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Advanced Bondarenko method for resonance self-shielding calculations
in deterministic reactor physics code system CBZ

Go Chiba*?, Tadashi Narabayashi®

%Hokkaido University, Kita-ku, Sapporo, Hokkaido 060-8628, Japan

Abstract

The advanced Bondarenko method for resonance self-shielding calculations is devised and proposed. This
method is based on three numerical methods; the Bell factor optimization for accurate fuel escape proba-
bility representation, extension of resonance interference factors and correction factors for current-weighted
total cross sections. A 107-group library for light water reactor applications based on the advanced Bon-
darenko method is generated for a reactor physics code system CBZ. Performance of the CBZ code with this
107-group library is examined against a suit of light water reactor cell problems. The infinite neutron multi-
plication factors calculated with CBZ agree with reference continuous-energy Monte Carlo solutions within
0.15%Ak/kK' differences, and no significant biases on fuel compositions and geometrical specifications are
observed. Energy-averaged cross sections are also examined. Numerical tests reveal that significant accu-
racy improvements in resonance self-shielding calculations are realized by adopting the advanced Bondarenko
method without any significant increase of computational burden.

Key words: resonance self-shielding, Bondarenko method, resonance interference

1. Introduction

The deterministic method for nuclear fission reactors calculations has played important roles in the field
of nuclear engineering, and is expected to do that also in future. Omne of the most important subjects
in the deterministic method is how to accurately calculate energy-averaged cross sections, which are used
in neutron transport (or diffusion) calculations for a single assembly, a multi-assembly or a whole reactor
core. This subject has been generally called the resonance self-shielding calculations in the field of reactor
physics, and a number of works relating to this subject have been carried out so far. The equivalence
principle between a spatially homogeneous system and a heterogeneous system is one of the most popular
approaches, and related numerical methods, such as multi-term rational approximations to fuel escape

probability, the Dancoff factor method for lattice treatment, its extension and generalization, have been
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developed and proposed. The Bondarenko method(Bondarenko, 1964) is one of concepts of multi-group
cross section libraries which are suited to calculations based on the equivalence principle.

In the past, reactor physics researchers and engineers had focused on how to improve the calculation
accuracy of energy-averaged cross sections under a limited number of energy groups because of computational
performance limitation. As the computer technology has been significantly advanced, this situation has been
drastically changing in recent years, and the direct approaches, that are to increase the number of energy
groups for explicit representations of wide resonances, have been rather preferred now. For example, the
French APPOLLO code uses 281-group library(Sanchez, 2010) and the Studsvik CASMO code uses 586-
group library(Rhodes, 2012).

In the present paper, we attempt to improve the calculation accuracy of energy-averaged cross sections
without any increase of the number of energy groups. For this purpose, three numerical methods based on
the Bondarenko model are devised. We refer to this new method as the advanced Bondarenko method. With
this advanced Bondarenko method, accuracy improvement can be realized without any significant increase
in computational time and memory storage.

The present paper is organized as follows; Sections 2 and 3 describe fundamental theory of the advanced
Bondarenko method and actual multi-group library generation based on this method. Section 4 is devoted
to investigate performance of multi-group calculations with a multi-group library based on the advanced

Bondarenko method. Finally, conclusion of the present study is provided in Section 5.

2. Theory of the advanced Bondarenko method

There are three specific numerical methods in the advanced Bondarenko method; Bell factor optimization,
application and extension of resonance interference factors, and correction factors for current-weighted total

cross sections. Fundamental theory of them is described in this section.

2.1. Bell factor optimization

The correction factor of Bell, the Bell factor, was proposed to improve the one-term rational approxima-

tion for neutron escape probability from a fuel region, P.s.(F), as follows:

a

Pesc E N F e
(E) ISF(E)+a

(1)

where a is the Bell factor, [ is the mean chord length of the fuel region and Xf'(E) is the total macroscopic
cross section of the fuel region at neutron incident energy E. It is mentioned in the textbook by Stamm’ler
and Abbate that a unique value of 1.16 is the best choice for both rod and slab lattices(Stamm’ler and
Abbate, 1983) whereas optimum values of a depend on the neutron energy E. In the resonance self-

shielding calculations, the most important is to calculate energy-averaged cross sections accurately. Thus
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the optimum Bell factors should be determined so as to reproduce energy-averaged cross sections, and they
should be dependent on nuclides, reaction types and energy ranges.

Let us consider an isolated fuel pin cell consisting of a fuel region and a moderator region. Neutron
flux energy spectrum in the fuel region, ¢*'(E), can be represented by the following equation based on the
narrow resonance approximation to scattering sources(Stamm’ler and Abbate, 1983):

_ %
- E(E)

¢F(E) (1_PeSC(E))+PeSC(E)» (2)

where 20" is the potential scattering cross section of the fuel region. If the one-term rational approxima-
tion is introduced to the fuel escape probability representation, the neutron flux energy spectrum can be

approximately written as follows:

- i +a 1 1
F(E) = 2 o x — —, 3
R ST N @ e/ @
Nioi(E)+ Y Njol | +a/l
j#i

where N; and o}(E) are number density and microscopic total cross section of nuclide i, and og is the
background cross section without heterogeneous correction. The background cross section is defined as

> Njo!

.
w0 B (@

Note that nuclides except the nuclide i are considered non-resonant. Optimum Bell factor which reproduces

energy-averaged cross section of group g can be defined to preserve the following equation:

[ awerwar [ o)t Ee
Ecg Eeg

)
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where ¢ (E) is the microscopic cross section of nuclide i and reaction type x. If the left hand side of

Eq. (5) can be calculated, nuclide- and energy group-wise optimum Bell factors can be determined from
this equation. The nuclide- and energy group-wise optimum Bell factors should be dependent on reaction
type o, mean chord length I, potential scattering cross section ¥f" and background cross section oq. If the
optimum Bell factors significantly depend on system-dependent parameters such as [ and og, these should
be calculated for each calculated system. However, if this dependence is not so significant, unique values
which are calculated from a one representative system can be commonly used for other systems. This will

be discussed later in the present paper.
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2.2. Application and extension of resonance interference factors

It has been well recognized in the field of reactor physics that the resonance interference effect among
different resonant nuclides is quite important. While there are several ways to consider this effect, the reso-
nance interference factor (R-factor) method was proposed in the frame of the Bondarenko method(Takano,
1980). The R-factor is one additional parameter in a self-shielding factor table; the R-factor is defined as
a number density ratio of two resonant nuclides, which are a resonant nuclide in consideration and another
target resonant nuclide with which the resonance interference effect is considered. Self-shielding factors are
pretabulated at several different values of R-factors.

In the original R-factor method, the target nuclide is prefixed: uranium-238 is a target nuclide for all the
resonant nuclides except uranium-238 itself, and plutonium-239 is a target nuclide for uranium-238. In the
present study, we extend the R-factor method such that the target nuclide with which resonance interference
effect is considered is dependent on nuclide and energy group. Furthermore, for cases where the resonance
interference effects with several different nuclides are important, we newly devise the following multiple
resonance interference treatment method. In such a case, the energy-averaged cross section of group g, oy,

is calculated as
J

o} JoRI

J— . w/o

T9 = H w/oRI Ty ’ (6)

j=10g

where O‘g is a tabulated cross section in which the resonance interference with the nuclide j as a target is
. RI . . . . . . . .

considered and a;“/ °""is one in which no resonance interference is considered. This method is based on

an assumption that resonance interference effect between a pair of resonant nuclides is independent on that

between a different pair of resonant nuclides.

2.8. Corrections for current-weighted total cross section

It has been reported that a coarse-energy group calculation does not reproduce neutron multiplication
factor of a reference fine-energy group calculation even if fine-group neutron flux obtained from the reference
calculation is used as a weight function in cross section group collapsing(Sugimura and Yamamoto, 2007).
This collapsing error in a coarse group calculation is caused by a fact that fine-group total cross sections are
collapsed using scalar neutron flux as a weight function(Takeda and Kitada, 2002).

The collision term of the one-dimensional neutron transport equation in the continuous energy repre-
sentation is written as ¥;(x, E)¢(x, E, 1), where ¢(x, E, i) is angular neutron flux directed to cos™! u at
spatial position z and energy E. Since energy-averaged cross sections are defined so as to reproduce energy-
integrated reaction rate, energy-averaged total cross sections should be dependent on p. This treatment,
however, makes multi-group neutron transport equation much more complicated, so the angular neutron flux

is expanded by the Legendre polynomials and Legendre moment-dependent multi-group total cross sections
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are defined. In this case, the collision term in the multi-group representation is written as

S 2L pyys () ), %

l

where Pj(p) is the Ith Legendre polynomial and ¢f] is the lth Legendre moment of the gth group angular

neutron flux. The Legendre moment-dependent multi-group cross sections are defined as

/ Y (2, )¢l (x, E)d
X g (@) = =<2 : (8)
¢'(z, E)dE
Eeg

where ¢!(z, E) is the Ith Legendre moment of (x, E, u). This representation for the multi-group collision
term shown in Eq. (7) is not suited to the usual numerical solvers for neutron transport, so this is modified

to

S 2 P g (0)0h 2) — SO P (S () — 54, )
l l
2041

= it,g(x)%(ﬂ%ﬂ) - Z

l

P(p) (Stg(e) = X4 4(@)), (9)

where it,g is the collision cross section and can be arbitrarily chosen. The first term of the right hand side
of Eq. (9) is the collision term and the second term is treated in the scattering source term; the gth group

self-scattering cross section of the [th Legendre moment is modified to

l
29—>9

() = B, g(2) + Seg(2) — B4 (), (10)

where 2!, (z) and X!

g—g g Hg( x) are corrected and original self-scattering cross sections of the Ith Legendre

moment. If ¥ (x) is used as the collision cross section ¥ 4(2), the transport cross section Xy, 4(x), which

is frequently used in neutron transport calculations, is defined as

iy g( Zzg%g/ Zzg%g (1’) - E%,g(x) = El Zzgﬁg
(1)

This suggests that the first Legendre moment-weighted (current-weighted) total cross section should be used
in the transport cross section definition. In the advanced Bondarenko method, we propose to use correction
factors to calculate current-weighted total cross sections.

Neutron flux energy spectrum of a fuel region in a heterogeneous lattice system can be well approximated
by the same representation as the homogeneous system in the equivalence principle, but there has been no
theoretical representations for neutron current energy spectrum in a heterogeneous system. In some cases

such as fast neutron reactors analyses, neutron current is approximated by the following equation:

(12)
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which is derived from the homogeneous Py theory. It is hardly to say that this is applicable to a heterogeneous
system of light water reactor fuel pin cell. Another way is to assume that current-weighted total cross sections
are the same as flux-weighted total cross sections, but there is no guarantee to assure its accuracy. In the
advanced Bondarenko method, we directly evaluate current-weighted total cross sections from fine-energy

group calculations and implement them to a coarse-energy group library.

3. Generation of multi-group cross section library based on the advanced Bondarenko method

A deterministic reactor physics code system CBZ, which is being developed at Hokkaido University, has
its own multi-group cross section library named CBZLIB. CBZLIB is generated by two evaluated nuclear
data file processing codes, NJOY-99(MacFarlane and Muir, 1994) and TIMS-1(Takano, 1980), and other
utility programs. The number of energy groups and the original evaluated nuclear data files can be arbitrarily
chosen for users’ application purposes. For thermal neutron reactors applications, 107-energy group structure
which was originated in the SRAC code(Okumura, 2007) is generally used. In the SRAC 107-energy group
structure, equal lethargy width of 0.25 is assigned to every energy group above 1.85540 eV. The highest
energy is 20 MeV, so 62 energy groups are structured above 1.85540 eV. From 0.41399 eV to 1.85540 eV,
constant lethargy width of 0.125 is assigned, and below 0.41399 eV lethargy width of energy groups are
different from each other. Upper energy boundaries of some energy groups in the resonance range are shown
in Table 1.

In the present study, we generate a 107-group CBZLIB from the evaluated nuclear data file JENDL-
4.0(Shibata, 2011). Infinite dilution cross sections, scattering matrices including thermal scattering up to the
fifth Legendre moment and self-shielding factor tables are generated by NJOY-99. For important actinoid
nuclides, uranium-235, -238, plutonium-238, -239, -240, -241, -242 and americium-241, self-shielding factors
depending on R-factors are re-calculated by TIMS-1 and updated. The TIMS-1 code solves the ultra-
fine energy group slowing-down equation for a homogeneous system consisting of a resonant nuclide, a
moderator material which is hydrogen in the present case, and another resonant nuclide with which the
resonance interference effect is considered.

In order to generate CBZLIB based on the advanced Bondarenko method for light water reactor (LWR)
applications, we prepare pressurized water reactor (PWR) and boiling water reactor (BWR) fuel pin cell
models. In all the PWR cells, pin pitch, pellet outer radius, cladding outer radius are 1.265 cm, 0.412 cm
and 0.476 cm, and temperatures of fuel, cladding and moderator regions are 968.8 K, 604.0 K and 574.2 K.
Fuel compositions of eight PWR cells are shown in Table 2. On the BWR cells, geometrical specifications
are dependent on step. In the step I and step II cells, pin pitch, pellet outer radius, cladding outer radius
are 1.63 cm, 0.529 cm and 0.615 cm, respectively. In the step III cells, those are 1.44 cm, 0.490 cm and
0.560 cm. Temperatures of fuel, cladding and moderator regions are 968.8 K, 559.0 K and 559.0 K for the

6
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BWR cells. Fuel compositions of sixteen BWR cells are shown in Table 3. In the following, we refer to the

PWR(BWR) cell whose ID is n as PWR-n(BWR-n).

3.1. Calculations of optimum Bell factors

As described in the previous section, optimum Bell factors are determined so as to preserve Eq. (5). In
the present study, energy integration is conducted numerically with a probability table, which is generated
by the MOMENTOF code(Chiba and Unesaki, 2006) based on Ribon’s moment method(Ribon, 1986). The
original nuclear data file of the probability table is JENDL-4.0. Potential scattering cross sections of heavy
nuclides and oxygen in the fuel region are assumed 10 barn and 4 barn, respectively, and the macroscopic
potential scattering cross section in fuel region is assumed 0.4 cm™1!.

Optimum Bell factors for uranium-238 are calculated for the PWR-2 cell so as to preserve energy-
averaged capture cross sections. To observe optimum Bell factors dependence on system parameters, such
as temperature, chord length, number density and dilution cross sections, optimum Bell factors are calculated
in different conditions in which one of these system parameters is multiplied by a factor of 1.3. The results
are shown in Fig. 1. Note that default values of 1.2 for Bell factors are assigned to some energy groups in
which probability tables are not successfully produced. These results suggest that optimum Bell factors are
not significantly sensitive to changes in system parameters. Next optimum Bell factors for uranium-235 are
shown in Fig. 2. These are calculated for the PWR-2 cell, and energy-averaged fission and capture cross
sections are preserved. We can see that choice of the target reaction type is not important. The above
results suggest that optimum Bell factors can be predefined for a reference nuclear system and those can be
applicable to other systems whose characteristics do not change from the reference system significantly.

Based on this concept, optimum Bell factors for LWR applications are calculated. Those for uranium-235
and -238 are calculated for the PWR-2 cell and those for plutonium-239, -240, -241 and -242 are calculated
for the PWR-6 cell. Background cross sections without heterogeneous corrections, which are used in the Bell
factor optimization, are shown in Fig. 3. The obtained optimum Bell factors, which are implemented to
CBZLIB, are shown in Fig. 4. It is interesting to point out that the optimum Bell factors for uranium-238
take relatively small values in energy groups where wide resonance peaks exist. This makes background
cross sections for uranium-238 small and promotes the resonance self-shielding effect, so it is expected that

energy-averaged uranium-238 capture cross sections become small in these energy groups.

3.2. Resonance interference factor setting

As described above, in the advanced Bondarenko method, target nuclides, with which the resonance
interference effect is taken into account, are dependent on energy groups, and multiple resonance interference

effects can be approximately considered. While it is possible to consider the resonance interference effects
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between all the possible pairs of resonant nuclides by this multiple resonance interference treatment, only
important resonance interference is treated here to avoid increase of computational burden.

The resonance interference factors are introduced to the following important heavy nuclides; uranium-235,
-238, plutonium-239, -240, -241, -242 and americium-241. Target nuclides with which resonance interference
is taken into account are listed in Table 4 for these nuclides. The multiple resonance interference is

considered in the energy groups 48, 50 and 53.

3.8. Calculations of correction factors for current-weighted total cross sections

As described in the preceding section, current-weighted (CW) total cross sections are evaluated directly
from fine-energy group calculations in our procedure. For this purpose, we prepare a 707-energy group
library from JENDL-4.0 by NJOY-99. The energy group structure of this 707-group library is prepared so
that energy groups from 1.8554 eV to 961.12 eV in the SRAC 107-group structure are divided into 25 equal
lethargy width energy groups. Thermal scattering data are not prepared for this 707-group library.

With this 707-group library, eigenvalue calculations are carried out for all the PWR and BWR fuel cells
being considered. In order to calculate angular neutron flux, a MEC module of CBZ, which is based on the
method of characteristics, is employed as a neutron transport solver. The fuel cell is spatially discretized
as shown in Fig. 5. Reference infinite neutron multiplication factors k., neutron flux energy spectra and
neutron current energy spectra along the z-direction at one spatial mesh in the fuel region are obtained with
the 707-group calculations, and group collapsing of 707-group total cross sections to the SRAC-107 group
structure is conducted with the neutron flux and the neutron current. With this 107-group cross section,
coarse-group calculations are carried out by MEC for all the cells and k., are obtained. Reproduction errors
of ko, are shown in Fig. 6. In this figure, results denoted as “Current-weighted” are obtained with the CW
total cross sections and results denoted as “Flux-weighted” are obtained with the flux-weighted (FW) total
cross sections as CW cross sections. These results show that use of CW cross sections significantly reduce
errors induced by energy group collapsing.

Numerical results suggest that treatment for uranium-238 microscopic total cross sections are important.
Averaged ratios of uranium-238 CW microscopic total cross sections to FW cross sections over all the PWR
and BWR cells are shown in Fig. 7. In this figure, possible ranges of the cross section ratios are also
shown by error bars. We can see that the CW total cross sections are larger than the FW cross sections
in some energy groups where wide resonances exist, and the ratios of the CW total cross sections to the
FW total cross sections do not significantly dependent on calculated systems. In the advanced Bondarenko
method, these averaged ratios are implemented as correction factors to deduce CW total cross sections for
the uranium-238 resonance ranges. In addition to uranium-238, a ratio of 3.15 is also implemented to the

61th energy group of plutonium-242 to reduce cross section collapsing errors in MOX cell calculations.
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4. Performance of the advanced Bondarenko method

In order to quantify accuracy of multi-group calculations with CBZLIB based on the advanced Bon-
darenko method, k., and energy-averaged cross sections of the LWR  fuel cells being considered are calculated
with CBZ. Reference solutions are obtained with the continuous-energy Monte Carlo code MVP-II(Nagaya,
2005).

Background cross sections in heterogeneous fuel cells are evaluated by the Dancoff factor method. Dancoff
factors are calculated for each energy group without any geometrical simplification with the perfect reflective
boundary conditions. The concept of the wide resonance approximation is introduced, so scattering cross
sections of actinoid nuclides are not taken into account in background cross sections evaluations below 40 eV.
The Bondarenko iterations are conducted two times for each energy group. Energy-averaged 107-group cross
sections are calculated with the advanced Bondarenko method described in the preceding sections.

With the obtained cross sections, 107-group eigenvalue calculations are performed with a collision prob-
ability module PJI, and k., and energy-averaged cross sections are obtained. Scattering anisotropy is taken

into account by the transport approximation.

4.1. Infinite neutron multiplication factors

Reproduction errors of ko, are shown in Fig. 8. Although underestimation of about 0.1%Ak/kk’ is
systematically observed, good agreements within 0.15%Ak/kk’ differences are obtained with the advanced
Bondarenko method. No significant biases on fuel compositions, geometrical specifications and void ratios are
observed. In order to see contribution of each numerical method of the advanced Bondarenko method to the
accuracy improvement, other calculations with different numerical conditions are performed. Reproduction
errors of ko, with several conditions are shown in Fig. 9. Each of numerical methods, the optimum Bell
factors, the extended resonance interference factors and the CW total cross section corrections, contributes
to the accuracy improvement, and the last one is the most dominant. Note that there is no significant

difference in computation time among these different calculation options.

4.2. Energy-averaged cross sections

First, reproduction errors of energy-averaged uranium-238 capture cross sections are shown in Fig. 10.
In order to grasp significance of errors in this cross section to ko, relative sensitivities of ko, with respect
to this cross section are shown in Fig. 11. Large errors over 5% are observed in the energy group 42
(275.4 to 353.6 €V). It might come from neglecting the resonance interference effect between uranium-238
and zirconium-91 included in the clad region. This error is not significant because sensitivity of ko in
this energy group is relatively small in comparison with those in other energy groups as shown in Fig. 11.
Except for this energy group, energy-averaged uranium-238 capture cross sections are reproduced within 6%

differences to the reference Monte Carlo solutions.
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Next, reproduction errors of energy-averaged uranium-235 and plutonium-239 fission cross sections are
shown in Figs. 12 and 13. Energy-averaged fission cross sections are reproduced within 1.5% differences in

uranium-235 and 3% differences in plutonium-239 to the reference Monte Carlo solutions.

5. Concluding remarks

The advanced Bondarenko method for resonance self-shielding calculations has been devised and pro-
posed. This method is based on three numerical methods; the Bell factor optimization for accurate fuel
escape probability representation, extension of resonance interference factors and correction factors for
current-weighted total cross sections. A 107-group library for light water reactor applications based on
the advanced Bondarenko method has been generated for a reactor physics code system CBZ. Performance
of the CBZ code with this 107-group library has been examined against a suit of light water reactor cell
problems. The infinite neutron multiplication factors calculated with CBZ have agreed with reference
continuous-energy Monte Carlo solutions within 0.15%Ak/kk’ differences, and no significant biases on fuel
compositions and geometrical specifications have been observed. Energy-averaged cross sections of uranium-
238 capture, uranium-235 fission and plutonium-239 fission reactions have been also examined. Numerical
tests have revealed that significant accuracy improvements in the resonance self-shielding calculations are
realized by adopting the advanced Bondarenko method without any significant increase of computational

burden.
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Table 1: Upper energy boundaries of SRAC 107-energy group structure (unit: eV)

Group Boundary Group Boundary Group Boundary Group Boundary

36 1584.6 37 1234.1 38 961.12 39 748.52
40 582.95 41 454.00 42 353.58 43 275.37
44 214.45 45 167.02 46 130.07 47 101.30
48 78.893 49 61.442 50 47.851 51 37.267
52 29.023 53 22.603 o4 17.604 95 13.710
o6 10.677 o7 8.3153 o8 6.4759 99 5.0435
60 3.9279 61 3.0590 62 2.3824 63 1.8554
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Table 2: Compositions of PWR fuels

Fuel U-235 Pu Pu isotopic weight ratio [%)]
type  enrichment [%] enrichment [%] (?3%Pu/?39Pu/?°Pu/?*'Pu/?*2Pu/?*! Am)

(o I e e L

U0, 3.4

U0, 4.1
U0, 4.7

MOX 0.2 13 4.1/45.4/25.3/9.6/13.0/2.6
MOX 0.2 5 2.1/54.5/25.0/9.3/6.4/2.7
MOX 0.2 10 2.1/54.5/25.0/9.3/6.4/2.7
MOX 0.2 13 2.1/54.5/25.0/9.3/6.4/2.7
MOX 0.2 5 0.04/79.24/17.76,/2.36/0.36,/0.24
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Table 3: Compositions of BWR fuels

ID  Fuel Step Void U-235 Pu Pu isotopic weight ratio
type ratio enrichment enrichment (%]
[%)] (%) %) (238Py /239 Py /240 Py /241 Py /242 Py /241 Ary)

1 UO, I 0 3.0

2 UO, I 40 3.0

3 U0, I 70 3.0

4 UOq 11 0 3.8

5 UOq II 40 3.8

6 U0, 11 70 3.8

7 UO, 111 0 4.1

8 UO, 111 40 4.1

9 UOq III 70 4.1

10 MOX II 0 0.2 4 1.5/58.7/26.6/8.3/4.0/0.8
11 MOX 1II 40 0.2 4 1.5/58.7/26.6/8.3/4.0/0.8
12 MOX 1II 40 0.2 4 1.7/53.4/29.7/8.7/5.6/0.9
13 MOX II 40 0.2 4 0.8/67.8/21.8/6.9/2.1/0.7
14 MOX I 70 0.2 4 1.5/58.7/26.6/8.3/4.0/0.8
15 MOX I 70 0.2 8 1.5/58.7/26.6/8.3/4.0/0.8
16 MOX 1II 70 0.2 13 1.5/58.7/26.6/8.3/4.0/0.8
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Table 4: Target nuclides with which resonance interference is taken into account

Nuclide Target nuclide (Energy group)
Uranium-235 Uranium-238 (All)
Uranium-238 Uranium-235 (57, 58)

Plutonium-240 (48", 50, 51, 53)
Plutonium-239 (Other groups, 481)
Plutonium-239 Plutonium-240 (47, 507, 531)
Plutonium-241 (537, 54, 55, 56)
Plutonium-242 (49)
Uranium-238 (Other groups, 507, 531)
Plutonium-240 Plutonium-239 (47, 50)

Uranium-238 (Other groups)

Plutonium-241 Plutonium-239 (52, 54, 55, 56)
Americium-241 (59)

Uranium-238 (Other groups)
Plutonium-242 Plutonium-239 (49)
Americium-241 (61)

Uranium-238 (Other groups)
Americium-241 Plutonium-241 (59)

Uranium-238 (Other groups)

T Multiple resonance interference factors are adopted.
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Figure 5: Spatial discretization of fuel cell in MEC 707-group calculation
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Figure 13: Reproduction errors of energy-averaged plutonium-239 fission cross sections in MOX fuel cells
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