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Abstract. Probability table is one of the most important and natural methods used to simulate the neutron
transport in unresolved resonance range in reactor physics. A new module for generating probability tables in
the unresolved-resonance region has been developed for the nuclear data processing code Ruler, using ladder
method. In order to validate and verify the accuracy of this module, Probability tables have been calculated
and compared with NJOY2016. Agreement is observed in the comparisons of the probability tables and corre-
sponding cross-section values that are calculated by Ruler and NJOY2016. Ruler has improved computational
efficiency greatly comparing with NJOY2016 as multi-thread parallel algorithm is applied.

1 Introduction

The Ruler[1] code system, which is maintained at the
China Nuclear Data Center(CNDC), is used for generating
cross section data library for neutronics calculations from
evaluated nuclear data in the ENDF-6[2] format. In the un-
resolved resonance region (URR), experimental resolution
is inadequate for determining the resonance parameters of
individual resonances. As a result, precise cross section
values are unknown in the URR and energy-average pa-
rameters and statistical distributions are provided instead.
Ruler has already developed a module named NURD to
generate effective self-shielding cross sections in URR.
But for monte carlo applications like OpenMC, probability
table method is a more natural approach to provide cross-
section probability distribution functions for energy ranges
at specific temperatures within the URR.

Two approaches have been used to generate probabil-
ity tables. Ladder method, which is described by Levitt[3],
is the basis for the probability-table method in NJOY[4].
The other one is Monte Carlo (MC) method[5], which is
used in the AMPX cross-section processing system that
has been developed at ORNL. This paper describes a new
module for Ruler which has been developed to compute
probability tables from the unresolved resonance parame-
ters using ladder method.

2 Methodology

The basic idea of ladder method is to generate continuous-
energy cross section data from a "ladder" of resonances
and determine contributions to a probability table based
on the point data.This process is repeated over additional
ladders of resonances until the desired number of ladders
is processed.
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2.1 Level spacings and partial widths

To compute URR cross section values we must statisti-
cally generate an ensemble of resonances. This ensemble,
which is referred to as a resonance ladder in the context of
probability table generation, is determined by the energies
at which resonance occurs as well as the partial reaction
widths characterizing each of the resonances.

For each (/, J) spin sequence, we sample level spacings
and partial reaction widths using their mean values and
statistical distributions. The average level spacing D is the
mean value of the distribution of resonance spacing and
it obeys the Wigner distribution. The resonance spacing is
sampled by multiplying the average level spacing D by the
random number Ry conforming to the Wigner distribution
function. The Wigner distribution function fy(x) is given
as follows:
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where x is the ratio of the level spacing to the mean level
spacing provided in the ENDF data. The cumulative dis-
tribution function Fy (£) of the Wigner distribution is
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Ry is then calculated using uniform random number R, as

follows:
2 1
= —4/In— 4
NE R “)
Once the distribution of energy levels is sampled, the
resonance widths must be sampled for each resonance.
The resonance width T, distributes according to the chi-
squared distribution with a certain number of degrees of
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freedom. The resonance width is sampled by multiplying
the average resonance width I, by the chi-squared random
numbers with k degrees of freedom R,»(k). The PURR
module of NJOY uses discrete random numbers to cal-
culate R,2(k), while in Ruler we use continuous random
numbers provided by STL in C++.

2.2 Single-Level Breit-Wigner cross section

In the ENDF-6 format, only the Single-Level Breit-Wigner
(SLBW) representation is available for the URR. The
SLBW approximation allows the use of the ¢ — y method
which approximately calculates the Doppler broadened
cross-sections in short calculation time.

In the ¥ — y method, the cross sections at TK are cal-
culated as follows:
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o, the potential scattering cross-section, o, the elastic
scattering cross-section, o, the radiative capture cross-
section, o s the fission cross-section, I', the total width, I,
the neutron widths, I'y, the fission width, I',, the radiative
capture width, k a wave number, g; a spin statistical factor.

4-pole Pade approximation is used to compute the
complex error function W as follows:

i Alu + A2u3 + l(A'; + A4M2)

W(u+ih
(u+ik) = \/_ B, + B2u2 + B';u4 + i(Bgu + B5M%)
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where the coefficients A and B can be found in refer-
ence [6].

2.3 Multi-thread parallel algorithm

To speed up the generation of probability tables, multi-
thread parallel algorithm is applied in Ruler. Figure 1
shows the flow chart of multi-thread parallel algorithm.
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Figure 1. Flowchart of multi-thread parallel algorithm

3 Results

In order to validate and verify the accuracy of this new
module, Ruler has been used to calculate probability ta-
bles for several isotopes in ENDF/B-VIIL.O[7], and com-
parisons are made with the NJOY2016 module PURR.

Figures 2 to 5 show the comparison of cross sections
as functions of probabilities for some materials between
Ruler and NJOY2016. Each probability table was calcu-
lated at 293K using 20 bins and 100 ladders. It can be
seen that the Ruler calculated probabilities agree with the
NJOY2016 values.
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Figure 2. Total cross section as a function of probabilities for
28U at 20keV

Bondarenko-style self-shielded cross sections, which
are more suitable for use in multigroup methods, can be
computed directly from the probability table using

Pi(E)oyi(E)
D To+0i(E)

(14)
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Bondarenko cross sections of 2>U and >38U calculated by
Ruler are also compared with that of NJOY2016 and the
results are shown in figure 6 and figure 7. It can be seen
that the cross section values of Ruler show agreement with
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Figure 3. Fission cross section as a function of probabilities for
B5Y at 2.25keV
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Figure 4. Elastic scattering cross section as a function of proba-
bilities for 24° Pu at 5.7keV
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Figure 5. Radiative capture cross section as a function of proba-
bilities for 32Th at 4keV

NJOY2016 within 0.01%.We can conclude that the prob-
ability tables calculated by Ruler are suitable for use in
nuclear applications.

Table 1 shows the comparison of running time of gen-
erating probability tables between Ruler and NJOY2016.
The condition of computation is Intel i7-3770, 4 CPUs,
3.40GHz. It can be seen that Ruler has improved compu-
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Figure 6. Total cross section for 24U with oy = 300
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Figure 7. Fission cross section for 23U with oy = 300

tational efficiency greatly comparing with NJOY2016 as
multi-thread parallel algorithm has been applied.

Table 1. Comparison of CPU time

Running time(s) Speed-up ratio

Isotopes NJOY2016 Ruler NJOY2016/Ruler
3y 339.2 94.2 3.6
238y 261.7 26.5 9.9
221 1113.1 89.5 12.4
24 py 1039.9 129.1 8.0

4 Conclusion

A new module has been developed to generate probability
tables for the unresolved-resonance region for Ruler. In
order to validate and verify accuracy of this new module,
probability tables have been calculated for several isotopes
from ENDF-B/VIIIL.O using Ruler and NJOY2016. Agree-
ment is observed in comparisons of the probability tables
and corresponding cross-section values obtained with both
codes. With respect to runtime, the computational expense
of calculating URR cross sections using Ruler is much less
than that of NJOY2016, as multi-thread parallel algorithm
is applied in Ruler.
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