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Abstract

The neutron induced nuclear data for Pr-141, Nd-143, Nd-145, Sm-147 and Sm-149 were
calculated and evaluated from 10 keV to 20 MeV. The energy dependent optical model

potential parameters were extracted based on the recent experimental data and applied up to

20 MeV. The s-wave strength function was calculated. Spherical optical model, statistical model

in equilibrium energy, multistep direct and multistep compound model in pre-equilibrium energy

and direct capture model were introduced in Empire calculation. The theoretically calculated

cross sections were compared with the experimental data and the evaluated files. The model

calculated total and capture cross sections were in good agreement with the reference

experimental data. The capture cross sections in pre-equilibrium were enhanced in recent

released Empire version. The evaluated cross section results were compiled to ENDF-6 format

and will improve the ENDF/B-VI.
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1. Introduction

The priori fission products[1] were selected for
the neutron cross section evaluation, which mainly
influence on reactivity in a fission reactor. The
evaluation for the selected fission products has
been jointly performed with National Nuclear Data
Center (NNDC) of Brookhaven National
Laboratory (BNL). The evaluation is divided into
two regions: resonance region[2] and upper
resonance region up to 20 MeV. Different theory
and procedure are applied in each energy region

for cross section production and evaluation. In this
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paper, the cross section calculation and evaluation
were performed only for latter energy region. The
results of two regions will be merged to make full
neutron data set.

Neutron induced nuclear reaction data for fission
products are important for several applications:
prediction of burnup performance in a fission
reactor, criticality calculation for spent fuel storage
design, advanced fuel performance analysis and
radiation damage estimation of structural material.
Specially, neutron capture cross section of the
selected fission products is considerable cross

section concerning neutron absorption loss.
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Sm-147 and Sm-149 have a high yield and long
lifetime in a reactor. They are mainly accumulated
from beta decay and electron capture from
precursors. Pr-141, Nd-143 and Nd-145 are
stable isotopes. They are also accumulated by beta
decay, electron capture or alpha decay in a
reactor. Neodymium isotopes are important
material in waste storage concerning decay heat.
In ENDF/B-VI, the evaluation on Pr-141, Nd-143
and Nd-145, Sm-147 and Sm-149 were done at
1980, 1992, 1989 and 1978, respectively.
Therefore, a new evaluation with better theory is
required based on the recent experimental data for
better application.

The evaluation consists of an optical model
potential search followed by a complete nuclear
reaction model calculation and validation to the
experimental data. The optical model potential
depending on the incident neutron energy is
searched using recently developed graphical
interface[3] to the ABAREX[4]. Potential form and
corresponding parameters are selected and
decided by comparing the model calculated total
and elastic scattering cross sections with the
reference experimental data. The s-wave strength
function by the extracted potential parameters is
compared with that of the evaluated in the
resonance region.

Nuclear reaction cross sections were calculated
by using the recently released Empire-ll code[5].
This code consists of several modules: optical
model, Hauser-Feshbach model in equilibrium
calculation and quantumn mechanical approach in
pre-equilibrium calculation. The width fluctuation
correction in Hauser-Feshbach influenced on the
capture and inelastic scattering cross sections. The
code offers several built-in libraries including the
ENSDF nuclear level and decay schemes, nuclear
masses, ground state deformations and y-ray
strength functions. The calculated cross sections

are graphically compared with the experimental

data and the evaluated files (ENDF/B-VI, JENDL-
3.2, JEF-2.2, BROND-2 and CENDL-2). The
evaluated results are compiled to ENDF-6 format

and experience its physics check.

2. Model Theory
2.1. Optical Model Potential

Available published optical model potentials are
limited in the incident neutron energy, target A or
Z range. Reference Input Parameter Library (RIPL)
published by IAEA involves several different optical
model potential shapes and corresponding
parameters for many nuclides and incident
neutron energies. For the selected fission
products, the possible potential in RIPL[6] is very
restricted and even, the potential does not
reproduce the total and elastic scattering cross
section properly to the recent experimental data.

The potential form and corresponding
parameters, as a function of incident neutron
energy, were searched in a spherical optical
model{4]| based on the reference experimental
data. To obtain proper potential parameters, the
Woods-Saxon well is used for the real part
potential in optical model:

Vi) = -V/(1+exp((r-R)/a.) (1)

where V and a, are the strength and diffuseness of
the potential. The nuclear radius R,, related to

mass number A, is given by
R.=r1, A", (2)

For the imaginary part potential, the derivative

Woods-Saxon shape is used,

Wir) = -4Wexp((r-R.)/a.) / (1+ exp(r-Ru)/a.)f ()

where W, R, and a, are potential strength, radius
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and diffuseness, respectively. Generally, Thomas
form is taken in the optical model potential for
spin-orbit coupling:

Veolr) = (2L SV o(2/r)d/dr(1/[1 +exp((r-Ry)/aw)) (4)

where L « S is the dot product of the orbital and
spin angular momentum operator.

The real and imaginary potential strength and
radius are expanded as a function of incident

neutron energy:

V = Vo + Vl E“, r.=r,+1n Em (5a)

W=W,+ W E, r. =re,+r.E, (5b)

where E, is an incident neutron energy. The
potential parameters in JENDL[7] were used as an
initial value for searching process. JENDL does
not have energy dependence in radius. JENDL
potential needed a tuning to get better cross
sections to the recent experimental data.
Moreover, the s-wave strength function value
produced by JENDL potential was different from
the reference value[2] evaluated in the resonance
region. Potential parameters can be used in the
region of interesting energy range. However, the
potential parameters (V,, Vi, Wo, W), 1o, 11, fuo,
Twi, @, 3w, Vi, I'o, 8s) Were searched from 1 keV
to 20 MeV.

ABRXPL displays the calculated total and
capture cross sections, angular and energy
dependent elastic scattering cross sections and
energy dependent potential shape in different
option. This enables user to obtain the optical
model potential parameters for a given nucleus
over the whole energy region of interest. ABRXPL
creates ABAREX input file and runs ABAREX.
ABRXPL can also be used as a powerful tool to

understand the cross section change by different

optical model potential form or parameters. The

procedure for optimized optical model potential

parameters is followed:

1. Select reference total, elastic scattering and
capture cross sections

2. Prepare input for ABAREX run: target nucleus
information (A and Z number, level energy,
spin, parity, spin cut-off, temperature, binding
energy, level density parameter, giant dipole
energy), energy range, energy dependent
potential form, initial value for potential
parameters

3. Run ABAREX through ABRXPL

4. Display the extracted cross sections and s- and
p-wave strength function value with reference
experimental data on the screen

5. Determine potential parameters interactively by
eye-guide decision

6. If not satisfied, change potential parameters
and go to 3.

The potential parameters will be used for the
next process of nuclear reaction cross section
generation process. The potential produces total,
elastic scattering and reaction cross sections, s-
(So) and p-wave strength function (S,) values and
transmission coefficients as well as scattering
radius.

Many fission products have their first excited
level energy at several tens of keV or higher. As a
reference energy for So, 1 keV was selected as a
lower bound energy in the unresolved region to
compare the So calculated from the selected
potential with that evaluated by the recent
resonance parameters at resonance region. For
some fission products, the experimental data for
total and elastic scattering cross sections are not
available. In these cases, So evaluated in the
resonance region is a crucial reference in optical

model potential parameter searching.
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2.2. Reaction Cross Section

Empire-1l was used to compute the reaction
cross sections with transmission coefficients
obtained from the optical model. Empire accounts
for the major nuclear reaction mechanisms, such
as Multistep Direct (MSD), Multistep Compound
(MSC) and the full featured Hauser-Feshbach
model. The Hauser-Feshbach decay for particles
and gamma rays with the width fluctuation
corrections was introduced into the calculation of
cross sections. The cross section in Hauser-
Feshbach theory between the incident and
outgoing waves in the decay channels is defined by

o = 75%? TaT/JW(IIJ/ZTn (6)

where W, is the width fluctuation correction
factor. This factor depends on the transmission
coefficients (T}). T, and T, are the transmission
coefficients of a reaction channel o and a decay
channel 8. Recently, direct capture model was
inserted into Empire to enhance the capture cross
section in pre-equilibrium energy region. The
model assumes that y emission occurs through the
de-excitation of the Giant Dipole Resonance
{(GDR).

The Multistep direct model takes care of the
inelastic scattering to vibrational collective levels

and decay information. In Multistep Direct
approach, continuum scattering is considered as a
sequence of 1p-1h transitions and the transition
strength functions correspond to response
functions of an external one-body operator acting
repeatedly on a nucleus. The approach to
statistical multistep direct reaction is based on the
Multistep Direct theory of pre-equilibrium
scattering to the continuum originally proposed by
Tamura, Udagawa and Lenske[8]. The modeling
of Multistep Compound processes follows the
approach of Nishioka et at. (NVWY)[9]. Like most
of the pre-compound models, the NVWY theory
describes the equilibration of the composite
nucleus as a series of transitions along the chain of
classes of closed channels of increasing

complexity.
3. Evaluation

Table 1 shows the used reference experimental
data and the 1% excited energy for each isotope.
The upper energy of the unresolved resonance
region was set to the energy where the 1% inelastic
scattering reaction channel opens. The searched
potential parameters are summarized in Table 2.
The potential depth for the real and imaginary has
the range from 46 MeV to 52 MeV and from 6
MeV to 9 MeV. The radius varies from 1.2 fm to
1.28 fm for the real and from 1.18 fm to 1.27 fm

Table 1. Reference Experimental Data and 1st Excited Energy

Reference experimental data
Isotope 1% excited energy
Total cross section (n. y) cross section
Pr-141 Singh{10], Kellie[11] and Foster{12] Zaikin(13] 145 keV
Nd-143 Wisshak[15] Wisshak[15] 742 keV
Nd-145 Wisshak[15] Wisshak([15] 67 keV
Sm-147 Wisshak{16} Wisshak|16] 121 keV
Sm-149 Wisshak[16] Wisshak{16] 23 keV
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Table 2. Potential Parameters as a Function of Incident Neutron Energy

Parameter (unit) Pr-141 Nd-143 Nd-145 Sm-147 Sm-149
Vo(MeV) 46.00 46.6600 48.7900 52.1870 52.6878
Vi(MeV) -0.2000 -0.2000 -0.2000 -0.0330 -0.0330
ro{fm) 1.2866 1.2639 1.2526 1.2450 1.2220
a {fm) 0.560 0.638 0.580 0.739 0.635
W (MeV) 5.800 7.490 6.330 7.670 9.130
Tuolfm) 1.2750 1.1852 1.2500 1.2420 1.2200
ayfm) 0.460 0.614 0.536 0.568 0.590
Veo(MeV) 7.000 7.000 7.000 9.600 8.200
rso{fm) 1.275 1.280 1.280 1.231 1.231
ago{fm) 0.620 0.600 0.600 0.683 0.683
Wi(MeV) 0.300 0.000 0.000 -0.102 -0.102
rua(fm) 0.000 0.000 0.000 0.000 0.000
ri{fm) 0.000 0.000 0.000 -0.010 -0.010

Table 3. Comparison of s-wave Strength Function

s-wave strength function
Isotopes
In ABAREX By evaluation*®

Pr-141 1.930E-4 1.770E-4
Nd-143 3.303E-4 3.620E-4
Nd-145 4.000E-4 4.750E-4
Sm-147 5.020E-4 4 860E-4
Sm-149 4 689E-4 4 530E-4

* from the resonance parameters|2]

for the imaginary part. The potential depth for
real part was not changed significantly in
neodymium and samarium isotopes. However, the
difference between neodymium and samarium was
shown. The radius for real and imaginary part was
not varied much in the isotopes. The imaginary
potential depth was varied in each isotope. The
potential for spin-orbit coupling did not give much
influence on neutron cross section data
generation.

The s-wave strength function (S,) was calculated
at 1 keV in the optical model, by the searched
potential parameters. From Table 3, the calculated
S, values are close to those by the recently

evaluated resonance parameters in the unresolved
resonance energy region. Therefore, the S, will
help to merge smoothly the evaluation results of
the different energy regions with the different
models in the unresolved energy region.

All input parameters for Empire were prepared
and the tuning of parameters was necessary. The
cross sections are calculated on (n, tot), (n, n), (n,
n’), (n, 2n), (n, 3n), (n, nay, (n, np}, (n, v}, (n, p)
and (n, y) from 10 keV to 20 MeV[22]. The
calculated cross sections are graphically compared
with the experimental data and the evaluated files
for all reaction channels. In this paper, (n, tot}, {n,
n’), (n, ¥), {n, p) and (n, ) cross sections are
introduced with the experimental data and the
evaluated files.

Fig. 1 shows the comparison of the calculated
result to the experimental data(10,11,12] and
ENDF/B-VI for total cross section of Pr-141. The
model calculated total cross section by the
searched optical model potential was in good
agreement with the experimental data. However,
the calculation is somewhat lower than ENDF/B-
V1. Specially, below 300 keV, the deviation starts
bigger. At low energy, the s-wave strength
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function value was referenced from the evaluation
of resonance parameters. Fig. 2 shows the {n, n’)
cross section. The enhanced (n, n’) cross section
calculation in the higher energy region by
multistep direct reaction was given. Fig. 3 shows
the {n, ) cross section results. The calculation
follows the experimental data[13,17] very well and
shows the direct capture contribution by the de-
excitation of GDR around 14 MeV. There is good
agreement for capture cross section between
ENDF/B-VI and calculation in the measurement
energy range. Fig. 4 is for the (n, p) cross section.
The calculated result is in good agreement with
the experimental data{14]. The ENDF/B-VI is
lower than the reference experimental data and
the calculation. Fig. 5 is for the (n, o) cross section
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results. There is one old piece of experimental
data at 14.7 MeV. Even though the calculation
has agreement with the data within fluctuation at
that energy point, the conclusion can not be made
here.

Fig. 6 shows the calculated total cross section
with the experimental data[15] and the evaluated
files for Nd-143. The model! calculation follows the
reference experimental data well. There is
difference slightly between the calculation and
ENDF/B-VI in higher energy area. Fig. 7 shows
the (n, n') cross section. There is no experimental
data. Fig. 8 shows the capture cross section.
Above 80 keV, there is much difference between
the calculation and the ENDF/B-VI. However, in

the measurement energy range, the calculation is
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in good agreement with the experimental
data[15,18,19]. Fig. 9 is (n, p) cross section and
Fig. 10 is for (n, o) cross section.

The calculated total cross section for Nd-145 is
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compared with the experimental data in Fig. 11.
In the measured area, ENDF/B-VI is a little higher
than the calculation and measured data. The

calculated total cross section follows the reference



Neutron Cross Section Evaluation on Pr-141, Nd-143, Nd-145 --- Y.D. Lee and J.H. Chang 377

10!

997 W/
o 1973 Djumin
« 1971 Teliies

Cross Section (bams}

s ) ot 1 % '
Incident Energy {MeV)

Fig. 11. Total Cross Section for Nd-145

aa 2 + s 8 w12 N %2
25 25
T 20 i 20
) i
5 i |
g 15p fi 15
&8 18
g s
S 1o 10
a
osif 05
7 4 3 § I T 75 )
tncident Energy (MeV)
Fig. 12. (n, n’) Cross Section for Nd-145
2
H]
}
§

~ 1978 Nakgjinna
© 1975 llockenbury
Q1997 Wisshak

s . ,
‘01 & 1 10
Incident Energy (MeV)

Fig. 13. Capture Cross Section for Nd-145

experimental data{15] well. Fig. 12 is the (n, n’)
cross section. Fig. 13 shows the calculated, the
measured and the ENDF/B-VI capture cross
sections. The calculated capture cross section is in

good agreement with the reference experimental
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data[15] above 20 keV. The calculated capture
cross section in the lower energy region might be
substituted by the resonance parameters{2]. Above
60 keV, the different capture cross section starts
between the calculation and the ENDF/B-VI. Fig.



378 dJ. Korean Nuclear Society, Volume 34, No. 4, August 2002

25 £ Samaziiy 25

20 20

Cross Section (barns)
@

0.5 05

n n L - - vy
2 [ 6 8 10 2 4 [3 18 20
Incident Energy (MeV)

Fig. 17. (n, n’) Cross Section for Sm-147

w
£
g
P
g
:
8
S
10 |0'l' 1 16
Incident Energy (MeV}
Fig. 18. Capture Cross Section for Sm-147
2 74 3 8 10 1? 14 16 18 20

0.05 0.08
... 004 I;' .: 0.04
H Fo
g
3 ;
§ oo 0.03
g ; :
@
2
& om 00

001 .01

<]

H3 4 ® ] 0 [ T 76 8
Incident Energy {(MeV}

Fig. 19. (n, p) Cross Section for Sm-147

14 shows (n, p) cross section. Within fluctuation
error, there is an agreement with the experimental
data at 14.7 MeV. Fig. 15 is (n, o) cross section
data.

Cross Section (barns)
3

Incident Energy (MeV)

Fig. 20. (n, o) Cross Section for Sm-147

Cross Section (barns)

E

, ) "
10 107 167 1 10
Incident Energy (MeV)

Fig. 21. Total Cross Section for Sm-149

Fig. 16 shows the total cross section of Sm-147.
The calculation is in good agreement with the
measured data[16]. However, the calculation is
different from the ENDF/B-VI. At low energy, the
s-wave strength function value was referenced
from the evaluation of resonance parameters. Fig.
17 is (n, n’) cross section. Fig. 18 shows the
capture cross section. Model calculation shows a
poor capture cross section to the measured data
below 60 keV, On the other hand, ENDF/B-VI
follows the experimental data up to 800 keV.
However, above 800 keV, the current calculation
is much different from the ENDF/B-VI. The
resonance parameters will cover up to 1st excited
energy. From 100 to 200 keV, the calculation
follows the Wisshak{16] data and ENDF/B-VI does
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Macklin[20] data. Fig. 19 is (n, p) cross section.
There is no experimental data. Fig. 20 is (n, o)
cross section.

The model calculated total cross section of Sm-
149 follows the reference experimental data[16]
well than ENDF/B-VI in Fig. 21. Fig. 22 is (n, n’)
cross section. Fig. 23 shows the capture cross
section. There is no much difference between the
current evaluation and the ENDF/B-VI in the
measured energy range. The current calculation
follows the Wisshak data[16] and ENDF/B-VI
follows the Kononov data[21}]. Fig. 24 and 25 are
{n, p) and (n, o} cross sections.

The elastic and other threshold reaction cross
sections are not shown here, but the results were
summarized in ENDF-6 formatted files. In this
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paper, the evaluation started from 10 keV, around
which major experiment data existed and the final
results will be merged with the evaluation for

resonance part at the 1st excited energy.
4. Conclusions

The selected energy dependent optical model
potential was proper to produce the model
calculated cross sections in the evaluation energy
range. The s-wave strength function was helpful in
obtaining the total cross section closer to the
experimental data. Empire was successful in
producing the reaction cross sections. Width
fluctuation correction was functioned in the (n, v)

and (n, n’) cross sections in equilibrium energy
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region and the (n, y) and (n, p) cross sections in
the pre-equilibrium energy region were enhanced
in the new Empire version. Evaluated cross
sections were in good agreement with the
experimental data and enhanced the ENDF/B-VI.
However, evaluated capture cross section for Sm-
147 was exceptional until 60 keV. In this case,
resonance parameters will cover that energy
range. The results will be submitted in the
ENDF/B-VI to improve neutron data.
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