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We calculate neutron radiative capture cross sections for medium to heavy mass nuclei with the
statistical Hauser-Feshbach theory, and compare with recommended cross sections in the evaluated
nuclear data libraries, ENDF/B-VII.1 and JENDL-4. We introduce an M1 scissors mode into the y-
ray decay channel, and estimate the strength of M1 by comparing calculated cross sections with the
evaluated data. We show the estimated M1 enhances the neutron capture cross sections for deformed
nuclei. A simple sensitivity study is performed to test this enhancement for the nucleosynthesis cal-
culations.
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1. Introduction

Statistical Hauser-Feshbach calculations with the width fluctuation correction for the neutron
radiative capture process in the keV to MeV energy region are still unsatisfactory, in particular to
obtain reasonably accurate neutron capture cross sections for r-process nucleosynthesis calculations.
This is mainly due to relatively large uncertainties in the model parameters used; the level density,
the spin and parity distributions in the continuum, and the y-ray strength function fx;(E,). Ullmann
et al. [1] showed that the calculated neutron capture cross section for a deformed system strongly
influenced by the M1 scissors mode [2], although the amplitude of collective motion is expected
to be small. The shell model calculations by Schwengner et al. [3] also show enhancement of M1
radiation at low energies, and this was applied to the nucleosynthesis calculations [4].

When the energy of emitted y-ray from a compound nucleus is very low (E, < 1 MeV), such
decay process has no impact on the calculated neutron capture cross section, because the y-ray trans-
mission coefficient carries a factor of E2X*!, where L is the multipolarity of photon emission. While
the M1 scissors mode, which is often seen in a few MeV region for deformed nuclei, might play
an important role in de-excitation of a compound nucleus. We examine the enhancement in the cal-
culated neutron capture cross sections for deformed nuclei due to the additional M1 strength, and
show how this enhancement has an impact on the r-process nucleosynthesis calculations [5]. Since
the enhancement could be remarkable for strongly deformed nuclei, we focus on the nuclei in the
mass A = 100 — 200 region.
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2. Calculation Method and Results

2.1 Neutron Radiative Capture Cross Section
The Hauser-Feshbach formula with the width fluctuation correction for the neutron radiative
capture process is written in the form

T TnTy
Teapt(En) = — — Wy, 1
capt( n) k;% ;gc T, + T, ny (D

where g, is the spin statistical factor, k,, is the wave-number of incoming neutron, 7, is the neutron
transmission coefficient, T, is the lumped y-ray transmission coeflicient, and W,,, is the width fluc-
tuation correction factor. For calculating W,,, we use the model of Moldauer [6] with the Gaussian
Orthogonal Ensemble (GOE) parameterization [7]. The capture cross section is related to the y-ray
strength function through the lumped y-ray transmission as

Sn+E,
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where E, is the excitation energy of residual nucleus, S, is the neutron separation energy, E, is the
incident neutron energy, and p(E,, J) is the level density. The summation runs over all allowed spin
and parity combinations. For the y-ray strength function fx; (E,), we typically include the giant dipole
resonance (GDR) E1 [8], the spin-flip M1 mode, and small contributions from higher multipolarities,
E2 and M2.

2.2 Capture Enhancement by the M1 scissors mode

In addition to these commonly used strengths, we add the M1 scissors mode in a standard
Lorentzian shape, then adjust the strength (I'vyjomy, where I is the Lorentzian width and o is the
peak cross section) to reproduce evaluated neutron capture cross sections in the fast energy range in
the mass region A = 100-200 [9]. This allows us to study a correlation between nuclear deformation
and the M1 strength. The coupled-channels and Hauser-Feshbach theory CoH3 [10] is used for calcu-
lating the cross sections. The nuclear deformation parameters are taken from the finite range droplet
model (FRDM) [11].

The obtained M1 strengths for the target nuclei are fitted by assuming a quadratic form in the
nuclear deformation; I'vjjomy o« ,8%, and put it back into the Hauser-Feshbach calculations. This
additional strength enhances the calculated capture cross sections on deformed nuclei by a factor
of 2-3 in a wide mass range, which is shown in the left panel of Fig. 1 as ratios to the evaluated
cross sections. Since we assumed the amplitude of scissors mode is proportional to ﬁ%, the calculated
cross sections for spherical nuclei are unchanged. We also show the deviations for the absolute cross
sections in the right panel. The average deviations are -34 mb for the no-M1 case, and -7 mb for the
with-M1 case.

2.3 Impact on r-Process Nucleosynthesis Calculation

In the reaction rate calculations with the Hauser-Feshbach theory, we empirically know that phe-
nomenological GDR parameters for E1 often underestimate available average y-ray width data, (I, ).
We now claim this is partly due to the missing M1 strength. However there are also other contri-
butions to the total y-ray emission channel, such as the E1 pygmy dipole resonance. These missing
components are phenomenologically averaged out by adopting the equality

Ty
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Fig. 1. The calculated capture cross sections at 200 keV are compared with those in the evaluated cross sec-
tions in ENDF/B-VII.1 and JENDL-4. The left panel shows the ratios to the evaluated data. The blue symbols
show the case when the Hauser-Feshbach calculations do not include the M1 scissors mode. The red symbols
are with the scissors mode. The histograms shown in the right panel are the deviations.

which is satisfied for stable nuclei by renormalizing the y-ray transmission coefficient. For example,
CoHj3 renormalizes T, by a simple estimate of (I') =~ 2970A~%>9 V. This is one of the caveats to
consider when using some existing Hauser-Feshbach codes for calculating neutron capture rates.

In order to study the impact of the capture enhancement, we performed the r-process nucleosyn-
thesis calculations [5], and investigate the capture rate enhancement due to the scissors mode in a
relative sense. Instead of re-generating all the reaction rates, we simply multiply the neutron cap-
ture rates by a factor of three, which was estimated in our capture cross section calculation, to see
the relative impact on the nucleosynthesis. The calculated solar abundances Y(A) with the increased
capture rates are shown in Fig. 2 by the ratios to the original capture rates. Three cases are shown;
the low entropy hot r-process, the cold r-process, and the neutron star merger (NSM). We expect that
inclusion of M1 scissors mode will have a large impact on the calculated abundances in the mass
range 150-190, particularly reduction near A = 150. The NSM case has the largest sensitivity to the
capture rates, especially near A = 170, since the r-process path is controlled by a balance between
neutron captures and S-decays in this scenario. We are conducting full nucleosynthesis calculations
by removing the phenomenological renormalization of y-ray strength functions, from which we will
be able to perform the sensitivity studies for the E1 GDR and the M1 scissors mode separately.

3. Conclusion

Recent progress on the study of y-ray strength functions suggests a large enhancement in the
neutron capture rates for deformed nuclei. Our systematic investigation on the M1 scissors mode
correlating with the nuclear deformation also shows the capture enhancement by a factor of 2-3
in the medium to heavy mass region. Such enhancement was implicitly included in the past study
by a phenomenological renormalization of y-ray strength functions. However, we should separate
the contributions from the E1 giant dipole resonance and the M1 scissors mode to the astrophysical
simulations for better prediction.
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Fig. 2. Nucleosynthesis calculations for three different conditions; the cold r-process, the low entropy hot
r-process, and the neutron-star merger. The calculated solar abundances Y(A) are shown by the ratios of non-
perturbed capture rates to the scaled case.
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