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The electromagnetic dipole strength of the nucleus **Ba has been investigated. Two measure-
ments were performed with electron energies of 7.0 and 11.4 MeV at the bremsstrahlung facility
at the ELBE accelerator of the Helmholtz-Zentrum Dresden-Rossendorf. Photon scattering exper-
iments on the same nucleus have been performed at the HIyS facility of the Triangle Universities
Nuclear Laboratory between 4.7 and 9.3 MeV. The GEANT4 code has been used to determine
detector response and non-nuclear scattered events. Thus it is possible to account for the dipole
strength in the quasi-continuum of unresolvable transitions. A statistical code was used to simulate
inelastic transitions and to determine the branching ratios of transitions to the ground-state. The
resulting photoabsorption cross section is compared to QRPA and RQTBA calculations.

PACS numbers: 25.20.Lj, 24.60.Dr, 26.50.4x

I. INTRODUCTION

The calculated production rate of various isotopes in
astrophysical scenarios differs from the observed rates for
many elements. For the different barium isotopes, there
exists a discrepancy of up to 20% for the neutron-capture
cross sections [1]. These cross sections are an essential
input for network codes calculating the abundances of
elements. Below the neutron-separation threshold, the
different decay channels are determined by the level den-
sity and the photon-strength function (PSF), which can
be described as the tail of the F1 Giant Dipole Reso-
nance (GDR). The PSF also has a large influence on the
width of the different decay channels in a compound nu-
cleus after neutron capture [2, 3]. Neutron capture and
photon scattering cross sections are also relevant for the
microscopic simulation of radiation and neutron trans-
port calculation for future transmutation facilities [4].
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Various models are used to describe the shape of the
GDR. The most common parametrization employs a sin-
gle Lorentz curve (SLO) [5], as provided in the RIPL3
database [6]. Moreover, other descriptions exist, which
take into account triaxial deformations, such as the Triple
Lorentzian Model (TLO) [7]. Most of the models are fit-
ted to data of (y,n) experiments, but the energy region
below neutron separation energy S, is not described very
well and differs remarkably from model to model. In ad-
dition, the so called Pygmy Dipole Resonances (PDR)
[8] have been found in many experiments during the last
decade [9, 10]. An enhanced strength below .S, could
increase the reaction rate in astrophysical scenarios and
change the predicted abundances [11, 12].

In this article, we report on our measurements of the
electromagnetic dipole strength of the even-even nucleus
136Ba which was investigated at two different facilities.
We performed experiments at the bremsstrahlung facil-
ity of the ELBE accelerator in Dresden-Rossendorf, Ger-
many, and at the HIyS facility in Durham, USA. The
136Ba nucleus has two neutron holes in the closed neutron
shell at N = 82. Several experiments were performed in
the past on N = 82 nuclides [9, 13-15]. These studies in-
vestigated the strength below the neutron threshold and
found extra strength, hence the question raised how nu-
clei beneath the neutron shell behave.

Previous studies on 13°Ba [16-18] have found sev-
eral states in the range below excitation energies of
E, ~ 4MeV. In contrast, the experiments at ELBE
aimed at measuring the complete dipole response up
to the neutron-separation energy. In Sec. II, we give
an overview on the experimental arrangements, whereas



Sec. IIT describes the individual steps in the data anal-
ysis and the simulations performed. Finally in Sec. IV,
we compare our results to predictions of a Quasiparticle-
Random-Phase Approximation (QRPA) and Relativistic
Quasiparticle Time-Blocking Approximation (RQTBA).

II. EXPERIMENTS
A. The bremsstrahlung facility at ELBE

At the superconducting electron linac ELBE of the
Helmholtz-Center Dresden-Rossendorf bremsstrahlung is
produced by electrons with energies up to 20 MeV hit-
ting a thin niobium foil [19]. The electron momenta used
for the present experiments were p. - ¢ = 11.4 MeV and
Pe-c = 7.0 MeV. The first one ensured a sufficient photon
flux up to the neutron separation energy of '3Ba at S,, =
9.107 MeV. The second measurement at lower energy was
used to identify inelastic transitions from excited nuclear
levels to lower-lying levels.

Before entering a collimator, the bremsstrahlung pho-
tons produced pass through an aluminum hardener to
reduce the number of low energy photons. The pho-
ton energy distribution at the target position is plotted
in Fig. 1. The total flux can be normalized by using
well known scattering cross sections of transitions in 'B
[20, 21]. These transitions were corrected for branching
and feeding and agree very well with the trend, which is
explained in Sec. IIT E.
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FIG. 1. Photon flux determined from the known integrated-
scattering cross sections of states in ' B (circles) in compar-
ison with the flux distribution explained in Sec. IIIE (black
curve) and its uncertainties (dashed curves).

The amount of ''B in the target was 318.1mg. The
target itself was a compound of BaCOg3 with a total mass
of 2381.89mg and an enrichment of 93% in 13°Ba.

The experimental setup consisted of four 100% high-
purity Germanium detectors (HPGe). Two were posi-
tioned at 90° and two at 127° relative to the beam axis.
This allowed a determination of the multipole charac-

ter of the observed transitions. Each detector was sur-
rounded by an escape-suppression shield of bismuth ger-
manate (BGO) which works as a veto-detector, increas-
ing the ratio of full-energy events relative to all events.
Lead collimators, each 10 cm thick, were placed in front
of the detectors. The resulting spectra after 145 hours of
beam time with p. - ¢ = 11.4MeV are shown in Fig. 2.
Strong transitions and a large continuum increasing to-
ward low energies are clearly visible. The analysis of
these data will be discussed in Sec. III.
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FIG. 2. (Color online) The measured spectra of **Ba after
six days of beam time with p. - ¢ = 11.4 MeV summed over
the detector pair at 127° (black curve) and 90° (red curve).
The arrows indicate the known transitions of ' B.

B. The HI»S facility

The same target used at ELBE was studied at the High
Intensity v Ray Source (HIyS) facility [22] of the Triangle
Universities Nuclear Laboratory. A high-intensity Free-
Electron Laser (FEL) is operated using electrons from
the Duke storage ring. The HIvS facility uses intra-cavity
back-scattering of polarized FEL photons in order to pro-
duce highly energetic photons up to 100 MeV. The po-
larization (linear or circular) is conserved in Compton
scattering and leads to the production of photon beams
with a degree of polarization of nearly 100%.

Four 60% HPGe-detectors were placed around the tar-
get position at a polar angle of 90°. Two of them were
placed in the horizontal plane, the other two in the ver-
tical plane. This configuration in combination with the
linearly polarized beam allowed us to distinguish between
M1 and E1 transitions.

The ~ rays produced at HIyS are mono-energetic and
collimated for an energy spread of about 4% of the inci-
dent beam energy which allows us to scan over the whole
energy range to test single transitions for their parity.
This method has also the advantage, when compared
to normal bremsstrahlung experiments, that the states
within the adjusted energy bin are not fed from higher



levels, which usually complicates the measurement. For
our experiment, photon-beam energies of £, = 4.7, 5.1,
5.6, 6.1, 6.5, 7.0, 7.5, 8.0, 8.4, 8.7, 9.0 and 9.3 MeV were
used, where each energy was measured for 8 hours.

III. DATA ANALYSIS
A. Resolved transitions

The first step in the analysis of the data from the ex-
periment at ELBE was the assignment of energy levels
to 13Ba. As mentioned before, a second measurement
at lower electron beam energy was performed to identify
transitions feeding low-lying states from states at higher
energy. Shown in Fig. 3 are ratios of integrated scattering
cross sections for intense transitions as deduced from the
spectra measured at 11.4 and 7.0 MeV electron energy.
Low-lying states exhibit a large ratio due to feeding from
states above 7.0 MeV. For levels above about 5 MeV the
ratios approach unity which indicates negligible feeding
from higher-lying states.

The multipole order of transitions was determined
from the ratios of intensities measured at 90° and 127°
[23]. The expected ratios are 0.74 for F1 or M1 tran-
sitions, starting from the 0% ground state to an excited
state with J = 17 or J = 17 and deexciting back to
the 0T state (0 — 1 — 0). For quadrupole transitions
(0 — 2 — 0) this ratio is 2.28 including a correction for
the opening angles of the detectors. If we assume a deex-
citation via one or more intermediate states and feeding
from above, this ratio approaches unity. In Fig. 4 the
ratios of intensities measured with the two detector pairs
show only a few quadrupole transitions and many transi-
tions close to the theoretical value for dipole transitions.

Under polarized radiation at HIS, the parity for most
of the levels shown in Table I was measured. Also the
spin value was cross checked. Fig. 4 shows, that the pos-
sibility to assign the spin of a level is is limited at ELBE
due to the feeding from above. Therefore we used the
results from HIvS to assign also the spin. Unfortunately,
some of the energy bins at chosen photon energies were
not broad enough to cover the complete energy range.
Therefore, it was not possible to determine the parity
for all states. Among the identified levels, no M1 tran-
sitions have been observed. This indicates a negligiblyy
small M1 contribution to the dipole strength.

The resulting energy of an excited state F, is, in prin-
ciple, not equal to the measured v-ray energy E.. After
emission, the photon has a small energy loss due to small
recoil of the target nucleus with the mass M:
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The Doppler effect for a detector which is placed at the
angle 0 gives an additional energy shift:
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FIG. 3. Ratio of the integrated scattering cross sections of
resolved states plotted for the two experiments at ELBE with
different endpoints in photon energy.
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FIG. 4. Ratios of the intensities of transitions observed in
the spectrum in the measurement with p. - ¢ = 11.4 MeV at
ELBE. Ratios around the expected value of 0.74 (dashed line)
are assumed to have dipole character, those close to 2.28 to
have quadrupole character.
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The correction is for the nucleus *Ba in the order of
a few tenth of keV increasing to higher energies. For
the light !B the effect is considerably larger and shifts
the observed peak a few keV. The level energies given in
Table T were obtained by applying these corrections to
the measured transition energies.



TABLE I: Levels assigned to '*Ba.

E,[44] D290 Noyp=Ny1 - T (114
(kt[eV; NW(1270)[45] Noyj+ Ny 1 [46] J7[47) is+ff((7<0)) (48] I,[49] T§/I[50]
(eVb) (meV)
818.2(2 0.82(2 T
1551.122; 0.975 6; 2/ o1 38.7(65)
2079.9(1) 0.97(6) 2%51} 28.2(84)
2128.8(1) 0.93(7) 2+ [51]
2223.6(5)  0.66(14) ) 51] 2.4(2)
2484.6(1)  0.94(11) 5 [51]
2693.3(2) 1.1(3) 1+ [51]
2976.7(6) 1.03(28) 2+[51]
3043.7(1) 0.91(16) 1 [51] 18(3) 14(2)
3109.9(1)  0.86(15) 2+ [51] 4.9(10) 15(3) 59(7)
3115.7(1) 0.86(9) 2 [51] 32(5) 27(4)
3369.6(1) 0.83(8) 151 57(6) 48(5)
3435.1(1) 0.81(5) 1 51[ ] 3.2(5 20(4) 62(6)
3526.0(3)  1.09(26) 2[+[5]1 20(2) 107(9)  109(9)
3881.1(11) 1.4(5) ) 15(2)  16(2)
3979.8(2)  0.86(19) ) ;-5(6) 102)[52]  13(3)
4137.1(1)  0.77(12) 1 8(6)  18(3)[52]  42(5)
4231.2(2)  0.57(19) . 2.1(4)  193)[52]  59(6)
4366.8(2)  0.55(11) . 3.5(10)  25(3)[52]  39(5)
4413.3(1) 0.7(4) 0 19(4)  18(3)[52]  56(9)
4475.2(1)  1.05(24) ) 1.0(3)  21(6)[52]  35(10)
4536.4(3)  0.64(15) ) 2.2(7)  12(3)[52]  46(3)
4601.1(2) 0.7(4) O 15(5)  27(4)[52] 48(7)
4623.7(3) 0.7(10) 0.97(11) 1~ 26(6)[52]  48(10)
4639.7(10) 2.0(10) 0.98(6) 1- 36(4) 66(7)
4697.8(1)  0.46(13) 0.98(9) 1~ 35(4) 64(7)
4767.7(1)  0.95(27) 0.89(34) 1- 1.0(2) 25(3) 49(6)
4814.1(1)  0.73(25) ' ) 0.9(2) 41(4)  81(8)
4833.3(5) 1.00(5) 0.7(2)  28(9)[52]  57(17)
4897.8(16)  0.50(18) ) L0(2)  13(7)[52]  27(13)
1985.06)  0.97(19)  0.91(20) 1~ 40(20)  12(4)[52]  27(13)
5039.6(29) 0.17(6) 0.97(6) 1- 49(4)  106(9)
5060.8(2) 031(9)  0.79(16) 1- 1.4(2) 80(9)  177(20)
5076.9(8) 0.30(8) 0.98(6) 1- 1.2(8) 60(7)  163(19)
5004.5(7)  0.43(11) 0.99(4) 1- 1.2(7) 54(7)  147(17)
5135.2(3)  0.91(20) 0.93(3) 1- 1.8(5) 55(6)  223(24)
5216.3(2)  0.98(18) ' 1) 1.0(2) 46(9)  105(20)
5268.4(7)  1.05(26) a 1.2(2)  47(7)[52]  110(16)
5294.3(1) 0.95(8) . ) LO(7)  21(4)[52] 51(9)
5337.8(2)  0.81(17) . L1(2)  85(8)[52]  206(19)
5396.5(7)  1.16(21) 1) 1.3(4)  39(7)[52] 111(17)
5418.4(5)  1.06(21) a 1.6(7)  23(6)[52]  96(14)
5431.5(10)  0.52(22) ) ) 04(2)  12(3)[52]  89(13)
5444.4(1)  0.76(25) ) 1.3(4)  34(4)[52]  70(12)
5497.6(7) 11(4)  0.91(10) 1 L4(4)  19(6)[52]  67(12)
5561.1(3)  0.64(15) 0.97(9) 1- 1.8(8) 51(6)  133(15)
5585.6(7) 0.81(8) 0.96(4) 1- 1.2(6) 25(4)  67(11)
5601.2(1) 0.66(6) 0.99(3) 1- L1(2) 62(6)  167(17)
5610.0(6) 0.9(3) 0.97(3) 1- 1.6(4) 44(11)  209(21)
5647.9(13) 0.5(1) 0.09(3) 1- 1.2(2)  138(16)  328(29)
5652.2(10)  1.22(13) 0.94(2) 1- 1.3(4) 62(10)  209(24)
5718(3) 1.0(4) ' . 0.6(1) 71(8)  198(23)
5735.0(7) 1.5(11) ) 0.8(2)  94(9)[52]  268(26)
5768.0(4)  0.61(9) . 0.6(2)  60(7)[52] 205(21)
5781.7(9) 0.52(7) ) 828 28%{52} 259(25)
5805.1(1 : 52]  144(17
(1) 0.54(10) 1 1.0(2)  48(10)[52] 181%19;



TABLE I: Levels assigned to '*Ba.

Ea44] 55 48] SRt 6] J7T) Gl 4] 1,]49] T3/T[50]

(keV) T (eVb)  (meV)
5924.2(6)  0.64(20) 1 0.6(2)  30(6)[52]  91(18)
5965.8(4)  0.52(19) 0.85(19) 1~ 31(6)  94(19)
5979.2(2)  0.55(20) 0.88(12) 1~ 24(6)  76(18)
6005.0(1)  0.53(11) 0.98(8) 1~ 38(7)  118(22)
6035.7(1)  0.77(16) 0.94(4) 1~ 1.4(5) 59(8)  279(50)
6052.9(2)  0.70(16) 0.98(4) 1~ 0.1(1) 71(15)  225(48)
6061.4(1)  0.83(16) 0.98(3) 1~ 1.0(2) 81(15)  258(48)
6082.5(1)  0.81(14) 0.99(2) 1~ 1.2(4) 97(29)  404(64)
6113.3(2)  0.78(13) 0.99(3) 1~ 1.1(3) 116(20)  441(77)
6161.2(2)  0.98(16) 0.98(4) 1~ 1.4(2) 92(15)  446(73)
6182.4(2)  0.83(20) 0.97(11) 1~ 0.5(4) 102(20)  375(81)
6192.8(8)  0.87(19) (1) 1.2(3)  66(16)[52] 275(54)
6215.7(5)  0.98(26) (1) 57(13)[52]  191(42)
6231.6(4) 0.9(3) (1) 38(10)[52]  130(34)
6244.2(8) 0.8(3) (1) 36(9)[52]  120(31)
6264.8(2) 1.0(4) (1) 23(8)[52]  77(26)
6289.2(7)  1.24(27) (1) 31(6)[52]  107(21)
6331.9(4)  0.77(16) 0.98(7) 1~ 107(14)  371(47)
6344.4(7)  0.72(12) 0.94(13) 1~ 68(11)  237(38)
6358.2(7)  0.83(13) 0.93(10) 1~ 112(13)  392(47)
6373.6(8) 1.0(7) 0.79(19) 1~ 58(10)  204(35)
6391.3(16) 0.8(1) 1.00(2) 1~ 0.9(3) 199(40)  815(87)
6409.9(19) 0.6(3) 0.99(3) 1~ 102(16)  364(55)
6430.6(11)  0.91(18) 0.99(4) 1~ 88(11)  316(39)
6449.5(2)  0.76(27) 0.93(7) 1~ 60(10)  215(35)
6478.2(1)  0.35(20) 0.97(14) 1~ 48(12)  176(44)
6488.7(1)  0.35(19) 0.90(12) 1~ 37(17)  137(62)
6528.8(11)  0.55(17) 0.95(15) 1~ 34(8)  124(31)
6554.3(8)  0.53(10) 0.75(24) 1~ 60(9)  223(35)
6591.8(3)  0.69(11) 0.92(26) 1~ 81(10)  304(38)
6625.3(1) 0.52(6) 0.91(28) 1~ 132(16)  503(61)
6677.3(3) 0.52(6) 1 101(12)[52]  392(47)
6693.4(1) 0.64(8) 1 110(13)[52]  428(51)
6716.8(3) 0.52(9) 1 85(13)[52]  334(51)
6741.9(3)  0.69(10) 0.98(3) 1~ 118(13)  466(52)
6756.6(2)  0.66(11) 0.76(14) 1~ 69(8)  273(32)
6767.8(1)  0.72(11) 0.89(12) 1~ 45(6)  180(23)
6776.8(1)  0.81(14) 0.74(19) 1~ 69(8)  275(32)
6788.4(2)  0.75(24) 0.76(16) 1~ 51(7)  205(28)
6830.8(7)  1.00(29) 0.76(22) 1~ 23(6)  92(23)
6840.3(8)  0.94(18) 0.97(3) 1~ 51(9)  205(35)
6847.5(11)  0.96(17) 0.96(5) 1~ 68(10)  277(42)
6859.2(8)  0.99(18) 0.90(8) 1~ 61(7)  250(30)
6870.4(10)  1.01(16) 0.85(15) 1~ 46(6)  189(26)
6880.5(5)  1.11(28) 0.85(7) 1~ 65(8)  267(31)
6895.8(2)  1.10(19) 0.74(12) 1~ 28(5)  114(21)
6952.0(11)  0.46(13) 0.94(3) 1~ 40(11)  169(47)
6982.3(2) 0.44(7) 0.97(3) 1~ 131(15)  555(64)
6998.5(7)  0.49(15) 0.97(1) 1~ 91(24) 385(101)
7006.6(14)  0.41(13) 0.99(1) 1~ 77(22)  327(94)
7018.9(1) 0.41(7) 0.97(2) 1~ 99(13)  421(56)
7150.6(1)  0.97(22) (1) 71(15)[52]  315(68)
7251.1(3)  0.76(17) 0.83(16) 1~ 85(11)  387(52)
7271.6(5) 0.47(8) 0.77(26) 1~ 52(10)  240(43)
7281.5(15) 0.72(8) 0.76(25) 1~ 356(32) 1635(145)
7298.8(1)  0.64(11) 0.83(14) 1~ 92(11)  427(50)
7314.8(2)  0.51(22) 0.97(13) 1~ 71(10)  327(44)
7350.2(14)  0.76(29) 0.90(26) 1~ 38(7)  176(31)



TABLE I: Levels assigned to '*Ba.

%[44; 1&((33) [45] m&:t [46] JT[47] %[48] (13[49§ F?)(/I“[E)Oi
keV eVb meV
7364.1(3) 0.8(3) 0.98(9) 1~ 68(8)  320(39)
7382.1(4) 0.9(4) 0.98(6) 1~ 54(8)  256(36)
7394.4(9)  0.74(23) 0.9(4) 1~ 52(9)  244(43)
7402.5(3) 1.4(4) 0.96(6) 1~ 47(9)  222(40)
7414.9(13)  0.93(27) 0.96(18) 1~ 59(8)  279(38)
7444.4(3)  0.74(16) 0.98(3) 1~ 70(12)  336(55)
7472.5(1)  0.58(11) 0.98(3) 1~ 74(12)  358(58)
7487.5(4) 0.58(8) 0.99(3) 1~ 92(13)  447(61)
7502.8(3) 0.58(7) 0.99(1) 1~ 178(18)  875(90)
7519.2(10)  0.64(12) 0.95(4) 1~ 87(11)  424(54)
7541.0(6) 0.49(9) 0.88(9) 1~ 71(10)  351(50)
7558.1(7)  0.62(11) 0.98(5) 1~ 68(10)  336(51)
7572.1(1)  0.56(12) 0.98(7) 1~ 104(14)  516(69)
7583.5(8)  0.57(24) 0.97(10) 1~ 65(14)  324(71)
7594.8(5) 0.9(11) 0.9(5) 1~ 38(13)  190(65)
7604.2(8) 0.25(7) 1 47(16)[52]  237(58)
166232 08(0 ! ”“5%25} o215
7675.6(2)  0.40(14) 1 24(8)[52]  121(41)
7699.0(3)  0.68(20) 1 1110(14)[52] 563(71)
T74T.6(5)  0.74(22) 1 32(9)[52]  168(47)
7769.8(1)  0.68(22) 1 85(13)[52] 445(68)
7788.1(5)  0.77(26) ( 31(9)[52]  164(46)
7819.8(8)  0.63(20) 0.90(10) 1~ 47(9)  247(48)
7848.9(3) 0.4(4) 0.97(10) 1~ 58(16)  309(85)
7857.9(12)  0.22(10) 0.97(3) 1~ 45(13)  239(68)
7875.0(11)  0.30(12) 0.97(3) 1~ 48(15)  258(80)
7895.2(2) 1.1(5) 0.99(5) 1~ 44(17)  235(92)
7911.3(4)  0.73(13) 0.98(2) 1~ 155(25) 846(135)
7972.4(10)  0.91(18) 0.99(2) 1~ 89(14)  490(75)
8006.6(5)  0.85(24) 0.98(2) 1~ 63(11)  347(61)
8083.5(3) 1.2(9) 0.99(4) 1~ 20(6)  112(35)
8124.7(2)  0.57(25) 0.7(6) 1~ 10(4)  56(21)
8144.3(7)  0.88(26) 0.7(5) 1~ 19(4)  110(24)
8171.2(10) 2.0(8) 0.9(4) 1~

8184.3(3)  0.95(29) 0.7(5) 1~ 18(4)  102(24)
8227.9(5) 2.9(8) 0.8(6) 1~

8250.8(7) 1.9(4) 0.93(23) 1~

8280.4(10) 1.5(3) 0.95(15) 1~

8315.4(9) 1.7(7) 0.94(20) 1~

8339.2(14) 1.2(6) 0.79(29) 1~ 18(6)  106(34)
8359.5(5) 1.2(3) 0.8(9) 1~ 23(6)  139(38)
8389.7(7) 1.6(4) 0.9(4) 1~

8404.1(13) 1.8(4) 0.9(5) 1~

8611.1(21)  1.23(29) 0.95(16) 1~ 66(16) 427(100)
8825.1(10) 1.5(7) 0.83(17) 1~

9049.5(7) 0.9(5) 0.9(3) 1~ 58(27) 414(192)
9077.8(7) 0.7(3) 0.92(16) 1~ 105(25) 747(180)

B. Detector response and efficiency

An important point in the data analysis of the contin-
uum y-ray strength is the correction of the experimental
data for detector response. The detector response in-
cludes v rays which have not deposited their full energy
inside the detector volume. The detector setup was im-

plemented in a GEANT4 [24] simulation, including the
four HPGe-detectors, their BGO shields, the lead shield-
ing and the components of the beam line. To check
the implementation of the geometry test runs were per-
formed. For this, we used GEANT4 version 4.9.3. in-
cluding the Livermore-Low-Energy package.

For low -ray energies, radioactive sources such as %°Co



and 137Cs were used to check the results of the simulated
detector response. For example, the good agreement
between simulation and experiment is shown in Fig. 5.
GEANT4 is capable of describing the energy deposition
in the detector system fairly well. Small differences are
seen below the full-energy peaks, which contribute in to-
tal only in the sub-percent range.
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FIG. 5. (Color online) Comparison of the simulated and ex-
perimental detector response. Shown in the figure is the mea-
sured spectrum of a %°Co source (black curve) and the sim-
ulation (red curve) under the same geometrical conditions.
The simulation is normalized to the experimental counts in
the full energy peak at 1332keV.

At higher energies, another possibility to confirm the
correctness of the simulations exists, which uses the ex-
citation and deexcitation of levels in light nuclei with a
low level density. An example is shown in Fig. 6. For
nat G only a few excited states can be seen in a photon
scattering experiment. The figure shows a comparison of
the detector response in the experiment and simulation
of the single state at 15.1 MeV. The simulated spectrum
reproduces the single and double escape peaks as well as
the detector response down to about 11 MeV. Below this
energy, the influence of other transitions and of the non-
nuclear scattered events increases. The comparison be-
tween GEANT3 and GEANT4 shows a good agreement
except in the low-energy range. Considering the incom-
plete setup in the simulation (missing walls and beam
dump) the low energy part is not treated satisfactorily.
Therefore, data below 2 - 3 MeV are excluded in the final
cross-section evaluation.

The detector response was simulated over the entire
energy range in 10keV steps. Beginning with the bin
at the highest energy, the normalized simulated spec-
trum below the full-energy peaks was subtracted step-
by-step from the experimental spectrum. In Fig. 7, one
can clearly see for the ''B transition at 8.9 MeV, marked
by an arrow, how the single-escape peak (SE) is removed
from the spectrum, whereas the full-energy peak (FE)
remains unchanged.

The simulation of the detector response was also used
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FIG. 6. (Color online) a) Spectrum of photons scattered from
"2 (black curve) in comparison with the simulations with
GEANTS3 (green curve) and GEANT4 (red curve). The sim-
ulations reproduce the single-escape peak (SE) as well as the
double-escape peak (DE), when fitting the simulated area of
the full-energy peak (FE) to the experimental one. b) A closer
look at the energy region below the 15.1-MeV peak.

to determine the efficiency, e(F), of the detector setup.
This value can be measured directly at some energies
with calibrated sources. Fig. 8 shows the efficiency de-
pendence over the energy range of the measurements.
GEANTS as well as GEANT4 are capable of describing
the trend in the region of lower energies. At higher en-
ergies, the difference is negligibly small. The uncertainty
of the efficiency was determined by fixing the simulated
data to the absolute efficiency a of ¥7Cs and a %°Co
source. Consequently, we estimated the uncertainty of
the absolute efficiency values to be 5%.

C. Atomic background

In photon scattering experiments, photons do not only
interact with the nuclei. In fact, the cross sections for in-
teractions with the atomic electrons are about one or two
orders of magnitude higher than the nuclear scattering at
low energy. The first one is in the range of 10 to 20 barn
(data from NIST XCOM see also Ref. [25]). The second
one is in the range of a few mb, which should be in agree-
ment with results of other experiments in this mass range,
see Ref. [26]. In principle, the atomic background at the
detector position can be divided into different types:

e Events which result from only one scattering in
the target. These can be the photons, which have
only small energies left (E, <1 MeV) when hitting
a detector under backward angles after Compton-
scattering in the target.

e Further events are processes involving two or more
steps. There could be a pair production inside of
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FIG. 7. (Color online) Spectrum summed for detectors at 127
degrees in the different steps of data analysis. The original
spectrum, natural background removed (black curve), is cor-
rected for detector response (red curve). The simulated non-
nuclear scattered events (blue dashed curve) simulated with
GEANT4, have to be subtracted from this. The final spec-
trum (green) includes only ~ rays from nuclear transitions.
The abbreviations FE and SE denote the full-energy peak
and the single-escape peak of the 'B transition at 8.9 MeV,
as described in section IIIB.
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FIG. 8. (Color online) Absolute detector efficiency obtained
from calibration standards (data points) and from simula-
tions with GEANT3 (black curve) and GEANT4 (red dashed
curve) for one detector at 127 degrees.

the target. The positron then will annihilate and
produces 0.511 MeV ~ rays or the electron from this
process can be stopped or lose energy by emitting
photons.

For higher photon energies in the background, it
can be verified with the help of GEANT4 that these
are mainly bremsstrahlung photons. This radia-
tion is generated when the primary photons pro-
duce high energy electrons via Compton scattering
inside the target.

e Other sources of radiation can be due to the scat-

tering of secondary particles in the detector setup
and at the beam tube. Because the setup is con-
structed for low background conditions (minimum
of construction material, large room etc., see [19]),
these events are considered to have a minor influ-
ence on the spectra.

Fig. 7 shows the comparison between the measured
spectrum, that has been corrected for natural back-
ground, detector efficiency and response and the spec-
trum caused by atomic processes. The so-called atomic
background fits well at the low-energy part of the experi-
mental spectrum, as well as at the high energies above the
neutron-separation threshold, where we expect no more
nuclear scattered photons due to the open (v, n) channel
and decreasing (,7’) channel.

As aresult, we obtain a large continuum of events at all
photon energies up to the neutron separation energy af-
ter subtracting of the non-nuclear scattered events. This
continuum can be explained by the increasing level den-
sity and the finite detector resolution. As can be seen in
Fig. 9 at an energy of about 4 - 5 MeV, the resolution of
the germanium detector is worse than the average level
spacing in '36Ba and only very intense peaks will tower
out in the continuum.

In order to get full information about the dipole re-
sponse and the photo-absorption cross section, one has
to include this continuum of unresolved peaks. As pre-
vious work [13, 27-30] has shown, the intensity of the
continuum can be in the range of about two thirds of the
total intensity.
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FIG. 9. Comparison of detector resolution and level spac-
ing. The dots show the full-width half maximum (FWHM)
of the observed transitions. The solid curve shows the av-
erage level spacing, predicted by the back-shifted Fermi-gas
model (BSFG) as mentioned in Sec. IIID just for J™ = 1~
states. The dashed curve is the average level spacing in the
BSFG-model including all spins and parities.
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FIG. 10. Integrated level density in experiment and model.
The stairs show the experimental number of levels up to a
certain energy bin. BSFG-model (dashed line) and Constant-
Temperature model (dotted curve) describe the low energy
part and the region around S, [33], but no assertion can be
made about which model should be preferred, due to the finite
detector resolution.

D. Correction for inelastic transitions

An excited state i at an energy E; does not need to
decay to the ground state directly. It can decay to all
states f with a lower energy Ey < E;. For each linking
transition, a transition width Iy exists. The probability
for the decay of state ¢ to state f is:

iy .
Dimsf = I{ ,with I} = Z Iy (3)
"

3

It is known [31], that an average radiative width for
transitions between two states can be described by:

fXL(E'y)E'y2L+1
L) =30
(i) o(Ey, Jy)

where X L is the multipolarity of the transition. The
quantityo(E¢, J¢) is the density of states with spin J; at
an energy Ey. Transition energy E, is the difference of
the energies of the states E; — Ey and fxr(E,) is the
strength function, which depends only on E,, according
to the Axel-Brink-hypothesis [5, 32].

Unfortunately, most of these quantities are not known
exact or fluctuate. Therefore, we have to make the fol-
lowing assumptions:

(4)

e The photoabsorption cross section will be given in
certain energy bins. In one bin, the number of
levels is large enough to justify a statistical treat-
ment. This supposition is not valid for lower ener-
gies (B, < 4MeV).

e Due to the incomplete information about level den-
sity, one has to assume a model. In previous work

[13, 27-30], the back-shifted Fermi-gas (BSFG)
model was used. To have comparable results we
also employed the BSFG model in this analysis.
The parameters used for 3Ba are a = 12.34(28)
MeV~! and E; = 0.83(14) MeV, according to Ref.
[33]. In Fig. 10, BSFG predictions are shown in
comparison to experimental data and the values
predicted by the Constant-Temperature Model. In
addition to this, one has to assume a spin distri-
bution, which was also taken from Ref. [33]. We
assume that positive and negative parities are dis-
tributed equally, which is a reasonable assumption

for excitation energies above 4 MeV, according to
Ref. [34].

e One has to choose a model for the different strength
functions. For the E1 strength, one could use
a simple model like the description with one or
two Lorentzian function as given in RIPL3 [6]. A
more general model is the Triple Lorentzian Model
[7], which uses a combination of three Lorentzian
curves. The parameters of this model are based on
a global fit for medium-mass and heavy nuclei and
thus the model is useful for the description of the
electric-dipole strength function in nuclei for which
(v,n) cross sections have not been measured. The
various models for '36Ba differ in the low-energy
region. A single Lorentz curve was used with the
parameters deduced from experimental data for the
neighboring isotope **Ba and given in RIPL3 [6]:
I' = 4.6 MeV for the width of the Lorentzian, E, =
15.25 MeV for the resonance energy of the GDR,
and o = 325.8 mb for the peak cross section.

e M1 and E2 transitions are also taken into account.
Their strength functions are parametrized relative
to the F1 strength function, as recommended in
RIPL3.

e It is only possible to calculate averaged transition
widths. The partial width of a transition varies
according to a Porter-Thomas-distribution [35].

In practice, one generates a level scheme, in which
the levels are distributed according to the level density
mentioned above. The average transition widths are cal-
culated using Eq.(4) and varied according to a Porter-
Thomas-distribution. FEach of these so-called realiza-
tions is excited many times and the decay spectra are
recorded. One of these realizations can not represent the
nucleus exactly. Therefore, 1000 different randomized
level schemes were built. In Fig. 11 branching ratios of
ground-state transitions for various excitation energies
in 10 realizations are compared with experimental val-
ues derived from the HIyS measurement. For this pur-
pose the HIvS spectra were corrected for natural back-
ground, detector response and efficiency as well as for
atomic background. These steps are shown in Fig. 12.
After subtraction, one can clearly see the transitions to



the ground state and to other states. For higher excita-
tion energies, the intensities of the transitions to the first
excited state are very small. A cut-off for energies below
600keV was used in the data analysis, because it was
not possible to estimate the complete room background
caused by scattered photons.

The experimental values are in good agreement to the
simulated ones. The large error bars result from the dif-
ficult estimate of the total photon flux on the target in
a given energy bin. The simulated atomic background
has to be normalized to this experimental value. For this
experiment, we calculated the flux in a given energy bin
at HIyS from intense transitions in the energy bin using
the known flux at the ELBE facility. At some of the ex-
citation energies, only a few small peaks appeared, which
produced a large uncertainty.

In the spectra measured at ELBE, which were cor-
rected for detector response, efficiency and atomic back-
ground, the inelastic transitions are removed step-by-step
starting from the highest excitation energies.
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FIG. 11. (Color online) Simulated ratio of the intensity of
ground state transitions to the intensity for all transitions of
levels in a given bin for 10 realizations (black squares) in com-
parison to experimental values obtained from the experiment
at HIS (red circles).

E. Calculation of the photoabsorption cross section

After performing all these steps we obtained a final
spectrum, which consists of only full energy peaks rep-
resenting the ground-state transitions with their real in-
tensity. The following formula is used to calculate the
integrated scattering cross section I(FE,) relative to the
one of a state in !B [20, 21]:

1, (E5,0)
(W(E'vv H)E(E'yv 9)@7(E1)NN)

I,(EB,0) !
WB(EB,0)e(EB, ), (EB)NY | (5)

L(E,)
L(EP)
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FIG. 12. (Color online) Spectra from the experiment at HIvS.
The plots show the response-corrected spectra (black) for two
different beam energies. After removing the simulated non-
nuclear scattered events (red), the resulting spectra (green)
show the groups of transitions to the ground state (g.s.) and
to excited states (27,27, ...). The blue lines below the energy
axis show the energy spread of the incident photon beam.

In this equation we have the following quantities :
v

e All quantities with index B refer to values of an
excited state in 1'B which are known [(I,(ED),
W(EP,0)] or calculated [I,(EP,0), e(ED,0),
@, (ER)]. In the calculation, the state at 8.921 MeV
was used, because this level is not fed from higher
lying levels.

I,(E,, ) is the intensity for photons which are de-
tected with energy F,. This energy can be trans-
ferred to the excitation energy E, by taking into
account the recoil of the nucleus and the Doppler
shifting of the photons, see Sec. IIT A.

e W(E,,0) is the angular correlation.

e &, (E,) is the incident photon flux as shown in
Fig. 1. The distribution is calculated by using the
formula given in Ref. [36] which is used as an input
in GEANT4 simulation. This simulation is used to
determine the change of the photon spectrum by
the aluminum hardener. The absolute height of the
curve is adjusted to the flux values deduced at the
levels of ''B. The curve is fitted to the data points
at 4.444, 5.020, and 8.921 MeV. The data point at
7.285 MeV is not used in the fit, because other ex-
periments [13, 27] have shown that this value may
be overestimated. The data point at 2.125 MeV has
a large uncertainty because of the correction per-
formed for feeding from the other states. Therefore,
this value is not used for the flux determination, al-
though it agrees well with the fitted curve.

e ¢(E,,0) is the efficiency for one detector at a certain
angle 6 as mentioned in Sec. IIIB. The trend of



the efficiency as a function of energy can be seen in
Fig. 8.

e Ny gives the number of atoms of '*Ba and ''B.

The integrated scattering cross section is calculated for
single transitions as well as for complete energy bins of
100keV width. The values for single transitions to the
ground state are listed in Table I. These data can be
used to calculate the ratio of I'¢/I" with the following
formula:

2 2
g:/%wE:G@>yﬁiﬁa (6)
E, 2Jo+1 T

Here, 0., is the elastic scattering cross section. E is
the excitation energy of the level. J, and Jy are the spins
of the excited level and the ground state, respectively.

The values of I, deduced for resolved transitions are
strongly influenced by feeding from higher-lying states
and the measured scattering cross section contains two
contributions; Ierf = Iscattering + Ij’eeding; Iscattem'ng
from the direct excitation and Ifeeding from feeding from
higher-lying states. The two parts cannot be disentan-
gled by using the statistical simulations of y-ray cascades,
because the transition widths between two particular lev-
els cannot be determined accurately as they undergo vari-
ations according to the Porter-Thomas distribution (see
Sec. ITIID).

The photoabsorption cross sections o, were calculated
for each of the nuclear realizations using the ground-state
branching ratios described in Sec. ITI D:

r=n (R) @

Subsequently, average cross sections were deduced for
each energy bin.

IV. RESULTS
A. Experimental results

The distribution of the experimental photoabsorption
cross section o, of '*%Ba is shown in Fig. 13 in compari-
son with phenomenological approximations to the GDR.
The experimental data display an enhancement over the
phenomenological curves at excitation energies between
5.5 and 8.0MeV that amounts to about 3.9% of the
Thomas-Reiche-Kuhn sum rule [37].

In Fig. 14, the experimental photoabsorption cross sec-
tion of 13%Ba is compared with those of the two N = 82
neighbors 13Ba [14] and *¥°La [13]. The cross section of
136Ba is similar to that of '3¥Ba. The enhancement of
strength in the Ba isotopes is less distinctive than in the
odd-mass neighbor 3?La.
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FIG. 13. Photoabsorption cross section in **Ba as a func-
tion of excitation energy. Open circles show the cross section
without the correction for feeding and branching. The filled
circles show the corrected absorption cross section. The solid
curve represents a single Lorentz curve with the parameters
given in the text and the dashed curve shows the prediction
of the TLO model.
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FIG. 14. (Color online) Comparison between different iso-

topes in the same mass region. The measurement of this
work on the nucleus 3°Ba is represented by the black points.
The strength function (black dashed curve) is given as a the-
oretical prediction. The green dots represent the measured
photoabsorption cross section on '*La [13] whereas the green
dashed curve shows an SLO as fitted in the RIPL3 database
to (v, n) data on the same nucleus [38] corrected with a factor
0.85 [39]. The red circles [14] and the dashed curve [6] show
the same information for the nucleus **Ba, respectively.

B. QRPA calculations

As a first theoretical model to compare our data to,
we use the quasiparticle-random-phase approximation
(QRPA), which is explained in detail in Ref. [40]. The
nuclear shape of the ¥%Ba is assumed to be spherical
for the calculations. The calculations use the following
hamiltonian:



QRPA
Hpy = hm

F
_%Z Z K1 Q1 Q1
t
1
2

=0,1 p=—1,+1

> kEQLQ4 . 8

t=0,1 u=—3,+3

Here, hyr stands for the quasiparticle hamiltonian. It
consists of a Woods-Saxon mean field and a monopole
pair potential. By defining the multipole operators
Q% = [PYau]™ + (=)' [r*Yyu])” the isoscalar (t = 0)
and isovector (¢ = 1) parts of the dipole (A = 1) and
octupole (A = 3) interaction are included. This part de-
pends on the values k5" which are adjusted such that
they reproduce the maximum of the GDR. The suppres-
sion of the spurious center-of-mass motion [41] allows us
to calculate transition strengths. It is not necessary to
assume an effective charge for the neutrons, so the bare
proton charge e, can be used. Then the transition oper-
ator is given by:

z
M(El)# =er Z[Tyl,u]i- 9)

i=1

The resulting QRPA spectrum shown in Fig. 15 was
obtained by folding the solutions with Lorentzians of a
width of 250 keV.

C. RQTBA calculations

The relativistic quasiparticle-time-blocking approxi-
mation (RQTBA) [42, 43] for nuclear response is based on
the covariant energy density functional theory (CEDFT)
with effective meson-exchange interaction. The CEDFT
provides the working basis for further extensions beyond
the mean field approach. The nuclear response function
is described by the Bethe-Salpeter equation (BSE) in the
two-quasiparticle space with an energy-dependent two-
quasiparticle residual interaction which is the exact vari-
ational derivative of the phonon coupling self-energy with
respect to the one-body Green’s function. The BSE is
solved either in the basis of Dirac states, forming the
self-consistent solution of the relativistic Hartree equa-
tions for the ground state, or in the momentum-channel
representation (see [42] for details). The approach is fully
consistent: the same set of the coupling constants gener-
ates the Dirac-Hartree single-quasiparticle spectrum, the
static part of the residual two-quasiparticle interaction,
phonon spectra and the quasiparticle-phonon coupling
amplitudes. The RQTBA solution of the BSE gener-
ates excitation spectra with a multitude of 2q®phonon
(two quasiparticles ® phonon) states providing a frag-
mentation of the giant resonances and of the soft modes
obtained in RQRPA. Thus, within the RQTBA the ex-
cited states are built of the two-quasiparticle-phonon
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(2q®phonon) [42] or two-phonon [43] configurations, so
that the model space is constructed with the quasiparti-
cles calculated within the relativistic mean field and the
phonons computed within the self-consistent relativistic
QRPA. The quasiparticle space is complete up to 100
MeV and phonons with natural parities and angular mo-
menta up to J=6 with energies below 15 MeV are in-
cluded in the model space.

In this work, we present results obtained within the
original version of the RQTBA [42]. To mimic missing
complex configurations and the continuum above the par-
ticle threshold, the smearing parameter (imaginary part
of the energy variable) was taken equal to 250 keV.
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FIG. 15. (Color online) Experimental data (black circles) in
comparison to an SLO curve (black curve), the results of the
RQTBA calculation (red curve) and the QRPA calculation
(green curve). All data sets are given in 100 keV bins, QRPA
strength is smeared out with Lorentzian functions of 250 keV
width, and RQTBA results are obtained with the imaginary
part of the energy variable equal to 250 keV.

D. Comparison of experimental with calculated
cross sections

The present experimental cross sections are compared
with the QRPA and RQTBA predictions in Fig. 15.
The calculated cross sections follow the general behav-
ior of the GDR parametrization. The QRPA predic-
tion shows large fluctuations in the GDR region, whereas
the RQTBA prediction is more smooth as a result of
the fragmentation of strength caused by the inclusion
of 2q®phonon excitations. The QRPA calculations do
not reproduce the experimental strength below about
7.5 MeV, whereas the fragmentation of strength in the
RQTBA calculations brings strength toward low energy.
The RQTBA calculations produce a prominent peak at
about 8 MeV, somewhat above the experimental en-
hanced strength. In these calculations, there is a lack
of strength at energies below about 6.5 MeV. This indi-
cates that the model space of RQTBA is still not large



enough to reproduce the lowest dipole excitations and
higher-order correlations have to be included to cause
further fragmentation.

V. CONCLUSIONS

The response of 36Ba to dipole radiation was inves-
tigated. In total about 170 new levels have been ob-
served. For most of them spin and parity assignments
have been made by the combined information from ELBE
and HIyS. A significant M1 contribution to the total
strength has not been observed in the experiment with
polarized ~ rays.

It has been shown that it is possible to deduce photo-
absorption cross sections at ELBE from the beginning
of the statistical regime at about 4 MeV up to the neu-
tron separation energy. A continuum analysis has been
successfully performed which takes into account unre-
solved strength. The GEANT4 code has proven its abil-
ity to describe the response of our detector system. Also
the influence of non-nuclear scattered events can be esti-
mated. The results of the statistical treatment in a code
used for the determination of elastic and inelastic scat-
tering at ELBE have been verified by the experimental
measured intensities at HIyS. As a result of the present
study, an enhancement of the dipole strength relative to

13

phenomenological approximations of the GDR has been
found that is similar to the finding in the neighbor !3®Ba,
but less distinctive than that in the odd-mass neighbor
1397 0

QRPA calculations describe the gross properties, but
show strong fluctuations in the GDR region and too lit-
tle strength at low energy. In the RQTBA calculations,
which include 2q®phonon excitations, the strength is
more fragmented. This fragmentation produces a more
smooth shape of the GDR and brings strength to low
energy.
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