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CROSS-SECTION LIBRARY AND PROCESSING TECHNIQUES
WITHIN THE SCALE SYSTEM

R. M. Westfall
Oak Ridge National Laboratory

Martin Marietta Energy Systems, Inc.
Oak Ridge, Tennessee USA

ABSTRACT

A summary of each of the SCALE system features involved in
problem-dependent cross section processing is presented. These
features include criticality libraries, shielding libraries, the Stan-
dard Composition Library, the SCALE functional modules:
BON AMIS. NITAWL-S, XSDRNPM-S. ICE-S, and the
Material Information Processor. The automated procedure for
cross-section processing is described with examples.

INTRODUCTION

A major objective in the development of the SCALE system has been the standardization of
problem-dependent cross-section data. The purpose of this article is to provide a brief summary of the
SCALE features that lead to this standardization. These include standard neutron and coupled
neutron-photon cross-section libraries in the AMPX master library format and a Standard Composition
Library of material-dependent data. In addition to these standard data sources, other SCALE features
pertinent to the standardization objective include the Material Information Processor which is applied in
the analytical sequences (CSAS1, SAS1, etc.) to prepare the input specifications for those functional
modules wii.ch perform the problem-dependent cross-section processing. Finally, the automated use of
these functional modules (BONAMI-S, NITAV/L-S, XSDRNPM-S, ICE) with fixed specifications of
the optional input data also enhances standardization.

In summarizing these features, the scope of this article will be limited to a review of the data
sources, a discussion of the analytical models applied in the functional modules, and a listing of appro-
priate references for more detailed information.

REVIEW OF CROSS-SECTION LIBRARIES

Criticality Libraries

Because of its performance and ease of use, the 16-group Hansen-Roach cross-section library1 has
been a popular favorite for criticality safety applications for many years. Its performance for low-
enriched uranium systems was greatly improved by the modifications done to the 238U resonance data by
Knight and Whitesides at Oak Ridge. These modifications are discussed in detail in Sect. C1.C.13 of
the SCALE Manual. Briefly, the 238U capture cross sections were varied in the resonance range (groups
8-12) until calculated values of the infinite medium multiplication agreed well with those derived from
experiment.2-3 This version became known as the Knight-Modified Hansen-Roach Library.



Several aspects of the original library should be noted. Resonance scatter, Doppler broadening, and
thermal upscatter were not treated. Two data sets were provided for hydrogen, one weighted by a 1/E
slowing-down spectrum, and the other weighted by a fission neutron spectrum. For light nuclides, the
scattering cross sections are given in a first-order Legendre expansion with a higher order correction to
both the zero and first-order components. This correction has been observed to emphasize the forward
scattering phenomena in hydrogen.

Prior to incorporation into the SCALE system, the knight-Modified Hansen-Roach Library was
reformatted into the Bondarenko formalism of shielding factors to be applied against cross sections
representing infinite dilution. This provides for subsequent automated shielding with BONAMI-S,
including the determination of a heterogeneity correction to the background cross section. Also, for a
number of nuclides missing in the original compilation, 16-group ENDF/B-IV data were added to the
library in order to fill out the list of available materials, e.g., concrete.

The 218-group Criticality Safety Reference Library4 was developed for the Nuclear Regulatory
Commission utilizing all of the general-purpose files in the ENDF/B-IV compilation. It served as the
reference source for an extensive series of tests5 through which the 27-energy group structure was identi-
fied. Both the 218- and 27-group versions of this data were designed to utilize the Nordheim resonance
shielding treatment of NITAWL-S. Each of the libraries has a Pj scattering expansion order and treats
thermal upscatter to 3 eV. A special version of the 27-group library which includes additional data for
fission products is available for application in burnup studies.

The 123-group GAM-THERMOS library was named after the popular early codes6'7 from which the
90 epithermal and 33 thermal group structures were adopted. It was originally developed at Oak Ridge
as part of the Molten Salt Reactor Program. Generally, the data came from mixed sources: some
GAM-II, some FLANGE thermal data, and some early compilations of ENDF/B. This library also
utilizes the Nordheim treatment, has a P3 scattering expansion order, and treats thermal upscatter. It
contains many of the fission products required for analysis of reactor control.

Various levels of effort have been taken in the validation of the Knight-Modified Hansen-Roach, the
123-group GAM-THERMOS, and the 27-group ENDF/B-IV libraries. Westfall and Knight8 applied
all three libraries in the analysis of some 70 experiments performed to simulate various aspects of
nuclear fuel shipping casks. More recently, extensive validation studies for low-enriched9 and
high-enriched10 systems have been performed. Generally, the libraries perform acceptably well, the
ENDF/B-IV data performs worst for iow-enriched and best for high-enriched systems.

Shielding Libraries

Presently, there are two standard cross-section libraries within the SCALE system for performing
radiation shielding analyses. The 22 neutron-18 gamma group library" was developed for the Atomic
Energy Commission with ENDF/B-II data. The neutron data were originally generated with SUPER-
TOG in a 104-group structure. Then the 22-group data were obtained by averaging over a 104-group
spectrum calculated with ANISN for a uranium-water mixture. The library has a P3 scattering expan-
sion order. It does not have provision for problem-dependent resonance shielding or thermal upscatter.
The original library was supplemented with ENDF/B-III and -IV data and released by the Radiation
Shielding Information Center as DLC-23/CASK in March 1975. The library has been used in a wide
variety of applications since that time.

The other standard shielding library in SCALE is the 27 neutron-18 gamma group library developed
from the 218-group ENDF/B-IV criticality library described above. This is an unusual shielding library
in that it does treat resonance shielding and thermal upscatter on a problem-dependent basis. Generally,
these processes are not considered to be important for shielding applications. However, for certain situa-
tions, such as neutron multiplication in water-flooded casks or secondary gamma generation due to ther-
mal neutron capture, the additional capability can be significant. The neutron group structure is sparse
in the high MeV range. Thus, the library should not be applied in the analysis of accelerator or fusion-
energy devices. The 18-group gamma-ray cross sections were generated from the ENDF/B-IV data
compilation through the application of the AMPX modules LAFNGAS and SMUG. The gamma cross
sections include a P9 scattering expansion order.



Both of the standard SCALE libraries include j variety of dose factor data. The SCALE shielding
analytical sequences automatically select the ANSI Standard Dose Factors'2 for dose quotations.

REVIEW OF THE STANDARD COMPOSITION LIBRARY

The Standard Composition Library is a compilation o! physical properties data on the elements, their
isotopes, various chemical compounds, metallic alloys and information which summarizes available
cross-section data (resonance, thermal scattering kernels, etc.) by isotope and cross-section library. The
physical properties data is taken from standard reference sources such as the 'Handbook of Chemistry
and Physics"13 and the "Chart of the Nuclides."14

Section M8.2 of the SCALE manual provides a useful summary of the Standard Composition
Library. This section includes four tabulations. The first table gives a brief description of each of the
approximately 300 standard compositions, including the constituents of compounds by chemical formula,
and of alloys by weight percent. The second table lists the theoretical densities of the standard composi-
tions, their constituent nuclides, and their availability in the various cross-section libraries. The third
table lists the available fissile solutions that the user can specify by heavy metal density and acid
molarity. The fourth table summarizes information on which elements may have their isotopic
compositions specified by the user.

The Standard Composition Library is generated and updated by a computer program called COM-
POZ. Since it is structured as a directly addressable data set, its implementation on non-IBM equip-
ment may pose special problems for new SCALE users. The Standard Composition Library and the
user-specified input information constitute the principal sources of data used by the Material Informa-
tion Processor in preparing standardized input for the SCALE analytical sequences.

REVIEW OF CROSS-SECTION PROCESSING TECHNIQUES

Within the SCALE system analytical sequences, cross-section processing always begins with an
AMPX master library and always ends with an AMPX working library. The objective is to treat those
aspects of the problem where space-energy coupling produces significant variations in the neutron spec-
trum such that broad-group, spatially averaged constants can be obtained for calculating reactions rates
en a macroscopic basis. To this end, various solutions are developed for th: time-independent form of
the neutron transport equation.

In performing resonance shielding analyses (BONAMI-S, NITAWL-S), an approximate spatial
treatment is applied in performing a detailed energy slowing-down calculation. In performing a subse-
quent spatial weighting analysis (XSDRNPM-S), broad energy group constants are applied in perform-
ing a detailed space-angle calculation of the neutron spectrum over the entire energy range. Then, spa-
tial weighting can be performed over fuel pins, lattice cells, or even larger regions.

The analytical models and capabilities of each of these functional modules is briefly described.

The BONAMI-S Module

BONAMI-S performs resonance shielding through the application of the Bondarenko shielding factor
method. As input, the program requires the presence of shielding factor data on the AMPX master
library interface. As output, BONAMI-S produces a problem-dependent master data set. Thus, in the
SCALE sequences, it is always used in conjunction with NITAWL-S which converts the problem-
dependent data set into an AMPX working library.



Presently, the only standard SCALE system cross-section library containing shielding factors is the
Knight-Modified Hansen-Roach 16-group set. However, new cross-section libraries generated from
recent versions oi ENDF/B include shielding factors for w.v. u: .-..u'lved resonance energy range and for
those resolved resonances whose parameters are not specified in the single-level Breit-Wigner formula-
lion contained in NITAWL-S. After sufficient validation, these libraries will probably become available
in SCALE.

For each energy group, the shielding factors are tabulated as functions of two parameters: back-
ground cross section and nuclide temperature. The essential tasks performed by B0NAM1-S are the
determination of the appropriate background cross section, interpolation in the shielding factor tables,
and application of the shielding factors against reference unshielded values of the groupwise cross sec-
tions to produce the problem-dependent data.

The fundamental theory applied in the shielding-factor method rests upon simplified slowing-down
approximations for the absorber material and the treatment of external sources through elementary inte-
gral transport approximations. In both the Bondarenko and Hansen-Roach derivations of the methodol-
ogy, the dependence of the shielding factors on the background cross sections is initially developed for an
infinite medium. The original derivations included the narrow resonance approximation for the calcula-
tion of slowing-down sources. However, more recent methodology includes slowing-down calculations.
The kinematics of neutron scattering with the resonance nuclide are explicitly treated. Under this
approach, the shielding factor methodology becomes closely related to the Nordheim Integral Treatment.

For multizone systems, the equivalence theorem relating homogeneous and heterogeneous systems is
invoked to modify the background cross section to include the effect of external sources. This modifica-
tion is called the escape cross section which, for convex bodies, is obtained from the Wigner rational
approximation, <re = l/(/N), where / is the mean chord length and N is the nuclide's number density.
In lattice cell geometries, the escape cross section is reduced by a Dancoff factor to account for absorp-
tion in neighboring cells. Escape cross sections for moderator regions are obtained through two-region
reciprocity relations.

In addition to the homogeneous option, BONAMI-S, through various Dancoff factor formulations,
will treat symmetric and asymmetric slab cells and cylindrical cells in either hexagonal or square
lattices. Also, for cylindrical cells, the effects of cladding around the absorber can be treated. Since the
escape cross sections depend on the total cross sections for each zone, which themselves are subject to
shielding, an iterative solution is required to converge the determination of the background cross
sections. For interpolating the shielding factor data, a novel interpolation scheme is used in BONAMI-
S. This scheme avoids many of the problems of the Lagrangian schemes widely employed in other pro-
grams.

Assuming an adequate treatment of the slowing-down phenomena in the generation of the shielding
factors, BONAMI-S can accurately produce cross sections suitably shielded for a wide variety of appli-
cations.

The NITAWL-S Module

The NITAWL program was originally developed as part of the AMPX cross-section processing sys-
tem to perform resonance shielding and cross-section format conversion. Resonance shielding can be
done with several analytical models, the most rigorous of which is the Nordheim Integral Technique.
Nordheim's methods, as programmed in NITAWL-S, have been extensively enhanced. NITAWL-S is
applied in all SCALE system analytical sequences which include problem-dependent cross-section pro-
cessing.

Nordheim's method involves a solution of the integral form of the transport equation for the detailed
spectral variation of the neutron flux across the energy range of each resonance. The slowing-down
source, due to neutron scatter with the resonance nuclide as well as with two admixed moderator
nuclides (non-absorbing), is calculated explicitly over a fine mesh in the lethargy variable. At each point
in this mesh, a neutron balance is performed to determine the neutron flux for subsequent use in spectral
weighting and for the calculation of down-scattered sources to successive points.



Spatial transport in Nordheim's method is treated wiih first-flight escape and transmission probabili-
ties for a two-region model in cylindrical, spherical, or slab geometry. The inner region contains the
absorber nuclide and the admixed moderators. The outer region, if present, is assumed to contain a
non-absorbing moderator with an associated 1/E variation of the slowing-down flux and a Maxwellian
thermal neutron distribution. Escape probabilities for the inner region are determined under the
assumption of uniform, isotropic sources. Escape probabilities for the outer region are obtained with
two-region reciprocity relationships. These probabilities are modified for lattice-cell geometry by a Dan-
coff factor which accounts for transmission from the inner region through the moderator to neighboring
absorbers. Transmission through the absorber region is treated with a "grayness" factor.

Instead of performing an explicit calculation of the slowing down sources, the user has the option of
specifying the narrow resonance and infinite mass approximations for the absorber nuclide and the
asymptotic flux approximation for the admixed moderators. The narrow resonance and asymptotic flux
approximations essentially state that the flux in the slowing-down range is unperturbed by the resonance
nuclide and therefore has an asymptotic form, either 1/E or Maxwellian. These forms allow analytic
evaluations of the slowing-down source integrals. The infinite mass approximation states that there is no
neutron energy loss due to scattering with the resonance nuclide. For typical cases involving uranium-
238, the narrow resonance approximation seriously overestimates the absorption cross section due to the
broad, predominantly absorbing levels and it seriously underestimates the absorption cross sections due
to the broad, predominantly scattering levels. The infinite mass approximation does somewhat better.
In the SCALE system analytical sequences, the Nordheim Integral Technique is generally applied.

In addition to down-scattered sources and escape probabilities, point values of the Doppler broadened
resonance cross sections must be determined prior to each neutron balance calculation. The cross sec-
tions are reconstructed from the resonance parameters with the single-level Breit-Wigner formulation as
specified in the ENDF/B documentation.

Given the basic strategy in Nordheim's method of treating one resonance at a time, there is no
opportunity to treat resonance interference and overlap effects. Also, it is necessary to make certain
"wing corrections" in the process of producing group-averaged values. These arc done with analytic flux
assumptions such as the narrow resonance and infinite mass approximations.

In the unresolved resonance range, the NITAWL-S algorithm is essentially the same as that
developed for the original GAM program. It involves the narrow resonance approximation, averaging
over the Porter-Thomas distribution of reduced neutron widths and treating spatial dependence with
Wigncr's rational approximation. The 123-group GAM-THERMOS library is the only SCALE system
library which applies this treatment.

Several extensions to Nordheim's method have been implemented into the algorithm contained in
NITAWL-S.

1. Elements containing more than one isotope can be treated.

2. Self-shielding is applied to resonance scattering. Transfer matrices are adjusted.

3. P-wave as well as S-wave levels can be treated.

4. The asymptotic flux approximation in the thermal energy range is assumed to have a Maxwcllian
distribution in energy.

5. A refined procedure for generating the energy mesh over which reaction rates are integrated has
been developed.

6. The user has the option of averaging the multigroup constants over the absorber region or with a
cell-averaging formulation.



Given the constraints of the geometric model and the applicability of the isolated resonance treat-
ment, the Nordheim method as programmed in NITAWL-S has proven to be a very efficient and effec-
tive procedure lor performing resonance shielding.

The XSDRNPM-S Module

This is a highly evolved one-dimensional discrete-ordinates transport program which has a wide vari-
ety of features. Its origins trace back to the popular ANISN program which pioneered the treatment of
anisotropic scattering in discrete-ordinates calculations. XSDRNPM-S is capable of performing neutron
or coupled neutron-gamma calculations with the scattering anisotropy represented to any arbitrary order.
The primary emphasis in the solution algorithm is on the accurate calculation of detailed spectral varia-
tions. However, with sufficient angular quadrature and spatial mesh specifications, highly precise solu-
tions to one-dimensional transport problems are obtained. For simpler systems, alternate solutions with
diffusion, infinite medium and Bn (buckling loss) theories can be specified.

XSDRNPM-S is applied in a number of SCALE analytical sequences. It is used to cell-weight cross
sections in both criticality and shielding analytical sequences. In CSAS1, XSDRNPM-S is also used to
determine the system multiplication factor. In SASl, it provides the angular fluxes for a subsequent
dose determination with XSDOSE. In SAS4, XSDRNPM-S is used in the adjoint mode to produce
biasing factors for a subsequent MORSE Monte Carlo analysis.

The finite-differencing in XSDRNPM-S is done with the weighted diamond-difference model with
weighting parameters chosen on the basis of experience with the DOT IV code. Angular quadrature
sets are calculated automatically for each of the one-dimensional slab, sphere, or cylinder geometries.
Scattering expansion is treated to whatever order is provided in the cross-section sets.

Boundary conditions on the angular fluxes can be specified as vacuum, reflected, periodic, white or
user-supplied albedos. Also, transport in the transverse direction can be approximated with geometric
buckling losses or with void streaming corrections.

Two types of fixed sources can be specified. Boundary sources are angle- and group-dependent.
Volumetric sources specified by spatial interval are group-dependent and isotropic in angular variation.

A number of search options are available. For a specified system multiplication factor, one can per-
form a zone width search, an outer boundary search, or a buckling loss search. Also direct searches can
be performed to determine alpha, the coefficient of the exponential variation of the flux, or a direct
determination of buckling losses.

Convergence in XSDRNPM-S is determined by tests on several quantities. The point values of the
scalar fluxes must vary by less than a prescribed amount between outer iterations. Also, the ratio of
source terms and scattering rates (up and down in energy) between outer iterations must converge. Pro-
vision is made for banding thermal groups and thereby accelerating upscatter convergence.

Cross-section output options are extensive. In addition to group collapsing, spatial weighting can be
performed by cell, zone, region, or "inner cell" prescriptions. Either inscatter or outscatter formulations
with an option of five current specifications may be used to obtain transport cross sections. Cross-
section libraries can be output in ANISN (BCD or Binary), CCCC ISOTXS, or AMPX working for-
mats.

In addition to the parameters and data described above, XSDRNPM-S produces extensive balance
tables and it may be used to produce reaction rates by nuclide with a variety of spatial and energy group
options. This is an efficient and highly evolved program which performs several important functions in
SCALE.



The ICE-S Module

The purpose of the ICE-S module is to read problem-dependent microscopic data from an AMPX
Working Library, mix macroscopic constants on the basis of the nuclide number densities specified for
the various problem material zones, and produce macroscopic libraries in one of several formats for sub-
sequent use in systems analysis. In addition, ICE-S provides five options for producing material-
dependent fission neutron spectra, and it can interpret the data in scattering transfer arrays to produce
the group-to-group scattering probabilities required in Monte Carlo analyses.

The simplest option for picking the fission spectrun involves summing the values of v2f for each fis-
sionable nuclide and selecting the spectrum for that nuclide with the highest sum. The second option
allows the user to input a groupwise flux spectrur.i to be folded into this procedure. The third option
allows the user to specify a fission-1/E-Maxwellian spectrum with arbitrary coefficients and energy
ranges. The fourth option allows the selection of a :ypjCal fast breeder reactor flux spectrum. The final
option triggers the use of the weighting functions (MT -• 1099) originally used to generate the multi-
group values from ENDF/B data.

The output library options for the macroscopic data include the AMPX Working Library, the stand-
ard and group-independent ANISN, and the Monte Carlo processed library formats. Advantages of
applying ICE-S in the SCALE analytical sequences include reducing computer storage requirements for
the systems analysis programs and providing additional flexibility in preparing data for a number of
material mixtures.

AUTOMATED PROCEDURE FOR CROSS-SECTION PROCESSING

The Material Information Processor is a collection of routines embedded in each of the criticality and
shielding analytical sequences which performs three functions.

1. First, it reads the user-specified input on material compositions and geometry pertinent to cross-
section processing.

2. Then it accesses information from the Standard Composition Library to determine nuclide atom
densities and resonance data.

3. Finally, it establishes the input data and execution sequence for those functional modules involved in
cross-section processing.

An outline of the Material Input Processor data and an example of its specification in a sample prob-
lem are given below.

In preparing the resonance piocessing data for BONAMI-S and/or NITAWL-S, a value of the Dan-
coff factor for the particular lattice cell specifications must be provided. The Material Information Pro-
cessor utilizes information on the lattice type, the lattice pitch, and the moderator total cross section to
obtain this value. The Dancoff calculation is determined by numerical integration with a program called
SUPERDAN.15 This determination of the Dancoff factor and its utilization in input specifications is an
example of the automated procedure for cross-section processing in SCALE.

SUMMARY

The various features of the SCALE system which lead to the standardization of problem-dependent
cross-section processing have been briefly described.
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