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The Korea Atomic Energy Research Institute (KAERI) is building high energy neutron-,
proton-, and photon-induced nuclear data libraries for energies up to hundreds MeV in response
to nuclear data needs from various R&Ds and applications. The librares provide nuclear data
needed for the accelerator-driven transmutation of nuclear waste and radiation transport sim-
ulations of cancer radiotherapy. The neutron library currently has 10 isotopes such as C-12,
N-14, O-16, Al-27, Si-28, Ca-40, Fe-56, Ni-58, Zr-90, Sn-120, and Pb-208 for energies from 20 up
to 400 MeV. The proton nuclear data were evaluated in a consistent manner with the neutron
case, using the same nuclear model parameters. In addition to the same isotopes included in the
neutron library, the proton library has 70 extra isotopes of 24 elements ranging from nitrogen
to lead up to 150 MeV for which the evaluations are focused on the medical and activation
analyses applications. The photonuclear data library has been built along with international
collaboration by participating in the IAEA’s Coordinated Research Project (CRP) which ended
last year. Currently the KAERI photonuclear library includes 143 isotopes of 39 elements.

I. Introduction

Nuclear data for conventional fission reactors and fusion devices mainly consist of neutron-
induced cross sections in energy below 20 MeV. However, recent new applications, such as
radiation transport simulations of cancer radiotherapy and the accelerator-driven transmuta-
tion of nuclear wastes require evaluated nuclear data on neutron-, proton, and photon-induced
reaction above a few MeV up to a few hundreds of MeV.

The Korea Atomic Energy Research Institute (KAERI) is building neutron-, proton-, and
photon-induced nuclear data libraries for energies up to hundreds MeV in response to nuclear
data needs from various R&Ds and applications [1-4]. The library provides nuclear data needed
for the accelerator-driven transmutation of nuclear waste and radiation transport simulations
of cancer radiotherapy [5-7]. The neutron library currently has 10 isotopes such as C-12, N-14,
0-16, Al-27, Si-28, Ca-40, Fe-56, Ni-58, Zr-90, Sn-120, and Pb-208 for energies from 20 up to 400
MeV. The proton nuclear data were evaluated in a consistent manner with the neutron case, using
the same nuclear model parameters. In addition to the same isotopes for the neutron case, the
proton library has 70 extra isotopes of 24 elements ranging from nitrogen to lead up to 150 MeV
for which the evaluations are focused on the medical and activation analyses applications. The
photonuclear data library has been built along with international collaboration by participating
in the TAEA’s Coordinated Research Project(CRP). As a final product, 143 isotopes of 39
elements are included in the KAERI photonuclear data library [8-10].



Section 2 describes an overview of evaluation methods and theoretical models applied in this
work. Section 3 provides some comparisons of evaluated cross sections with experimental data,
and Section 4 summarizes the KAERI high energy libraries.

II. Evaluation Methods and Models

A typical procedure to produce the evaluated cross sections is as follows:

e Survey, analyses, and selection of reference measurements
e Applying appropriate theoretical models according to the reaction characteristics

e Selection or adjustment of the recommended model parameters to better produce the
reference measurements

e Generation of the cross sections in the ENDF-6 format

Details of the procedure are described below.

1. Reference Measurements

The role of experimental data for the nuclear data evaluation is important; it guides modeling
of nuclear reactions, but also validate the models and parameters. From this view point, it is
desirable that the reference experimental data span over a certain number of nuclei, reactions
and incident energies. For the reference data of neutron, proton, and photon induced reactions
up to a few hundreds MeV region, the EXFOR [11] database was extensively surveyed and
analyzed to selected reference measurements.

2. Optical Model

The optical model provides the basis for theoretical evaluations of nuclear cross sections
that are used in providing nuclear data for applications. In addition to offering a convenient
means for calculations of reaction, shape elastic, and (neutron) total cross sections, optical
model potentials are widely used in quantum-mechanical preequilibrium and direct-reaction
theory calculation. But the most important role of optical model analysis is to supply particle
transmission coefficients for Hauser-Feshbach statistical theory analyses used in nuclear data
evaluations.

In this work, the energy dependencies of potential depths are expressed in the following way,
which is similar to that proposed by Delaroche [12]:
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where the Fermi energy E; for neutrons and protons is given by

neutron FEf(Z,A) = —%[Sn(Z, A)+ Sp(Z, A+ 1)]

proton  E;(Z, A) = —%[sp(z, A)+S)(Z+1,A+1) (2)
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Figure 1: The volume potential depths of real volume, imaginary volume and imaginary surface
as a function of neutron and proton energy

The geometry factor of W, is assumed to be the same as that of V,. as

TU(E) = rwv(E) 7é de(E)
ay(E) = awo(E) # awa(E) (3)

Figure 1 presents the general shapes of the potential depths of real volume (V;), volume ab-
sorptive (W,) and surface absorptive (W,) adopted in this work to incorporate effects of the
dispersion relationship. The best sets of OMP were determined by adjusting the above 17 ad-
justable coefficients defined in eq. (1) and (3) with the use of ECISPLOT [13], an interactive
optical parameter searcher with the simulated annealing algorithm, developed by one of the
authors. This is an X-Window based software system incorporated into the nuclear reaction
code ECIS-96 [14]. In ECISPLOT, the potential parameters are adjusted interactively based on
an eye-guide, then the final parameter set is searched automatically by the simulated annealing
algorithm to have minimum y?.

Besides neutron and proton potentials, the following global potentials were employed in the
evaluations for composite particles:

- Deuterons: Perey and Perey [15]
- Tritons: Becchetti and Greenlees [16]
- Alphas: Arthur and Young [17]

Recent work in nuclear reaction theory has emphasized the importance of calculating direct
inelastic scattering cross sections to low-lying states. Such direct reaction contributions to
inelastic scattering from discrete states were provided by a DWBA calculation with deformation
parameters or a coupled-channel calculation with appropriate collective models.



3. Giant Dipole Resonance and Quasi-deuteron Model

There is no nuclear force and charge interaction between the photon and the nucleus, and
thus the photonuclear reaction is induced by electromagnetic interaction. At low energies, below
about 30 MeV, the Giant-Dipole Resonance (GDR) is the dominant excitation mechanism, where
a collective bulk oscillation of the neutrons against the protons occurs. At higher energies below
140 MeV, the threshold for the pion production, where the wavelength of the photon decreases,
the photoabsorption on a neutron-proton pair(quasi-deuteron: QD) which has a large dipole
moment becomes important. Therefore, the photoabsorption cross section can be expressed as
the sum of ogpr(ey) and ogpm(ey),

Oabs(€y) = 0GDR(E4) + oQDM(EA)- (4)

In this work, photoabsorption cross sections in the GDR region were evaluated with GUNF
code [18], in which E; and Ey radiations are considered. The formulas of strength functions for
E;1 and E5 radiations used in the code are:

1. Lorentzian form with energy-dependent damping width for E; radiation [19]:

Z UzstI‘ Li(ey) (5)
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where o;, F;, and I'; denote the peak cross section, peak energy, and width at half-
maximum of the i-th peak.

2. Lorentzian strength function for E9 radiation:
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where I' denote the width at half-maximum of Es radiation.

The QDM photoabsorption cross section oqpwm(ey) is expressed in terms of the quasi-
deuteron model which uses a Levinger-type theory to relate the nuclear photoabsorption cross
section to the experimental deuteron photodisintegration cross section og(e,),

sQput(£) = L 0a(e:) [ ) Q

where the Levinger parameter was derived to be L = 6.5, and f(ey) is the Pauli-blocking
function, which reduces the free deuteron cross section o4(e) to account for Pauli-blocking of
the excited neutron and proton by the nuclear medium. NZ is the total number of neutron-proton
pairs inside the nucleus, and the free deuteron cross section is as follows:

oafer) = 6128 T 22T ()

Ey



4. Equilibrium and Preequilibrium Emission

After the above steps have been completed, all model parameters are available for the decay
processes including n, p, d, t and « particle emission. The latest version of the GNASH code [20]
has been used to calculate nuclear reaction cross sections using the Hauser-Feshbach theory for
equilibrium decay and the exciton model for preequilibrium decay. The Hauser-Feshbach theory
with full angular momentum and parity conservation calculated the equilibrium emission [21].
The exciton model was used to describe the processes of preequilibrium emission, and damping
to equilibrium, during the evolution of the reaction. The file of discrete level information and
ground-state masses, spin and parities were provided [22]. The mass values were based upon
1995 Audi compilation [23], and supplemented in the case of unmeasured masses with values
from the Moller and Nix calculations [24].

The Ignatyuk [25] nuclear level densities are used, which include the washing-out of shell
effects with increasing excitation energy, and are matched continuously onto low-lying experi-
mental discrete levels. The Ignatyuk model for describing the statistical level density properties
of excited nuclei is particularly appropriate for the relatively high energies studied in this work.

5. Compilation of Cross Sections

Evaluated cross sections are then compiled utilizing MF3-MT5 and MF6-MT5 combinations
in the ENDF6 format which is suitable for a complete representation of the high energy reaction
data. The total nonelastic cross section is tabulated in MF3-MT5, whereas the inclusive produc-
tion cross sections (emission multiplicities) and emission spectra for neutron, proton, deuteron,
triton, alpha particles, and all residual nuclides are tabulated by use of MF6-MT5. Descriptions
of ENDF6 formats for each incident particle are summarized in Table 1, 2, and 3.

Table 1: ENDF format of the Neutron Library
MF=3 MT=1 total cross section
MT= 2 elastic scattering cross section
MT= 3 nonelastic cross section
MT=5 sum of binary (n,n’) and (n,x) reactions
MF=4 MT= 2 elastic angular distributions
MF=6 MT=5 production cross sections and energy-angle distributions for
Emission neutrons, protons, deuterons, and alphas; and
angle-integrated spectra for gamma rays and residual nuclei
that are stable against particle emission

Table 2: ENDF format of the Proton Library
MF=3 MT= 2 integral of nuclear plus interference components of the elastic
scattering cross section

MT=5 sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 elastic angular distributions given as ratios of the differential
nuclear-plus-interference to the integrated value.

MT=5 production cross sections and energy-angle distributions for
emission neutrons, protons, deuterons, and alphas; and
angle-integrated spectra for gamma rays and residual nuclei
that are stable against particle emission




Table 3: ENDF format of the Photon Library

MF=3 MT=5 photoabsorption cross section

MF=6 MT=5 production cross sections and energy-angle distributions for
emission neutrons, protons, deuterons, and alphas; and
angle-integrated spectra for gamma rays and residual nuclei
that are stable against particle emission

III. Results and Comparisons with Measurements

1. Neutron- and Proton-Nucleus Reaction Cross Sections

Total, Reaction Cross Sections Elastic Angular Distributions: The total (for neutron)
and reaction (for proton) cross sections, and elastic angular distributions from the optimized
optical model parameters for some selected isotopes are compared in Fig. 2 with the reference
measurements as well as other data not adopted as references. The optimized optical model
parameters give overall agreement with most of the experimental data over the entire energy
range for both incident neutrons and protons. It is also noted that for incident energies below
around 10 MeV, the optical model cross sections describes the smoothed average of the resonance
structures well.

Direct Inelastic Scattering Cross Sections: The soft rotator model [26] was applied for
the direct inelastic scattering to the low-lying collective states for some structural materials
such as Si-28, Fe-56, Cr-52, and Ni-58. Figure 3 demonstrates the comparison of experimental
and predicted collective level schemes for ®Ni. Figure 4 compares experimental and calculated
angular distributions for neutrons scattered to the 2% (1.454 MeV) level with the soft rotator
models based on the predicted collective level schemes. It was found that the model is modestly
successful in describing the collective low-lying level structure of some structural material which
exhibits neither the typical rotational nor the vibrational spectra.

Production and Emission Cross Sections: The left hand side of figure 5 compares the
evaluated 22Na isotope production cross sections of incident neutron on 27 Al against Los Alamos
data [27] together with evaluations from LANL and JENDL. The production cross sections
consists of emission reactions of (n,na), (n,dt), (n,npt), (n,n2d), (n,2npd) and (n,3n2p) to give
the residual ?*Na isotope. Our evaluated cross sections and other two evaluated ones give good
agreements with the measured data in energies from the threshold up to 45 MeV. Around the
neutron energy of 22 MeV having peak cross sections, our evaluations are slightly closer to the
measurements than the other two. Above the neutron energy of 45 MeV, all evaluated cross
sections have similar values to have lower cross sections than the measurements. Right hand
side of Figure 5 simply shows emission spectra at 30 degree of 90 MeV (p,xn) reaction of 27Al
compared with measurements [28] and LANL evaluation. It reproduced a general shape of
emission spectra showing both equilibrium and preequilibrium decays.

Proton-induced activation cross sections: Figure 6 shows selected comparisons of the
proton-induced cross sections for which the evaluations are focused on the medical and acti-
vation analyses applications. In the model calculations, the level density parameters and the
composite nucleus state density constants of the preequilibrium model are slightly adjusted to
better reproduce the measurements for some reaction channels.

2. Photonuclear Reaction Cross Sections

As an example of evaluated photonuclear cross sections in the KAERI library, 3*S and '2°Sn
cases are briefly described here.
348 : The photoabsorption cross section was evaluated based on the experimental data of As-
safiri [29], up to 35 MeV. Above this energy, the absorption cross section was calculated from the
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Figure 2: Total, reaction cross section and elastic angular distribution for neutron- and proton-
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QD model. In Fig. 7, the calculated results of the emission channels by the GNASH code are
in good agreement with the experimental data [29,30] for the (v, sn) and (v, p) reaction cross
sections, but there are some gaps between calculations and measurements for (v, 2n) reaction
cross sections above around 25 MeV of photon energies.

12081 : There are no measurements of the photoabsorption cross section in the GDR energy
region. But Lepretre [31] and Fultz [32] measured the (v, 1nx), (v, 2nx), (v, sn) and (v, xn) reac-
tion cross sections. Lepretre [33] also measured the photoabsorption cross section for "#Sn from
25 MeV to 135 MeV. We relied on the GUNF and GNASH codes to infer the photoabsorption
cross section in the GDR regime, using Lepretre’s two measurements [31, 33|, in order to model
all the photonuclear cross sections consistently, as shown Fig. 7. The photoabsorption cross
section above the GDR, up to 140 MeV, was obtained from QD model calculations using the
theory of Chadwick. The neutron emission as well as production were theoretically calculated
and compared with the measurements also in Fig. 7.

IV. Summary

Neutron Library: The KAERI neutron library currently has 10 isotopes such as C-12, N-14,
0-16, Al-27, Si-28, Ca-40, Fe-56, Ni-58, Zr-90, Sn-120, and Pb-208 for energies from 20 up to 400
MeV. The library provides nuclear data needed for transport and shielding applications. The
evaluation is based on nuclear model calculations that have been benchmarked to experimental
data. Energy dependent optical model parameters of neutron and proton were searched to obtain
particle transmission coefficients, as well as for describing measured total, reaction and elastic
scattering cross sections. Compound reaction calculations with preequilibrium corrections were
performed using the GNASH code. Direct reaction contributions to inelastic scattering were
provided by DWBA or coupled channel calculations.

Proton Library: The proton nuclear data were evaluated in a consistent manner with the
neutron case, using the same nuclear model parameters. In addition to the same isotopes in the
neutron library, proton library has 70 extra isotopes of 24 elements ranging from nitrogen to lead
up to 150 MeV for which the evaluations are focused on the medical and activation analyses
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applications. The list of evaluated radioisotopes was obtained from IAEA-TECDOC-924 for
thin layer activations and from INDC(NDS)-388 for medical radioisotope production.

Photon Library: KAERI photonuclear data library has been built along with international
collaboration by participating in the IAEA’s Coordinated Research Project (CRP) during 1997
- 2000. Currently 143 isotopes of 39 elements are included in the KAERI photonuclear data
library. Available experimental data were collected and their discrepancies were analyzed to se-
lect or to reconstruct the representative data set. The photoabsorption cross sections were then
evaluated by applying the Giant Dipole Resonance (GDR) model for energies below about 30
MeV, and the quasi-deuteron model for energies below 140 MeV. The GDR parameters are ad-
justed automatically by fitting the experimental data of photoabsorption or photoneutron cross
sections. The resulting representative photoabsorption data were given as input for theoretical
calculations for the emission process of neutron, proton, deuteron, triton, He-3, alpha particles
and gamma rays using GNASH code.
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