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Abstract

The neutron induced cross sections for 109Ag were evaluated from 1 keV to 20 MeV.

The parameters of optical model potential depending on incident neutron energy were

extracted based on the experimental data and the s-wave strength function was

calculated. The reaction cross sections produced by GNASH and EMPIRE were

analyzed. The model calculated cross sections were compared with the experimental

data and other evaluated files (ENDF/B-VI, JENDL3.2 and JEF-2.2) on the total, elastic

and reaction cross sections. The model calculated total and capture cross sections gave

good agreement with the reference experimental data. The evaluated cross sections were

compiled to ENDF-6 format.

1. Introduction

Neutron cross sections of fission product nuclides are important to predict burnup

performance of fission reactors. Enhanced neutron cross sections will play an important

role in several applications, including criticality calculation in spent nuclear fuel storage

design and reactor core design. Additionally, reaction cross sections of fission products

are needed for activation analysis and radiation damage estimation of structural

materials in a reactor.

  Generally, the neutrons released by fission in a light water reactor core have a mean

energy of 1-2 MeV in their energy spectrum. These neutrons loose their energy

continuously by interacting with fuel materials, structure materials and moderator in a

reactor. Many fission products have large neutron capture cross section at the



intermediate and thermal neutron energy. The absorbed neutrons by fission products

have a large portion in the total loss of neutrons.

  As one of the prior fission products influencing reactivity greatly in a fission reactor,

cross sections of 109Ag were evaluated from the unresolved resonance energy region up

to 20 MeV. 109Ag is stable nucleus and mainly accumulated by beta decay from 109Pd

and by electron capture from 109Cd. It is produced by direct fission from 235U and 239Pu

fissile materials in a reactor as well. 109Ag is a significant fission product nuclide in

fission reactor concerning neutron absorption loss. Accurate neutron capture cross

section in the keV energy range is important in a reactor.

The cross sections were generated by nuclear model calculation and the evaluation

was based on the reference experimental data. For theoretical neutron cross sections,

spherical optical model，statistical model and pre-equilibrium model were applied to

generate the total, elastic scattering and reaction cross sections. The optical model

potential depending on the incident neutron energy was searched using a graphical

interface to the ABAREX[1]. Parameters were selected by comparing the model

calculated values with experimental total[2] and elastic cross sections. The produced s-

wave strength function by ABAREX from the searched optical model potential

parameters was compared with that of the evaluated in the resonance region[3].

Nuclear reaction cross sections were calculated by GNASH[4], exiton model code,

and EMPIRE-II[5], quantumn mechanical approach using multistep direct(MSD) and

multistep compound(MSC), in pre-equilibrium energy range. GNASH calculation did

not involve the width fluctuation correction. However, the evaluation using EMPIRE-II

involves the width fluctuation correction and the dynamic approach to level densities

(including energy dependent in level density parameter). EMPIRE-II offers the ENSDF

nuclear level library. The cross sections evaluated are (n, tot), (n, n), (n, n’), (n, γ), (n, p),

(n, α), (n, 2n), (n, 3n), (n, nα) and (n, np). The calculated cross sections are graphically

compared with the experimental data and evaluated files (ENDF/B-VI, JENDL-3.2 and

JEF-2.2). The evaluated results are compiled to ENDF-6 format and will improve

ENDF/B-VI.

2. Optical Model Potential

  The optical model was used to provide the theoretical total and scattering cross

sections by spherical nuclei of neutrons with energies up to 20 MeV, above resolved

resonance region. To obtain proper potential parameters, the Woods-Saxon well is used

for the real optical model potential



                       V(r) = -V / {1+exp((r-Rv)/av)}                     (1)

where V, av are the potential strength and diffuseness of the potential respectively and

the nuclear radius Rv, related to mass number A, is given by

                             Rv,  = rv
3/1A .                           (2)

The derivative Woods-Saxon shape is used for the imaginary part of the optical model

potential.

               W(r) = -4W exp((r-Rw)/aw) / {1+ exp((r-Rw)/aw)}2              (3)

where W, Rw, aw are potential strength, radius, diffuseness. Generally, Thomas form is

taken in the optical model potential for spin-orbit coupling

            Vs-o(r) = (2 SL • )Vso(2/r){d/dr(1/ [1+exp((r-Rso)/aso)])}            (4)

where SL • is the dot product of the orbital and spin angular momentum operator.

The spin-orbit coupling does not give much influence on neutron reaction cross sections.

  The spherical optical model potential depth and radius of real and imaginary part

were defined as a function of incident neutron energy.

                    V = Vo + V1 x En  ,  rv = ro + r1 x En                 (5a)

                  W = Wo + W1 x En  ,  rw = rwo + rw1 x En.               (5b)

En is an incident neutron energy. The 13 potential parameters (Vo, V1, ro, r1, av, Wo, W1,

rwo, rw1, aw, Vso, rso, aso), including spin orbit interaction, were searched simultaneously

and the result was summarized in Table I. These searched parameters calculate s-wave

strength function(So) at 1keV incident neutron energy. Table II shows So calculated from

the selected potential parameters and evaluated from the recent measurement. So will

gives help to get the closer total cross section to experimental data and match the total

by resonance parameters at unresolved region. For proton, deuteron, triton, alpha

particle decay, Perey, Lohr-Haeberli, Beccheti-Greenless, Moyen potential parameters

[5] were used respectively.

3. Calculation

As a preliminary step, retrieve and analyze the available experimental data and the

evaluated files (ENDF/B-VI, JENDL-3.2 and JEF-2.2). GNASH, including Hauser-

Feshbach theory to calculate complicated sequences of reaction and pre-equilibrium

correction, was used to calculate the reaction cross sections. However, there is

restriction in GNASH to describe the angular distribution. EMPIRE-II code uses

Hauser-Feshbach decay for particles and gamma rays with the width fluctuation

corrections. The multi-step direct model in EMPIRE-II takes care of the inelastic



scattering to vibrational collective levels and decay information.

There was total cross section calculation from the searched optical model potential.

Fig. 1 shows the comparison of the calculated total cross section to experiment data and

other evaluated files. Fig. 1 shows somewhat difference at low energy range between

the current evaluation and ENDF/B-VI. However, the theoretical model calculation

gave good agreement with the experimental data in the measured energy range and there

was no much difference from other evaluated results. Fig. 2 shows the elastic scattering

cross section. The calculated elastic scattering cross section follows the other evaluated

files above first excited energy.

Fig. 3 is the comparison of capture cross section by GNASH and EMPIRE-II with

experimental data[6,7,8,9,10,11] and other evaluated results. The calculated results by

GNASH and EMPIRE-II follow the experimental data well. However, above 20 keV, no

experimental data exist, the difference is shown between the evaluations in the figure.

Fig. 4 shows the capture cross section in the limited measured data range. The

calculated by EMPIRE-II follows the measurements[6,7] well. Fig. 5 shows the

inelastic scattering cross section. GNASH has unusual prominent peak at low energy.

On the other hand, EMPIRE-II shows the reasonable graph shape like other evaluation

files. Moreover, EMPIRE-II gave good agreement with experimental data[12,13,14],

even in meta-stable inelastic scattering cross section. Specially, above 12 MeV,

EMPIRE-II has the higher cross section value than that by GNASH, mainly contributed

by multistep direct reaction.

Fig. 6 is the (n, p) cross section from the evaluations and experimental

data[15,16,17,18,19,20,21,22]. EMPIRE-II shows the sudden drop after 15 MeV energy.

Fig. 7 shows the (n, α) cross section. Figs. 8, 9 and 10 represent the (n, 2n), (n, nα) and

(n, np) cross sections respectively. Unfortunately, there are no experimental data for

those reactions. The present evaluation complements the evaluation below the fast

neutron energy region.

4. Discussion of Results

ABAREX was effective to get the proper optical model potential depending on the

incident neutron energy. The selected optical model potential parameters represent the

theoretical calculation of cross sections properly in the measured energy range and the

parameters are expanded in the whole evaluation energy range. The s-wave strength

function was also helpful to generate the total cross sections closer to experimental data.

The calculated capture cross sections by GNASH and EMPIRE-II were in good



agreement with the measured data. However, GNASH had unusual shape in inelastic

scattering cross section. On the other hand, EMPIRE-II including width fluctuation

correction was successful to produce the inelastic scattering cross sections, even for the

meta-stable. Evaluated cross sections by EMPIRE-II were quite well agreed with the

available experimental data. Therefore, EMPIRE-II is preferable in reaction cross

section generation up to 20 MeV.
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Table I : Parameters for optical model potential

Parameter
(unit)

109Ag

Vo

(MeV)
V1

(MeV)
ro

(fm)
av

(fm)
Wo

(MeV)
rwo(

(fm)
aw

(fm)
Vso

(MeV)
rso

(fm)
aso

(fm)
W1

(MeV)
rw1

(fm)
r1

(fm)

48.25

0.2

1.191

0.503

6.901

1.32

0.535

6.0

1.249

0.603

0.15

0.0

0.0

Table II : Comparison of s-wave strength function

s-wave strength function
Nuclide

by OM* by evaluation**

109Ag 0.66E-4 0.57E-4

*By ABAREX at 1keV

**Evaluation at resonance region[3]



Fig. 1. Total cross section for 109Ag.

Fig. 2. Elastic scattering cross section for 109Ag.



Fig. 3. Capture cross section for 109Ag in the whole energy range.

Fig. 4. Capture cross section for 109Ag in the measurement energy range.



Fig. 5. Inelastic scattering cross section for 109Ag.

Fig. 6. (n, p) cross section for 109Ag.



Fig. 7. (n, α) cross section for 109Ag.

Fig. 8. (n, 2n) cross section for 109Ag.



Fig. 9. (n, nα) cross section for 109Ag.

Fig. 10. (n, np) cross section for 109Ag.
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