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Abstract

Transport lattice codes require the resonance integral tables for the resonant nuclides
where the resonance integral is a function of the background cross section and can be
prepared through a special program solving the slowing down equation. In case the cross
section libraries do not include the resonance integral table for the resonant nuclides, the
computational prediction produces a large error. We devised a new method using a Monte
Carlo calculation for the effective resonance cross sections to solve this problem
provisionally. We extended this method to obtain the resonance integral table for general
purpose. The MCNP code is used for the effective resonance integrals and the LIBERTE code
for the effective background cross sections. We modified the HELIOS library with the
effective cross sections and the resonance integral tables obtained by the newly developed
Monte Carlo method, and performed sample calculations using HELIOS and LIBERTE. The
results showed that this method is very effective for the resonance treatment.

|. Introduction

It isvery inefficient and time-consuming to use point-wise cross sections in a deterministic
transport calculation. Therefore, typically 30 to 70 energy discretized cross sections are used
in the calculation, which are processed from the ENDF/B-V1 library using the NJOY program
[1]. The multi-group cross section is calculated by flux weighting. The accuracy of a
deterministic transport calculation is mainly dependent upon the scalar flux and group width.
Therefore, energy groups and spectra should be chosen such that the library cross sections are
insensitive to the variations of the flux spectrain their anticipated range of application. The
existence of resonance makes this treatment very complicated, in which the incident energy



of a neutron matches one of the excited energy levels of the compound nucleus. The energy
discretized cross sections at the energy range except the resonance are insensitive to the
scalar flux and energy groups.

The resonance behavior of the absorption cross section complicates the evaluation of
group cross sections. The scalar flux will have dips at and near the resonance energies due to
the resonance. These dips depend on the resonances and the concentration of the resonance
isotopes and on their location. The cross sections of other nuclides without resonances can be
affected because of the flux weighted averaging.

There are three possible methods for the resonance treatment to obtain effective resonance
integrals. These are the Bondarenko method [2], flux calculation method and the calculation
of the detailed spectra in the resonance region by a special program. The first two methods
are included in the NJOY program. The third one is the standard procedure to reduce the
errors in predicting the effective resonance cross sections. Therefore we focus on the third
method in this paper.

The effective resonance cross sections can be affected by the self shielding effect by
resonance itself, resonance interference with the other resonant nuclides, and geometrical
configurations. In general, the resonance integrals are tabularized as a function of the
background cross section to be applied to any combination of affecting factors. The
resonance integral table is prepared through the calculation of the slowing down equation for
the heterogeneous cylindrical fuel pins using a special program such as RABBLE [3].

Occasionaly when the resonant nuclides are not treated as a resonant nuclide, the
resonance integral tables for these nuclides are excluded from the neutron cross section
library for the transport lattice code. This may cause a relatively large error in the transport
lattice calculations. In order to solve this problem provisionally the effective resonance cross
sections for the specified geometry and composition should be used instead. Another way is
to include the resonance integral table and to treat this nuclide as a resonant one.

The objective of our research is to develop a simple and effective method to obtain the
effective resonance cross sections provisionally or generally. In this research we developed
new provisional and general methods to prepare the effective resonance cross section using a
Monte Carlo calculation.

The provisional method is to obtain the effective resonance cross section for the specified
composition and geometrical configurations directly from a Monte Carlo calculation. The
general method is to prepare the resonance integral tables using Monte Carlo calculations for
the effective resonance cross sections and heterogeneous transport calculations for the
background cross sections. We used MCNP [4] as a Monte Carlo code and LIBERTE [5]



developed at KAERI as atransport |attice code.

[1. Methodology

11.1 General

The resonance integrals are tabularized as a function of various background cross sections
and temperatures for the extended applications. The background cross section is expressed as
follows:

G, =AC, + 0, (1)

where A is the hydrogen-equivalence factor aso called the intermediate resonance factor, oy
the potential scattering cross section and o the equivalence cross section. The equivalence
cross section is mainly dependent upon the geometrical configuration of the fuel pins. The
hydrogen-equivalence factor for hydrogen has been defined as 1.0, and those for the other
isotopes have been obtained by comparing the solutions in U%/H mixtures with mixtures
where the hydrogen was partly replaced by the other isotopes.[6] Since A depends on the
resonance width, the library includes group dependent A values.
When N; is the number density of the only resonance isotope in the mixture, the
microscopic background cross section of this mixtureis
o = (N, +2) =02, 5. @

r

Using the above background cross section, the resonance cross sections are read from the
library. The first term in eq. (2) can be obtained directly from smooth data in the library. The
equivalence cross section can be obtained through the fuel-to fuel collision probability. [7, 8]
The effective and the equivalence cross sections can be calculated using a special code such
as RABBLE.

The RABBLE code is used to compute the resonance absorption in cylindrical fuel cells.
The cell is divided into flat flux regions, and the energy range of interest is divided into
extremely narrow lethargy intervals. Regional fluxes and reaction rates are obtained from the
slowing down sources and the first flight collision probabilities (or transmission and escape
probabilities). These regional reaction rates are accumulated over specified multi-group
structures to yield effective cross sections. The equivalence cross section can be obtained by
the following equations.

2, =Noo,, ©)
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Ni is the number density of the resonance material i, a the Bell factor, ¢ the mean chord
length (two times the fuel radius) and y the Dancoff factor [9].
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For each resonance isotope and in each resonance group, the library contains tables of
absorption (and v-fission if fissionable) cross sections from resonance integrals as functions
of temperature and background cross sections. The absorption and v-fission resonance
integrals are linear in JT , where the temperature dependency is due to the Doppler effect.
While the temperature dependency is simple, the background cross section dependency is
very complicated. So the method of Segev [10] is used to interpolate the resonance integral
divided by the group width Au (R values).

The resonance cross sections can be related with the resonance integrals using the
following equations:

G, __ Rl , (5)
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The essential factor in the subgroup method [11~14] is that the resonance integral divided by
the group width is approximated by quadratures. The resonance cross section is subdivided
with o' s over the o, range and their weights (w,,). The condition for the weightsis

> w,=1 and 0<w,<1. (7)

Therefore the effective resonance cross section can be approximated by the quadrature set of
oan and W, as follows:
Z WnGan(I)n

%S W,
n

The absorption cross sections o, are arbitrarily chosen and the number of the subgroup is

(8)



determined as having the accurate effective cross sections. If a good set of oa, vaues are
known, the corresponding weights (w,) are obtained from the heterogeneous resonance
integral tables using aleast-square fitting.

The heterogeneous transport calculations are used to obtain the background cross sections
by the following relationship:

— Opn — Gan¢n ] (9)

If we know the corresponding background cross section op, t0 oan, the effective resonance

cross section can be obtained by eqg. (10).
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The heterogeneous transport calculations are performed with the corresponding
absorption cross section (o.n) asfollows:

Q,, Vo, (M) +2,, (e, ) =Q(r), (11)

where
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m denotes the angle and n the number of the subgroup. Eg. (11) is solved by the same method
used in the main transport calculation.

11.2 Provisional Resonance Treatment

Cross section library for the transport lattice code includes the resonance integral tables
for the resonant nuclides. However, resonance integral tables are not provided for some
nuclides, which causes problems for the accurate predictions of reactor physics parameters.
Since the structures for most of the cross section libraries are complicated and the cross
section data is closely related with each other, it is very time consuming to include the
additional data such as the resonance integral table. It is required that the cross sections for
the resonant nuclide should be thus easily replaced with the appropriate effective ones. These
effective resonance cross sections should include the effects from the self-shielding effect by
the resonance itself, resonance interferences with other resonant nuclides and the geometrical
configuration.



We suggest that the effective resonance cross sections can be evaluated through the
Monte Carlo calculations. Since Monte Carlo codes such as the MCNP for the neutron
transport calculation use the continuous cross section over energy, there is no approximation
for the resonance calculation. The effective microscopic resonance cross sections can be
obtained through the flux and microscopic reaction rate tallies for the regions with resonant
nuclides.

Monte Carlo calculations for the multiplication factor are performed with the specified
geometry and composition assuming the infinite arrays of a fuel pin, assembly or other
repeated geometry.

Since the effective resonance cross section is dependent upon the geometrical
configuration and composition of the surrounding materials, the basic geometry for the array
should be chosen carefully to minimize the errors originated from the difference between the
conditions for the cross section generation and for the application. For instance, if the
resonant nuclide is commonly included in the fuel pins, the infinite array of fuel pin can be
chosen. If the resonant nuclide is in the control rod, the MCNP calculation should be
performed for the fuel assembly.

11.3 General Resonance Treatment

The general resonance treatment is an extension of the provisional treatment mentioned in
the previous section, to include the resonance integral table prepared by the Monte Carlo
calculations. This procedure includes two parts that are a Monte Carlo calculation with
various geometries and compositions, and the generation of the corresponding background
Cross section.

MCNP for the Monte Carlo calculations can be used to obtain the effective resonance
cross sections for the specified resonance energy groups instead of using RABBLE. In the
conventional procedure of the RABBLE calculation it is assumed that the fuel is composed of
U5, U and 0%, and the cladding is natural zirconium, and the moderator is water. When
calculating the resonance calculation of U or U%®, the other nuclides include only potential
scattering cross sections as background material to exclude the resonance interference effects.
The effective background cross section can be obtained from the summation of the potential
cross sections multiplied by the hydrogen equivalent factor and the equivalence cross section
from the Dancoff factor. So as to change the background cross sections three components are
varied, which include the void fraction, fuel rod pitch and the amount of uranium in the fuel.

In order to remove the resonance interference between the resonance nuclides, MCNP
cross section libraries of U and U**® with only scattering cross sections should be prepared,



which are used for the background nuclides.

In the conventional resonance treatment of Section 1.1, the equivalence cross section is
calculated from the Dancoff factor. If the Dancoff factor is aso used to obtain the effective
resonance integral in the transport lattice calculation, there will be a consistency between the
generation of a resonance integral table and the retrieval of the resonance integral in alattice
calculation. Although the Dancoff factor is used for the equivalence cross section in the
lattice code, this factor is not generated explicitly. One of the merits of the subgroup method
is to overcome this kind of problem. However, the subgroup data of HELIOS is generated
from the conventional method of the resonance treatment. Since there is an inconsistency
between the preparation and the use of the library, we suggest a new method for consistency.
In this research the background cross sections are obtained through the resonance transport
calculation for a single pin using eg. (10). We used the LIBERTE code [5] developed at
KAERI which adopts the characteristics method for the spatial discretization and the
subgroup method for the resonance treatment.

The flow diagram for the preparation of a cross section library is shown in Figure 1. As
shown in the figure, the procedure begins with processing the ENDF/B-V1 library using the
NJOY code package [1]. The conventional procedure includes NJOY processing for the
discretized multi-group cross sections for the resonant nuclides. However, this procedure
includes NJOY processing for the continuous MCNP cross sections for the resonance
nuclides. MCNP calculations are performed by changing the void fraction, fuel to moderator
volume ratio and the amount of fuel material. The effective cross sections are obtained for the
non-resonance energy groups, and the various resonance integrals for the resonance energy
groups. Then, the effective background cross sections are obtained through the resonance
transport calculations to compl ete the resonance integral table. Using these resonance integral
tables, the number of data sets can be increased by the Segev interpolation. The subgroup
data can be obtained from the resonance integral table using the GENSUB program. The
effective cross sections, the resonance integral tables and the subgroup data for each nuclide
are combined together to construct the cross section library using the LIBGEN program.
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I11. Caculation and Results

[11.1 Provisional Method

We selected two sets of sample problems to see the effectiveness of the provisional
resonance treatment method using a Monte Carlo calculation. One of the sample problems
includes highly enriched (80% U®®) fuel rods in the form of uranium dioxide with
copper.[15] The other one is to include intermediately enriched (20% U?*®) fuel rods of
uranium-zirconium aloy which are arbitrarily constructed including the same geometry as
the first one. The detailed descriptions for these fuel rods are shown in Table 1.

Copper and zirconium include strong resonances at the energy between 10°~10° eV. Since
these resonances are not treated explicitly in the HELIOS-1.7 library, the effective resonance
cross sections should be evaluated through MCNP calculations. We compared the
multiplication factors of HELI1OS using the old and the new library by replacing the effective
cross sections in the resonance energy groups. We adopt 45 energy groups used in HELIOS-
1.7. The resonance energy groups are 16 groups from group-10 to group-25 of which the
energy range is 1.8554 ~ 9118.8 eV.

We compared the effective resonance absorption cross sections of Cu®®, Cu® and zr™
from MCNP calculations with those from the HELIOS library. Absorption cross sections
match well with each other except groups 9, 10 and 11. Effective absorption cross sections of
groups 9, 10 and 11 are compared with each other in Table 2. The effective cross sections are
reduced significantly at these resonance energy groups. Decrease in the effective absorption
cross section is due to the resonance self-shielding and the interference with the resonant
nuclides of U and U%*®,

We compared the multiplication factors of the HELIOS calculations with the old and new
library with those of MCNP to see the effectiveness of this method in Table 3. When using
the old HELIOS library, the reactivity differences between HELIOS and MCNP are about
5000 pcm for copper and 500 pcm for zirconium. However, using the new library, the
reactivity differences are reduced to about 100 pcm for both cases with the resonance option
of a fine-group resonance transport calculation using a representative nuclide of U°. When
we selected U as arepresentative nuclide, the reactivity differenceisless than 25 pcm.

We can perform these calculations by changing the temperatures and generate the
provisional resonance table as afunction of temperature. Although the effective cross sections
should be restricted to the specified geometrical structure and composition, this method is
guite smple and effective as a provisional substitute.



Table 1. Fuel rod specifications

Item Set-1 Set-2
Fuel rod pitch (cm) 0.530 0.530
Rod geometry hexagonal hexagonal
Cladding outer radius (cm) 0.1965 0.1965
Fuel outer radius (cm) 0.1651 0.1651
Fuel
- density (g/cm®) 8.112 7.860
- U%® enrichment (w/0) 80 20
- material UO,+Cu U+Zr
- temperature (K) 300 300
Cladding
- density (g/cm®) 7.0 7.0
- material SS SS
- temperature (K) 300 300
Moderator
- density (g/cm®) 0.9981 0.9981
- material H,O H,O
- temperature (K) 300 300
Table 2. Comparison of the effective absorption cross sections
Nuclide Group Old New Diff.(%)
9 8.545861E-02 6.900105E-02 19.3
cu® 10 3.779660E-01 1.786221E-01 52.7
11 8.489397E-01 2.335263E-01 72.5
9 3.881821E-02 3.424761E-02 11.8
Cu® 10 2.069747E-01 1.294865E-01 374
11 3.089572E-01 1.960521E-01 36.5
9 3.230754E-02 2.893119E-02 10.5
zZr 10 1.317450E-01 9.610002E-02 27.1
11 2.028490E-01 1.305671E-01 35.6
Table 3. Comparison of the multiplication factors for single pin calculation
. Set-1 Set-2
Code& Library Keff Diff. (pcm) Keff Diff. (pcm)
1.54421 1.48508
MCNP +0.00034 ) +0.00034 )
HELIOS Old * 1.49568 4853 1.48006 502
HELIOS Old t 1.49377 5044 1.47938 570
HELI1OS New * 1.54550 -129 1.48580 -72
HELIOS New T 1.54396 25 1.48513 -5

* : Option for resonance calculation of (111111111)
: Option for resonance calculation of (444444444)




I11.2 General Method

Resonance integral tables are generated through the MCNP calculations for the typical
fuel pin of the pressurized water reactor. The geometrical dimension and composition for the
fuel pin are listed in Table 4. In order to change the background cross section, three factors
shown in Table 5 are introduced, which include the volume of the moderator, void fraction
and the particle number density of the fissile nuclides. The factor ‘n’ is a dividing factor for
the original particle number densities of U and U%%.

MCNP calculations are performed to obtain the effective resonance cross sections of U%*®
and U?*® by changing three factors. Scalar fluxes, microscopic absorption and the fission
reaction rates, and the number of neutrons released from fission are tallied for the fuel region.
Since the interference between the resonant nuclides is to be considered in the subgroup
calculation, this effect must be excluded from the generation of a resonance integral table.
U*® and O™ are background nuclides for the U*¥calculation and U?*® and O™ are the
background nuclides for U*°cal culation, where the MCNP libraries with only scattering cross
sections are used for the background nuclides.

The corresponding background cross sections are calculated using the obtained effective
resonance cross sections through the resonance transport calculation by use of the LIBERTE
code. The obtained resonance cross section tables with 9 data points can be extended to the
tables with 16 data points using the Segev interpolation. These resonance integral tables are
transformed into the subgroup data.

At first we reviewed the variation of the effective cross sections for the non-resonance
energy groups. RMS errors are small for the non-resonance groups except group-35 of U%®.
The reason is that U** includes the resonance for this energy group. However, this resonance
can not be treated explicitly because this is a non-resonance energy group. We selected the
effective cross sections of case 4 as a representative to be used in the sample calculation.

We obtained the resonance integral table through the MCNP and LIBERTE calculations. In
order to compare the new resonance integrals with those of the HELIOS library, we
performed Segev interpolations for 16 background cross sections given in the HELIOS
library. Figures 2 shows the comparison of the absorption resonance integrals for U*° from
HELIOS and our method at 0,=831 b. There are dight differences at the resonance peaks
between HELIOS and new libraries. Figure 3 shows the comparison of the absorption
resonance integrals for U*® from HEL10S and our method at o,=739 b. There is also a dlight
difference at the resonance peak between HEL1OS and the new libraries.

The subgroup data was generated through the Segev interpolation and the least square
fitting to minimize RMS errors. In the present study we used the same subgroup oun, with



HELI1OS and found the weightings. We modified the resonance integral tables, subgroup data
and the effective absorption and v-fission cross sections for U** and U?*® as given in section
1.1.

We performed the same sample calculations with the cases for the generation of the
resonance integral tables by MCNP and LIBERTE. We compared the multiplication factors
of the LIBERTE calculations with HELIOS and the new libraries with those of MCNP. As
shown in Table 6, LIBERTE with the new library predicts the multiplication factors better for
most cases. However, LIBERTE with new library overestimated the multiplication factor
only for case 7, but it is till closer to the MCNP value. Especially for the cases with low
background cross sections, there is a significant improvement in predicting the multiplication
factors. It is noted that this improvement mainly comes from the consistency in the
generation of the background cross sections between the preparation of the resonance integral
table and the real application.

The results showed that the new resonance treatment method using a Monte Carlo
calculation can be a good substitute for the conventional method.

V. Conclusion

We proposed a new resonance treatment method which includes provisional and general
treatments using Monte Carlo calculations. When the resonant nuclides are treated
improperly in the library for the lattice codes, the library can be easily modified using the
new provisional resonance treatment method to obtain a reasonable solution. It is very
convenient to cope with the trouble of resonant nuclides in the cross section libraries for the
transport lattice codes in many real applications.

The resonance integral tables could be obtained properly using the MCNP and the transport
lattice codes such as LIBERTE. The background cross sections by our new method maintain
the consistency between the procedure of the preparation of the resonance integral table and
that of the retrieval of the effective resonance integral. The results showed that the new
resonance treatment method for the transport lattice calculations works well compared to the
conventional method.



Table 4. Fuel rod specifications

ltem Dimension
Fuel rod pitch (cm) 1.33171 (variable, refer to Table 4)
Rod geometry Rectangular
Cladding outer radius (cm) 0.4759
Fuel outer radius (cm) 0.4025
Fuel pellet
- density (g/cm®) 10.4 (variable, refer to Table 5)
- U?® enrichment (w/o) 5.0
- material uo,
- temperature (K) 300
Cladding
- density (g/cm?) 6.55
- material zr
- temperature (K) 600
Moderator
- density (g/cm?) 0.6591 (variable, refer to Table 5)
- material H,O
- temperature (K) 600
Table 5. Factors to change the background cross sections
Case 1 2 3 4 5 6 7 8 9
Vm/Vf 10 10 1.0 10 2.0 4.0 4.0 4.0 4.0
void (';/[);"C“ o' | 900 | 800 | 4900 | 00 | 00 | 00 | 00 | 00 | 00
n 1.0 10 10 1.0 1.0 1.0 2.0 4.0 8.0
Table 6. Comparison of the multiplication factors
LIBERTE
Case MCNP
Old Lib. Diff.(pcm) New Lib. Diff.(pcm)
1 0.94471 (0.00039) 0.95767 -1296 0.94330 141
2 1.06889 (0.00023) 1.08030 -1141 1.06494 395
3 1.33757 (0.00025) 1.34336 -579 1.33325 432
4 1.44586 (0.00022) 1.44974 -388 1.44257 329
5 1.50130 (0.00020) 1.50386 -256 1.49819 311
6 1.52412 (0.00020) 152727 -315 1.52210 202
7 1.44787 (0.00017) 1.45249 -462 1.45137 -350
8 1.01608 (0.00012) 1.02124 -516 1.01477 131
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