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The dipole strength distribution of %°Se was studied in a photon-scattering experiment using
bremsstrahlung produced with an electron beam of energy 11.5 MeV at the linear accelerator ELBE.
We identified 180 « transitions up to an energy of 9.6 MeV, and analyzed the strength in the qua-
sicontinuum of the spectrum. Simulations of statistical vy-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 de-
rived in this way was combined with the photoabsorption cross section obtained from an earlier
(7,n) experiment and used as an input for the calculation of "Se(n,~) reaction rates on the basis

of the statistical reaction model.

PACS numbers: 25.20.Dc, 21.10.Tg, 21.60.Jz, 23.20.-g, 27.50.+¢

I. INTRODUCTION

The ~-ray strength function (ySF) is an important
ingredient for the estimate of cross sections of photo-
nuclear 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
photo-nuclear reactions by many researchers|[1, 2]. Nowa-
days, more precise measurements of photo-neutron reac-
tions near the neutron threshold (S,) are performed by
using quasi-monochromatic v 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 e.g.
in "Se [10], ®Se [11], nuclides with Z = 42 [12, 13], N
= 50 [14-18], nuclides around N = 82 [19-28], in '8! Ta
[29], and in the doubly magic 2°*Pb [30-32].

From the nuclear-astrophysics point of view, approx-
imately half of the elements heavier than iron are syn-
thesized in the stellar environment by the slow neutron-
capture process (s-process), which synthesizes nuclei on
the valley of 3 stability (see Ref. [34] and Refs. therein).
Classically, the s-process is divided into two components,
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namely a weak and a main component [34]. The weak s-
process (A < 90) is considered to proceed via the core
He-burning and shell C-burning phase. The reaction
ZNe(a,n)*Mg is the main neutron source in massive
stars (M ~ 25Mg). The weak component proceeds at
neutron densities of n,, = 10% — 107 cm ™3 and tempera-
tures of T' ~ 3-10% K [35]. The main s-process component
(A > 90) is believed to take place in the asymptotic gi-
ant branch (AGB) stage of low-mass stars (M < 8Mg)
[33, 36]. In this case, one of the neutron sources is the
13C(a,n)'0 reaction in the *C pocket after a convec-
tive He-shell flash (7' ~ 10® K and n,, ~ 7 - 107 cm™3)
contributing to the s-process for a long duration of 20,000
a. Another possible neutron source, 22Ne(a,n)?*Mg, also
produces s-process elements in the He-flash region (7" ~
2.7 -10% K and n,, ~ 101 cm=?) for a few years [37-43].

The s-process flow includes branching points when neu-
tron capture and 5 decay compete. Because the neutron
capture rate and [-decay rates have unique temperature
dependencies, branching points can be used both as a
stellar thermometer and a neutron density meter to es-
timate the s-process environment. Analyses of s-process
branchings have already been attempted in other works
[35, 47-51]. For the weak s-process component, one im-
portant branching point relates to Se [50, 53-55]. The
ground state of Se has a long half-life of Ty /2 = 295,000
a [56]. In addition, at 95.7 keV 7Se has an isomer with
logs = 4.70Jj8:(1)8 [47]. The isomer is thermally popu-
lated in the s-process environment and, because of the
large [-decay probability, the effective (-decay rate is
enhanced. The half-lives of the 8~-decay branch points
™Se and ®°Br, lead to the production of the s-only nu-
cleus 8%Kr. On the other hand, the neutron capture
branch at ™Se, together with a minor branch of EC*,



BT decay at 89Br, lead to the production of another
s-only nucleus: 32Kr. Therefore, the abundance ratio
of 89Kr/82Kr, combined with related reaction rates, can
provide information about temperature and neutron den-
sity in the s-process nucleosynthesis.

In the present stage, stellar [-decay rates for nuclei
thermally equilibrated in stars are difficult to determine
in the laboratory compared with terrestrial rates for nu-
clei in the ground states. More crucial is that it is im-
possible to measure neutron-capture cross sections for
radioactive nuclei in the laboratory.

From the viewpoint of nuclear engineering, the radia-
tive capture cross section of "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
the biosphere from a deep geological disposal facility on
time scales of 10° years [57]. Currently, the direct mea-
surement of the neutron-capture cross section with a ra-
dioactive sample of "?Se is proposed at the n-TOF fa-
cility of CERN [58]. In this case, "’Se can be obtained
by using the thermal neutron-capture reaction of a "8Se
- 208Ph sample. In J-PARC, the neutron-capture cross
section for 7?Se was evaluated on the basis of systematic
measurements of neutron-capture cross sections for other
Se isotopes [59, 60]. Recently, an experiment at the RIBF
facility at RIKEN also aimed at the determination of the
radiative-capture cross section of "*Se by using a 7?Se
beam in inverse kinematics [61]. Stable 8°Se, which is
obtained from neutron capture on "Se, shows potential
also as photoelectric device and pharmaceutical product.

Photodisintegration, which is a good probe of the E1
v strength function (ySF), can be used to predict the
”inverse” neutron capture cross sections for radioactive
nuclei. Attempts to derive the "Se(n,y)%Se cross section
using the vSF method have already been performed us-
ing Laser Compton backscattering (LCS) ~ rays [62-64].
However, uncertainties of the ySF below the neutron-
separation energy still remain.

The present work describes a study of the dipole
strength of %°Se using the (v,7’) reaction at the
bremsstrahlung facility YELBE [65] 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 be-
low 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 fi = o, /[g(7he)? E, ] with
g=(2J,+1)/(2Jo + 1), where Jy and J, are the spins
of the ground state and the excited state, respectively.

In earlier NRF studies of 8Se, the deexcitation of a
level at 7820 keV was investigated [66, 67]. In the present
work, we identified 180 v rays up to 9.6 MeV in 8°Se, but

a 7820 keV v ray was not among them. We determined
the photon-scattering cross section in 10 keV bins of ex-
citation 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 intensi-
ties 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. Us-
ing 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 ex-
cited state at an energy FE,, 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 exper-
iments, we used the integrated scattering cross sections
I(EDB) of states in ' B [68] and their angular correlations
including mixing ratios [69] as a reference:

IS(EJE) I’Y(E’Yﬂe) I"Y(EE’G)

(W(E'Yv o)q)’Y(Ez)NN) (W(E'Eygv e)q)’Y(EE)NJ]\B/
1)
Here, I, (E,,6) and I,(E?,0) denote the measured in-
tensities of a considered ground-state transition at F,
and of a ground-state transition in 'B at E,}f‘, respec-
tively, observed at an angle 6 to the beam. W(E,,0)
and W(EE, 0) describe the angular correlations of these
transitions. The quantities Ny and NY are the num-
bers of nuclei in the 8°Se and ''B targets, respectively.
The quantities @ (E,) and ®,(EE) 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
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where o, is the elastic scattering cross section, F,, 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 compli-
cated 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 scattering) in addition to the deexcitation to
the ground state (elastic scattering). In the case of feed-
ing, the measured intensity of the ground-state transition

I(E7)
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is greater than the one resulting from a direct excitation
only. As a consequence, the integrated scattering cross
section Is ¢ deduced from this intensity contains a por-
tion Iy originating from feeding in addition to the true
integrated scattering cross section I,. In the case of in-
elastic scattering, inelastic and subsequent cascade tran-
sitions appear in the measured spectrum in addition to
ground-state transitions. To deduce the partial width of
a ground-state transition I'y and the absorption cross sec-
tion, one needs to know the branching ratio by = I'g/T.

Spins of excited states can be deduced by compar-
ing 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 — 0 differ most at these angles. The ex-
pected values are W(90°)/W (127°)9—1—0 = 0.74 and
W(90°)/W (127°)g—2—¢ = 2.18 taking into account open-
ing 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% 89Se. The Se target was combined with 200.0 mg
of 1B, enriched to 99.5%, and also shaped into a disk of
2 cm 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
according to Eq. (1), the relative efficiencies of the de-
tectors and the relative photon flux were needed. The
determination of the absorption cross section, described
in Sec. IT E, required correction to the experimental spec-
trum for detector response, absolute efficiency and abso-
lute photon flux due to atomic processes, such as Comp-
ton scattering and pair creation induced by the imping-
ing photons in the target material, and for ambient
background radiation. The detector response was sim-
ulated using the program package GEANT4 [70]. The
reliability of the simulation was tested by comparing
simulated spectra with measured ones as described in
Refs. [12, 14, 25].

The absolute efficiencies of the HPGe detectors in the
setup at ELBE were determined experimentally up to 2.4
MeV from measurements with '37Cs, **Eu, and ??Ra
calibration sources. For interpolation, an efficiency curve
calculated with GEANT4 and scaled to the absolute ex-
perimental values was used. A check of the simulated ef-
ficiency curve up to about 9 MeV was performed via var-
ious (p, y) reactions at the HZDR Tandetron accelerator.
The efficiency values deduced from these measurements
agreed with the simulated values within their uncertain-

ties [71]. Similar results were obtained for the resonances
at 4.44 and 11.66 MeV in ?C populated in the *'B(p, )
reaction at the TUNL van-de-Graaf accelerator [72].

D. Experiments with bremsstrahlung at YELBE

The nuclide 3°Se was studied at the bremsstrahlung
facility YELBE. Bremsstrahlung was produced using an
electron beam of kinetic energies of F, = 11.5 MeV. The
average current was about 710 pA. The electron beam
hit a niobium foil of 7 um thickness. A 10 cm thick
aluminum absorber was placed behind the radiator to re-
duce 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° s7! in a spot of 38 mm diameter. Scattered pho-
tons 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° to the beam and a distance of 32 cm from the tar-
get. 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 1*B. For interpolation, the pho-
ton flux was calculated using a code [73] based on the
approximation given in Ref. [74] and including a screen-
ing correction according to Ref. [75]. 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.

For the transitions observed in the present measure-
ment, we checked whether the sum of the energies of a
considered transition and the first, second or third 2%
states fit the energy of a higher-lying transition within
the sum of the uncertainties. If this was the case, the
transitions were considered as inelastic transitions and
were sorted out. However, there may exist inelastic tran-
sitions with energy uncertainties larger than 0.3 keV, as
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FIG. 1: (Color online) Spectrum of v rays scattered from
80Se combined with ''B, 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.
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FIG. 2: (Color online) Absolute photon flux at the target de-
duced from intensities of four known transitions in ''B (cir-
cles) using the detector efficiency calculated with GEANT4
and the relative flux calculated as described in the text (solid
line).

well as transitions that feed low-lying levels other than
the lowest three 21 states, and cascade transitions that
depopulate those low-lying states to the ground state.
Therefore, we list transition energies and angular corre-
lations in Table I. Spins and integrated scattering cross
sections are given under the assumption of ground-state
transitions.

TABLE I: Gamma rays assigned to 5°Se.

By (keV)[1] 7 5ry(2] J718) Ts(eV b) 4]
666.3(2) 27[5]

1449.4(2) 2+ (5]

1646.2(1)  1.08(17) 86(8)
1848.7(1)  1.00(15) 115(10)
1959.8(2) 2+[5)

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) 63(6)
2827.9(2)  0.90(21) 19.4(22)
2894.8(2) 1.3(4) 13.7(19)
2054.6(2) 1.3(4) 20.9(28)
2974.2(3)  1.1(3) 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)
3193.0(3)  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 8.1(21)
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) (1) 15.4(21)
4293.6(8) 5.2(16)
4307.6(2) 0.91(16) (1) 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)
4835.6(3)  0.9(3) 17.2(26)
4847.5(3)  0.9(3) 16.3(25)
4904.9(2)  0.72(22) 1 30(4)
4932.9(2) 0.58(13) 1 25.8(29)
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0.8(3)
0.66(29)
0.7(3)
0.57(22)

0.82(23)
0.7(3)

1.24(23)
1.8(6)

0.63(23)
0.38(14)
0.40(10)
0.60(20)
0.70(20)
0.47(23)

0.57(24)
0.43(17)

0.42(17)

[1] Transition energy. The uncertainty of this and the other quanti-
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FIG. 3: (Color online) 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 of the two.

E. Determination of the photoabsorption cross
section

For the further analysis, the experimental spectrum
was corrected for the detector response and the absolute
efficiency as described in Sec. II C, 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°8T1
decay in the in-beam spectrum was subtracted from the
measured spectrum. To correct the spectrum for the de-
tector response, spectra of monoenergetic vy rays were
calculated in steps of 10 keV 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 8°Se target was obtained from a GEANT4 simu-
lation using the absolute photon flux deduced from the
intensities of the transitions in B (cf. Fig. 2). The

ties in the table is given in parentheses in units of the last digit.

[2] Ratio 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.

[3] 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.

[4] Energy-integrated scattering cross section deduced from the in-

tensities measured at 127°.
[5] Taken from Ref. [76].

corresponding background spectrum is also displayed in
Fig. 3.

As can be seen in Fig. 3 the spectrum of photons scat-
tered from 8°Se contains resolved peaks and a continuum
that is remarkably higher than the background caused by
atomic scattering processes. This continuum is formed
by a large number of non-resolved 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 pho-
tons resonantly scattered from 3°Se is obtained from a
subtraction of the atomic background from the response-
corrected experimental spectrum.

To deduce the correct dipole-strength distribution, in-
elastic transitions have to be removed from the spectrum
and the ground-state transitions have to be corrected for
their branching ratios bg. We applied statistical meth-
ods to estimate the intensities of branching transitions to
low-lying excited levels and of the branching ratios of the
ground-state transitions. These methods were also ap-
plied in earlier photon-scattering experiments at YELBE
[11, 12, 14-18, 23, 25, 27, 28).

The intensity distribution contains ground-state tran-
sitions and, in addition, branching transitions to lower-
lying excited states (inelastic transitions) as well as tran-
sitions from those states to the ground state (cascade
transitions). The different types of transitions cannot
be clearly distinguished. However, for the determina-
tion of the photoabsorption cross section and the par-
tial widths I'g the intensities of the ground-state tran-
sitions are needed. Therefore, contributions of inelastic
and cascade transitions have to be subtracted from the
spectra. We corrected the intensity distributions by sim-
ulating vy-ray cascades from the levels in the whole energy
range. The code YDEX [11, 25, 27, 28] was used to do
this. yDEX works analogously to the strategy of the
code DICEBOX [77] developed for (n,~y) reactions, but
in addition includes also the excitation from the ground
state. In these simulations, level schemes (nuclear real-
izations) 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 par-
tial widths were treated by applying the Porter-Thomas
distribution [78].

Level densities were calculated by using the constant-
temperature model [79] with the parameters T' = 0.77(4)
MeV and Ey = -0.46(29) MeV adjusted to experimental
level densities [80]. In the individual nuclear realizations,
the values of T' and FEy were varied randomly within a
Gaussian distribution with a o corresponding to the un-
certainties given in Ref. [80]. The parity distribution of
the level densities was modeled according to the informa-
tion given in Ref. [81].

The first input for the photon strength function simu-
lations were assumed to be Lorentz-shaped. For the E1



strength a combination of three Lorentz functions (TLO),
with parameters as described in Ref. [82], was used with
a quadrupole deformation of §; = 0.23 and a triaxial-
ity parameter of v = 22° [83]. The parameters for the
M1 and E2 strengths were taken from global parame-
terizations of M1 spin-flip resonances and E2 isoscalar
resonances, respectively [84].

Spectra of v-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 experi-
mental ones in the considered bin. The intensity distribu-
tion 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 obtains the intensity distribu-
tion of the ground-state transitions. Simultaneously, the
branching ratios b5 of the ground-state transitions are
deduced for each energy bin A. In an individual nuclear
realization, the branching ratio b3' is calculated as the ra-
tio of the sum of the intensities of the ground-state transi-
tions from all levels in A to the total intensity of all tran-
sitions depopulating those levels to any low-lying levels
including the ground state [11, 12, 14-18, 23, 25, 27, 28].
By dividing the summed intensities in a bin of the exper-
imental intensity distribution of the ground-state transi-
tions with the corresponding branching ratio, we obtain
the absorption cross section in each bin as o$ = O'VA,Y /b5
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 lo deviation from the
mean has been taken.

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 uncer-
tainties. 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 the ones obtained
from the first and last iteration steps are shown.

III. DISCUSSION

The photoabsorption cross section of ®°Se obtained
from the experiment just described is shown in Fig. 5,
together with cross sections deduced from (v, n) experi-
ments [62, 85] and with the TLO mentioned in Sec. ITE.
The cross section deduced from the present analysis con-
tinues the (y,n) cross section toward low energy below
Sp = 9.9 MeV and fits the (vy,n) cross section around
Sy. The cross section shows a structure of three humps
at about 7, 8 and 9.5 MeV, respectively. For comparison,
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FIG. 4: (Color online) Uncorrected photoabsorption cross sec-
tion (black solid line), TLO (dahed line), input (blue solid
line) and output (red circles with error bars) of the 8. (last)
iteration step in the simulation of y-ray cascades.

the absorption cross section derived for the neighboring
isotope "®Se in Ref. [11] displays two humps at about 8
and 10 MeV, respectively, and exceeds the one in #Se
by about 30% in the energy range from about 8 to 10
MeV. In the energy range from about 7 to 9 MeV, the
absorption cross section determined for "®Se in Ref. [10]
is a factor of 3 to 5 lower than the present one for %°Se.
In Ref. [10] there are however no data at energies higher
than about 9 MeV, which prevents the data from being
compared with the (v,n) data around S,, = 11.2 MeV in
"6Se. According to the discussion in Ref. [10], one likely
reason for the comparably smaller cross section of 76Se
is that intensities of branching transitions to low-lying
excited states and strength in the quasicontinuum were
not fully taken into account.

In order to evaluate the neutron-capture cross section,
an experimental photoabsorption cross section (EPACS)
was constructed on the basis of the following components.

i) 0 < E, < 6.2 MeV: The TLO model mentioned in
Sec. I1 E is taken, because there is no experimental data
in this energy region.

ii) 6.2 MeV < E, < 10.0 MeV: The photoabsorption
cross section deduced from the present (,~’) experiment
is used.

ili) E > 10.0 MeV: The photo-neutron cross section
taken from Ref. [85] was used.

The calculations were performed using the code
TALYS 1.6 [86]. The results for cross sections and re-
action rates obtained using EPACS are compared with
results using the implemented standard models for E1
strength functions, such as the standard Lorentz model
(SLO) [87, 88], the generalized Lorentz model (GLO)
[89, 90], and the TLO model. For the nuclear level



density, we used the constant-temperature model [79].
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 the region
of the extra enhancement of strength between about 6
and 10 MeV. Below 6 MeV, all results have still un-
certainties because of the lack of experimental data (see
Fig. 6). Fig. 7 shows the results for the "Se(n,~) cross
sections calculated using TALY'S with various models for
the input ySF. 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 [91-
95] and is shown as a blue band. The enhancement of
~SF using EPACS results in about a 55% - 98% larger
neutron-capture cross section between 1 keV and 1 MeV,
compared to 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 that of the TLO model. The reason for this effect
can be related to the difference between the vSF of GLO
and TLO below 5 MeV. We note that a recent evalua-
tion of the photo-neutron experiment [64] shows smaller
neutron-capture cross sections than that resulting from
EPACS, because their vSF was determined using exper-
imental data above neutron threshold only.

To investigate the effect of the enhanced strength on
the s-process nucleosynthesis, the Maxwellian-averaged
neutron-capture cross section (MACS) for 7Se was com-
pared with the value given in the KADoNiS (version 0.3)
data base, which corresponds to the one given in Ref. [96].
Tendencies found for the various vSF models used to cal-
culate the MACS are similar to the ones just discussed.
In the MACS calculations at kT = 30 keV, correspond-
ing to the typical s-process environment, the MACS us-
ing EPACS input results in 483 mb with upper and lower
limits of 1005 mb and 305 mb, respectively. This result is
1.8 times greater than the recommended value of KADo-
NiS (263 + 46 mb, see Fig. 8). Figures 9 and 10 show
the 7QSe(n, 7) and #Se(v,n) reaction rates, respectively.

IV. SUMMARY

The dipole-strength distribution in %°Se up to the
neutron-separation energy has been studied in a photon-
scattering experiment at the ELBE accelerator using a
kinetic electron energy of 11.5 MeV for the purpose of
the evaluation of the neutron capture cross sections for
7Se. We identified 180 «y transitions below 9.6 MeV.

The measured v-ray spectrum was corrected for detec-
tor response, and the atomic background was subtracted.
The remaining intensity is considered to be from nuclear
excitations and are included in the analysis. We per-
formed simulations of statistical ~-ray cascades to esti-
mate intensities of inelastic transitions, and to correct
the intensities of the ground-state transitions for their
branching ratios.

The photoabsorption cross section of 8%Se below the

8 9 10 11 12
E, (MeV)

FIG. 5: (Color online) Photoabsorption cross sections de-
duced from the present measurement (red circles) in com-
parison with (y,n) data from Ref. [62] (blue triangles) and
Ref. [85] (green squares), and with the TLO (black dashed
curve).

E (MeV)

FIG. 6: (Color online) 8°Se(~y,abs) cross sections as a function
of v-ray energy calculated using the code TALYS with various
models for the input strength function.

neutron-separation energy obtained from this analysis
is combined with the (v,n) cross section and compared
with results of calculations using TALYS. We calculated
™Se(n, ) cross sections, Maxwellian-averaged cross sec-
tions, and reaction rates using the present experimental
~SF as an input for TALYS. We found that the observed
enhancement in ySF 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 8°Se means that the neutron-capture
cross section of "Se is still uncertain. The present re-
sults of Maxwellian-averaged cross section at k7' = 30



FIG. 7: (Color online) "Se(n,y) cross sections as functions
of neutron energy calculated using code TALY'S 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 + strength method obtained from
the vSF above neutron threshold [64] are also shown as black
points. (see text).
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FIG. 8: (Color online) "Se(n,v) Maxwellian-averaged cross
sections calculated using the code TALYS with various mod-
els 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.

keV is a factor of 1.8 greater than the data of earlier
work given in the KADoNiS database. This enhance-
ment of the present result is likely caused by the shape
of the experimental vSF below the neutron threshold.
The present calculations have still 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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FIG. 9: (Color online) “Se(n,y) reaction rates as a function
of temperature, calculated using 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.
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FIG. 10: (Color online) 3°Se(y,n) reaction rates as a function
of temperature, calculated using 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. cross sections.
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