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The electromagnetic dipole response’dBa was measured up to 6.7 MeV excitation energy in a photon
scattering experiment. Two Euroball Cluster detectors were used to detect the scattered photons under 94 and
132 degrees. The Cluster at 94 degrees served as a Compton polarimeter. The total observed dipole cross
section is in good agreement with previous tagged photon data, but in the present experiment the transition
strength and the electric character of most of the transitions has been determined on a state-by-state basis. The
data show a concentration BfL strength around 6 MeV. For one of the strongest excitatidscharacter is
suggested. The results of model calculations using the quasiparticle phonon (@&l agree with the
observed electric dipole strength distributi$80556-28189)51311-3

PACS numbgs): 21.10.Hw, 23.20.Js, 25.20.Dc, 27.60.

The electric dipole response provides a particularly sensi- The purpose of this Rapid Communication is to report on
tive probe of the structure of nuclei. Due to the repulsivea NRF experiment performed on the semimalgie 82 iso-
nature of the particle-holep-h) interaction, theE1 strength  tope 13Ba at the superconducting Darmstadt electron linear
is concentrated at high excitation energies of about 18 accelerator S-DALINAC using two composite Cluster detec-
MeV forming the collective giant dipole resonan@®DR),  tors. One of them served as a Compton polarimeter in order
see, e.g.[1]. E1 transitions at low energies are significantly {5 getermine the parities of the excited levels. A significant
modified by the mixture of the elementary p-h excitations ., ount ofE1 strength as well as a candidate for a strong
with more complex configuratior2,3]. An example, which M1 excitation were found between 5MeV and the photon
recently attracted considerable interest, is the transitions t8nd-point energy of 6.7 MeV.

the 1" members of the multiplet resulting from the coupling Bremsstrahlung photons were produced in an air-cooled

of collective quadrupole and octupole phonons in Sphericatlantalum radiator target and were guided through a 60cm

nuclei[4—9]. The delicate interplay of onéGDR) and two- ; - .
phonon modes is especially Sroxll"nounced at and below th!é)ng lead collimator. The photon scattering target consisted

particle thresholds. Knowledge of the electric dipole strengtf?f 3011 mg 99.4% enriched®Ba sandwiched between bo-
in this energy region is therefore an important aspect ofon (627mg and aluminum(338 mg calibration standards
nuclear structure whose quantitative description represents® nNatural composition. The scattered photons were observed
challenge even to advanced models. Experimentally, in th€Y two Cluster detectors located under scattering angles of
investigation of they-ray strength function in the energy 94° and 132°. The Cluster detectors were encased in a lead
region below the GDR, a “bump” in the-ray spectra was fortress with an average wall thickness of 30cm to shield
observed in numerous heavy nudéD—15. This phenom- them from the highly intense background radiation. Data
enon is commonly referred to as “pygmy” resonance. were taken with the Cologne-Rossendorf FERA Analyzer
One experimental method especially well suited to studysystem which allowed both Clusters to run at 10 kHz singles
ing dipole excitations with good energy resolution and yield-rate per segment.
ing model independent strength and parity information is The Cluster under 94° was used for measuring the sign of
nuclear resonance fluorescern®RF); for a detailed review the linear polarization of the scatteredrays in order to
see Ref[16]. With the advent of the latest generation of provide parity information on the excited resonance states.
high-efficiency compound germanium detectors such as thBrevious experience with polarimetry in NRF experiments
Euroball Cluster detectdrl7], the experimental sensitivity has shown that by choosing observation angles slightly
has increased significantj18] and the strength and polar- larger than 90° the nonresonant background can be reduced
ization even of weak transitions can be determined with reasignificantly while retaining near maximum polarization sen-
sonable accuracy. sitivity [19,20. The Cluster detector with its seven large
volume Ge crystals has been proven to be an excellent
Compton polarimetef21,22. Although its segments are not
*Present address: Oliver Lodge Laboratory, University of Liver-arranged in the usual orthogonal way, numerical simulations
pool, Liverpool L69 7ZE, U.K. [23] as well as experimental tedt81] have shown that the
TPresent address: Wissenschaftskolleg zu Berlin, Wallotstrae 1§igure of merit for the Cluster’s capability to measure polar-
D-14193 Berlin, Germany. izations can be even somewhat larger at hygtay energies
*Present address: Argonne National Laboratory, Argonne, ILthan that of orthogonal five-crystal arrangemd2# or seg-
60439. mented crystal§19], compensating for the loss of polariza-
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SRR TABLE |. Excitation energies, spins, paritié@henever an as-
% 16} 138B4(7,9") E signment has been possiplexperimental asymmetries, branching
Y] 3 <B.7 MeV 3 ratios to the T{ state, andB(E1) values for those states for which
\12 = E‘f ° iig = : : g
» E 3 an experimental asymmetry was determined. Excitation strengths
‘a’ £ 3 above 6 MeV contain asymmetric errors due to an increasing un-
2 8¢ 3 certainty of the photon flux calibration.
O E SE 3
o, 4F 3 E J” € r,/T, B(E1)]
E 3 -3 a2 fm?2
— E 5 [keV] f [10"°e“ fm?]
0 M| IR NN NU NPUNN SV NPUN NPU SIS NS U NN MU NN NA NP o
3600 4000 4400 800 4025.2 r? —0.03019 0.041) 16.798)
6 T 4322.7 17 -0.09685) - 2.4713)
. ; 3 4706.2 1 0.03a.11) - 1.378)
S 3 4854.1 17 —0.06439 - 13.17)
} 3 5145.6 1 —0.02444) - 8.65)
"E 3 5283.8 1 —0.03861) - 4.07125)
2 ] 5391.6 1) -0.06843) - 10.26)
154 3 5475.4 1 —0.03362) - 4.83)
® 3 5510.7 I -0.03217  0.0313) 36.122)
- . . ] 5581.3 1 -0.01869 - 4523
P 't PR T N P R B P Bt h b
5200 5600 6000 6400 5644.4 ™ 0.02530) 0.0253) 2.5216)
5654.6 1 —0.04399) - 6.65)
Energy (keV) 5694.1 17 —0.07972 - 5.24)
5742.9 1 —0.09199) 0.101) 8.0(6)

FIG. 1. Top: Total spectrum of the Cluster at 94° from 3.2 to 4.9
MeV. Bottom: The high energy part from 4.9 to 6.6 MeV. Promi-
nent lines labeled'B result from the calibration standard and SE

5766.1 1) —0.06244) - 9.57)
5814.9 1 —0.01361) - 5.14)

- _
denotes single-escape lines. 5873.7 1 0.04340) 12.510
5963.3 1 0.00810) - 12.311)
. e . .. . . =) — _ 2.2
tion sensitivity by its large absolute efficiency. Coincidence®102-7 1 0.06248) 9.7°7%
S : : 14.1 1 —0.05873 - 5153
pectra were analyzed between perpendicularly adjacent se@t 0.9
ments(labeled||) and diagonally adjacent segmefisbeled 61932 1 —0.03453 - 22-5?23239
\\ and /) with respect to the photon scattering plane. The6244.9 1 -0.01660 - 8.2°1%
coincidence asymmetry for the Cluster detector is define®345.6 1 0.03@B4  0.16°3% 5.2'35
[21] as 6362.4 1 0.016%55) - 11.3°32
6410.3 1 0.02@14) - 20.7°2%
= 05x(h+1,)) QP @ 6434.1 1 —0.03944) - 21.7° 897

+0.5X(+1) 1+ 1QP 3Parity known from the literature.

bvalue given isB(M1)1 in u2 (see text
wherel denotes the coincidence intensity in the coincidence h deduced bl . h |
roup labeled by the subscript. Each coincidence group co pirengths were deduced. Table | summarizes the results ex-
gr . : AR ncept for weak transitions where the statistical uncertainty of
tains four detector pairsQ and P denote the polarization

e ; o the coincidence signal was too poor for an analysis of the
sensitivity of the detector and the linear polarization of theasymmetry

incoming photon with respect to the chosen geometry, re- rjgyre 2 presents the experimental coincidence asymme-
spgctlvely. NRF expgrlments on ngclel with ground-stateyjjeg [cf. Eq. (1)] for '3%Ba. Definite parity assignments are
spin 0" lead to maximum polarizatiolP=*1 for reso- indicated by solid circles, tentative assignments by solid
nantly scattered photons at 90 degrees according to the posjquares. The triangles represent the asymmetries of known
tive or negative parity of the resonance state. Therefore, aE2 transitions. The open square corresponds to a calibration
ready the sign of the measured asymmetryuniquely line which should show no asymmetry. The dashed curves
determines the parity of the corresponding excited state. represent the calibrated polarization sensitividy of the

Figure 1 shows a single spectrum taken at 94°. We obCluster detectof21], which is extrapolated above 4.5 MeV.
served a total of 58 ground state transitions'#Ba. Spin  The criteria adopted for assigning parities from the measured
guantum numbers were assigned from measured angular casymmetries were as follows. A definite parity assignment
relations. The photon scattering cross sections were meavas made if the asymmetry was withinrlof one of the
sured model independently relative to the well known crossalibration curves, while the other one was excluded by at
sections in the photon flux calibration standartl8 and least 2r. A tentative assignment was made if the asymmetry
27l Effects from nuclear self absorption in the target werewas within 1o of one of the calibration curves, while the
taken into account in the evaluation of the cross sectionsother one was excluded by aboutr1No assignment was
From the photon scattering cross sections absolute excitatianade in any other case.
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FIG. 2. Experimental asymmetries foy transitions to the
ground state of'*®Ba for which at least tentative polarization as- Energy (keV)
signments were made according to the criteria described in the text.
Solid circles denote definite, solid squares tentative parity assign- FIG. 4. Top: Elastic photon scattering cross section observed in
ments. Triangles correspond 2 transitions. The open square a tagged photon experiment on a barium target of natural composi-
represents the coincidence asymmetry of a calibration line frontion [28]. Bottom: Averaged elastic photon scattering cross section
1B, which should show no asymmetry. The dashed curves arealculated from the resolveB(E1) strength distribution of Fig. 3.
explained in the text.

) ) The E1 strength distribution is shown in the upper part of

The parity assignment can be checked for the strongegtig. 3. The lowest observel transition at 4025 keV is the
transitions in the spectra. The state at 4025 keV decays byé’ecay of the quadrupole-octupole coupledstate to the g.s.
known E1 transition[25]. A further check on the quality of [5,25]. The two-phonon nature of the corresponding states in
the asymmetry data is given by théB calibration lines, the N =82 isotonest*2Nd and *#4Sm recently got strong sup-
which should be unpolarized due to the half integer Spi’bort through (i) the detection of the collective decay
values in the odd-mass nucleus. Indeed, the calibration poifyanches to the one-phonon stafé6] and (ii) the close
at 5019 keV in Fig. 2 shows no experimental asymmetry oo relation of the T—0; with the 3 —2; E1 transition
The two strongest transitions above 5 MeV at 5511 keV andyyengths between the octupole- and the quadrupole-phonon
5644 keV shovEl and tentativél 1 character, respectively, giates(o]. It is, therefore, of interest that we are able to
in agreement with the calibration curves. The negative anﬁjdentify the weak T —2; decay in'*®Ba. Due to the high

';enttz;nv? pi)?_mve \p/\a;rltles _Of thgﬁte: 1;t";‘_te_ts werg meﬁts?re? statistics achieved with the two-Cluster NRF spectrometer a
or the first ime. Vve assigned two aétinite and eight tenta 5| gecay branching ratio &, /T',=3.8(5)% wasound.

tive parities to the excited states 6f"Ba. Note that the "o ior calculation in the framework of the QPM pre-
analyzing power of the Compton effect for producing p°|ar'dicted I',/Ty=1% for the two-phonon 1 state in 3Ba
ization decreases towards high energy, ¢18]. Meaningful [27] Th%a fall calculation discussed below yields, /T
Compton polarimetry in NRF experiments on dipole excita-:2 '6% 0
tions above 5 MeV is possible only with good statistics, 'I.'he .significant improvement of the data on tiEd
which can be achieved with the highly efficient Cluster de-Strength distribution in**8a with respect to the previous

tector. tagged photon data taken on a barium target with natural
isotopic abundanc@28] is demonstrated in Figs. 3 and 4.
Structure in the elastic tagged photon scattering cross section
: ] a,,(E) is hardly visible below 6 MeMFig. 4, top. This is
3 E in contrast to the new high resolution NRF défég. 3, top,
20F E from which we obtain energy-integrated elastic photon scat-
H|| I| tering cross sections, o(E,) for each resolved resonance
: \ J| ] state at excitation energl, in a model-independent way
40 E QPM calc. E [16]. In order to compare our data to the tagged photon re-
: ] sults we determine averaged elastic scattering cross sections
o S(E)=[SE"*F I (E)/AE (Fig. 4, bottom from the
measured individual cross sectiong(Ey) in energy inter-
vals AE=100 keV. The size ofAE is close to the energy
resolution of the tagged photon experim¢8]. The total
6000 elastic photon scattering cross sections between 4.7 MeV and
Energy (keV) 6.5 MeV derived from both expe_rimentsagged photon: 55
m barn; NRF: 71 m bapnagree within 25%. Thus, the main
FIG. 3. Top: High resolutioE1 excitation strength distribution ~ part of the tagged photon cross sectiong¥Ba comes from
from the present experiment. Bottom: Results of a QPM calculatiorthe resolved individual transitions and possible contributions
(see text

40 - %Ba(y,7’) -

20F

B(E1)T (1073e*fm?)
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from transitions below our NRF detection limit are small.  significant additionaE1 strength just above the energy in-
The observedtl strength is concentrated between 5 MeVterval studied here. Thus, an extension of the experiments

and the end-point energy at 6.7 MeV. Above 6 MeV thetowards higher energies would permit an important test of

extrapolation of the photon flux calibration becomes less rethe model predictions.

liable resulting in larger and asymmetric uncertainties for the = Finally, we comment on the surprising result of a promi-

observed strengths given in Table I. The obsenEl  nent excitation at 5644 keV with tentatié1 character sug-

tsgrenGggstexcegd Ipredictions g:geziz 02 Ithe lextrapolf\tion gested from the polarization analysis. Its strength corre-
e owards lower energi¢$8,29. A local concentra- _ 2 PRI

tion of E1 strength on the tailgof the GDR has been observe ﬁons tOB(I\I/I\All) = |2'52(1§) N 'dwhlih s N faclt .On: of

experimentally in numerous heavy nud&D-15. A variety ¢ argesB( . )'va u?f 0 serv? N heavy nuctel. A pos-

of theoretical approaches has been put forward to ex IaiS'ble explanation is an “isoscalar” nature in analogy to simi-

PP b PRI, findings in 2°62%Ph[40,41). It may result from a mixing

this phenomenon. lachello proposed an interpretation i . .
terms of local breaking of the isospin symmelt8@], which of the proton and neutron p-h states with high angular mo-
’ mentum, which in a simple two-state model leads by con-

can be extended to the energy regime studied f&tg It o i o
has also been viewed as a vibration of a neutron excess relgtructive interference to the isovector spin-flip resonance and
tive to an isospin-saturated core, using density functionaPy destructive llnterference to an isoscalar transition pus.hed
theory[32]. RPA calculations with different levels of sophis- t0 lower energies. One should be aware, however, that in a
tication also reproduce the local clustering®t strength, nucleus with significant neutron excess these two modes will
but with somewhat differing conclusions on the underlyingP€ considerably mixef42]. The nature of these transitions

particle-hole structur§33—36. has been found to depend sensitively on mixing outside the

However, none of the above approaches attempts to débajor shell, i.e., on the tensor part of theN interaction.
scribe the fine structure resolved here for the first time inf hus, further confirmation of the magnetic nature of the tran-
13383, Therefore, the theoretical interpretation focuses or$ition and its unusual strength, e.g., by high-resolution 180°
QPM calculations including complex configurations up to€lectron scattering43] would be of high interest.
the coupling of three phonons, which have been highly suc- T0 summarize, a photon scattering experiment'diBa
cessful in the description of thE1 response near particle has been carried out using a setup with two Euroball Cluster
threshold in spherical nucl§l4,15. Free parameters of the _detectors yielding high resolution data on dipole excitations
interaction were fixed to reproduce the energies and strengttis = Ba below 6.5 MeV. One of the Clusters was used as a
of the lowest collective vibrationdor details se¢14,15). It ~ nonorthogonal Compton polarimeter allowing the determina-
is worth noting that the GDR is fully included in the model tion of parities for several states. A concentration K
space. So, no renormalization of effective charges has to b&rength riding on the low-energy tail of the GDR is ob-
introduced[37] in the E1 operator in order to obtain a good served. The experimental strength distribution is reproduced

fit to the data. We useP{”=N(—2Z)/Ae, respectively, to Well by a QPM calculation including configurations up to the

separate the center-of-mass motion. coupling of three phonons. The unexpected observation of a
The resultingE1 strength distribution is displayed in the strong transition with likelyM 1_character underlines the im-
bottom part of Fig. 3. The transition to the two-phonon statePOrtance of state-by-state parity measurements for dipole ex-
at 4 MeV is very well reproduced quantitatively when allow- f:|tat|0ns in this energy region. It would pe of considerable
ing for a destructive interference between the maig (2 mtere_st tc_) extend our knowledge on the flne_str_ucture of Fhe
®3;) component and a small one-phonon admixt[8& electric dipole response towards higher excitation energies.
sim%lar to what was found for%Ce [14] and Sn isotopes Recent technical improvements of the photon scattering fa-

[8,38]. The main body of th&1 strength is also well repro- cility at the S-DALINAC [44] open the way for such studies

duced although a one-to-one correspondence is beyond tHhe o excitation energies of about 10 MeV.

scope of the model. Similar to the findings in th&Ce iso- We thank F. lachello, A. M. Oros, R. V. Jolos, A. Gel-
tone, the distribution is sensitive to the interplay of one- andberg, and P. A. Butler for many stimulating discussions. We
two-phonon contributions, which lead to an enhancement irare also grateful to the accelerator staff at the S-DALINAC
the region aroundE,~6 MeV. The inclusion of three- for their support during the beamtime. This work was sup-
phonon configurations turns out to be essential for a realistiported by the BMBF under Contract Nos. 06 OK 8&2I
description of details of electromagnetic strength distribu-and 06 DR 666l, by the DFG under Contract Nos. Ri 242/
tions even at low excitation energié®r another recent ex- 12-2 and Gr 1674/1-1, and by the SMWK under Contract
ample, sed39]). The QPM results suggest the presence ofNo. 7533-70-FZR/702.
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