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The dipole strength distribution of %°Se was studied in a photon-scattering experiment by using bremsstrahlung
produced with an electron beam of energy 11.5 MeV at the linear accelerator ELBE. We identified 180 y
transitions up to an energy of 9.6 MeV, and analyzed the strength in the quasicontinuum of the spectrum.
Simulations of statistical y-ray cascades were performed to estimate intensities of inelastic transitions and to
correct the intensities of the ground-state transitions for their branching ratios. The photoabsorption cross section
below the neutron-separation energy derived in this way was combined with the photoabsorption cross section
obtained from an earlier (y,n) experiment and used as an input for the calculation of "Se(n,y) reaction rates on

the basis of the statistical reaction model.

DOI: 10.1103/PhysRevC.94.044304

I. INTRODUCTION

The y-ray strength function (y SF) is an important ingredi-
ent for the estimate of cross sections of photonuclear reactions
and their inverse reactions in not only nuclear physics, but
also for nuclear applications such as nuclear medicine and
nuclear engineering. In the past half century, the giant dipole
resonance (GDR) has been investigated both experimentally
and theoretically via photonuclear reactions by many
researchers [1,2]. Nowadays, more precise measurements of
photoneutron reactions near the neutron threshold (S,) are
performed by using quasimonochromatic y rays [3-6]. The
low-energy tail of the GDR below S, is of particular interest
because of an extra enhancement of observed E1 strength.
This pygmy dipole resonance (PDR) [7-9], has been found,
for example, in "®Se [10], 7®Se [11], nuclides around
N =50 [12-14], around N = 82 [15-18], and in '®'Ta [19].

From the nuclear-astrophysics point of view, approximately
half of the elements heavier than iron are synthesized in the
stellar environment by the slow neutron-capture process (s
process), which synthesizes nuclei on the valley of 8 stability
(see Ref. [20] and references therein).

The s-process flow includes branching points when neutron
capture and B decay compete. Because the neutron-capture
rate and B-decay rates have unique temperature dependencies,
branching points can be used both as a stellar thermometer and
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a neutron density meter to estimate the s-process environment.
Analyses of s-process branchings have already been attempted
in other works [21-26]. For the weak s-process component,
one important branching point relates to ”*Se [25,27-29]. The
ground state of Se has a long half-life of #;,, = 295000
a [30]. In addition, at 95.7 keV 7°Se has an isomer with
log,, = 4707949 [22]. The isomer is thermally populated
in the s-process environment and, because of the large -
decay probability, the effective B-decay rate is enhanced.
The half-lives of the 8~-decay branch points ’Se and **Br
lead to the production of the s-only nucleus 3°Kr. On the
other hand, the neutron-capture branch at °Se, together
with a minor branch of ECT, BT decay at 80Br, lead to
the production of another s-only nucleus: 8?Kr. Therefore,
the abundance ratio of 8Kr to %2Kr, combined with related
reaction rates, can provide information about temperature and
neutron density in the s-process nucleosynthesis. In the present
stage, stellar B-decay rates for nuclei thermally equilibrated in
stars are difficult to determine in the laboratory compared with
terrestrial rates for nuclei in the ground states. More crucial is
that it is impossible to measure neutron-capture cross sections
for radioactive nuclei in the laboratory.

From the viewpoint of nuclear engineering, the radiative
capture cross section of 7°Se is important for the development
of transmutation techniques for long-lived fission products
(LLFPs). The long-lived isotope "Se is a fission product and
a component of spent nuclear fuel. It is chemically volatile
and has the potential to migrate into the biosphere from a deep
geological disposal facility on timescales of 103 years [31].
Currently, the direct measurement of the neutron-capture cross
section with a radioactive sample of "Se is proposed at the
n_TOF facility of CERN [32]. In this case, °Se can be
obtained by using the thermal neutron-capture reaction of a
8Se -2%8Pb sample. At the Japan Proton Accelerator Research
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Complex (J-PARC), the neutron-capture cross section for 7Se
was evaluated on the basis of systematic measurements of
neutron-capture cross sections for other Se isotopes [33,34].
Recently, an experiment at the radioactive isotope beam factory
(RIBF) facility at Rikagaku Kenkyusho (RIKEN, The Institute
of Physical and Chemical Research of Japan) also aimed at
the determination of the radiative-capture cross section of
Se by using a "’Se beam in inverse kinematics [35]. Stable
80Se, which is obtained from neutron capture on 7Se, shows
potential also as photoelectric device and pharmaceutical
product.

Photodisintegration, which is a good probe of the E1 y
strength function (y SF), can be used to predict the “inverse”
neutron-capture cross sections for radioactive nuclei. Attempts
to derive the 7Se(n,y)*Se cross section by using the ySF
method have already been performed by using laser Compton
backscattering (LCS) y rays [36-38]. However, uncertainties
of the y SF below the neutron-separation energy still remain.

The present work describes a study of the dipole strength
of 8°Se using the (y,y’) reaction at the bremsstrahlung facility
yELBE [39] at the Helmholtz-Zentrum Dresden-Rossendorf.
Photon scattering from nuclei, also called nuclear resonance
fluorescence (NRF), is a suitable tool to study dipole strength
functions below S,. Predominantly states with spin J = 1
and, to a lesser extent, states with J = 2 are excited from
the ground state in an even-even nucleus. NRF experiments
aim at the determination of the photoabsorption cross section
o, and the dipole strength function f; on an absolute scale.
In photoexcitation, the two quantities are connected via the
relation f; = a),/[g(rrhc)zEy] withg = Q2J, + 1)/2Jy + 1),
where Jy and J, are the spins of the ground state and the excited
state, respectively.

In earlier NRF studies of 8°Se, the deexcitation of a level
at 7820 keV was investigated [40,41]. In the present work, we
could not confirm transitions depopulating a 7820 keV level,
but we newly identified 180 y rays up to 9.6 MeV in %°Se.
Besides, we determined the photon-scattering cross section
in 10 keV bins of excitation energy up to S, = 9.9 MeV.
In this analysis, the intensity in the quasicontinuum part of
the spectrum was taken into account. Moreover, we estimated
intensities of inelastic transitions to low-lying excited states
and average branching ratios of the ground-state transitions by
means of simulations of statistical y-ray cascades. Using these
quantities, we determined the photoabsorption cross section.

II. EXPERIMENTAL METHODS AND RESULTS
A. The photon-scattering method

In photon-scattering experiments, the energy- and solid-
angle-integrated scattering cross section I; of an excited
state at an energy E, can be deduced from the measured
intensity of the respective transition to the ground state. It can
be determined relative to known integrated scattering cross
sections. In the present experiments, we used the integrated
scattering cross sections I,(E®) of states in "B [42] and
their angular correlations including mixing ratios [43] as a
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Here, I,(E,,0) and IV(EB,Q) denote the measured inten-
sities of a considered ground-state transition at E, and of a
ground-state transition in ''B at E)]?, respectively, observed at
an angle 6 to the beam. W(E, ,0) and W(E)]},Q) describe the
angular correlations of these transitions. The quantities Ny
and NP are the numbers of nuclei in the *'Se and !'B targets,
respectively. The quantities @, (E,) and dDV(Ef) stand for the
photon fluxes at the energy of the considered level and at the
energy of a level in ''B, respectively.

The integrated scattering cross section is related to the
partial width of the ground-state transition I'y according to

hc\*2J, + 112
I :/owdEz mhe) 2kt ] 2L, 2
E, 2/o+1T

where o, is the elastic-scattering cross section, E,, J;, and
I' denote energy, spin, and total width of the excited level,
respectively, and Jj is the spin of the ground state.

The determination of the total level widths is complicated
by two problems. First, a considered level can be fed by
transitions from higher-lying states and second, a considered
level can deexcite to low-lying excited states (inelastic scat-
tering) in addition to the deexcitation to the ground state
(elastic scattering). In the case of feeding, the measured
intensity of the ground-state transition is greater than the one
resulting from a direct excitation only. As a consequence, the
integrated scattering cross section Iy, s deduced from this
intensity contains a portion I, originating from feeding in
addition to the true integrated scattering cross section /. In the
case of inelastic scattering, inelastic and subsequent cascade
transitions appear in the measured spectrum in addition to
ground-state transitions. To deduce the partial width of a
ground-state transition ['y and the absorption cross section,
one needs to know the branching ratio by = I'y/T".

Spins of excited states can be deduced by comparing
experimental ratios of intensities, measured at two angles, with
theoretical predictions. The optimum combination comprises
angles of 90° and 127° because the respective ratios for
the spin sequences 0-1-0 and 0-2-O differ most at these
angles. The expected values are W(90°)/ W (127°)p.1.0 = 0.74
and W(90°)/ W(127°)9.2.0 = 2.18 taking into account opening
angles of 16° and 14° of the detectors placed at 90° and 127°,
respectively, in the setup at yELBE.

B. The target

The target consisted of 1952.9 mg selenium formed into
a disk of 2 cm in diameter. The material was enriched to
99.9% %Se. The Se target was combined with 200.0 mg of
IR enriched to 99.5%, and also shaped into a disk of 2 cm
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diameter to determine the photon flux from known scattering
cross sections of levels in ''B.

C. Detector response

To determine the integrated scattering cross sections ac-
cording to Eq. (1), the relative efficiencies of the detectors and
the relative photon flux were needed. The determination of
the absorption cross section, described in Sec. I E, required
correction to the experimental spectrum for detector response,
absolute efficiency, and absolute photon flux due to atomic pro-
cesses, such as Compton scattering and pair creation induced
by the impinging photons in the target material, and for ambi-
ent background radiation. The detector response was simulated
by using the program package GEANT4 [44]. The reliability of
the simulation was tested by comparing simulated spectra with
measured ones as illustrated, for example, in Ref. [17].

The absolute efficiencies of the HPGe detectors in the setup
at ELBE were determined experimentally up to 2.4 MeV
from measurements with >’Cs, '5*Eu, and ?*°Ra calibration
sources. For interpolation, an efficiency curve calculated with
GEANT4 and scaled to the absolute experimental values was
used. From the adjustment of the curve to the experimental
values, an overall uncertainty of the absolute efficiency of 5%
was deduced and used in the further analysis (cf. Ref. [17]).
A check of the simulated efficiency curve at high energy up to
about 9 MeV was performed via various (p,y ) reactions at the
HZDR Tandetron accelerator. The efficiency values deduced
from these measurements agreed with the simulated values
within their uncertainties [45]. Similar results were obtained
for the resonances at 4.44 and 11.66 MeV in '2C populated
in the '"B(p,y) reaction at the Triangle Universities Nuclear
Laboratory (TUNL) Van-de-Graaff accelerator [46].

D. Experiments with bremsstrahlung at yELBE

The nuclide 3°Se was studied at the bremsstrahlung facility
yELBE. Bremsstrahlung was produced by using an electron
beam of kinetic energies of E, = 11.5 MeV. The average
current was about 710 nA. The electron beam hit a niobium
foil of 7 um thickness. A 10-cm-thick aluminum absorber was
placed behind the radiator to reduce the low-energy part of the
bremsstrahlung spectrum (beam hardener). The photon beam,
collimated by a 2.6-m-long pure-aluminum collimator with a
conical borehole of 8 mm diameter at the entrance and 24 mm
diameter at the exit, impinged onto the target with a flux of
about 10° s~! in a spot of 38 mm diameter. Scattered photons
were measured with three high-purity germanium (HPGe)
detectors. Each had an efficiency of about 100% relative to a
Nal detector of 7.6 cm diameter and 7.6 cm length. All HPGe
detectors were surrounded by escape-suppression shields
made of bismuth germanate (BGO) scintillation detectors
of 3 cm thickness. The scintillation detectors were shielded
against scattered photons by 10-cm-thick lead blocks at the
front and 3-cm-thick lead casings around the sides. One
HPGe detector was placed horizontally at 90° relative to the
photon-beam direction and a distance of 28 cm from the target.
The other two HPGe detectors were positioned in a vertical
plane at 127° with respect to the beam and a distance of 32 cm
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FIG. 1. Spectrum of y rays scattered from %°Se combined with
'8, measured during the irradiation with bremsstrahlung produced
by electrons of an energy of EX" = 11.5 MeV. This spectrum is the
sum of the spectra measured with the two detectors placed at 127°
relative to the beam.

from the target. Absorbers of 8 mm Pb plus 3 mm Cu were
placed in front of the detector at 90° and absorbers of 3 mm
Pb plus 3 mm Cu were placed in front of the detectors at 127°
to further reduce the count rate due to low-energy photons.
Spectra of scattered photons were measured for 115 h. A
spectrum including events measured with the two detectors
placed at 127° relative to the beam at an electron energy of
11.5 MeV is shown in Fig. 1.

The absolute photon flux at ELBE was determined from
intensities and known integrated scattering cross sections of
transitions in !''B. For interpolation, the photon flux was
calculated by using a code [47] based on the approximation
given in Ref. [48] and including a screening correction
according to Ref. [49]. In addition, the flux was corrected
for the attenuation by the beam hardener. This flux curve was
adjusted to the experimental values obtained at the energies of
levels in "B and is shown in Fig. 2. In the further analysis,
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FIG. 2. Absolute photon flux at the target deduced from inten-
sities of four known transitions in ''B (circles) using the detector
efficiency calculated with GEANT4 and the relative flux calculated as
described in the text (solid line).
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an uncertainty of 7% corresponding to that of intensities and
integrated cross sections of the !'B transitions (cf. Ref. [17])
was assumed for the interpolated flux values.

For the transitions observed in the present measurement,
we checked whether the sum of the energies of a considered
transition and the first, second, or third 27 states fit the energy
of a higher-lying transition within the sum of the uncertainties.
If this were the case, the transitions were considered as
inelastic transitions and were sorted out. However, there may
exist inelastic transitions with energy uncertainties larger than
0.3 keV, as well as transitions that feed low-lying levels
other than the lowest three 27 states, and cascade transitions
that depopulate those low-lying states to the ground state.
Therefore, we list transition energies and angular correlations
in Table 1. Spins and integrated scattering cross sections are
given under the assumption of ground-state transitions for the
180 newly observed transitions. Integrated scattering cross
sections of the known 27 states are not given because they are
affected by huge feeding intensities.

E. Determination of photoabsorption cross section

For the further analysis, the experimental spectrum was
corrected for the detector response and the absolute efficiency
as described in Sec. IIC, and for the absolute photon flux,
background radiation, and atomic processes induced by the
impinging photons in the ¥Se target.

First, a spectrum of the ambient background adjusted to
the intensities of the transitions from “°K and 2**T1 decay
in the in-beam spectrum was subtracted from the measured
spectrum. To correct the spectrum for the detector response,
spectra of monoenergetic y rays were calculated in steps of
10keV by using the simulation code GEANT4. Starting from the
high-energy end of the experimental spectrum, the simulated
spectra were subtracted sequentially (spectrum-strip method).
The response- and efficiency-corrected spectrum is shown in
Fig. 3. The background produced by atomic processes in the
80Se target was obtained from a GEANT4 simulation by using
the absolute photon flux deduced from the intensities of the
transitions in !'B (cf. Fig. 2). The corresponding spectrum of
the atomic background is also displayed in Fig. 3. One sees that
the atomic background approaches the experimental spectrum
at low energy and above the neutron threshold S,,, where the
(y,n) channel opens and the intensity of photons from nuclear
excitations becomes negligible.

As can be seen in Fig. 3 the spectrum of photons scattered
from %°Se contains resolved peaks and a quasicontinuum that
is remarkably higher than the background caused by atomic
scattering processes. This continuum is formed by a large
number of nonresolved transitions of small intensities which
are a consequence of the high nuclear level density at high
energy in connection with the finite detector resolution. The
relevant intensity of the photons resonantly scattered from *°Se
is obtained from a subtraction of the atomic background from
the response-corrected experimental spectrum.

To deduce the correct dipole-strength distribution, inelastic
transitions have to be removed from the spectrum and the
ground-state transitions have to be corrected for their branch-
ing ratios by. We applied statistical methods to estimate the
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TABLE I. Gamma rays assigned to ¥Se.

E,(keV)' el Jre I,(eV by
666.3(2) 2t e

1449.4(2) 2te

1646.2(1) 1.08(17) 86(8)
1848.7(1) 1.00(15) 115(10)
1959.8(2) 2te

2051.5(2) 0.99(18) 23.0(25)
2204.5(3) 0.67(23) 1 12.6(20)
2281.8(2) 1.33(28) 14.4(19)
2321.0(4) 6.3(16)
2359.1(1) 1.06(18) 44(4)
2392.1(4) 1.9(8) 8.8(22)
2460.0(1) 0.98(16) 44(4)
2490.3(2) 1.4(5) 20.2(25)
2533.0(4) 0.9(4) 8.7(26)
2560.6(5) 0.7(5) 6.9(19)
2776.1(2) 1.03(19) 40(4)
2814.5(1) 1.03(16) 68(6)
2827.9(2) 0.90(21) 19.4(22)
2894.8(2) 1.3(4) 13.7(19)
2954.6(2) 1.3(4) 20.9(28)
2974.2(3) 1.13) 17.8(26)
2995.0(3) 1.3(3) 19.7(27)
3123.2(6) 11(3)
3177.0(1) 1.03(17) 64(6)
3193.003) 0.9(5) 12.0(20)
3262.5(2) 0.93(20) 18.2(20)
3279.9(2) 1.15(21) 25.1(26)
3299.0(4) 0.9(3) 7.8(13)
3329.5(3) 0.9(3) 11.6(19)
3350.5(1) 1.06(18) 43(4)
3443.6(9) 0.35(21) 14(8)
3506.0(4) 0.60(25) 1 8.121)
3538.0(6) 6.9(20)
3639.8(1) 0.78(13) 1 59(5)
3698.2(5) 5.3(15)
3795.5(6) 0.7(3) 6.9(20)
3820.1(15) 10(6)
3832.8(5) 5.2(16)
3869.8(2) 1.08(19) 37(4)
3932.6(3) 13.4(20)
3955.9(5) 7.8(17)
3993.2(9) 3.9(28)
4007.3(6) 7(4)
4033.1(3) 0.9(3) 14.7(25)
4044.6(5) 4.4(18)
4150.7(2) 0.99(21) 26.8(29)
4167.8(5) 7.6(15)
4239.6(3) 0.82(23) o) 15.4(21)
4293.6(8) 5.2(16)
4307.6(2) 0.91(16) 6)) 39(4)
4599.8(1) 0.76(12) 1 99(9)
4610.3(3) 1.02(19) 21.9(25)
4637.1(4) 9.5(26)
4687.2(4) 1.0(5) 12.0(20)
4722.1(1) 0.71(11) 1 100(9)
4806.4(2) 0.59(17) 1 29(4)
4820.4(8) 5.8(22)
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TABLE 1. (Continued.)

PHYSICAL REVIEW C 94, 044304 (2016)

TABLE 1. (Continued.)

E,(keV)' el Jre LV  E,(keV) el Jre L,(eV b)
4835.6(3) 0.9(3) 17.2(26)  6944.1(3) 0.9(3) 20(3)
4847.5(3) 0.9(3) 16325 6966.0(7) 11(5)
4904.9(2) 0.72(22) 1 30(4) 6974.8(4) 1.0(3) 18(5)
4932.9(2) 0.58(13) 1 258(29)  6991.4(3) 0.52(20) 6)) 36(7)
5030.5(3) 0.81(21) %) 15.119)  7024.5(11) 0.69(25) 1 43(9)
5053.2(5) 9.921)  7039.0(6) 0.60(15) 1 75(12)
5067.2(3) 0.74(24) 1 18.8(25)  7075.5(3) 0.77(23) 1 46(6)
5199.4(2) 0.76(13) 1 62(6) 7121.7(10) 0.46(24) %) 41(15)
5225.7(4) 0.60(17) 1 24(4) 7147.9(3) 0.66(16) 1 68(8)
5263.9(3) 0.63(19) 1 22028)  7216.8(2) 0.80(18) 1 93(10)
5275.9(2) 0.68(14) 1 40(4) 7244.8(4) 54(12)
5343.7(4) 0.50(17) 1 16.8(26)  7261.1(4) 27(6)
5350.2(4) 0.61(19) 1 147(23)  7279.8(2) 0.71(13) 1 82(8)
5371.2(20) 56022)  72927(2) 0.59(11) 1 74(7)
5499.9(2) 0.94(23) 68(8) 7398.6(3) 23(4)
5510.5(13) 12(4) 7430.8(4) 38(6)
5536.4(3) 0.39(14) 1 21.6(25)  7439.2(5) 0.56(26) ) 26(4)
5551.1(1) 0.68(11) 1 115(10)  7467.4(10) 24(7)
5681.7(2) 0.78(14) 1 55(5) 7483.2(5) 31(5)
5737.003) 0.47(21) 1 31(5) 7500.1(4) 1.2(3) 42(6)
5783.2(2) 0.69(16) 1 36(4) 7527.2(4) 1.14) 28(5)
5800.5(6) 13(5) 7559.5(3) 0.60(13) 1 75(8)
5828.9(3) 0.64(26) 1 36(5) 7579.4(4) 0.56(13) 1 56(7)
5848.0(5) 1.1(5) 20(4) 7592.8(6) 0.47(17) 1 35(5)
5890.7(3) 0.42(15) 1 23(4) 7629.3(6) 0.49(15) 1 66(11)
5907.3(3) 0.56(16) 1 21(3) 7686.8(5) 33(6)
5934.8(12) 2(12)  7717.7(5) 1.3(4) 28(4)
5960.3(3) 0.74(15) 44(5) 7746.3(6) 1.03) 22(4)
6002.5(5) 0.42(17) 1 18(5) 7805.3(5) 20(3)
6041.5(2) 0.79(17) 1 35(4) 7813.0(4) 23(3)
6073.0(3) 0.66(25) 1 31(4) 7857.2(6) 0.8(3) 6)) 36(6)
6093.3(7) 15(5) 7864.6(10) 19(5)
6164.7(3) 0.72(17) 1 58(7) 7874.0(5) 0.66(29) 1 32(6)
6197.7(18) 15(5) 7886.4(3) 0.7(3) 6)) 53(9)
6209.0(3) 0.77(29) ) 75100 7943.5(3) 0.57(22) 1 48(6)
6232.2(7) 25(12)  7973.2(5) 0.82(23) %)) 49(8)
6351.6(5) 204) 7991.2(6) 0.73) o) 36(8)
6368.1(6) 22(4) 8039.2(3) 28(4)
6375.5(7) 18(3) 8071.9(5) 27(6)
6496.9(6) 28(7) 8088.9(2) 1.24(23) 94(10)
6511.3(3) 57(8) 8102.2(7) 1.8(6) 20(4)
6526.4(4) 38(5) 8128.4(11) 57(22)
6560.7(4) 15(4) 8146.7(3) 0.63(23) 1 54(7)
6604.2(7) 9.922)  8183.19) 45(15)
6627.7(8) 0.18(5) M) 22(8) 8200.2(6) 0.38(14) 6 57(13)
6653.7(12) 23(6) 8220.6(4) 0.40(10) %) 103(14)
6673.3(6) 19(7) 8254.2(4) 0.60(20) 1 47(7)
6682.5(11) 14(9) 8288.1(16) 21(8)
6705.4(4) 0.69(14) 1 27(5) 8347.2(3) 0.70(20) 1 31(7)
6721.8(13) 10(4) 8363.5(9) 65(17)
6774.8(2) 0.65(11) 1 89(9) 8467.8(5) 0.47(23) 6 66(14)
6784.8(3) 0.63(15) 1 35(4) 8527.8(8) 39(17)
6809.6(9) 0.20(6) ) 77(22)  8568.6(9) 54(24)
6825.2(6) 0.40(20) M) 30(11)  8584.0(6) 0.57(24) 1 69(22)
6847.03) 28(5) 8599.5(6) 0.43(17) M 63(17)
6879.1(3) 0.35(17) ) 34(10)  8673.5(5) 26(5)
6891.4(4) 0.47(23) ) 27(8) 8796.3(6) 45(10)
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TABLE 1. (Continued.)

E,(keV)* ,’y 2O Jre I,(eV by
8948.8(9) 38(15)
8968.6(6) 22(5)
8987.1(2) 0.76(17) 77(9)
9074.0(5) 0.88(29) (1) 28(4)
9085.3(4) 0.43(15) (1) 47(5)
9097.5(3) 0.62(15) 1 54(6)
0148.7(18) 16(5)
9165.0(11) 0.68(28) 1 26(5)
9183.8(13) 0.65(27) 1 24(5)
9197.7(7) 0.64(19) 1 47(7)
9279.0(7) 45(10)
9609.0(4) 0.42(17) (1) 40(6)

*Transition energy. The uncertainty of this and the other quantities in
the table is given in parentheses in units of the last digit.

PRatio of the intensities measured at angles of 90° and 127°. The
expected values for an elastic dipole transition from and to the ground
state (spin sequence 0-1-0) and for an elastic quadrupole transition
(spin sequence 0-2-0) are 0.74 and 2.15, respectively.

“Spin of the excited state deduced from the given ratio of the
intensities measured at angles of 90° and 127° for an assumed
ground-state transition.

4Energy-integrated scattering cross section deduced from the inten-
sities measured at 127°.

¢Taken from Ref. [50].

intensities of branching transitions to low-lying excited levels
and of the branching ratios of the ground-state transitions.
These methods were also applied in earlier photon-scattering
experiments at yELBE [11-15,17,18].

The intensity distribution contains ground-state transitions
and, in addition, branching transitions to lower-lying excited
states (inelastic transitions) as well as transitions from those
states to the ground state (cascade transitions). The different
types of transitions cannot be clearly distinguished. However,

10" | |
*Se(y,y) E,"=11.5MeV 6=127°

> 10° | i
)
g , response—corrected
S 10° | g ]
g difference
910 | ]
2
g .
g 10° ¢ atomic background .
IS

10° | \

1 2 383 4 5 6 7 8 9 10 11
E, (MeV)

FIG. 3. Response-corrected spectrum of the two detectors placed
at 127°, simulated spectrum of photons scattered from the target to
the detectors by atomic processes, and the difference between the
two.
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for the determination of the photoabsorption cross section
and the partial widths 'y the intensities of the ground-state
transitions are needed. Therefore, contributions of inelastic
and cascade transitions have to be subtracted from the spectra.
We corrected the intensity distributions by simulating y-ray
cascades from the levels in the whole energy range. The code
yDEX [11,17,18] was used to do this. y DEX works analogously
to the strategy of the code DICEBOX [51] developed for (n,y)
reactions, but in addition includes also the excitation from
the ground state. In these simulations, level schemes (nuclear
realizations) including states with J = 0, ...,5 were created.
We apply the statistical methods also for the low-energy part
of the level scheme instead of using experimentally known
low-lying levels, because this would require the knowledge
of the partial decay widths of all transitions populating these
fixed levels. Fluctuations of the partial widths were treated by
applying the Porter—Thomas distribution [52].

Level densities were calculated by using the constant-
temperature model [53] with the parameters T = 0.77(4)
MeV and Ej = —0.46(29) MeV adjusted to experimental
level densities [54]. In the individual nuclear realizations,
the values of T and E, were varied randomly within a
Gaussian distribution with a o corresponding to the uncer-
tainties given in Ref. [54]. The parity distribution of the level
densities was modeled according to the information given in
Ref. [55].

The first input for the photon strength function simulations
were assumed to be Lorentz shaped. For the E'1 strength a com-
bination of three Lorentz functions (TLO), with parameters as
described in Ref. [56], was used with a quadrupole deformation
of B, = 0.23 and a triaxiality parameter of y = 22° [57]. The
parameters for the M1 and E?2 strengths were taken from
global parametrizations of M1 spin-flip resonances and E2
isoscalar resonances, respectively [58].

Spectra of y-ray cascades were generated for groups of
levels in 100 keV bins. Starting from the high-energy end
of the experimental spectrum, which contains ground-state
transitions only, the simulated intensities of the ground-state
transitions were normalized to the experimental ones in the
considered bin. The intensity distribution of the branching
transitions was subtracted from the experimental spectrum.
Applying this procedure step-by-step for each energy bin
moving toward the low-energy end of the spectrum, one ob-
tains the intensity distribution of the ground-state transitions.
Simultaneously, the branching ratios b of the ground-state
transitions are deduced for each energy bin A. In an individual
nuclear realization, the branching ratio b4 is calculated as the
ratio of the sum of the intensities of the ground-state transitions
from all levels in A to the total intensity of all transitions
depopulating those levels to any low-lying levels including
the ground state [11-15,17,18]. By dividing the summed
intensities in a bin of the experimental intensity distribution of
the ground-state transitions with the corresponding branching
ratio, we obtain the absorption cross section in each bin
as o =0/, /by for each nuclear realization. Finally, the
absorption cross sections of each bin were obtained by
averaging over the values of the nuclear realizations. For the
uncertainty of the absorption cross section a 1o deviation from
the mean has been taken.
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FIG. 4. Uncorrected photoabsorption cross section (black solid
line), TLO (dashed line), input (blue solid line), and output (red circles
with error bars) of the 8. (i.e., last) iteration step in the simulation of
y-ray cascades.

The simulations were performed iteratively. The strength
function obtained from an iteration step was used as the input
for the next step. The iteration was stopped when the input
strength function and the output strength function were in
agreement within their uncertainties. Toward low energy, the
uncertainties increase due to the use of the spectrum-strip
method and the cross sections do not converge. Therefore,
cross sections are not given below excitation energies of
5.5 MeV. In Fig. 4, the input cross sections and those obtained
from the first and last iteration steps are shown.

III. DISCUSSION

The photoabsorption cross-section data of 3°Se obtained
from the (y,y’) experiment just described are listed in Table II
and are shown in Fig. 5, together with cross sections deduced
from (y,n) experiments [36,59] and with the TLO mentioned
in Sec. IIE. The cross section deduced from the present
analysis continues the (y,n) cross section toward low energy
below S, = 9.9 MeV and fits the (y,n) cross section around
S,. The cross section shows a structure of three humps at
about 7, 8, and 9.5 MeV, respectively. For comparison, the
absorption cross section derived for the neighboring isotope
8Se in Ref. [11] displays two humps at about 8 and 10 MeV,
respectively, and exceeds the one in 3°Se by about 30% in the
energy range from about § to 10 MeV. On the other hand, the
absorption cross section determined for ®Se in Ref. [10] is by
a factor of three to five lower than the present one for ¥Se in
the energy range from about 7 to 9 MeV. In Ref. [10], there are
however no data at energies higher than about 9 MeV, which
prevents the data from being compared with the (y,n) data
around S, = 11.2 MeV in Se. According to the discussion
in Ref. [10], one likely reason for the comparably smaller
cross section of ®Se is that intensities of branching transitions

PHYSICAL REVIEW C 94, 044304 (2016)

TABLE II. Photoabsorption cross section of 3°Se.

E.(MeV) o, (mb) Aoy, (mb)
6.2 5.1 34
6.4 6.1 2.9
6.6 7.5 2.7
6.8 10.1 24
7.0 12.0 2.1
7.2 6.6 2.1
74 8.6 1.9
7.6 10.7 1.9
7.8 12.6 1.8
8.0 14.5 1.8
8.2 12.9 1.6
8.4 12.8 1.5
8.6 13.7 14
8.8 11.7 1.3
9.0 15.7 14
9.2 15.7 1.2
9.4 17.0 1.0
9.6 16.9 0.8
9.8 16.4 0.7
10.0 13.6 04

to low-lying excited states and strength in the quasicontinuum
were not fully taken into account.

To evaluate the neutron-capture cross section, an exper-
imental photoabsorption cross section (EPACS) was con-
structed on the basis of the following components:

(i) 0 < E, < 6.2 MeV: The TLO model mentioned in
Sec. IIE is taken, because there are no experimental
data in this energy region.

40
30 r
=
£ 20
b?'"
10
0 C Il Il Il Il Il Il Il |
6 7 8 9 10 1 12
E, (MeV)

FIG. 5. Photoabsorption cross sections deduced from the present
measurement (red circles) in comparison with (y,n) data from
Ref. [36] (blue triangles) and Ref. [59] (green squares), and with
the TLO (black dashed curve).
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FIG. 6. Cross-section data used for the construction of the EPACS
input strength function (black circles) and ¥Se(y,abs) cross sections
as a function of y-ray energy based on various models used as input
for calculations using the code TALYS.

(i) 6.2 MeV <E, < 10.0 MeV: The photoabsorption
cross section deduced from the present (y,y’) ex-
periment is used. At 10 MeV, the values from the
(v,y") and (y,n) channels were added to obtain the
total absorption cross section.

(iii) E, > 10.0 MeV: The (y,n) cross section taken from
Ref. [59] was used.

The calculations were performed by using the code TALYS
1.6 [60]. For the nuclear level density, we used the constant-
temperature model [53]. The results for cross sections and
reaction rates obtained by using EPACS are compared with
results obtained by using the implemented standard models
for E'1 strength functions, such as the standard Lorentz model
(SLO) [61,62], the generalized Lorentz model (GLO) [63,64],
and the TLO model [56]. The (y,n) cross sections are shown in
Fig. 6. For a better visibility of the differences, they are plotted
relative to the TLO in Fig. 7. Whereas the SLO overestimates
the cross sections in the energy region between 6 and 15 MeV,
the GLO and TLO agree well with the EPACS results except for

GLO/TLO ——
SLO/TLO
10 | EPACS/TLO eeeeeees |
o
=
o
g ;L{E
s E'i'iz
= ‘é'!
° ° 10 15 20
E (MeV)

FIG. 7. Same as Fig. 6, but showing the data relative to the TLO.
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JAEA
’5102 3
£
©
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E, (MeV)

FIG. 8. "Se(n,y) cross sections as functions of neutron energy
calculated by using the code TALYS with various modes for the input
strength function. The uncertainty of the EPACS due to level density
model is shown as a blue (gray) band. Recent results of y strength
method obtained from the y SF above neutron threshold [38] are also
shown as black points (see text).

the region of the extra enhancement of strength between about
6 and 10 MeV. Below 6 MeV, all results have still uncertainties
because of the lack of experimental data (see Figs. 6 and 7).
In Fig. 8 the results for the Se(n, y) cross sections calculated
by using TALYS with various models for the input ySF are
shown. The uncertainty on the cross section due to the choice
of the nuclear level density (NLD) model has been estimated
by using various NLD models [65-69] and is shown as a blue
band. The enhancement of y SF using EPACS results in about a
55%—-98% larger neutron-capture cross section between 1 keV
and 1 MeV compared with the TLO model. The GLO model,
which usually gives a lower neutron-capture cross section than
the other models, shows a 49%—-59% lower cross section than

1 ‘
0000 50
SLO
TLO -~
EPACS
KADONiS

1000

MACS (LAB) (mb)

100

0 20 40 60 80 100 120
KT (keV)

FIG. 9. 7Se(n,y) Maxwellian-averaged cross sections calculated
by using the code TALYS with various models for the input strength
function compared with KADoNiS (version 0.3) (black circles). The
uncertainty of the EPACS shown as a blue band results from the use
of various nuclear level density models.
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FIG. 10. 79Se(n,y) reaction rates as a function of temperature,
calculated by using the code TALYS with various models for the input
strength function. The uncertainty of the EPACS shown as a blue
band results from the use of various nuclear level density models.

that of the TLO model. The reason for this effect can be related
to the difference between the ¥y SF of GLO and TLO below
5 MeV.

In a recent evaluation, the 79Se(n,y) cross section was
calculated in a similar way as just described [38]. In that work,
the shape of the ySF used in the calculation corresponds to
that described in Ref. [70], including a parametrized PDR.
The 7°Se(n,y) cross section based on a ySF adjusted to
80Se(y,n) data is lower than the present EPACS-based data
by a factor of about three (cf. Fig. 8), whereas the result for
the default strength function of Ref. [70] (not shown in Fig. 8)
is only by about 10% smaller than the EPACS values [38]. A
more quantitative discussion of the reason for the differences
requires an inspection of the default and adjusted y SF used in
Ref. [38], in particular at energies below the neutron threshold,
and knowledge of the used level densities.

To investigate the effect of the enhanced strength on
the s-process nucleosynthesis, the Maxwellian-averaged
neutron-capture cross section (MACS) for "*Se was compared
with the value given in the KADoNIiS (version 0.3) data base,
which corresponds to the one given in Ref. [71]. Tendencies
found for the various y SF models used to calculate the MACS
are similar to those just discussed. In the MACS calculations
at kT =30 keV, corresponding to the typical s-process
environment, the MACS using EPACS input results in 483 mb
with upper and lower limits of 1005 and 305 mb, respectively.
This result is 1.8 times greater than the recommended value of
KADOoNIS (263 £ 46 mb, see Fig. 9). Figures 10 and 11 show
the "Se(n,y) and 3°Se(y,n) reaction rates, respectively.

IV. SUMMARY

The dipole-strength distribution in 3°Se up to the neutron-
separation energy has been studied in a photon-scattering
experiment at the ELBE accelerator by using a kinetic electron
energy of 11.5 MeV for the purpose of the evaluation of the
neutron-capture cross sections for '°Se. We identified 180 y
transitions below 9.6 MeV.
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FIG. 11. 3°Se(y,n) reaction rates as a function of temperature,
calculated by using the code TALYS with various models for the input
strength function. The uncertainty of the EPACS shown as a blue
band results from the use of various nuclear level density models.

The measured y-ray spectrum was corrected for detector
response, and the atomic background was subtracted. The re-
maining intensity is considered to be from nuclear excitations
and are included in the analysis. We performed simulations
of statistical y-ray cascades to estimate intensities of inelastic
transitions, and to correct the intensities of the ground-state
transitions for their branching ratios.

The photoabsorption cross section of *°Se below the
neutron-separation energy obtained from this analysis is com-
bined with the (y,n) cross section and compared with results
of calculations using TALYS. We calculated "°Se(n,y) cross
sections, Maxwellian-averaged cross sections, and reaction
rates by using the present experimental ySF as an input
for TALYS. We found that the observed enhancement in y SF
causes a 55% to 98% larger neutron-capture cross section in
a neutron energy range between 1 keV and 1 MeV. Below
5 MeV, the lack of experimental data for the ySF in 80ge
means that the neutron-capture cross section of "’Se is still
uncertain. The present results of Maxwellian-averaged cross
section at k7 = 30 keV is a factor of 1.8 greater than the
data of earlier work given in the KADoNiS database. This
enhancement of the present result is likely caused by the shape
of the experimental y SF below the neutron threshold.

The present calculations still have uncertainties caused
by model parameters such as level densities and optical
potential parameters. Future direct or indirect methods for
the determination of the neutron-capture cross section for '°Se
may further reduce them.
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