it is sufficient to measure the

4 MeV have already bee_:n .pUb“.ShEm] and V.V'” here onI_y scattered radiation at two different angles. The most favor-
be used to get a deeper insight into the feeding mechanism able angles are®=90° and 9=127°. The intensity ratio

low-lying levels in the experiments with the higher end pointW(QOO)/\N(lZ7O) amounts to 0.73 for a dipole and 2.28 for
energies. a quadrupole transition. The difference between these theo-

retical values is slightly reduced for the realistic geometries

Parity assignments are crucial for the interpretation of the

8m(L+1) (Ex)ﬂ+1zJo+1
B(w,L)1T.

hc 2J+1

In resonant photon scattering experiments the well under- _ o : o
stood electromagnetic interaction allows the extraction o bserved dipole excitations. In photon scattering parities can

completely model-independent information. The small mo-2€. ext_racted in a model-mdependent way by measuring po-
mentum transfer of real photons makes photon scattering e)l@r'zat.'on o_bseryables. Therg arein prmmplg two ways to do
tremely selective in exciting states, mainly by dipole and to ath's: (i) using Imear'ly polanzgd photons in the entrance
much lesser extent b2 transitions. The high selectivity of channel and measuring the azimuthal asymmetry of the scat-
the probe is important for the study of the dipole strengthtered photong(y,y’) experimentgand (i) using unpolar-
distribution in heavy nuclei such as the investigated Sn isoized photons in the entrance channel and measuring the po-
topes in regions with large level densities. In our NRF ex-larization of the scattered photons via Compton polarimetry
periments all=1 states with sufficient ground state transi- (y,;/’) experiments.
tion width are excited simultaneously by using the Here we will restrict ourselves to a discussion of the first
continuous energy spectrum of a bremsstrahlung source. fechnique which was applied in this work. For a linearly
high sensitivity is obtained using Ge spectrometers with polarized bremsstrahlung beam an azimuthal asymmetry of
high efficiency and an excellent energy resolution. As a rethe scattered photons will be observed. In our NRF experi-
sult, the fragmentation and fine structure of dipole strengtiments this asymmetry is measured using a set of four detec-
distributions can be studied. tors placed at the scattering angle=90° and parallel ¢

The relevant formalism of NRF scattering is briefly pre- =0° or ¢=180°) or perpendicularg¢=90° or ¢=270°) to
sented below. For a more extensive discussion we refer tthe polarization plane. In the case of magnetic dipole transi-
the review article$20—22. The photon scattering cross sec- tions the photons are scattered parallel to the polarization

tion, integrated over a single resonance, is given by plane, in the case of electric dipole transitions they are scat-
) tered perpendicular to the polarization plane. As the photon

do(y,y') 2J+1 / whc)\ 2 Tol'\W(6, ) beam is not completely polarized, the effect is reduced by the

a0 2J,+1| E, T 4o degree of polarization of the beam. The observed count rate

asymmetrye is the product of the degree of polarization of

Fol's\ W(H, . -,
=g(w}()2( 0 f) ( ‘f’), the beamP,, and the analyzing poweX(6) of the (y,7')
r 4w reaction
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N, —N TABLE |. Characteristics of the targets and measuring times.
L~
TN, N =P, (6)
LN isotope 116gp 1245
with N, andN; the number of photons scattered perpendicuchemical composition metallic metallic
lar and parallel to the polarization plane. The analyzingenrichment 97.4%2) 96.3%(2)
power 2(6) is defined as the normalized difference of theisotope mass 7.5 MeV bremsstrahlung 2209 mg 2033 mg
angular distributions for the scattering plane perpendiculariy mass 7.5 MeV bremsstrahlung 739 mg 739 mg
and parallel to the polarization plane: total measuring time 205 h 201 h
e . isotope mass in 10 MeV bremsstrahlung 1100 mg 1463 mg
S (6)= W(8,4=90%)—W(6,¢$=0°) _ 1B mass 10 MeV bremsstrahlung 362 mg 390 mg
W(6,¢=90°)+W(0,¢$=0°) total measuring time 356 h 390 h
. . . . isotope mass inv,y') measurement 4414 mg 4925 mg
The analyzing power is maximal for spin cascades 0-1-0 and, P e 7,( v) 641 mg 846 mg
0-2-0 at a scattering angle of 90° and amounts-tb for E1 B mass in (') measurement
and—1 for M1 andE2 transitions. See Fig. 2 in RgR3].  fotal measuring time 865 h 669 h
IIl. EXPERIMENTAL SETUP AND PROCEDURE uA were sufficient to generate fluxes of unpolarized brems-

_ strahlung, which were about an order of magnitude larger

The NRF experiments reported here have been performetg]an in the 6’ ¥') case
at the. Iinegrly polarized bremsstrahlung fa_cility at the 15 The target,s consistéd of 20 mm diameter disks of highly
MeV linac in Gent[23]. Both angular correlations and cross isotopically enriched metallic Sn, sandwiched between
section measurements using unpolarized bremsstrahlur]g '

[(7,7') experimentsand polarization measurements usin sBO; disks of the same diameter. The well known transi-
vy P P Ytions in 1B and 160 [24,25 served as a standard for energy

linearly polarized bremsstrahlung(y,y") experiments  5ng efficiency calibration in theyy') measurements. In the

were carrie_d out. For t_hey( v") measurements partially _Iin- (;,'7/) experiments the §BO; standard was also used but in
early polarized “off-axis” bremsstrahlung was used with a g re|atively smaller amount and in this case only for energy
beam energy of 12 MeV. Partially polarized bremsstrahlung.s|ipration purposes. Details about the Sn targets used in the
is obtained by deviating the electron beam slightly off andgitferent experiments can be found in Table I.

back to its axis in a vertical or horizontal plane. The electron  Thg resonantly scattered photons from the NRF target
beam hits a thin bremsstrahlung radiator placed at the beafere detected in four hyperpure Ge detectors with an effi-
axis. A collimator placed along the beam axis selects aRjency at 1.33 MeV varying between 40 and 70 % relative to
off-axis part out of the bremsstrahlung cone. The degree of siandard 3 in<3 in. Nal crystal. Their energy resolutions
polarization of the photon beam is measured on-line iN dyere 1.7 to 1.8 keV full width at half maximuFWHM) at
polarization monitor consisting of four Si surface barrier de-{ 33 MeV under standard conditions. Two of the detectors
tectors, placed at a scattering an@g 90° _and azimuthal \yere installed permanently at the scattering ang#e90°
angles¢=0°, 90°, 180°, and 270°, in which photoprotons ghoye and below the NRF target. The other two were in-
from a thin CD; foil are measured. This polarization monitor gtgjled left and right from the NRF target and were moved

serves at the same time as a photon flux monitor. Switchin . o -, .
.. Petween the scattering anglés- 90° [for the (y,y') experi-
of the electron beam through a cycle of the four deviation = . , .
mentg and 8= 127° [for the (y,y') experiments

directions(up-down, left-right, down-up, right-leftis gov- To avoid pile-up effects the count rates of the detectors

erned by the requirement that during each switching cycl ad to be limited to about one tenth of the pulse repetition

the same mtegrat_ed photon f|u>,< has to .be obtained for eaCrate of the acceleratd26]. Therefore a carbon beam hard-
of the four directions. The y,y’) experiments were per-

formed with end point energies of 7.5 and 10.0 MeV. Theyer.1er was inserted in the photon beam and Iead. absorbers
. ) . , with a thickness between 2 and 4 cm were placed in front of
link up with previous ,y’') measurements performed at the

o ! . the detector$23]. The count rates of the four Ge detectors
brem;strahlung facility of the .4 MV Dynamitron in Stuttgart were in all measurements limited to about 500 Hz, i.e., about
in which the low-energy region below about 4 MeV was

) . . e . one tenth of the repetition rate of 5000 Hz. The total mea-
investigated[14]. A _det_a|led description of the polarized suring time for each of the experiments can be found in
bremsstrahlung facility in Gent can be found[28].

The high intensity of the electron beam at the 15 MeVTable g
linac in Gent enables the investigation of highly enriched
. L . IV. RESULTS
isotopes(see Table )l which in many cases are only avail-
able in small quantitiestypically a few g. This is of par- A. The (y,y') experiments with 7.5
ticular importance in the,y') experiments because of the and 10 MeV bremsstrahlung

reduced photon flux in this case due to the use of a thin | these experiments the complete energy range of bound
radiator target and the smaller bremsstrahlung yield at offstates up to the neutron emission threshold at about 9 MeV
axis angles. In the y,y') experiments discussed here the could be covered. The neutron separation energy is 9.56
average electron current was of the order of 3@% limited ~ MeV for *'%Sn and 8.49 MeV for?‘sSn[27].

by the thermal capacity of the radiator. In thg, ¢') experi- Figure 1 displays they,y') spectra of'*®Sn and!?‘sn
ments on the other hand electron currents of the order of 15fbr the energy region between 4.2 and 7.0 MeV. The stron-
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of, respectively, 4.1 Me\[23], 7.5, and 10 MeV are now
1650 10 MeV (a)’ available.
1 The comparison of the spectra taken with bremsstrahlung

10000 |

with end point energies 10 and 7.5 M¢$see Figs. (@) and

7500 F ﬂ 1(b)] demonstrates clearly that the background conditions are
5000 f 3 more favourable in the experiment with the lower end point
E 1 energy. For the strongest Sn lines around 6.5 MeV the peak
=500 ¢ ] to background ratio is about a factor of 3 better in the 7.5
> ok | 1 , 1 MeV spectrum compared with the 10 MeV spectrum. Fur-
() 16Sn 7.5 MeV (b} thermore in the 7.5 MeV spectrum there are less problems
~ ] due to overlapping FE, SE, and DE peaks of different tran-
™ 4000 i sitions since the energy region of interest is near the end
~ ] point energy of the measurement. Finally the use of a lower
® 2000 E end point energy permits the control of the problem of feed-
"E ] ing of low-lying levels from higher lying excited states. In
3 ] some cases the feeding of low-lying levels can even strongly
8 0 ' T : exceed the direct population of these levels by photoabsorp-
Sn 7.5

tion from the ground state, depending on the end point en-
ergy of the bremsstrahlung and the excitation energy of the
level in question. Correct results for spins, parities and tran-
sitions strengths can only be obtained for levels with an ex-
citation energy not too far away from the end point energy.
The feeding phenomenon will be discussed in more detail in

4000

2000 :

g

L Sec. VB.
0 5000 6000 The excitation energies given in this work are corrected
for Doppler and recoil effect. Weighted averages of the en-
Energy [keV] ergies of all available lines were taken. They are listed in

Table Il and lll. The precision of the excitation energies is in
FIG. 1. NRF spectrda) from 118Sn taken with bremsstrahlung g€neral better than 1 keV.
with maximum energy 10.0 MeV antb) 7.5 MeV and(c) from The spin assignments were based on the ratio of the in-
12451 taken with bremsstrahlung with maximum energy 7.5 MeV. tensities at scattering angles of 90° and 125€e Sec. )l In
Fig. 2 the measured ratios of the angular distributions
W(90°)/W(127°) are shown for all observed ground state

gest lines visible in the spectra below 5.1 MeV, belong to thetransitions in115Sn. A similar picture is obtained fot2Sn.

;38% r?tla nd?r(;j' Thte S?fﬁ trasar.e (1U|te cotmtfllex bﬁc?‘use Q_Ihe full lines at 0.74 and 2.14 represent the expected values
1€ igh level density of the on 1Sotopes at these nigh enet, pure dipole and quadrupole scattering. The dashed line

gies and the presence for each transition of the full energYepresents the situation for the case of an isotropic distribu-

(FB), single escapeSE), and double escap®E) peaks. In  tjon - All observed ground state transitions above 4.1 MeV

spite of the excellent energy resolution of the Ge deted®rs 41 in 11651 and24Sn turned out to have a dipole character.
to 6 keV at 6 MeV a number of unresolved multiplets were  Thg transition strengths for the observed transitions in the
present in the spectra. Sn isotopes were determined relative to the well-known ref-
Different criteria were used to accept a line as corre-grence transitions in the standard isotop and 0. The
sponding to a real transition. In any case at least the FE and,BO, standard was irradiated simultaneously with the Sn
SE lines(and if possible also the much smaller DE lifead  material using “sandwich” type targets. In this way we
to be visible in the spectra, both at 90° and 127°. Furtheravoided the experimental problems of an absolute measure-
more, the peak areas of the individual lines had to be itment of the photon fluxN,(E,) of the bremsstrahlung
agreement with the known peak ratios FE/SE and FE/DE fosource. The yields of the reference transitions in the standard
the detectors, which had been determined with high precisioallow the determination ofy(E,) =N, (E,) - €(E,) the prod-
in calibration measurements on thgB®; standard. In cases uct of the photon fluxN,(E,) and the detector efficiency
of accidental overlap of lines corresponding to different tran-€(E4) (including the effect of the opening angle and the
sitions the observed peak ratios were very helpful. absorption in the lead filtgr
The analysis of the NRF spectra at lower energies is hin- In this procedure we make use of the relationship between
dered by the fast increasing background due to the nonres#€ integrated photon scattering cross sectignand the
nant interaction of the bremsstrahlung quanta with the NREProperties of the involved nuclear levels:
Larget(see Flg..;L 'ThIS results in a d_ecrease of the peak to do(y,7") 2341 / The\ 2Tl
ackground ratio in the spectra, which for states at too low | (Ex):f do= )
an energy can lead to the impossibility to determine the spins an  4Q 2Jo+1\ Ey r
and parities. These problems can be solved by performing a
number of measurements at different bremsstrahlung enfihe measured peak aréaof a line in the NRF spectrum is
point energies. For the investigated Sn isotopes the results pfoportional to the integrated cross sectigmof the (y,y’)
in total three ¢, y’) experiments with an end point energy reaction of the level in question via the relation
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TABLE 1. NRF results for ground state transitions 1*°Sn. For states without observed branchifig,
and the corresponding(wL)T were calculated under the assumption of pure ground state transitions. Spin
and parity assignments in parentheses are tentative. The quoted errors are of statistical nature only.

E, Jm Is r3r Ty B(E1)7 Remarks
(keV) (eV b (meV) (meV) (1073 &? fm?)

8739.7(7) 1) 55 (10) 364 (67) 364 (67)

8457.9(8) 1 39(9) 242 (55) 242 (55)

8427.9(11) 1 67 (13 413(80) 413(80)

8361.3(8) 1 98 (12 594 (73) 594 (73) 2.9 (4)

8282.9(9) 1 36(8) 214 (48) 214 (48)

8247.8(7) 1 43(9) 254 (53) 254 (53)

8234.5(8) 1 75(16) 441 (94) 441 (94)

8214.3(6) 1T 148 (10) 866 (60) 866 (60) 4.47(31)

8187.4(7) 1 88(12) 512 (70) 512(70)

7991.6(8) 1 122 (14) 675 (77) 675(77) 3.8(4)

7961.1(6) 1 65 (16) 341(89) 341(89) 1.9(5)

7947.0(8) 1 42 (6) 230(33) 230(33)

7933.7(6) 1 109(11) 594 (60) 594 (60)

7925.2(8) 17 101(23)  544(123 544 (123 0.28(6) B(M1)7T(u3)
7917.1(7) 1 94 (14) 511(76) 511(76) 2.9(4)

7896.6(8) 1 155(21)  838(115 838(115

7826.3(10) 1) 86 (24) 456 (126) 456 (126) 2.7(7)

7758.8(9) 1 59(15) 308(79) 308(79)

7654.3(7) 1 135(35  685(175 685 (175 4.4(11)

7597.8(10) 1 50(8) 250 (40) 250 (40)

7479.8(14) 1) 91 (19 441 (92) 441(92) 3.0(6) a
7353.4(3) 1 98 (9) 460 (38) 460 (39 3.32(27)

7319.9(7) 1 86(19) 403 (89) 403 (89)

7241.4(6) 1 85(9) 385(42) 1030(120 b
7235.5(11) 1 62 (10) 282 (45) 282 (45)

7215.3(6) 1 60 (12) 271(50) 271(50)

7203.7(8) 1 38(6) 171(27) 171(27)

7165.0(6) 1 59(7) 266 (32) 266 (32)

7154.7(5) 1 88 (8) 390(35) 390(35) 3.1(6)

7145.8(6) 1 46 (1) 204 (49) 204 (49)

7125.6(5) 1 72 (6) 318(29) 318(29) 2.5(4)

7011.5(6) 1 44(7) 187 (29) 380 (50) b
6967.3(5) 1 41(8) 173 (34) 173(34)

6889.4(5) 1T 115 (1) 473 (45) 473 (45) 4.1(4)

6877.0(7) 1 28(6) 115 (25) 115 (25)

6834.1(3) 1 40(6) 162(24) 16224)

6749.5(5) 1 60 (9) 237(36) 237(36)

6741.4(6) ) 44 (8) 173 (3D 173 (31)

6654.9(7) ) 44 (12) 173 (46) 173 (46)

6593.2(5) 1 111 (11) 418 (42) 418 (42 4.2 (4)

6581.9(6) 1 127 (11) 477 (41) 477 (41) 4.8 (4)

6518.7(4) 1 109 (10) 402 (37) 512 (51) 5.3(5) b
6507.6(6) 1 157 (12 576 (44) 576 (44) 6.0 (5)

6484.1(4) 1 150 (13) 551 (47) 551 (47) 5.8(5)

6472.3(3) 1T 211 (19 770 (65) 770(65) 8.1(7)

6466.1(10) 1 69(18) 254(65) 254 (65)

6457.2(5) 1 66 (13) 242 (47) 242 (47) 2.6 (5)

6446.5(5) 1 124 (11) 451 (40) 451 (40) 4.8(4)

6423.1(5) 1 91 (9) 326(32) 454 (48 4.9(5) b
6398.5(5) 1 135(15) 479 (54) 479 (54)

6371.9(5) 1 145 (9) 513(35) 513(35) 5.7 (4)

6363.6(5) 1 72(8) 253(28) 493 (44) b
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TABLE II. (Continued.

E, Jm Is 3T Iy B(E1)1 Remarks
(keV) eV b) (meV) (meV) (1073 &? fm?)
6339.3(5) 1 111 (10) 390 (39 390(39) 4.4(4)
6323.0(6) 1 51 (9) 178 (31) 178 (31) 2.0(4)
6298.7(5) 1 86(4) 296 (31) 296 (31)

6289.0(4) 1 292 (14) 1002 (48) 1002 (48) 11.5(6)
6216.7(5) 1 146 (16) 490 (54) 490 (54) 5.8 (6)
6180.5(4) 1 129 (9) 428(30) 428(30) 5.2 (4)
6088.7(4) 1 167(10) 538(35) 538(35)

6083.0(5) 1 53(12) 170(39) 170(39)

6006.2(5) 1) 124(12) 388(39) 388(39) 5.1(5)
5834.7(5) 1 90 (7) 269 (22) 269 (22

5630.2(5) 1 24 (5) 66 (13) 66 (13 1.06(21)
5555.4(5) 1 48(6) 128(16) 128 (16)

5550.7(5) 1 37(6) 99 (16) 99 (16)

5453.5(4) 1) 82 (7) 212(18) 212(18) 3.74(32)
5391.2(6) 1 17(5) 42 (12 42 (12

5085.7(6) 1 32(5) 72 (11 72 (1)

4980.3(5) 1 63(6) 135(13) 135(13)

4892.8(4) 1 29 (4) 60 (8) 60 (8) 1.47(20)
4547.1(4) 1 53 (6) 95 (11) 95 (11) 2.90(33)
4199.8(3) 1 48(4) 73 (6) 73 (6)

@0nly observed in the 10 MeV measurement.
bBranching to other states observed.

A(Ey) =14(Ey) -Np-N,(Ey) - €(Ey) - W(8), The parities given in Tables Il and Il were determined in
the (;/,y’) experiments to be discussed below. Assignments

whereNy is the number of target nuclei in the photon beam.of spins and parities in parentheses are tentative. The tables
As a consequence, the elastic transition stredH" of  give the excitation energg, , the assigned spid and parity
excited levels in the Sn isotopes can be calculated from the- and the integrated photon scattering cross se¢tjarfi the
measured peak areas, the angular correlations, and the rafi/els in the investigated Sn nuclei. Furthermore the elastic
of the number of Sn nuclei and standard isotope nuclei, agansition strengtﬂ“é/l“ , the ground state decay widih,
both are e>_<posed to the same photon qux: . ... and the corresponding reduced transition probaliif# 1)1

The main source of systematic errors in this calibration B(M1)1 are also given. The last two quantities were cal-
procedure arises from the possibility of unidentified feeding lated ; /in f I levels f hich
of the reference levels by inelastic transitions from levels aﬁu ated assumind’o or all levels for which no

higher energy. For the standard isotol& additional cali- ranching to lower lying excited states was observed. The
bration measurements have been performed gBCH in rapidly increasing continuous background with decreasing

which also the inelastic transitions were observed. From thgN€'dy reduces the sensitivity to detect decay branchings to
known branching ratios of thé!B transitions and the peak Iowgr' lying excitec! states'. As a r'elsult only a smal! numper 9f
areas of the inelastic transitions the fractions of the pea|§uff|C|entIy strong inelastic transitions have been identified in
areas due to inelastic transitions from higher lying statedh spectra. In these cases the transition strehiglh/I" of
could be determined for the reference levels. In determininghe identified inelastic transition has been taken into account
the productey(E,) =N, (E,)- e(E,) from the 118 data, the In the calculation of the ground state transition widlth of
measured peak areas of th&B reference transitions have the level in question. Weak inelastic transitions which fall
been corrected for the amount due to feeding. For a morbelow the experimental detection limits can of course not be
extensive discussion of the calibration procedure we refer thexcluded. Therefore the ground state decay widthsand
reader tq28,29. the reduced transition probabiliti3(E1)T and B(M1)7

The final results of the experiments are listed in Tables ligiven in the Tables Il and Il have to be considered to be in
and IIl. In total more than 150 dipole ground state transitiongact lower limits of the possibly higher real values.
have been identified above 4.1 MeV. Up to now, most of The results given here have been obtained by a combina-
these were unknown. The resulting dipole strength distribution of the results of the two measurements with, respec-
tions for 1°Sn and'?‘sn are displayed in Fig. 3. In both tively, 7.5 and 10 MeV bremsstrahlung. Because of the ar-
cases one observes in the fine structure of the dipole strengfuments given above it is evident that one should use
a clear concentration at about 6.5 MeV. The strongest dipolereferentially the results of the 7.5 MeV measurement at low
transitions, which are present at these energies, have energies. To construct the final tables the 7.5 MeV results
strengthl'3/T" of the order of 1 eV. were used below 7 MeV and the 10 MeV results above 7.5
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TABLE IIl. NRF results for ground state transitions ##Sn. For states without observed branchifg,
and the corresponding(wL)T were calculated under the assumption of pure ground state transitions. Spin
and parity assignments in parentheses are tentative. The quoted errors are of statistical nature only.

E, Nk Is 3T T, B(E1)1 Remarks
(keV) (eV b (meV) (meV) (1073 &? fm?)
8433.2(10) 1 69 (9) 424 (53) 424 (53)

8422.8(7) 1 80 (8) 495 (51) 495 (51)

8376.2(11) 1T 96 (8) 586 (51) 586 (51) 29(2
8350.1(13) 1 52 (7) 316 (42 316 (42)

8269.8(7) 1 95 (8) 564 (45) 564 (45) 0.26(2) B(M1)1(u3)
8256.9(9) 1 54 (7) 319 (40) 319 (40)

8228.9(6) 1 108(12) 632(72) 632 (72)

8214.3(12) 1 50(11) 291 (63) 291 (63)

8162.2(8) 1 67 (9) 390 (54) 390 (54)

8131.7(15) 1 125(12) 716 (67) 716 (67)

8118.8(8) 1 145(11) 827 (65) 827 (65)

8111.8(16) 1 66 (10) 375(56) 375 (56)

7998.9(9) 1T 91 (12 506 (69) 506 (69) 2.8(4)
7957.1(9) 1 156 (10) 857 (56) 857 (56)

7939.0(12) 1 52 (8) 282 (46) 282 (46)

7913.1(8) 1 81(16) 442 (89) 442 (89)

7905.1(12) 1 54 (12) 294 (62) 294 (62)

7880.2(5) 1T 219(15  1181(80)  1181(80) 6.9(5)
7872.1(6) 1 108(17) 582 (89) 582 (89)

7863.4(8) 1T 94 (12 506 (64) 506 (64) 3.0(4)
7815.3(5) 1 249(18)  1321(95  1321(95) 7.9(6)
7788.3(5) 1 111(13) 582 (66) 582 (66)

7778.1(9) 1 56 (12) 294 (63 294 (63

7770.6(6) 1 80 (15) 420 (79) 420 (79)

7759.1(4) 1T 142 (13) 741 (68) 741 (68) 4.5 (4)
T747.4(7) 1T 115(12) 598 (63) 598 (63) 3.7(4)
7702.6(9) 1 41(10) 212 (50) 212 (50)

7691.2(7) 1 83(14) 424 (72) 424 (72)

7683.9(11) 1T 97 (18) 496 (91) 496 (91) 3.1(6)
7678.8(14) 1 54 (11) 274 (59 274 (59

7666.0(7) 1 47 (8) 241 (41) 241 (41)

7642.6(8) 1 74 (14) 374(73 374(73) 2.4(5)
7603.7(8) 1 153(21)  768(104  768(104 5.0(7)
7596.4(10) 1T 143(13) 716 (66) 716 (66) 4.7 (4)
7575.9(7) 1T 96 (12 476 (60) 476 (60) 3.1(4)
7566.9(10) 1 69 (9) 342 (45) 342 (45)

7550.9(6) 1T 111(16) 548 (81) 548 (81) 3.6(5)
7536.5(7) 1T 133(21)  655(104  655(104 4.4(7)
7487.6(7) 1T 130(17) 633(82 633(82 4.3(6)
7394.5(4) 1 103(17) 488(79) 488(79) 3.5(6)
7344.4(7) 1 92 (19 430(84) 430(84)

7337.5(7) 1 128 (19) 597 (89) 597 (89) 4.3(6)
7326.2(7) 1 58 (14) 269 (66) 269 (66)

7308.5(9) 1 58 (14) 268 (65) 268 (65)

7295.5(7) 1T 156 (12) 720 (55) 720 (55) 5.3(4)
7258.6(10) 1 59 (19 270(85) 270(85)

7233.8(8) 1 55 (15) 249 (68) 249 (68)

7125.7(7) 1 85(12 374 (53 374 (53

7086.5(7) 1 72(12 313(53 313(53

7071.1(8) 1 80(12) 347 (49 347 (49

7062.2(9) 1 41(10) 176 (43) 176 (43)

7032.5(7) 1T 111(12) 472 (52) 472 (52) 3.9(4)
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TABLE lll. (Continued.

E, Jm Is rir Ty B(E1)T Remarks
(keV) (eV b (meV) (meV) (1073 &? fm?)
7018.0(8) 1 100(12) 427 (52) 427 (52)

6947.5(8) 1 69 (13) 288 (55) 288 (55)

6938.9(8) 1 68(13) 283 (54) 283(54)

6928.2(8) 1) 77 (20) 320(83) 320(83)

6902.1(8) 1T 98 (12 404 (50) 404 (50) 3.5(4)
6847.1(8) 1T 125 (14) 508 (57) 508 (57) 4.5 (5)
6808.0(6) 1) 105 (14) 422 (56) 422 (56) 0.35(5) B(M1)T(ud)
6790.6(8) 1T 160 (19) 639 (76) 639 (76) 5.8(7)
6775.6(8) 1 136 (24) 541 (96) 541 (96)

6764.2(8) 1 197 (25) 781(99 781(99 7.2(9)
6722.3(6) 1 177(18) 693 (75) 693 (75)

6713.6(7) 1T 227 (21) 883(86) 883(86) 8.3(8)
6705.4(8) 1T 121(17) 471 (66) 471 (66) 4.5 (6)
6683.3(8) 1T 165 (21) 639 (85) 639 (85) 6.1(8)
6677.9(7) 1T 280 (23) 1083(89) 1083(89) 10.4(9)
6635.6(6) 1T 307 (23 1171(88) 1171(88) 11.4(9)
6599.8(7) 1 94 (20) 335(76) 335(76)

6584.1(6) 1 161 (17) 605 (64) 605 (64) 6.0 (6)
6565.8(8) 1 143(18) 534 (67) 534 (67)

6560.8(7) 1 348 (31) 1299(116  1299(116) 13.1(12)
6548.5(5) 1 188(20) 699 (74) 699 (74)

6524.0(5) 1T 219 (25) 808 (92) 808 (92) 8.3(9)
6503.2(6) 1 99 (16) 363 (59) 363 (59)

6467.5(6) 1 132(12) 478 (44) 478 (44)

6453.1(7) 1 97 (12 350 (44) 350 (44)

6369.1(7) T 469 (27) 1650(95) 1650(95) 18.2(12)
6321.6(7) 1 189 (17) 654 (59 654 (59 7.4(7)
6287.1(7) 1 88(14) 301 (49 301 (49

6236.5(7) 1 211(19 711 (65) 711 (65)

6184.0(6) 1T 147 (17) 487 (57) 487 (57) 5.9(7)
6170.8(12) 1 133(13) 439 (43) 439 (43)

6129.0(7) 1 171(18) 557 (59) 557 (59)

6002.0(7) 1 86 (13) 268 (41) 268 (41)

5968.4(7) 1 68 (12 210(37) 210(37)

5951.7(7) 1 108(15) 331 (46) 331 (46)

5902.5(7) 1 28(10) 85 (31) 85 (31)

5869.7(8) 1) 30(6) 90 (18 90 (18

5842.5(7) T 151 (12) 446 (36) 446 (36) 6.4 (5)
5064.7(7) 29 (6) 65 (14) 65 (14)

4953.7(7) 1 15.5(31) 33(7) 33(7)

4605.7(6) 25 (6) 45 (11) 45 (11)

4263.4(6) 1 12.4(18) 19.5(30) 19.5(30)

4219.1(6) 1 22.6(24) 34.9(37) 34.9(37)

MeV. In the energy region between 7 and 7.5 MeV the re-tained transition strengths were used only in the investigation

sults of the measurements with 7.5 and 10 MeV end poinof the feeding problenisee Sec. V B The strong feeding of

bremsstrahlung agreed well. For this energy region averagé&ese levels results not only in an overestimation of the real
strengths(see Table 1Y, sometimes very severly, but also

hinders the determination of spins and parities. Indeed, in the
Below 4.1 MeV a number of transitions were also ob-case of dominant feeding of a level the angular distribution

served, but due to the strong feeding of these low-lying levof the scattered photons becomes isotropic and in addition

values of the transition strengths obtained from Lile 7.5
and the 10 MeV spectra are given.

els from higher lying excited states for almost all of them nothe azimuthal asymmetry in they(y’) experiments is
conclusions about multipolarity were possible and the obstrongly reducedsee Figs. 2 and)4
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B. (77,7’) experiments with 12 MeV linearly polarized
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spectra and is furthermore independent of all detector char-
acteristics. The final asymmetry of a transition is the
weighted average for the four detectors.

Figure 4 displays the measured azimuthal asymmetries for
ground state transitions ih'®Sn. To avoid overloading the
figure, only the asymmetries for the strongest transitions are
shown for energies above 6 MeV. The dashed bands in the
figure represent the expected asymmetry values for electric
and magnetic dipole transitions. These values are equivalent
to the degree of polarization of the bremsstrahlung beam
because the analyzing power fBl or M1 transitions has
the value+1 or —1 (see Sec. Il anfi23]). For about half of
the observed dipole transitions #°Sn and'?%Sn the parity
could be extracted from the measured asymmetry. For the
assignment of the parities the following criteria were used. A
parity was considered to be certain when the asymmetry
value was at least 3 standard deviations ) Zpart from the
expected value for the other parity. A parity was also certain
when the asymmetry value was at least apart from the
expected value for the other parity and at the same time at

Parity assignments are crucial for the complete characteinost o/2 apart from the expected value for its own parity.
ization of nuclear states. Thereforg, (') experiments with  On the other hand a parity assignment was tentative when
bremsstrahlung with an end point energy of 12 MeV haveonly one of the conditions was met. In all other cases no
been performed for both isotopes. In these measurements teenclusions about the parity were considered possible. The
excitation by linearly polarized photons leads to an azi-oqits of the (/ y) experiments are also given in Tables I

muthal asymmetry in the angular distribution of the scattered
photons, containing the parity information. For each detectof*

nd 1ll. For 1%%Sn the (y,7) experiments led to a parity

two spectra were recorded, one with the electric field vectoPSSignment for 33 dipole excitations above 4.5 MeV. They
of the incident polarized photon beam perpendicular to thé!l turned out to bee1 excitations, except for one tentative
scattering plane and the other one with the electric field vecM 1 assignment to the level at 7925 keV. In the cas&’t8n

tor parallel to the scattering plane. The photon flux induced3S E1 and 2 tentativeM1 transitions could be identified
switching procedure of the polarization directions ensuregbove 4.5 MeV.

that the effective photon flux is identical in both specsee

In Fig. 4 one can easily observe that at lower energies

Sec. Il and[23]). As a result the azimuthal asymmetry can below about 4.5 MeV measured values for the asymmetry
immediately be extracted from the peak areas in the tware too low. This is an indication for feeding of these low-
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lying states from higher lying excited states. The dominating
feeding of the levels below about 4 Melgéee Sec. VB
results in almost isotropic angular distributions and hence
vanishing asymmetries. In the special case of very strong
low-lying excitations, for which the effect of the feeding is
relatively small, the effect of the feeding on the asymmetry
can be corrected by comparing the transition strengths mea-
sured at different end point energigs4]. For the state at
3334 keV in 1%Sn both the measured asymmetry value
(filled diamond and the asymmetry value after correcting for
feeding(open spotare plotted in Fig. 4. After this correction

a conclusive negative parity assignment for this state was
possible. For the strong dipole transition at 3490 keV in
1243n the same conclusion could be drawn. These particular
1~ transitions could be attributed to two-phonodi @ 3~
excitations[14].

The results are summarized in Fig. 5 which displays the
reduced transition probabilities for the dipole transitions for
which the parity could be determined. The hatched bars cor-
respond to tentative parity assignments. The most intEdse
transitions are concentrated around 6.5 MeV. Only one ten-
tative M1 assignment of the level at 7925 keV #°sn
could be made witlB(M1)1=0.28(6) u? . The total tenta-

FIG. 3. Dipole strength distribution for ground state transitionstive M1 strength in*2‘Sn amounts to 0.61(14§, . The total
in 11%Sn and?“sn above 5 MeV obtained in our NRF experiments. observedB(E1)1 strength for the energy region between 5
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TABLE IV. Comparison of the transition strengths measured in the/() experiments with bremsstrah-
lung with end point energies 4.1, 7.5, and 10 MeV. The observed values for the ground state ﬂﬁéﬁgth

have not been corrected for feeding from higher lying states.

Nucleus E, Jm 3T r3r r3r R(7.5)2 R(10) 2

(keV) (meV) (meV) (meV)
4.1 MeVv?® 7.5 MeV 10 MeV

118gn 1294 2 1.10(10) 27.8(20) 231(19 25.3(29) 210(26)
2844 z 2.37(26) 8.4(8) 59 (6) 3.5(6) 24.9(37)
3088 z 1.11(21) 9.5(15 38(2) 8.5(21) 34.5(65)
3334 T 84.7 (84) 107 (8) 211(11) 1.26(16) 2.49(28)
4013 1 8.5(36) 37.1(27 148 (7) 4.4(19) 17.4(74)
4027 1 14.6(56) 67 (15 108(7) 4.6 (20) 7.4(29

124gn 1132 2 0.488(67) 16.8(18) 89 (9) 34 (6) 179 (19
2426 z 0.41(10) 12.2(12) 56 (3) 30(8) 140 (36)
3214 T 8.87(97) 19.9(22) 32.3(16) 2.2(4) 3.64(43
3490 T 90.2(99) 104 (4) 147 (5) 1.15(13 1.63(19)
3697 1 11.3(17) 20 (4) 57 (4) 1.77 (44) 5.04(83
3710 z 6.6 (10) 11.9(35) 42 (5) 1.8(6) 6.4 (12)

*R(x) = (I§/T)* MV (T§/T) 4 VeV,
®Measured in Stuttgaf3].

and 8 MeV amounts to 0.1283) e? fm? for *'%Sn and to

0.20321) e? fm? for ?“sn.

V. DISCUSSION

A. Sensitivity of the experiments

from tagged photon scattering experimeffi®c. V D and
with predictions of theoretical modelSec. V B. The ex-

limits do not differ very much and only the estimates for the

case of dipole ground state transitionsfisn will be given

here.

Figure 6 displays the experimental detection limits for the
(v,v") experiment with an bremsstrahlung end point energy
of 7.5 MeV. The open bars represent the minimum observ-

The sensitivity of our NRF measurements is an importan@ble ground state transition strendf§/I" while the filled

characteristic when comparing our NRF results with datdars represent the corresponding reduced transition probabil-
ity B(M1)7. For the case oE1 transitions instead of11

transitions it suffices to change the unit of the transition

. e i - >_ -
perimental detection limits were calculated under the asProbability via the relation iy= 0.011 e? fm?= 1/100
sumption that a peak can be observed in the spectrum wheh fm* to obtain the corresponding(E1)7 limit. For ener-
its peak area is larger than at least 3 standard deviations 8f€s above 3 MeV one can verify that the detection limits
vary between 0.05 and O.pﬁ. In previous f,y’) experi-

and '?)Sn were performed under similar conditions, theirments performed in Stuttgart with an end point energy of 4.1
MeV a sensitivity, almost an order of magnitude higher, was

the underlying background. As the measurements-§8n

E wf + % |
< f | T . W ﬁ
gty T
-60 =+
Energy [keV]

B(E1) 1 [107%e?fm?] B(M1) T [1071\7]

FIG. 4. Asymmetries for ground state transitions'#iSn. For

the T state at 3334 keV both the measured vdfiiled diamond
and the value obtained after correcting for feediogen circle are

displayed.
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FIG. 7. Comparison of the experimental detection limits for di-
pole ground state transitions #®Sn for the experiments with 7.5
MeV and 10 MeV bremsstrahlung.
obtained[14]. The detection limit for the ground state tran-
sition strengt"3/T" at 3 MeV is about 1 meV in these mea-
surements compared with a value of about 10 meV in th

FIG. 6. Experimental detection limits for dipole ground state
transitions in11%Sn for the experiment with 7.5 MeV bremsstrah-
lung.

ground conditions. Analogous calculations lead also to esti-
; i mates of the limit in the determination of the parity of a
present ,y’) measurements with 7.5 MeV bremSStrahIung'dipole ground state transition. This results in a limit for the

The sensitivities of they, y') experiments with end point o . : 2
energies of 7.5 and 10 MeV are compared in Fig. 7. Thereduced transition probabili(M1)1 varying from 0.2

F%/F detection limits rise fast with increasing energy. In thea.t 6 MeV 1o 0'3."\‘ .at 8 MeV, Wh'Ch IS twp to three .tl'mes.

interesting common energy region between 5 and 7 MeV th igher tr)an the limit for observing these dipole transitions in

detection limits are 60 to 80 % higher in the experiment with" € (v.7') measurements.

10 MeV bremsstrahlung. This result reflects a less favorable . .

peak to background ratio in the 10 MeV spectr(see Fig. B. Feeding of low-lying levels

1). Note also the drastic change in sensitivity between 7 and An interesting result is obtained by comparing the transi-

8 MeV when going over from the 7.5 to the 10 MeV mea-tion strengths of the levels below 4.1 MeV which could be

surement. observed in the three differenty(y’) experiments with an
Despite the longer measuring times, the above limitsend point energy of 4.114], 7.5, and 10 MeV(see Sec.

could not be reached in they(y') experiments. The higher IV A). Table IV gives the measured transition strengths

end point energy in these measurements leads to worse badkg/l“ and their ratios for levels which could be analyzed in

TABLE V. Feeding of low-lying states as a function of the maximum bremsstrahlung energy.

Nucleus E, (keV) J” I'y (meV) Ieeq (MeV) Ifeeq (MeEV)
4.1 MeV 7.5 MeV 10 MeV
1165 1294 2 1.10(10) 26.7(21) 230(19
2112 7 27 (3) 190(15)
2225 7 12.0(32) 118(14)
2844 7 4.02(44) 11.1(22 97 (14
3088 7 1.71(33 12.8(29) 56 (6)
3334 T 84.7(84) 22 (11 126 (14)
3659 z 12.5(45) 74 (21
3712 1 15.533) 101 (38
1245 1132 2 0.49(7) 16.3(18) 88.5(91)
2426 z 0.62(16) 18 (3) 84.2(79)
3214 z 10.4(13) 13 (3) 27.5(27)
3264 7 7.9(17) 21.6(28)
3490 T 90.2(98) 14 (11 57 (11)
3697 1 13.3121) 11 (6) 54 (6)
3710 2 8.6 (14) 7 (4 46 (7)
3762 2 10.4(29 32 (6)
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(;/,'y’) experiments vanisksee Figs. 2 and)4

200 F
E To investigate the feeding problem we can proceed as
160 F follows. The integrated photon scattering cross section for a
i ground state transition is given by
120F
; _2)+1(whc\® Ty
80 201l E ) [OT
= 40 F . . .
E E The feeding of the level from higher-lying states can be ac-
— - counted for via the following expression for the total ob-
S 160 | served scattering cross section:
L i
g 2J+1 [ whc\? Ty
120 - | 9
E ] IS 2‘]O+1 Ex) (FO+Ffeed)1--
80 1
g ] The cross section includes now both the direct population of
40F ] the level by photoabsorption from the ground stdig)(and
b ! ; the indirect population by feeding via inelastic transitions

2500 3000 3500 4000 from higher-lying statesI{;seg. One should bear in mind
that I'teeq, iNtroduced to describe the contribution due to
feeding, is an artificial quantity, which has the same dimen-
FIG. 8. Comparison of the transition strengths for low-lying sion(meV) as the ground state decay widfl but does not

levels in 1%5n and12‘Sn measured in the experiments with differ- "éPresent a decay width of the level. The “transition
ent end point energies. strengths,” for lower lying levelsE,< 4.1 MeV) observed
in the experiments with end point energies of 7.5 and 10

all three cases, while in Table V the results concerning thd/eV are to a large and in most cases even for a predominant
feeding in 1°Sn and'?‘Sn are summarizetsee further in  Part (R>2) the result of feeding from higher-lying states.
this sectiof. The spins and parities in Tables IV and V are The apparent transition strengths, as given in Table 1V,
the result of the NRF measurements in Stuttgart and Gerifierefore no longer represent the real elastic transition
([14] and this measurements=or the cases in which only a Strengthl'§/" but in fact the quantity o+ I'reed T'o /T
tentative assignment was possible, the values for spin and Using the known branching ratioB,/I" for the levels
parity have been taken from the literature, namely, the combelow 4 MeV in ***Sn [30] and **%sn [31,32 the ground
pilations for 11Sn[30] and for 12“Sn[31] supplemented by State decay width$'y can be extracted from the measured
the more recent results ofi(n’ y) measurements in Moscow transition strengthE3/T in the experiment with an end point
for 12%Sn[32]. Figure 8 displays for both isotopes the tran- energy of 4.1 Me\[14] and finally also the contribution due
sition strengthd 2/ measured in the three experiments forto feedingl'eq from the measured transition strength, (
the energy region between about 2.5 and 4 MeV. It is obvi-+ ['reed ['o/I" in the experiments with the higher end point
ous that the observed transition strengths for all levels inenergies. These results are compiled in Table V. Furthermore
crease with increasing end point energy of the measuremerwe have also included a number of states which were too
This phenomenon is expected to be due to the feeding o#€ak to be observed in the 4.1 MeV measurements but could
the low-lying levels in the decay of higher-lying states in thebe observed in the experiments at higher end point energies
experiments with the higher end point energies. Inelastiglue to the strong feeding. For these levels the approximation
transitions, which are responsible for this feeding, were onlyl o<I'teeq Was used. This is justified considering the large
in a few cases effectively identified in the specisae Sec. difference of about an order of magnitude in sensitivity be-
IV A). The observed inelastic transitions could not explaintween the ,y’) experiments with 4.1 and 7.5 MeV brems-
the differences in measured strengths but only a small part aftrahlung(see Sec. V A Although['qdiffers from level to
them. This indicates that the observed feeding proceeds vialavel, reflecting the specific nature of each level, there are no
large number of weak inelastic transitions, many of whichdrastic fluctuations. In the energy region between 3 and 4
fall below our experimental detection limits. MeV T'seq Varies between about 10 and 20 meV for both
For most of the levels below 4 MeV the feeding from isotopes in the 7.5 MeV measurement. At the end point en-
higher-lying states exceeds the direct population by photoakergy of 10 MeV values fol'¢¢q between about 60 and 120
sorption from the ground state of the nucleus. Indeed, oneeV for 11%Sn and between about 20 and 60 meV &isSn
obtains almost in all cases ratiBs>2, even for the measure- were obtained. The difference between the two isotopes in
ment with the lower end point energy of 7.5 MeV. Note thatthis case can probably be explained by the difference in neu-
a ratio R>1 corresponds with a contribution to the total tron emission threshold: 9.56 MeV fd°Sn and 8.49 MeV
observed transition strengths which overestimate the redbr %Sn[27].
strenghts, but also hampers the determination of spins and The extracted values fdrq0f both isotopes for the 7.5
parities. As already mentioned, in the case of strong feedinfyleV measurement are displayed in Fig. 9 together with a
unambiguous spin and parity assignments are no longer pokast squares fit of the exponential function [eg)
sible since the angular distributions of the scattered photons A(2)E], describing the global decreasing trend @f.4with
become isotropic and the azimuthal asymmetries in théncreasing energy. Considering the fluctuations from level to

Energy [keV]
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Iteeq (S€€ text for meaningfor the measurement with 7.5 MeV

FIG. 10. Distribution of theEl andM1 strength in Weisskopf
bremsstrahlung.

units for the mass region $1A<150 (see text

level, a safe estimate of the upper limit Bjeeq of the order  grgies the influence of feeding on the measured cross sec-
of 20 meV at 4 MeV, 10 meV at 5 MeV, and 5 meV at 6 (ions could be estimated and limited in an acceptable way.
MeV can be reasonably made. As the energy increases, the

contribution due to feedind oy decreases, while on the

other hand the observed transition strengf3I" become C. Comparison of E1 and M1 strengths in 116Sn and 1%4sn
larger (see Tables IV and ) In this connection we can with single particle estimates

repeljt th‘.’ﬁ] t_he exp_erlmental detecI::t_|on Iu‘(r)nts Rﬁ/l“trr:se The measured&l andM1 strengths of the dipole transi-
quickly with increasing energysee Fig. 7. One can there- ¢ i 11651 and 12%5n can be compared with the usual

fore ?’FpeCt that the '”f.'“er_‘c‘? 9f the feeding on the measureﬁjansition strengths of electromagnetic transitions in nuclei of
transition strengths will diminish rather rapidly. Using the this mass region by using single particle Weisskopf esti-

safe assumptloﬁfee.d.< 20 meV and taking into account that mates. For that purpose it suffices to express the measured
the observed transition strengths are of the order of 50 to 10@4 andM1 transition strength¢see Fig. 5 in Weisskopf
meV in the energy region between 4 and 5 M@¢ée Tables it (w.u). In Fig. 10 the distribution of the dipole strength

Il 'and 11I), it is clear that feeding cannot be neglected hereis shown for 273 knowiEl and 281 knowrM 1 transitions

For the weakest transitions the real strengths can be overegy, the mass region 3 A<150, as compiled by Endg3].

timated by up to 50%. Above 5 MeV the observed strengthsgyrthermore the resuilts for the 33 levels'ifSn and the 37
with the exception of a few weak transitions below about 5.5eyels in 124Sn, to which a parity could be assigned, have

MeV, amount to at least 100 meV. For a weak transitionbeen included. On the basis of the compilation for the con-

corresponding to an observed strengthy € I'reed 'o/I" of  sidered mass region, recommended upper lifiRiSL) have
only 100 meV, the safe estimat&$,.q<10 meV at 5 MeV  been deduced by Endt for electric and magnetic transitions of
andMeq<5 MeV at 6 MeV lead then on the basis of this different multipolarities. The RUL amounts to respectively
worst case scenario assuming a branching lagiti'=1 to 10 mW.u. forE1 transitions and 1 W.u. foM 1 transitions
an overestimation of the real strengths of at most 10% at %$or the mass region 38 A<150[33]. The 68 newE1l tran-
MeV and 5% at 6 MeV. For the majority of the states, how-sitions and the 3 new!1 transitions in'**Sn and*#/sSn are
ever, the error in the determination of the transition strength&ll within the systematics of the classificati¢see Fig. 10
resulting from feeding, will be a lot smaller. The observedEl transitions belong, in comparison with the
For the levels above 7 MeV the 10 MeV measurement hagata from the compilation by Endt, clearly to the stronger
been used for the extraction of the transition strengths. Adransitions. On the basis of the Sn resullts it is not necessary
analogous estimate of the effect of the feeding at these higie raise the RUL forE1 transitions for the mass region in
energies via an extrapolation of the calculaldg.q values —question. In the energy region between 6 and 7 Me\(IZ2
for energies below 4 MeV from Table V is in this case notin the case of-'°Sn and 12 for*#’Sn) very strong transitions
appropriate. As an alternative we can compare the transitionave been observed with &1 strength larger than 1 mW.u.
strengths obtained at 7.5 and 10 MeV. Of importance is thd'he strongest excitations at 6289 keV i#fSn and at 6369
fact that for high energies between 6.5 and 7.5 MeV no syskeV in '2“Sn have a strength of, respectively, 2.5 and 3.8
tematic higher values could be observed in the 10 MeV meamW.u. In NRF experiments on a number of neighboring
surement. This indicates that the contribution due to feedindieavy spherical nuclei, among which afZr [34] and **°Ce
in the 10 MeV experiment has already decreased sufficientl{f12], similar very stronggl transitions have been observed
at these energies and does not exceed at least the experiménthe same energy region. The presence of such enhanced
tal uncertainty on the transition strengths of the stronger tranE1l excitations seems to be a general phenomenon in heavy
sitions, which is of the order of 5 to 10 %. Summarizing we nuclei near closed shells. It can be explained in the frame-
can conclude that thanks to the use of several end point envork of the quasiparticle phonon mod€PM) (Sec. V B.
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' ' ' ‘ 6.5 MeV in all three cases. As mentioned earlier one often
1 labels such a peak “pigmy resonance” in analogy with the
] E1l giant dipole resonancé€GDR) which peaks near 15.5
1 MeV in the Sn nuclei3]. The pigmy resonance is clearly
] present in the NRF experiments di°Sn and'?Sn with a
center of gravity at, respectively, about 6.40 and 6.65 MeV.
In the tagged photon experiment 8#Sn the peak appears at
about 6.60 MeV and is somewhat broader. This can be ex-
plained by the presence of similar resonances, which can be
E expected at about the same energy, for the different Sn iso-
topes. To identify a possiblglight) isotopic dependence of
the pigmy resonance position it would be interesting to
search for this resonance in at least one of the intermediate
Energy [MeV] nuclei of the Sn isotopic chain. At higher energies above
about 7 MeV some more irregularities are present in the
FIG. 11. Comparison of the average elastic photon scatteringross sections in Fig. 11 but no more clear bumps can be
Cross sectiomrw deduced from our NRF experiments &¥sn and identified.
1243['1 with the result of the tagged phOtOﬂ experimenl”?iﬁn [2] Ana|ogous p|gmy resonances have been observed in a
number of other heavy spherical nuclei near closed shells
both in NRF measurements and in tagged photon experi-
It is interesting to compare our NRF results fdfSn and  ments[2,4—8. They are comprised o’zr [2,7], Ba[6], and
1245n with the results of tagged photon scattering experiCe [6] isotopes and a number of nuclei in the mass region
ments on"¥Sn, performed by Axegt al.in Urbana, lllinois  around?°%Pb [5,6,8], where the most prominent cases have
[2]. In this experiment the elastic photon scattering cros$been observed.
section of"Sn was measured for energies between about 6 Such a concentration of electric dipole strength in some
and 9 MeV using quasimonochromatic tagged photons witlenergy regions below the giant dipole resonance and near
an energy resolution of about 100 keV. This measurement i6—7 MeV (pigmy resonangereceived increased interest in
complementary to our higher resolution NRF experiments irthe last few year§9—11,35. lachello suggested that oscilla-
which individual states can be resolved. However, in thetions of a small portion of nuclear matter relative to the rest
NRF measurements one is limited to contributions of suffi-of the nucleus could be responsible for the observed en-
ciently strong transitions with a strength above the experihancement oE1 strength in certain energy regions well be-
mental detection limitsee Sec. V A As a result, part of the low the E1 GDR [35]. This type of oscillation should be
total transition strength could not be observed in our meapresent in all nuclei. Van Isackest al. [11] discussed the
surements and is missing in the NRF results given abovepossibility that nuclei with a reasonable neutron skin could
The tagged photon technique, on the other hand, permits thexhibit pigmy£1 resonances below thEl GDR. Heyde
study of the full dipole strength independent of the fragmen-et al. [10] proposed a schematic two-group random-phase
tation. To compare our NRF results f&1°Sn and*?Sn with  approximation(RPA) model to study th&1 strength and its
the data of the tagged photon scattering experimeri®®m,  location. They found that the model implies a concentration
we have extracted from our NRF results for discrete levelof local dipole strength in some region of the lower tail of
(see Tables Il and [Jlan averaged elastic photon scatteringthe E1 GDR.
cross section by smearing out the measured cross settions Finally we want to perform a quantitative comparison of
of all observed levels above 5 MeV via the Breit-Wigner our results with results obtained in tagged photon experi-

o,, [mb]

D. Comparison with results from tagged photon scattering

function ments. In a first approximation it seems reasonable to assume
that all Sn isotopes will have roughly equal cross sections.
(E)_E | i A Because of the higher quality and more in particular the
Oyy ~ SVon (E— E,,)2+A2/4' higher sensitivity of the ¢,y’) experiments with 7.5 MeV

bremsstrahlungsee Secs. IV A and V Aand because the

The sum was taken over all obsern@®=1" states above 5 tagged photon experiment diSn starts only at 6 MeV, we
MeV. In agreement with the energy resolution of the taggedvill first investigate the energy region between 6 and 7.5
photon experiment a valug=0.1 MeV has been used. The MeV. For this interval the following values for the summed
results are shown in Fig. 11. dipole strength have been observed in our NRF experiments:

The observed elastic photon scattering in the natural SEiISFIé'E’UW(E) dE=3.93(48) MeV mb for 1*%Sn and
experiment is surely dominated by the three most abundar&.61(80) MeV mb for 12“Sn. In the same energy region a
isotopes, namely1%Sn (14.299, *'%Sn (24.09%, and 1?°Sn  transition strength of 5.880) MeV mb was observed in the
(33.0%. Of course one can expect some variation in thetagged photon experiment di'Sn. Final conclusions about
cross sections from isotope to isotope and therefore the resuhe strength, which are missing in our NRF results due to the
of the tagged photon experiment only represents a lowelimited sensitivity of our measurements, can only be made
limit for the fluctuations and substructures, which might existafter additional NRF measurements are performed on the
in the cross sections of individual isotopes. isotopes!t®sn and'?%Sn, having the largest abundange-

The elastic photon scattering cross sections in Fig. 1fether 57% in the natural isotopic mixture. Nevertheless
display fine structure with a pronounced maximum at abouglready now it becomes clear that in the considered energy
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region the missing transition strength in our NRF measure Q, in+/ .
ments is not very large. At higher energies above 7.5 Me\; SR .

the difference between the cross sections measured in the 1 NEES NN
NRF experiments and the tagged photon experiment in- :5>\.>\’5ﬂvu’5hi’§2 Loy &0 — @iy @551
creases fast with increasing ener@ge Fig. 11 In the in- I

terval between 7.5 and 8.5 MeV 76% fdf‘Sn and only

X . _ + NN AN N
34% for 118sn of the dipole strength observed in the tagged Z Z @im@jrm A, ¥, Cirmem,Cimiom,
photon experiment can be resolved in our NRF measure- 12 MMMz
ments. An analogous comparison of the results_5ﬁ5|e, ob- (NN N M e oM !y )
tained in NRF experiments with a similar sensitivity as our 127" i = Imiamy = m’ jomy)

measurements and tagged photon scattering experiments, in- _ o : \i
dicated that in the energy region between 7 and 9 MeV about The phonon structure, i.e., the coefficienty, and ¢}/,

half of the total dipole strength, measured with tagged phofsee Eq(1)] and the corresponding energieg; are obtained
tons, could be explained by the strong resonances, observéy solving quasiparticle RPA eigenvalue equati@RPA).

in the NRF measuremenf86]. The model Hamiltonian includes terms corresponding to an
average field for neutrons and protons, monopole pairing,
and a residual interaction in a separable form. The QRPA
equations vyield both collective solutions as well as rather

The observedEl strength distribution can in a simple pure two quasiparticle configuratiofi37].

phenomenological approach be described as the extrapola- Starting from the one-phonon states, more complex con-
tion of the low-energy tail of th&1 giant dipole resonance. figurations are constructed, i.e., tWO'phono[rQ;rM,i
The energy dependence of the absorption cross section in tr&gQ;#,yir]JM ., three phonon [[Q;u,i‘g’Q:'#w]J'M’

GDR can be well described by a resonance line of Lorentz@Q:”M”’i”]JM, and multiphonon ones. Finally, the wave

E. Comparison with QPM calculations

shape: function of excited state3™ can be expanded in the same
OeoR basis, consisting of one-, two-, multiphonon configurations
o.(E)= PR —— as follows:
1+(E2—E&pR YE gk
with the amplitude E the excitation energy, and + DZéBé(J)
OGDR =GDR ' v = v, . S—
I'cpr the width of the resonance. The Lorentz line param- I % S“l(J)Q“1+aZEBZ 1+ Ouy.p,

eters for the even Sn isotopes atgpr=270 mb, Egpr

=15.5 MeV, andl'gpr=5.0 MeV[3]. TZ'ﬁ’y'(J)
The Lorentz line extrapolation of thel GDR below the x[Q} QE Lmt > %33
neutron emission threshold can only give a rough description 2 agB3ys \J1+ 6o, g, v,

of the average behavior of th&l strength but not the details.
This approach usually overestimates & strength func-
tion at lower energies and cannot at all explain the observed x[QF Q; Q. Tam+ - [ ph (2)
substructures. A microscopic approach via a shell model cal- 3T
culation is in principle capable of a more complete descrip-

tion. In this case the giant resonance consists of a coherent §
superposition of particle-hole transitions.

. . . 12 .

For the investigated isotopeS°Sn and **'Sn a micro-  \here we limit many-phonon configurations by the three-
scopic calculation has been performed in the framework opnonon term in accordance with realistic calculations pre-
the quasiparticle phonon moded7]. Excited states in even- canted below. Bya, 8, and y we mean the combination
even nuclei are treated in this QPM approach as phonons and , i1 and bya’, 8’ and y' the combinatior{\,i}. The
“quasibosons.” The phonon creation operators are denote d,e>2v=(1 2 5Iabels whether a stati’ [Eq.(é)] is the
by Q)i - Multipolarity and projection are indicated byand  first, second, etc, one in the total energy spectrum of the
w. The indexi distinguishes between phonons with identical system. It is assumed that any combinatian 8, y of
A, but different excitation energy. The phonon creation 0opphonons appears only once. The second and third terms in

1) 1)

ag.B3 vz~ “3w’33+ 5“3v73+ 5,83,73+ 25a3,ﬁ3 agz,y3’

erators have a microscopic structure: Eq. (2) include phonons of different multipolarities and pari-
ties.
.18 N In order to obtain the excitation energies of the states
Qw=§z 2 {‘ﬂjj Laj aj i, described in Eq(2) and the coefficientSZl,(J), Dzz,ﬁz,(J),
T

N andTZ,B, ,(J), we diagonalize the QPM Hamiltonian in the

— (=DM el [ajail- b, is of 1 ! interacti i

L Epn-p basis of the wave functiofEq. (2)]. The interaction matrix

elements between different configurations are calculated by
whereajfm, (ajm) denotes creatiofannihilatior) operators  making use of the model Hamiltonian and the microscopic
of quasiparticles in the single-particle levigk|n,l,j). Due  fermion structure of the phonons. It should be noted that in
to the fermion structure of the phonons, they obey quasibothe actual calculations we have omitted terms of the model
son commuting relations: Hamiltonian corresponding to the two-phonon exchange,
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which characterize a direct coupling between one- and three: E iosn (00 ' N " ' N
phonon configurations. This is because matrix elements of 168 7 7 ]
two-phonon exchange are much weaker than the ones corre ] I :
sponding to one-phonon exchange and which couple two-

phonon configurations to one- and three-phonon configura-
tions, the latter denoted byug,(y’). Thus the model

Hamiltonian in terms of phonon operators can schematically
be rewritten as

]

107 3e*fm?

—

B(E1)?

H=2 0,QuQu+ 2 Ug(v)Q,QpQ, +Hpau
a/ a’,ﬁ',y'
(3)

0 3
where phonong’ andg’ in the second term are coupled to 6E0r?£rgy [keV] 8000 6Eol?frgy [keV] 8000

the angular momentury’. The last termHp,,; denotes a

Pauli correction, which arises from applying exact commut- FIG. 12. Comparison of the experimental strength for dis-
ing relations. It is responsible for an energy shift in thecrete levels in*'%Sn and?‘sn with the prediction in the framework
many-phonon configurations from the sum of their unper-of the QPM model.

turbed energies and implies a slight renormalization of the

interaction matrix eIemenllsgl,(y’). For I states this term tant for the lowest lying 1 states, reducing th&(E1)7
is the most essential in describing properties of the first levevalues to the correct order of magnitude compared to the
which has the (2®3;), nature. ones found experimentalljl4,12. For the higher-lying 1
Diagonalization of the approximate Hamiltoniflq. (3)]  states, the interference exhibits the opposite t{@2{ Mak-
in the basis of the wave functiofEq. (2)] has been per- ing use of the elements discussed above, we have calculated
formed. The phonon basis for the calculations contains althe B(E1)T andB(M1)1 strength distribution over1and
natural parity phonons with ™ from 1" up to 6, enlarged 1" states in*'®Sn and*?‘sn.
with the A= 1" unnatural parity phonons. Thereby, we in-  In Fig. 12 the experimentdEl strength distributions of
clude all one-phonon configurations up to an unperturbed®Sn and *#%Sn are compared with the theoretical predic-
energy of 20 MeV. This truncation allows us to take thetions of the QPM calculations. For all observed dipole tran-
influence of the 1 GDR on low-lying I states fully into  sitions without parity assignment the reasonable assumption
account and to avoid the phenomenological inclusion ofvas made that they can be attributed&d excitation. The
core-polarization effects on thE1l effective charge. The overall agreement between theory and experiment is quite
density of the more complex multiphonon configurations isgood. The experimentally observed fine structure and frag-
rapidly increasing with excitation energy. Thus to make amentation of theE1l strength over a large number of indi-
calculation possible we have to truncate the basis of mulvidual states and more in particular the presence of a pigmy
tiphonon configurations. In the present calculations we infesonance around 6.5 MeV are reproduced by the QPM cal-
cluded the two- and three-phonon configurations up to theulations. Moreover the theory predicts the appearance of
energy of 9.5 MeV, which resulted in about 600 componentseveral very stronggel excitations with anE1l strength
for the wave function of Eq(2). Parameters of the residual B(E1)]>10 2 e? fm? at these energig$—6.5 Me\} which
interaction in the model Hamiltonian have been adjusted ihave indeed been observed in the experiments. A strong con-
order to reproduce the experimental position of the GDR, tcstructive interference between the one- and two-phonon
exclude a spurious state for thé fevels and to reproduce components roughly doubles til strength in this energy
the collectivity of the vibrations for other multipolarities. region relative to the pure one phonon strength. This coher-
The one-body fermion operator describing the electro-ence effect is essential to describe our experimental results
magnetic transition can be expanded as an infinite sum aind has already been proposed to explain the similar very
phonon operatorg38], making possible a direct excitation ~ strongE1 transitions which have been observed at about the
of multiphonon configurations starting from the ground statesame energies in NRF experiments on the seminmagic82
This is true only if RPA ground state correlations are takemucleus'*®Ce[12]. Moreover the presence of such enhanced
into accoun{39]. It thereby becomes evident that the directE1 excitations seems to be a general phenomenon in heavy
excitation of the two-phonon states will be weak comparechuclei near closed shellsee Sec. V €
to one-phonon states; the same is true comparing the excita- Let us now compare the total observé&d and M1
tion of three- and two-phonon states, etc. Therefore, we fullystrengths with the theoretical predictions. For this compari-
neglect the matrix elements of transitions involving three-son we choose to use the energy region between 5 and 8
phonon components of the wave functions. The latter conMeV. Above 8 MeV the rapidly rising limit of sensitivity
figurations are mainly responsible for a redistributiorag-  (see Fig. J prevents increasingly the identification of levels,
mentation of E1 (M1) strength over the many complex resulting in, for example, the identification of only one state
states. Since the wave function of excited states mainly cormabove 8.5 MeV. Below 5 MeV only a few states are ob-
sists of one- and two-phonon configurations, an importanserved and feeding in this energy region can no longer be
interference effect results between these two types of comeglectedsee Sec. V B Assuming that all observed dipole
figurations. These interference effects are particularly importransitions haveE1l character, a total strength &(E1)7
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=0.20425) e? fm? for 1'%Sn and B(E1)]=0.34543) 1ol s ' ' ' ‘ 3

e? fm? for ?“Sn is obtained. These strengths have to be S oal Sn (a)_

compared with the predicted values 8{E1)7=0.216 3 T

e? fm? for 1%Sn andB(E1)]=0.229e? fm? for 1?4Sn ac- - 067 ]

cording to the QPM calculation arB(E1)1 =0.840e? fm? S 04 i

for 1%%sn andB(E1)7 = 0.911e? fm? for 2“Sn according to 5 osob i

the Lorentz line extrapolation of the GOR]. One should of T | i

course bear in mind that the Lorentz line parameters were 0.0 =t ‘ ARRRSEREES

obtained by fitting of the photoabsorption cross sections o 16k Sn (b)f

which peak about 10 MeV higher than the energy region in S

question. S ]
On the other hand only one tentatiivel excitation to the =

level at 7925 keV in *%Sn could be observed with = o8t ]

B(M1)1=0.28(6)+2. In 12%Sn the B(M1)] strength for 2 , ;

two observed tentative M1 transitions amounts to m 0.04} ]

0.61(7)?. The QPM predicts a totall1 strength of the T ’ | H I m“immw i

order of B(M1)1=13-14.2 for 1%Sn and'?’Sn with the 0-00™"4000 5o 8000

main strength concentrated at about 9 MeV. In the energy Energy [keV]

region between 5 and 8 MeV a totlll1 strength of, respec-

tively, B(M1)T=1.5242 for 16Sn andB(M1)1=1.3743 FIG. 13. M1 strength distribution ift'sn over(a) one-phonon

for 124Sn is predicted by the QPM, corresponding in bothStates andb) multiphonon states, Ed2).

cases to less than 10% of the total predicted dipole strength, ) ,
for the considered 5-8 MeV energy region. In agreemenglfference between the cross sections measured in our NRF

with our experimental findings, one can therefore concludéXPeriments and in the tagged photon experiment increases
thatM1 transitions should be difficult to observe in the per- @St with increasing energy, indicating that more strength is
formed NRF measurements, especially in the case of a strofif’t détected in our NRF experiment.

fragmentation of theM 1 strength. The lack oM1 excita- The identification of inelastic transitions in NRF measure-

tions in our experimental results can be regarded as an ingf'€NtS Poses the second problem. The rapidly increasing
cation for a considerable fragmentation of thiel strength _a_cl_<ground at lower energies in the spectra red_uces th_e sen-
over a large number of relatively weak individual transitionsSitivity to detect ldec?y branc”hlngs bto Iofvverff_ly_lng Iexcned
which cannot be detected within the sensitivity of our experi-States. As a result only a small number of sufficiently strong

: énelastic transitions could be identified in the spedisae
Sec. IV A). The many weak inelastic transitions, responsible
for the observed feeding of low-lying levels, fell below our
experimental detection limits and could not be obserisee
Sec. V B. The reduced transition probabiliti@&E1)1 were
calculated assuming pure ground state transitiohig/I(
=1) for all levels for which no branching to lower lying
excited states was observed. In the case of a large number of
unidentified weak inelastic transitions this can lead to a con-
siderable underestimation of the real strengths.

The total excitation cross sections of high lying states
d-(EA) can be represented as a sum of elastic and inelastic
Cross sections:

on ®Fe and®®Ni, where the number of observeéd1 tran-
sitions almost equals the number B transitions[40]. In
the considered energy region below 8 MeV the QPM pre
dicts for the stronged¥11 excitations strengths of the order
of B(M1)1 zO.Z,uﬁ, which is comparable to the experimen-
tal limit for the parity determinatior{see Sec. V A Our
calculations within the QPM confirm this fragmentation in
the energy region under consideratifgee Fig. 18)] for
1183n; the results fot?Sn are very similar.

The quantitative comparison of the experimental
strength distributions with the theoretical predictions accor
ing to either the Lorentz line extrapolation of the GDR or the
QPM calculations is, however, hindered by the fact that it is

- =0+ o
difficult to extract from our NRF results the total strength, ~ Ztot” el Tinel

including both the full elastic and inelastic components. We Fé T
are confronted with the following two problems. First of all => (W}(A)Zg}\r_)\"'E (7.,7()\)29}\1“%2 F_*
in NRF measurements one is limited to contributions of suf- A A i L

ficiently strong ground state transitions with a transition o _ ) _
strengthl'?/T" above the experimental detection limit. As a The second term in this expression describes the feeding of
result a part of the total transition strength could not be obihe lower lying states. If for the low-lying excited statés,
served in our measurements and is missing in our NRF rdhe excitation cross sections via direct photoabsorption from
sults. A comparison of our NRF results f81%Sn and’24Sn the ground state and the total feeding of these states are
with the results of tagged photon scattering8isn allowed ~ known, then it is possible to estimate the contributiomrpf,

us to check which fraction of the total dipole strength mea-@nd some average total branching rati¢Z;B, ;)
sured with tagged photons could be resolved in our NRF=(Zil'y,/T'y) for inelastic transitions from higher lying
measurementsee Sec. V B It turned out that in the energy states E,). This will be explained in more detail in the
region below 7.5 MeV the missing strength in our NRF mea-Appendix. Such an attempt looks very attractive f6#'25n
surements is not very large. At higher energies, however, thas it can be done using only the results of NRF experiments
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T The sum was taken over all observed dipole states above 5

40(): — GDR [Leprv4] 16g ) ] MeV. So we assumed once more that all dipole transitions
F - () ] are due to E1 excitation. The parameter valie 0.3 MeV,

s00f T OFM ] applied in the theoretical calculations, has been used for the
3 i comparison in Fig. 14. One observes that the QPM predicts

200F 3 considerably less E1 strength than what can be expected on

E the basis of the Lorentz line extrapolation of the GDR. More-
E over the strength functions display fine structure with a pro-
1 nounced bump just above 6 MeV. The pigmy resonance pre-
dicted by the QPM calculations in the energy region 6—6.5
MeV has experimentally been observed in both Sn isotopes
3 at slightly higher energies. Finally we want to point out that
E on the basis of the above extracted average branching ratio of
0.72-0.54 for ground state transitions an additidBt1)7

] strength of 40 to 85 % would show up corresponding to the
E unobserved inelastic transitions. This would bring the experi-
mental distributions in Fig. 14 somewhere in between the
QPM prediction and the GDR extrapolation.

100

| — CDR [Lepr74] 12ag,
= (77)
+ QPM

400

300 F

200

B(E1)! [1072 €*fm® / MeV]

100

5 6 7 8 9

Energy [MeV] VI. CONCLUSIONS
FIG. 14. Comparison of the experimengl strength distribu- Via resonant scattering of real photons a high resolution

tion in 1%Sn and?%sn with the predictions according to the Lor- study of the dipole strength distribution in the even Sn iso-
entz line extrapolation of the GDR and the QPM calculations.  topes!!®Sn and'?Sn has been performed for energies up to
the particle threshold at about 9 MeV. A detailed picture of

and the known level schemes of these nuclei. It looks alséh€ fine structure of the dipole strength up to these high
reasonable because the dipole strength is concentrated in tBBergies has been obtained. Furthermore the use of linearly
narrow energy region of 6.0—7.0 MeV for the Sn isotopes_polarlzed bremsstrahlung made possible the determination of
We want to stress here that the level scheme below 4 MeVhe parities of the strongest observed dipole transitions in a
and the branching ratios of gamma transitions from the level§ompletely model-independent way. o
are well known for1%n[30,41,43 and (at least the states __More than 150 new dipole ground state transitions in
with J=1,2%) for 2%Sn[31,32. 1185n and*?*sn were observed. The excitation energies and

The estimation procedure performed is described in théhe ground state transition widths of the corresponding levels
Appendix. In 1163 for levels in the region of 5.0~7.4 MeV, have been determined. The observed dipole strength distri-
the average branching ratio for ground state transition®ution displays for both isotopes a clear concentration
(To IT\)=1—(ST; /T,)=0.54 is obtained. This value is around 6.5 MeV, giving rise to azso galleqlgégmy resonance
close to the ratio oé /0 ,,=0.50 derived by Axeet al.[2] with & total strength of 0.20(5) e” fm* for n and 0.345

in a statistical approach for the region 6.0—7.5 MeV in the Sn(43) e? fm? for 2'Sn, under the assumption that all observed

isotopes, using for the excited states some reasonable paragilggrlli trZ?i?il(tal(s)r(]:?)SI?jvSel eirt]?argcetgr.Tioer tgﬁ i;ﬁggeosf,ttgnt;e
eters[the constant sum of partial inelastic radiative widths P ) Y

e ! 3] e o esgnes £, Ao e o e el s
experiments. The branching rati¢l'y /T') for 1245n '

i \ . MeV and their transition strengths rise to about 2—3 mW.u.
amounts to the higher value 0.72, which correlates with 8rpe ack ofM 1 excitations in our experimental results are an

higher elastic cross section i‘Sn compared td'*Sn(see  jpgication for a considerable fragmentation of thé1
Fig. 13?' . o strength over a large number of relatively weak individual
Taking into account the strength missing in our NRF ré-yansitions which cannot be detected within the sensitivity of
sults, both for the elastic and inelastic components, mighg experiments.
considerably increase tHel strength. In Fig. 14 we com- gy comparing the apparant transition strengths deduced
pare the experimental E1 strength distributions with the thedirectly from our experiments at different bremsstrahlung
oretical predictions according to either the Lorentz line ex-gng point energies, the conclusion could be drawn that the
trapolation of the GDR and the QPM calculations. For thisfeeqing of lower lying levels can be a rather strong effect. In
comparison we have extracted from our NRF results and thg,g exiraction of the transition widths this feeding cannot be
QPM predictions for discrete levelsee F'g- 1§the COIT€-  neglected for levels with an excitation energy much below
spondingE1 strength function(in units e~ fm“/MeV) by  {he bremsstrahlung end point energy. Thanks to the use of
smearing out the reduced transition probabili£1)T of  premsstrahlung with different end point energies the influ-
all observed levels via the Breit-Wigner function ence of the feeding on the measured cross sections could be
limited. The error in the determination of the transition
A strengths resulting from feeding can be estimated to be at
i most about 10% for excitations above 5 MeV.

B(E1)T= B(El,v —_—.
(EDT 21/ (Bl (E—E,)?+A%4 Our NRF results for*'°sn and!#/sn as well as the data
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from tagged photon scattering experiments"®8n indicate  point energy bremsstrahlung using known branching ratios.

that the elastic photon scattering cross sections display fin€he P; values are deduced only in the 7.5 MeV measure-

structure with a pronounced maximuipigmy resonangeat ~ ments. Both ground state transitions and inelastic transitions

about 6.5 MeV. Similar resonances can be expected at thean be used to find thes& values.

same energies in the other Sn isotopes. If E)\PSABM is the population of level by transitions
The experimental strength distributions are rather well refrom all statesE, > 4.1 MeV, the total populatioR; of level

produced by QPM calculations taking into account the coui will be equal to

pling of up to three phonons. A strong constructive interfer-

ence between one and two phonon components is essential

for the description of the experimental results with in par- Pi= Psﬁg PS}\BA,i+C_2+1 PeBe,i s (A2)

ticular the occurrence of very strorigl transitions around -

6.5 MeV. whereP is the total populatiorisimilar to P;) from a low-
lying statec (E;<E.< 4.1 MeV), B is the branching ratio
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For the decay of level we have

i—1 L
> PBin— X Pch,i>.
m=1 1

c=1+ (A4)

; Ps B, =PiBio—Ps+
APPENDIX

The population of low-lying levels in NRF experiments _ )
occurs in two different processes: by the direct photoabsorp! Ne total feeding for all low-lying state&ip to 4.1 MeV
tion from the ground state and by cascade transitions frorf@used by inelastic transitions from levélg is determined

higher lying states. The level populatiéh (the number of @S

target nuclei in the staté;) in this case can be defined as the L L i-1
sum of the population via these two processes: ;1 ; PSABM:; (PiBio—Ps)+ 22 pimz:1 Bim
Pi=Pg * Preeq (A1) L-1 L
. e -2 2 Pch,i). (A5)
As a result of the feeding process states Wil 1,2 will =1 c=i+1

be populated in our experiments too, which is confirmed by h fthe | . h |
the observation of inelastic transitions from states with In each one of the last two terr_ns in E@S), the totq sum
—0* in the spectra with 10 MeV bremsstrahlung. accounts for all cascade transitions between low-lying states.

The scheme of excited states BfSn (and 12%Sn) can be ;I'he sequence of summation in the last term can be changed
seperated into the following. 0

(i) The high-energy regiotabove about 4.1 Me) In this L-1 L c-1
region only the ground state transitions are observed in the > PB.=2 P.> B.. (AB)
experiment and the contribution of cascade transitions be- i=1 c=i+1 "oce=2 =1 7

tween these high-lying states is negligitieee Sec. V B _ ] _ L -
The branching ratios in this region and the complete levellhis expression does not differ frol_,P>;,-3B; n and
scheme are not known. In this energy region the levels willve get finally
be characterized with an index
(ii) The low-energy regioitbelow about 4.1 MeV, where
the levels will be denoted by an indéxc, or m). In this part
of the level scheme the feeding process dominates or gives a
considerable contribution in our NRF experiments even withThis shows that the total feeding for all low-lying levels;J
7.5 MeV maximum bremsstrahlung energy. All the terms incaused by inelastic transitions from higher-lying leveis X
Eq. (Al) can be determined from the experimental data. Thes equal to the total number of ground state transitions from
P values are obtained in our experiment with 4.1 MeV endthese low-lying levels with subtraction of the populati®g

L L
3 3 PsBr =2 (PBo-Ps). (A7)
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of these levels in¥,y') reactions via direct photon absorp-
tion [see Eq.(A7)]. This conclusion can be derived from a
general consideration as well. Every initial excited state in
each nucleus decays directly to the ground state or via the
ground state transition from any other intermediate state
which is the final excited state in a cascade decay. Due to
this reason the total number of ground state transitions will
be equal to the total number of excited states in the target,
independent of the nature of excitati¢directly or by feed-

ing from higher lying levels and of the number of cascade

2 2 PsBy =1 <X>2 Nals,

L
> Nils

7.5 MeV

(Z ey

(A11)

4.1 MeV

transitions.

According to the introduced definition df;..q (S€€ Sec.

V B, second equationwe have

L L To.
2, PiBig= 2 Nigi(mX)%(To + Tieeq) T (AB)
and
L L
2, Ps=2, Nigi(m4)To, (A9)

whereg denotes the state spin factor aXds the photon flux
(obtained using the Schiff formula
The left side of Eq(A7) can also be written as

: sor,
2 > PS}\B)\,iZE '\lx(.:l)\(ﬁ'}()\)zroA T
i=1 \ A A

Sl I's,
= ro 2 N9 ( 777(>\) Ea

X
1< <>X)2 N)\gx(ﬂ'xx) 1—‘o Ty,

(A10)

where (X)=(={_;B, )= (2l /1)) and - (1-(X))
=(I'q, /T\). Introducing the mtegrated cross sectionob-

In principle, we need the data for all low-lying states with
J7=1*,2". For a number of these levelB, is determined

in our experiment with 4.1 MeV bremsstrahlung. The re-
maining levels have a low value df, (F?,/F is below the
limit of sensitivity in this experiment They are not observed
in the experiment in Stuttgart and their contribution in the
last term of Eqs(A7) and (A11) is small. Thel' for some

of these levels can be taken from Rdf30,31]. In the popu-
lation of these low-lying levels the feeding process domi-
nates {se>1'p) in the 7.5 MeV experiment. The popula-
tion (andl g values of the low-lying states missed in the 7.5
MeV experiment can be found with the use of an average
dependence oP; on the excitation energy. As a rule these
levels occur above 3.5 MeV and they give a small contribu-
tion (maximum 10% in the total feeding of the low-lying
states and as a consequence the uncertaintieBQp for
these states do not effect the final results.

The analysis of the results obtained in the experiments at
4.1 and 7.5 MeV end point energies with®Sn and!?‘sn
allows us to conclude that the sensitivity of the measure-
ments is quite high enough to get the total feeding of the
low-lying states with a reasonable accuracy.

The estimates performed in the framework of this ap-
proach give(T'o /T')=0.54 for 1*%n and(T'o /T'\)=0.72
in the case of'?*Sn over the energy region 5.0 to 7.4 MeV.

The estimated(I'g /T,) values depend(but not so
strongly on the contribution of high-energy ground state
transitions missed in our analysisee Sec. V B Including
the missed transitions in the left part of E&\7) leads to an
increase of the averag{@oxll“g and hence we have to con-

sider the obtained value as a lower limit for this ratio. An

tained in the experiments at different end point energies, wadditional 50% of missed ground state transition strength

can deduce

would increase thel'o /T',) for *°Sn from 0.54 up to 0.64.
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