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PREFACE

Background

This Manual represents Revision 4 of the user documentation for the modular code system referred
to as SCALE. The history of the SCALE code system dates back to 1969 when the current Computing
Applications Division at Oak Ridge National Laboratory (ORNL) began providing the transportation package
certification sta:7 at the U.S. Atomic Energy Commission with computational support in the use of the new
KENO code for performing criticality safety assessments with the statistical Monte Carlo method. From 1969
to 1976 the certification staff relied on the ORNL staff to assist them in the correct use of codes and data for
criticality, shielding, and heat transfer analyses of transportation packages. However, the certification staff
learned that, with only occasional use of the codes, it was difficult to become proficient in performing the
calculations often needed for an independent safety review. Thus, shortly after the move of the certification
staff to the U.S. Nuclear Regulatory Commission (NRC), the NRC staff proposed the development of an easy-
to-use analysis system that provided the technical capabilities of the individual modules with which they were
familiar. With this proposal, the concept of the Standardized Computer Analyses for Licensing Evaluation
(SCALE) code system was born.

The NRC staff provided ORNL with some general development criteria for SCALE: (1) focus on
applications related to nuclear fuel facilities and package designs, (2) use well-established computer codes and
data libraries, (3) design an input format for the occasional or novice user, (4) prepare “standard” analysis
sequences (control modules) that will automate the use of multiple codes (functional modules) and data to
perform a system analysis, and (5) provide complete documentation and public availability. With these criteria
the ORNL staff laid out the framework for the SCALE system and began development efforts. The initial
version (Version 0) of the SCALE Manual was published in July 1980. Then, as now, the Manual is divided
into three volumes - Volume 1 for the control module documentation (Sections C4, S1- S4, and H1), Volume
2 for the functional module documentation (Sections F1- F16), and Volume 3 for the documentation of the
data libraries and subroutine libraries (Sections M1-M16).

System Overview ,

The original concept of SCALE was to provide “standardized” sequences where the user had very few
analysis options in addition to the geometry model and materials. Input for the control modules has been
designed to be free-form with extensive use of keywords and engineering-type input requirements. The more
flexible functional modules have a more difficult input logic and require the user to interface the data sets
necessary to run the modules in a stand-alone fashion. As the system has grown in popularity over the years
and additional options have been requested, the control modules have been improved to allow sophisticated
users additional access to the numerous capabilities within the functional modules. However, the most
important feature of the SCALE system remains the capability to simplify the user knowledge and effort
required to prepare material mixtures and to perform adequate problem-dependent cross-section processing.

The modules available in Version 0 of SCALE were for criticality safety analysis sequences (CSAS)
that provided automated material and cross-section processing prior to a one-dimensional (1-D) or
multidimensional criticality analysis. Since that time the capabilities of the system have been significantly
expanded to provide additional CSAS capabilities, new shielding analysis sequences (SAS) that also include
depletion/decay capabilities for spent fuel characterization, and a heat transfer analysis sequence (HTAS). At
the center of the CSAS and SAS sequences is the library of subroutines referred to as the Material Information
Processor or MIPLIB (see Section M7). The purpose of MIPLIB is to allow users to specify problem materials
using easily remembered and easily recognizable keywords that are associated with mixtures, elements, and
nuclides provided in the Standard Composition Library (see Section M8). MIPLIB also uses other keywords
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and simple geometry input specifications to prepare input for the modules that perform the problem-dependent
cross-section processing: BONAMI, NITAWL-II, and XSDRNPM. A keyword supplied by the user selects
the cross-section library from a standard set provided in SCALE (see Section M4) or designates the reference
to a user-supplied library. Several utility modules from AMPX' have been added to this version of SCALE
to provide users with the capability to edit the cross-section data and reformat user-supplied libraries for use
in SCALE.

Over the history of the project several modules have been removed from the system because they are
no longer supported by the development staff at ORNL. Tables 1 and 2 provide a summary of the major
applications of each of the control modules and functional modules currently in the SCALE code system. The
control modules were designed to provide the system analysis capability originally requested by the NRC staff.
The CSAS module (sometimes denoted as the CSAS4 module and documented in Section C4) is currently the
only control module designed for the calculation of the neutron multiplication factor of a system. Eight
sequences enable general analysis of a 1-D system model or a multidimensional system model, capabilities to
search on geometry spacing, and problem-dependent cross-section processing for use in executing stand-alone
functional modules. The SAS1 and SAS3 modules (see Sections S1 and S3, respectively) provide general 1-D
deterministic and 3-D Monte Carlo analysis capabilities. The SAS2 module (see Section S2) was originally
developed to perform a depletion/decay calculation to obtain spent fuel radiation source terms that were
subsequently input automatically to a 1-D, radial shielding analysis in a cylindrical geometry. Over time the
depletion/decay portion of the SAS2 module has been significantly enhanced and interfacing to the other
shielding modules has been provided. The SAS4 module (see Section S4) enables automated particle biasing
for a Monte Carlo analysis of a transportation package-type geometry. The HTAS1 module (see Section H1)
is the only heat transfer control module and uses the various capabilities of the HEATING code to perform
different sequences of steady-state and transient analysis that enable the normal and accident conditions of a
transportation package to be evaluated. Like SAS4, the HTAS1 module is limited to a package-type geometry.

Portability

Version 4.2 of the SCALE system has been developed to ensure portability among various computing
platforms. The system is maintained and enhanced at ORNL under quality assurance and configuration
management plans. The system has been routinely tested on IBM mainframe and IBM workstations. In
addition, the system has been applied at ORNL on DEC and SUN workstations. Information nezded to install
SCALE on each of these systems is included with the software package distributed by the code centers. Advice
for installation on HP workstations is also included in the software package. A separate SCALE software
package, designated SCALE-PC, is available for the execution of select portions of the SCALE system on a
personal computer.

Related Developments

The definition of “easy-to-use” has changed considerably since the late 1970s. As funding has allowed,
the ORNL development staff has sought to develop user interfaces that provide a distinct aid to novice or
occasional users of the system. These full-screen input processors were developed to work on a personal
computer and provide interactive help to the user in preparing accurate input for a SCALE module. Currently,
input processors are available only for the criticality control sequences” and the ORIGEN-S functional module.’

The capability to perform a point-kernel shielding analysis within the SCALE system has been
developed* and will be provided within SCALE-PC in the next release of the software package.

A 238-energy-group neutron cross-section library based on ENDF/B-V has recently been prepared
for the SCALE system.® All the nuclides that are available in ENDF/B-V are in the library. A 44-group
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library has been collapsed from this 238-group library and validated against numerous critical measurements.
These libraries are available as separate data packages from the software distribution centers.

Availability

The SCALE code system and the other software designated under Related Developments have been packaged
by the Radiation Shielding Information Center (RSIC) under cooperative agreement with the Energy Science
and Technology Software Center. The SCALE system and the related software may be obtained by contacting
either

Energy Science and Technology Software Center
P.O. Box 1020

Oak Ridge, TN 37831-1020

Telephone: (615) 576-2606

FAX: (615) 576-2865

or

Radiation Shielding Information Center
Oak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6362
Telephone: (615) 574-6176

FAX: (615) 574-6182
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direction that should be taken in development of nearly every module and cross-section library that are in the

present system.
2 - . 7
Cecil V. Parks
SCALE Project Manager
March 1995
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Table 1 Analysis capabilities summary of the SCALE control modules

Control Functional modules | Section
module Analysis function(s) executed reference
CSAS 1-D deterministic calculation of neutron multiplication BONAMI C4
3-D Monte Carlo calculation of neutron multiplication NITAWL-II
Prodlem-dependent cross-section processing XSDRNPM
Multiplication search or spacing KENO V.a
ICE
SAS1 1-D deterministic calculation of radiation transport through | BONAMI S1
shield and dose evaluation at a point o NITAWL-II
Calculation of dose at detector based on leakage from XSDRNPM
critical volume XSDOSE
SAS2 Point depletion/decay of nuclear fuel BONAMI S2
1-D radial shielding analysis in cylindrical geometry NITAWL-II
XSDRNPM
COUPLE
ORIGEN-S
XSDOSE
SAS3 Dose evaluation using MORSE Monte Carlo code BONAMI S3
NITAWL-II
XSDRNPM
MORSE-SGC
SAS4 Calculation of dose outside of transportation package using | BONAMI S4
MORSE code and automated biasing techniques NITAWL-II
XSDRNPM
MORSE-SGC
HTAS1 R-Z steady-state and transient analyses of a transportation | OCULAR Hl
HEATING

package




Table 2 Analysis capabilities summary of the SCALE functional modules

Section
Module Function reference
BONAMI Resonance self-shielding of cross sections with Bondarenko factors F1
NITAWL-II Resonance self-shielding of cross sections with resolved resonance data F2
XSDRNPM General 1-D, discrete-ordinates code for: F3
» zone-weighting of cross sections _
« eigenvalue calculations for neutron multiplication
« fixed-source calculation for shielding analysis
« adjoint calculation for determining importance functions
XSDOSE Module for calculation of dose at a point based on the 1-D leakage flux F4
from a finite shield
COUPLE Interface module for preparation of cross-section and spectral data for Fé6
ORIGEN-S
ORIGEN-S General-purpose point-depletion and decay code to calculate isotopic, F7
decay heat, radiation source terms, and curie levels
ICE Cross-section utility module for mixing cross sections F8
MORSE-SGC | Monte Carlo code with combinatorial and array geometry features usedto | F9
perform radiation shielding analysis
HEATING?7.2 | Finite-volume, multidimensional code for conduction and radiation heat F10
transfer
KENO V.a Monte Carlo code for calculation of neutron multiplication factors F11
OCULAR Calculation of radiation exchange factors F16
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ABSTRACT

BONAMI is a module of the SCALE system which is used to perform Bondarenko calculations for
resonance self-shielding. Cross sections and Bondarenko factor data are input from an AMPX master library.
The output is written as an AMPX master library. A wide variety of options is provided for different lattices
and cell geometries through the use of Dancoff approximations. A novel interpolational scheme is used which
avoids many of the problems of the widely employed Lagrangian schemes.
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F1.1 INTRODUCTION

BONAMI (BONdarenko AMPX Interpolator) is a module that accesses an AMPX" master data set
that contains Bondarenko factors, performs a resonance self-shielding calculation based on the Bondarenko
method, and produces problem-dependent master data sets. The capabilities and features in BONAMI roughly
parallel the resonance self-shielding provisions in the SPHINX? and TDOWN?® codes. This version of
BONAMI is equivalent to versions released with the AMPX-77 code package.

BONAMI solves problems in a one-dimensional (1-D) multizone slab, cylindrical, or spherical
geometry. In addition, the user can specify a one-or-more-zone homogeneous geometry, in which case the
code makes one or more separate, independent, infinite medium calculations. A variety of "Dancoff
expressions” (most of them borrowed from the SPHINX? code) are provided to take into account
heterogeneous effects. For these expressions, zones can be designated as fuel, moderator, and, in some cases,
cladding regions. BONAMI will use these designators to collect and process cross sections into the parameters
required by the particular expression.

BONAMI requires an AMPX master library, which includes the Bondarenko data, for its cross-section
data. Using this library and a description of the geometry of the system, the self-shielding calculation is made
via an iterative process. Self-shielded cross-section values are placed into master library format and written
on a new library, which also contains all data sets not used in the Bondarenko calculation but which are on
the input master library. Nuclides that occur in more than one zone will have a unique data set created for
every zone in which they occur.

The major advantages of the Bondarenko approach are its simplicity and speed. It is especially
attractive for many fast reactor applications, which operate in an energy regime where the narrow resonance
approximation is apt to be inadequate.
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F12 THEORY

In multigroup resonance self-shielding calculations, one is interested in calculating effective cross
sections of the form:

Tg

[ duowow

(F1.2.1)
[ du o

Since the cross section is generally known (from resonance parameters, tabular data, etc.), resonance self-

shielding involves a determination of the flux, ¢ (u).
The basic equation on which the Bondarenko method* is based is a very simple expression for the flux
in an infinite homogeneous medium:

o) = ~ (F1.2.2)

Z W

where ¢ (u) is the flux per unit lethargy u, and L(u) is the macroscopic total cross section.

Equation (F1.2.2) can be obtained in several ways. The expression® for the collision density in an
infinite medium having a small absorption cross section can be reduced through a series of assumptions to this
form. A more direct method is to invoke the narrow resonance approximation which assumes that collision
density is unaffected by a very narrow resonance and is, therefore, constant:

F(u) = I(u) ¢ (u) = constant.

For the Bondarenko approach, it is convenient to modify the form of the expression

f du oi(u)
g 3

o]

f i 1
g 3w
to

du i L)) i
__ ¢ No@ -+ Y N (@
o = o (F1.2.3)
4 1 2
du —
& N + Y, N;o, (W)

o

where i designates the nuclide of interest, N is the nuclide number density, and o, is the microscopic total cross
section. If we divide the numerator and denominator of Eq. (F1.2.3) by N; and define

NUREG/CR-0200,
F1.2.1 Vol. 2, Rev. 4




o6 = Y Nyolw/N,
ju

the following expression is derived:

f dg————— o'(w)
5 %®+%® (F1.2.4)

fdu

o) + o5 ()

Q
09

The o, term is the cross section per atom of the nuclide i for all nuclides in the mixture other than nuclide
1 itself.

The cross sections for a specific process implied by Eq. (F1.2.4) are a function of three variables (other
than the nuclide’s own cross sections):

1. energy group,

2. temperature (Doppler broadening), and

3. oy

The Bondarenko method ignores some fine structure by using an effective constant value for o, within
an energy group. This method allows one to precalculate cross sections without having to know the detailed
composition in which they might be used.

The resonance shielding factors themselves are defined in straightforward fashion. First, define the
infinite dilution average values for a process:

— b - f du c(u)

& fdu

This expression reduces from Eq. (F1.2.4) for o, = o».
For a finite value of o, and temperature T, the "Bondarenko factors" or "f-factors,” Fy(g,,T), are
defined by

6,(0,,T) = B (o), T) 5, ID . (F1.2.5)

If one calculates cross sections at several values of ¢, and temperature, it is possible to determine values for
intermediate gy’s and temperatures by interpolating in these tables. BONAMI uses a newly developed scheme
for this interpolation, which is discussed in detail in Sect. F1.3 of this report.

In practice, factors are generated for important processes (generally fission, capture, elastic scattering,
transport, and total) at five or six ¢,’s, spanning the typical range encountered for the nuclide and at three or
four temperatures. For a given temperature, the lower the values of ¢, the more resonance shielding, and,
hence, the lower the value of the f-factor.
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F1.2.1 HETEROGENEOUS EFFECTS

Equation (F1.2.4) is used directly for the homogeneous case. For the heterogeneous case, the effects
of leakage (or intrazone slowing down) can be included by the addition of an "effective escape cross section”
to the g, term. This heterogeneous treatment follows from the "second equivalence theorem of resonance
escape,” which states that a heterogeneous lattice characterized by an escape cross section ¢, has the same
resonance integral as a homogeneous mixture with a background cross section of ¢, + ¢.. For a convex body,
the Wigner rational approximation for the escape cross section is

1
6 =2, F1.2.6
° N ( )

where { is the mean chord length in the body (equal to 4 Volume/Surface Area) and N; is the number density
of the nuclide being calculated.

In many reactors, fuel cells are arranged in a regular geometry of repeating cells. The presence of
these cells in the neighborhood of other cells will, of course, affect the flux seen by an individual cell, resulting
in additional self-shielding of the resonance cross sections. This effect is typically accounted for by using

Dancoff factors. The Dancoff factor modifies ¢ in the definition of o.. The ¢, is sometimes designated g or
Iy because it accounts for heterogeneous (H) effects.

BONAMI has included several Dancoff expressions that account for different cell pin and cell lattice
geometries.

The first eight options in BONAMI parallel those in the SPHINX? program, and are triggered by a
parameter, ISSOPT:

1. Homogeneous Option (ISSOPT = 0 or 1000)

In this option, an infinite homogeneous region is treated. (One can specify multiple zones in the
BONAMI case and have each zone treated with an independent homogeneous calculation.)

2. Cylindrical Cell Using Sauer’s Approximation® for the Dancoff Correction in a Hexagonal Lattice
(ISSOPT = 1 or 1001)

WPRIP77

//uel
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In this case, the mean chord length (E) in the lump is given by
I =2R;.
The Dancoff factor is given by

C = exp(- 7Eud Vi/ V(1 + (1 - DI Vi/V5)

where V), Vi are the volumes of the moderator and fuel, respectively; L, is the macroscopic total cross
section in the moderator, and 7 is a geometric index parameter which is given by

T A Ve 1
— — 1 - ———— - s
v [ 4o Y 1] V* To

V,
where V* = — and ¢ and 7, vary with the lattice type. For a hexagonal lattice,

F
(13 =—‘/—§andto=0.12.
2
3. Cylindrical Cell Using Sauer’s Approximation® for the Dancoff Correction in a Square Lattice

(ISSOPT = 2 or 1002)

This option is identical with case 2 except that the lattice parameters are given by

a=10
To = 0.08
4. Symmetric Slab Cell (ISSOPT = 3 or 1003)

S/l dddde

%7/

0,
Fiel // Moderator
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In this case, the mean chord length is given by

and the Dancoff factor by

where E; is the E;-exponential function.

S. Asymmetric Slab Cell JSSOPT = 4 or 1004)

Moderator

/Fuel/ Moderator

7%

) R‘“ 7//4//// -

In this case, a slab fuel region is surrounded on either side by moderator regions of differing
thicknesses and/or compositions. The mean chord length in the fuel is given by

N

E =4Rp,

where there are now two Dancoff factors, C; and Cy, for the left and right sides, respectively. These values
are calculated as for the symmetric slab case, and a "total" Dancoff factor is derived from

C=1(C,+ Cp).
6. Isolated Lump (ISSOPT = 5 or 1005)

For this case, there is no "shadowing” of the fuel lump due to the other lump; hence, C = 0.0. There
is, however, an effective escape cross section, ¢, = 1/¢, which must be included in the ¢, term of the
Bondarenko calculation. The ¢ is geometry-dependent and is given by
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p
=11

= 4R; (slabs)

b. = 2R; (cylinders)
c. 0 = 4/3R; (spheres)
7. Cylindrical Cell-Bell Approximation (ISSOPT = 6 or 1006)
This approximation is analogous to option 2 above (ISSOPT = 1), but uses a different expression for
&
c-—1—.
1+ 3,0-H
Ve
The § term is determined as in 6 above.
8. Symmetric Slab Cell-Bell Approximation (ISSOPT = 7 or 1007)

This approximation is analogous to case 6, except that it is for slabs instead of cylinders. The same
expression is employed to calculate a Dancoff factor, using appropriate values for 2 and for volumes.

9. Cylinder Cell Using Sauer’s Approximation for a Hexagonal Lattice and Including Cladding Effects
(ISSOPT = 8 or 1008) per the Williams and Gilai prescription’

Y
I

7/

//////////

’I

1a Moderator

%7/
|

In this case, one follows the procedures for option 2 (ISSOPT = 1). The Dancoff factor for no clad
is then modified by multiplying by

(1-Pry,
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where P, is the clad collision probability and is deﬁved from Sauer’s expression for the escape probability of

a hollow cylinder:
< \n+l
1+ X3 -1
I O Y

o
o0 i ¢

b

n+1

where T and { are the total cross section and mean chord length of the clad and n is a geometry-dependent
factor presented in Sauer’s article.
Williams and Gilai’ have parameterized n by
n = 3.58 + 04y + 3.5 x < 04
= 0474 + 15.057 - 13.73)%, x > 0.4,

where y is the ratio of the inner to outer radius of the clad.
The escape probability is related to the collision probability by

where { is 4V/S for the cladding region.

10. Cylindrical Cell Using Sauer’s Approximation for a Square Lattice and Including Cladding Effects
(ISSOPT = 9 or 1009)

The procedure is exactly as for case 9 (ISSOPT = 8), except that the lattice constants from option
3 (ISSOPT = 2) are used.

F122 EQUIVALENT HETEROGENEOUS LEAKAGE CROSS SECTION

In all cases, the Dancoff factors are used in an expression that gives an equivalent heterogeneous cross
section that accounts for leakage and lump-to-lump interaction effects:

1 -0A
i+ @-1nC’

g™

where A is a geometrically dependent correction factor to account for error in the use of the Wigner rational
approximation to calculate the escape probability from the lump. In BONAMI, expressions developed by
Otter® are used which are cross-section and geometry-dependent and which essentially force the Wigner escape
probability to agree with the exact escape probability for the particular geometry by determining a value of
A as a function of Br'a' for slab, cylindrical, or spherical geometries.
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F123 TOTAL CROSS-SECTION ITERATION

BONAMI allows the user to specify whether or not the code will iterate to determine the effect of
o, values from previously shielded total cross sections for all groups and zones in the problem. In the
noniterative situation, BONAMI uses the potential scattering cross sections in the determination of the g,
value.

F12.4 ESCAPE CROSS SECTIONS FOR MODERATOR REGIONS

In two-region cell analyses such as those used for the bulk of the Dancoff options discussed previously,
the end result is to determine an escape probability for the fuel region which is used to infer an escape cross
section for the fuel region. Commonly, escape effects for the moderator are ignored. This situation arises for
several reasons, including the fact that escape effects from the moderator can be ignored safely for a large class
of problems coupled with an increased geometrical complexity for the typical moderator region (e.g., the
moderator may be in an annular or shell region).

In some codes, the approach is to ignore moderator escape effects and to treat the moderator
separately in a smeared homogeneous mockup of the entire cell, while the fuel region uses Dancofi-type
analyses such as those above. In TDOWN,? the approach is more correct and rigorous: a discrete-ordinates
calculation is available for determining escape probabilities for all zones in a system, and these are used to
infer "escape cross sections” in a consistent manner for all zones.

BONAMI uses a reciprocity relationship to determine its moderator values. For a two-region system,
we can write

LPaVi=5Pu Vs,

where I,, I, are total cross sections for the two regions; V,, V, are the volumes; and P, ,, P, ; are the
probabilities that a neutron born in one of the regions will make its next collision in the other region.

We assume that the moderator escape probability, P, ;, can be expressed in a rational form:

z
Py = 55 +2°2 .
2 2

Since all terms in the reciprocity equation are known except P, ;, this term is determined, leading
directly to a value of the moderator escape cross section, L,.
F125 SELF-SHIELDED TRANSFER MATRICES

BONAMI has provisions for self-shielding the individual elements in a transfer matrix, even for the
higher-ordered Legendre coefficients. The formats and schemes used for the "transfer” arrays are exactly the
same as for the 1-D cross-section data. This task is accomplished as follows:

In an AMPX master library, transfer matrices are structured in a sink-group ordered arrangement:

Word describing which groups scatter to a group

Scatter to the group from the first group designated

NUREG/CR-0200,
Vol. 2, Rev. 4 F1.2.8




Only nonzero
terms are
generally
included

Scatter to the group from the last group designated

Word telling which groups scatter to the next group

Scatter to the group .......

etc.

The format of the Bondarenko data uses six words to describe the information for a particular process:

1

2.

3.

MT, an identifier for the process (e.g., 1 for total, 2 for elastic scattering, etc.)
NF, the first group that has Bondarenko data.

NL, the last group that has Bondarenko data.

For 1-D data, the fourth, fifth, and sixth parameters are zero. For two-dimensional (2-D) transfer matrix data,
these parameters are used as follows:

4.

S.

6.

Order of Legendre coefficient.

Offset (from the magic word) within the scattering terms to a group of the term for which
the Bondarenko data apply. The magic word is a word defining the number of terms supplied
to determine the "in-scatter” source to a group.

Zero.

The latter three parameters are not used during the iteration part of the Bondarenko procedure, but only when
the shielded values are parceled out to their assigned positions. The use of this strange arrangement is
justified by the following arguments.

1L

The basic iteration does not think about transfer matrices. This procedure allows
simplification and takes less core than it would to carry "tramsfer matrix” structured
Bondarenko factor arrays.

The schemes are general enough to handle any foreseeable situation.

Elastic scattering is generally the only scattering process that will be self-shielded. For the
heavy nuclides, with most group structures, the transfer matrix needs a within-group term and
one downscatter term. This fact suggests that it is enough to include only the Bondarenko
factors for the within-group term, since the downscatter value is readily obtained by
subtracting the within-group from the shielded elastic value.
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BONAMI makes the transfer matrix substitutions as directed by the available data. This step may
leave a portion of the transfer matrix unshielded, in which case BONAMI will normalize those terms to the
difference between the shielded elastic value (or other process) and the sum of the shielded terms. The
corresponding terms in the P, (¢ > 0) matrices are multiplied by the same factor as used for the P, terms.
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F13 INTERPOLATION SCHEME

A large part of the testing of BONAMI involved running identical cases on alternative codes and
comparing cross-section values. These tests revealed alarming variations in individual cross sections which
finally led to a detailed study of procedures used to interpolate in tables of Bondarenko factors.

When confronted with the need for interpolating within a table of values for a function of great or
unknown complexity, there is a real temptation to use the well-known Lagrangian interpolation schemes. The
reasons are simple: the scheme is easy to apply; all points in the tabulation are reproduced; all points can
contribute to the final polynomial, which represents the function. The original BONAMI code, SPHINX,2and
EPRI-CELL’ all use this approach. However, a careful examination of the codes will reveal that ail have
encountered problems with the scheme.

The problems are vividly illustrated in Fig. F1.3.1, where we show the effects of varying the order of
Lagrangian fit to a typical tabulation of factors. In this figure, only a small portion of the total range is shown
(the curve is for one temperature and had six values of ¢;). The ordinate is transformed to a log o, scale as
is commonly done because of the widely varying magnitudes of the g, values which are taken, for example, at
o =1, 10, 100, ....10% (Note that it is this transformation which yields the familiar “S-shape” to the curves.
The bottom of the S is due to the fact that the log scale cannot accommodate negative ¢, values and the cross
section does not vary much between values of ¢ = 0 and 0 = 1.)

Several problems are immediately apparent. First, and most significant, is that the curves do not
converge with increasing order. Second, the curves are not all monotonic, and, third, there is the very real
possibility of a discontinuity caused whenever the interpolation scheme shifts from one set of points to another
set (cf., the third-order curve).

As mentioned previously, BONAMI, SPHINX, and EPRI-CELL have all encountered problems with
Lagrangian schemes and have taken action to circumvent the problem.

In the case of SPHINX, it is noted that there is a mechanism for avoiding the higher-order fits which
are most troublesome. Also, since any of the polynomial fits above linear (order 2) can be nonmonotonic,
the developers have caused the code to take on the end point values in a panel for those cases where the
functions stray above and below the panel end values.

EPRI-CELL transforms the factors to a smoother function,

-%f( >
F,(05T) = {JGpe 1D,

and uses fourth-order interpolation. This apparently avoids many of the difficulties, but it is not obvious that
the fits will not still exhibit a nonphysical nonmonotonic behavior in some cases.

BONAMI avoids the problem by changing to nonLagrangian schemes, as described below.

In arriving at our scheme, several alternative approaches were examined.

The empirical schemes of Kidman,” used in ETOX," are attractive and are based on the use of the
tanh function:

f= Atanh (Bo) + C
for ¢, interpolation. The constants A, B, and C can be adjusted to give the "S-shape.” This method was never

tried in BONAMI, primarily because our studies discovered a new and very consistent method for
interpolating, as will be described below.
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Figure F1.3.1 Effects of varying the order of Lagrangian interpolation with typical
Bondarenko factor tables
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Another very attractive scheme for g, interpolation was suggested by M. Segev in a June 20, 1979,
letter to J. Kallfelz, C. Weisbin, and M. Williams at ORNL, who noted that if a resonance is all contained in
a group, and, if one ignores Doppler broadening, the zero-temperature average cross section based on the NR
approximation is analytic. The resulting analytic expression can be used to interpolate in tables of Bondarenko
data yielding an expression of the form

F. 1-F; 0,-F, 1-F; o, +F;-Fj ¢

F(o) = 2 2 2_ni
1-Fy 0,-1-Ff o, +F,-F, o

b

where the point, g, is in the interval (g,, 0,) and the factors are (F,, F,). Based on the nice behavior of this
form in a simple test program, this scheme was introduced into BONAMI to replace the Lagrangian scheme.
Problems were immediately encountered. As long as F; and F, are less than 1, one can show the scheme to
be monotonic, such that one will not violate the bounds of the values in the table. When either F, or F, goes
larger than 1, however, the values can, and do, vary without bound. This is understandable, when one
examines the basis of the above equation. It is absolutely based on Bondarenko factors which are upper-
bounded by 1.0, since Doppler broadening is neglected. With the typical energy group structures at ORNL,
however, it is very common to find several groups within a single resonance, and, in this case, the Bondarenko
factors can be greater than 1.0.

To augment the Segev scheme for ¢, interpolation, a new method was developed for temperature
interpolation. Consider Fig. F1.3.2. Five curves of Bondarenko factors are shown with points at T = 300, 900,
and 2100 K. Each curve is for a fixed value of g, If the behavior of f with T were linear, the three points on
each curve would fall in a straight line on a linear scale. Examination reveals that the curves at the bottom
do exhibit this behavior, with increasing degrees of departure as the value of f increases. If, on the other hand,
we shift to a different scale (e.g., the /T scale, we can fix the ends and determine where the /300 would fall.
If £is linear in \/"I_‘, one would then find the points on a straight line in this reference system. What this does,
of course, is shift the middle point to the right relative to the 300 and 2100 K points. As illustrated, some
curves are fit better, while the "linear” curves are not. Continuing, a shift to a In T scale is better for large
f, but worse for others. Unfortunately, there are situations for which none of these schemes are good, and
there are always the "in-betweens.” This realization led to the consideration of a monotonic scheme, such that
a curve could always be found to fit three monotonic points. One such scheme is to write

TP - Tip

Tp - Tip

i+

€D = £ + (i - )

for the temperature variation. Here p is a constant determined to fit three points in a curve. Figure F1.3.3
shows a typical fit of three points using this scheme.

This scheme has many advantages: it is general, it is compact, and it is relatively simple. The values
for p can be determined as they are needed in a straightforward fashion (though it would be nicer if they were
supplied as part of the data). For the temperature variation of three curves, the p can be accommodated for
no storage penalty, since the 900 K curve is explicitly determined from the p value and the 300 and 2100 values
(i.e., to store p values, one can replace the 900 curve).
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Figure F1.3.2 Temperature variation of Bondarenko factors plotted on three overlaid scales
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Figure F1.3.3 Typical fit to the temperature variation of Bondarenko factors with this method
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Because of its success for temperature interpolation, it was decided to try to use it for the o, variation.
In this case, the scheme was to interpolate each curve for each ¢, of each group of each process to the
temperature requested. This new curve was then "fit" with other powers which were carried to the iteration
calculation:

Gy — O
£r(0,) = fr(c) + _&‘l—-_q [£x(0s1) ~ (03] -
Oiv1 ~ G

q q
i

This scheme was introduced into BONAMI and compared with alternative methods. Difficulties were
noted arising primarily from the fact that for a step function it is crucial which three points one uses to
determine the monotonic power fit. Consider the typical "S-shape” Bondarenko behavior shown in Fig. F1.3.4.
One can use the three-point scheme described for temperature to determine a q for a region. In this case,
points 1,2,3 could be used to determine a q for panels 1-2 and 2-3; 2,3,4 would give a q for panel 3-4; 3,4,5
for panel 4-5; and 4,5,6 for 5-6. However, within the five panels shown, the three interior panels are also
members of one other equally close three-point panel (e.g., 2-3’s q could be determined from 2,3,4). The
major problem is for 3-4, where the two three-point regions can define either a concave or convex monotonic
curve.

The power q can be treated as a point function rather than a constant panel value, and, as will be
shown below, this method circumvents much of the problem. Figure F1.3.5 illustrates the expected behavior
caused by varying the powers in a panel. Assume that the interpolation scheme is now expressed by

gi® 0‘11(")
£(0) = (o)) + ————— (£ () - £(0),

0g(o) - otll(O)

where

- ¢ -0
40) = qloy) + ——— (a(op) - aloy) .

By allowing p to vary with x (or ¢), we can move between the various monotonic curves on the graph in a
monotonic fashion. Note that when p crosses the p = 1 curve, the shape changes from concave to convex, or
vice versa. This shape change means that we can use the scheme to introduce an inflection point, which is
exactly the situation needed in panel 3-4 of Fig. F1.3.5. Figures F1.3.6 and F1.3.7 show typical "fits" of the
factors using the new scheme. Note, in particular, that since this scheme has guaranteed monotonicity, it easily
accommodates the end panels which have the smooth asymptotic variation.

This new scheme has been used in BONAMI with apparent success. Even considering the extra task
of having to determine the powers for temperature and o, interpolation, the method is not significantly more
time-consuming than the alternative schemes.

Note that there is nothing in this method which ties it to Bondarenko processing. It has been
successfully used for a variety of other situations where a simple, monotonic variation is desirable.

NUREG/CR-0200,
Vol. 2, Rev. 4 F1.3.6




ORNL -DWG 8{-13452 .

BONDARENKO FACTOR

In 0..0

Figure F1.3.4 Typical "S-shape” of g, variation of Bondarenko factors

NUREG/CR-0200,
F1.3.7 Vol. 2, Rev. 4




ORNL-—DWG 81—-13448

2.0

y 1.5

1.0

Figure F1.3.5 Illustration of the effects of varying "powers” in the new interpolation method

NUREG/CR-0200,
Vol. 2, Rev. 4 F1.3.8




ORNL -DWG 81-13451

10
| - I p=-3502 @
® -3.102

0.8 . —
&
E 06 _
g
(@)
=
o, ® 2.347
[1 <4
<
o
3 04 _
a

® 4615
0.2 |~ o -
® 2.426 4.426
0 | l
{ 5 9 13

x = In (o /0.1) +10

Figure F1.3.6 Example 1: use of new method to fit the ¢, variation of Bondarenko factors

NUREG/CR-0200,
F1.3.9 Vol. 2, Rev. 4




1.2

1.0

0.8

BONDARENKO FACTOR

0.6

0.4

ORNL -DWG 81-13450

] I
p=-6.772
o/'

-6772
® _0.5885
/0 3.529
o—9 3985
3985
| |
5 9 | 13

x = In (ob/O.t) +10
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F14 PROGRAMMING DETAILS

The flow chart for BONAMI is very simple and is shown in Fig. F1.4.1. With the exception of "library
routines,” which are shared by many of the modules in the AMPX" system, BONAMI consists of approximately
1800 cards. The subroutines in the program are listed below, along with a brief description of their intended

purpose.

Process Input Data

Scan the Master Library and pick off
all pertinent Bondarenko Factor Data
and place on a Scratch file; form
macroscopic I;’s for each zone using
infinite dilution data. Prepare tables of
special interpolation data by fitting
monotonic power functions to the
table. Perform temperature
interpolation.

Bondarenko Iteration

Loop over the nuclides with Bondarenko
data. Read the total cross sections for
the nuclide. Loop through all groups
and change the total cross sections in all
zones containing the nuclide based on
the current macroscopic total values,
including heterogeneous effects. When
all zones change by less than a user-
specified tolerance, exit.

Calculate other constants such as
volumes, etc.

Use the converged Ls to interpolate
and determine shielded values for all
processes with Bondarenko data.

Update the master library with the
shielded values.

Figure F1.4.1 BONAMI calculational flow

F1.4.1 SUBROUTINE DESCRIPTIONS

On the following pages is a functional description of the subroutines in BONAMI. The main routines
are listed in roughly the order in which they are accessed in a typical run. Following this, the remaining
routines are listed in alphabetical order.
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MAIN Program

This routine sets a parameter, IEXCT, to zero for running in AMPX or to 1 when it is used in the
SCALE system. This is the only difference between BONAMI and BONAMI-2.

Call START to start calculation.

Subroutine START

As'sign default values for input parameters.

Call MESAGE to print out case header page.

Call FIDAS or QOREAD to read first block of input data.
Open all J/O buffers.

Call ALOCAT to dynamically allocate core space to subroutine BOND, based on core region for the
job.

Call CLLOSDA to release logicals N8 and N9 for use in later modules.

Subroutine BOND

This routine controls the overall flow of a BONAMI calculation.

Set up array pointers in container array, D.

Edit Block 1 input data.

Call FIDAS or QOREAD and read remainder of input data.

Call FIXMIX and make adjustments to mixing table input parameters, if required.
Call EDIT and edit remainder of input data.

Set up array pointers for Bondarenko calculation.

Call TOCM to read table of contents from master library and determine maximum sizes of cross-
section blocks that will be read.

Call J/O to read energy group boundaries.

Call MAST to read Bondarenko factors for nuclides required in the problem.
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Call GEOM to determine geometrical constants - volumes, average chord lengths, etc. — which will
be required.

Call MIX to produce pre-iteration macroscopic total cross sections.
Call VEDIT to edit geometrical data.
Call ARENKO to perform Bondarenko iteration.

On Option Call BFEDIT to produce edits of final shielded cross sections and/or Bondarenko factors
for each nuclide in problem.

Call TABLE to produce a "Table of Contents" for output master library that includes all multiple sets,
etc.

Call TUB to write "Table of Contents” onto new master library.
Call GEORGE to write energy structure arrays onto new master library.
Call MASTER to write remainder of new master library.

Call RECTRY to ensure consistency of "Table of Contents" on new master library with actual data
that were written by subroutine MASTER.

Subroutine ARENKO

o

This routine performs the Bondarenko iteration.

Call OPENDA and initialize direct-access space on logicals N8 and N9, based on actual problem
needs.

Call PRTIME to edit time.
Call XSEDIT to edit pre-iteration macroscopic total cross sections.
Go into iteration loop.
Determine effective escape cross sections for zones in system based on input.
Call DANCOF to determine Dancoff factors.
Go into loop over nuclides with Bondarenko data.
Read Bondarenko factors for nuclide.
Go into loop over energy groups with factors.

Determine g, for nuclide based on current values of cross sections.
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Interpolate in Bondarenko factor tables.

Produce new values for total cross section and update macroscopic total
values.

End loop over groups.
Call RITE to write g, values to unit N9.
End nuclide loop.

Determine if more iterations are required based on convergence tests of macroscopic total
cross sections by zone.

Edit iteration statistics.
End iteration loop.
Call XSEDIT to edit final values of macroscopic total cross sections.
Go into loop over all processes for nuclides with Bondarenko factors.
Read Bondarenko data for nuclide and process.

Call REED to read converged g,’s for nuclide determined in iteration to interpolate and
determine shielded cross sections.

Call RITE to write values onto scratch unit N8 for later access.
End nuclide/process loop.
Call XSEDIT to edit macroscopic "escape” Cross sections.

Produce edits of Dancoff factors and related cross-section values for the problem.

Subroutine MASTER

This routine is to control the writing of the shielded cross sections on the output master library.
Loop over nuclides on original master library.
Determine if the nuclide
a. is required for this problem,
b. has multiple sets created, and/or

c. contains Bondarenko data.

If not required in problem, call CAPY and copy data directly to new master library.
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If this set occurs in more than one zone in the problem, and, therefore, will create multiple
sets call CAPY and write onto scratch unit MSC.

Loop over mixing table entries to determine how many times to copy set.

Call CAPY and read from original master or logical MSC (multiple sets) and replace
cross-section values with new shielded values before writing onto new master library.

End mixing table loop.

End nuclide loop.

The remaining BONAMI routines are discussed in alphabetical order. Routines that are taken from
the AMPX general-purpose library (used by many modules) will be listed following these subroutines.

Subroutine BFEDIT

This routine produces edits of cross sections and/or Bondarenko factors for nuclides in the problem.
It contains calls to REED to read pertinent data from logical units N8 and N9, which were written in
ARENKO.

Subroutine BTERP

This routine serves to interpolate in tables of numbers using the interpolational scheme described in
Sect. F1.3 of this report.

Subroutine CAPY

This routine is used to copy all the cross sections for a nuclide from logical N1 to logical N2.
Optionally, cross-section values are replaced with shielded values, for those nuclides with Bondarenko factors.
Many calls are made to IO and 104 to read and write data, and to REED to obtain self-shielded values
determined in ARENKO. For the case where cross sections are replaced, calls will be made to the following:

a. FODGE, to determine where the total, absorption, and capture cross sections are situated
in the 1-D arrays;

b. FUDGE, to replace 1-D values with shielded values;

c. FACTOR, to determine values to multiply transfer elements by to ensure transfers sum to
shielded total value for process in the case in which no transfer elements are replaced;

d. FUCTOR, to determine value by which to multiply unreplaced transfer elements to ensure
transfers sum to shielded values;

e. STUFF, to replace transfer elements with shielded values; and
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f. NORMAL, to normalize the transfer matrix based on factors determined in FACTOR or
FUCTOR.

Function DANCOF

This routine determines Dancoff factors and, hence, escape probabilities and cross sections based on
expressions discussed in Sect. F1.2 of this report. On option, it uses function OTTER to determine an
accurate value of escape probability for slab, cylindrical, or spherical geometries. A function, E3, is sometimes
called to evaluate the E; exponential function.

Subroutine EDIT

This routine produces edits of information primarily contained in Block 2 of the BONAMI input.

Function E,

This function evaluates the E; exponential function.

Subroutine FACTOR

This routine determines values by which one should multiply elements in a transfer matrix in order
1o ensure consistency with the "total” shielded value. It is used for the case in which no factors are supplied
for transfer matrix terms.

Subroutine FIXMIX

This routine is used to help ensure BONAMI can function with the input mixing table instructions.
When possible, the routine will "fix" the mixing table.

Subroutine FODGE

This routine determines the locations in which the total; absorption, and capture cross sections are
given in the 1-D cross-section tables. Its pointers are used by FUDGE.

Subroutine FUCTOR

This routine determines factors by which nonreplaced elements in a transfer matrix must be multiplied
in order to ensure consistency with the "total” shielded values.

Subroutine FUDGE

This routine is used to replace 1-D values with their shielded values.
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Subroutine GEOM

This routine determines volumes, average chord lengths, and other dimensions needed by the various
heterogeneous options in BONAMIL

Subroutine GEORGE

This routine is used to copy energy group structures from the original library to the final library.

Subroutine GZONE

This is an experimental multizone treatment routine which will not be accessed by any of the options
discussed in the input specifications of BONAML

Subroutine IDZONE

This function is used to construct new identifiers from a combination of the old identifier and zone
number for cases where new identifiers are not supplied in the input.

Subroutine MAST

This routine reads data from the original master library, selects those nuclides in the problem, and
calls routines that fit their Bondarenko data with the powers required by the special interpolation procedures
described in Sect. F1.3 and writes these onto logical MSC. It also serves to select initial total cross sections
for all nuclides in the problem. ROUGH is called to obtain the infinite dilution total cross-section values for
nuclides with Bondarenko factors. - SELECT performs the same service for nuclides without Bondarenko
factors. NVERT may be called if the Bondarenko factors are supplied in the order of decreasing oy’'s. PCALC
is called to fit just the temperature variation with powers. PXCALC interpolates the results from PCALC in
temperature and fits these points with powers describing the o, variation.

Subroutine MIX

This routine uses the mixing table to construct the initial macroscopic cross sections for each zone
from the microscopic total values captured by the call to MAST. It also determines other cross sections
needed by some of the Dancoff options.

Subroutine NORMAL

This routine uses factors determined in FACTOR or FUCTOR to normalize elements in the transfer
matrices to ensure consistency.
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Subroutine NVERT

This routine is called to invert the Bondarenko factor array in case it is supplied with high-to-low
variation on ¢,

Function OTTER

This routine contains expressions that will determine a geometry-dependent A-factor which can be
used to correct the escape probabilities determined by the rational approximation.

Subroutine PCALC

This routine considers the temperature variation of the Bondarenko factors and uses the Newton root-
solving technique to determine power fits to three-point panels in temperature.

Subroutine PXCALC

This routine starts by interpolating the information passed from PCALC to the problem temperature.
This results in a series of 5- to 10-point curves in o, for every group supplied for the process. These points
are processed in monotonic groupings of three points to produce powers describing the g, variation. Newton’s
method is used.

Subroutine ROUGH

This routine selects the infinite-dilution total cross sections for nuclides with Bondarenko factors.
Optionally, it stuffs the potential scattering cross section for the nuclide into the total cross-section array for
use with options where ISSOPT is greater than 1000.

Subroutine SELECT

This routine selects total cross sections from the 1-D tables for nuclides without Bondarenko factors.
Optionally, it stuffs the potential scattering cross section for the nuclide into the total cross-section array for
use with options where ISSOPT is greater than 1000.

Subroutine STUFF

This routine replaces individual elements in a transfer matrix in the case where these terms are self-
shielded.

Subroutine TABLE

This routine is used to construct a "Table of Contents” for the master library BONAMI produces.
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Subroutine TOCM

This routine scans the "Table of Contents" on the original master library to determine maximum array
sizes that will be encountered in processing the data in the library.

Subroutine TUB

This routine writes the "Table of Contents" on the master library.

Subroutine VEDIT

This routine edits geometrical parameters, such as volumes, dimensions, etc.

Subroutine XSEDIT

This routine is used to edit macroscopic cross sections.

Subroutine ZZONE

This is an experimental routine for a special muitizone treatment. This treatment will not be accessed
by any of the options discussed in Sect. F1.5.

The remaining routines used by BONAMI are general-purpose routines that are shared by many
AMPX modules.

_ Subroutine ALOCAT

This assembler routine is used to dynamically allocate core space to BONAMI. It calls BOND with
two arguments, the array and its length in four-byte units.

Subroutine CLOSDA

This assembler routine is used to release a direct-access scratch file so that it can be reassigned, either
as a sequential file or as a direct-access file with a different structure.

Subroutine COPY

This routine is used in conjunction with RECTRY to perform a final cleanup of the master library
produced by BONAMI.
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Subroutine FIDAS

This routine is used in conjunction with FFREAD to read the FIDO-formatted input data.

Subroutine FFREAD

This routine is used in conjunction with FIDAS to read the FIDO-formatted input data.

Subroutine FHLPR

This routine is used in conjunction with MESAGE to produce the header page, which precedes
BONAMI printed output.

Subroutine INTIME

This routine is used in conjunction with PRTIME to produce edits of elapsed times during the
calculation.

Subroutine 10

This routine is used to read or write short-list J/O records from sequential devices.

Subroutine 104

This routine is used to read or write special transfer matrix directory records on an AMPX master
library.

Subroutine MESAGE

This routine is used in conjunction with FHLPR to produce the header page, which precedes
BONAMI printed output.

Subroutine OPENDA

This assembler routine performs the same service as the IBM "Define File" statement, which defines
the structure of a direct access file.

Subroutine PRTIME

This routine is used in conjunction with INTIME to edit elapsed times throughout the course of a
calculation.
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Subroutine QOREAD

This routine is only used when BONAMI is used in SCALE. In this case, input data are read from
a special binary file, as opposed to the FIDO-input card images.

Subroutine RECTRY

This routine is used in conjunction with COPY to perform a final cleanup of the master library
written by BONAML

Subroutine REED

This assembler routine is used to read records from direct access units.

Subroutine RITE

This assembler routine is used to write records on direct access units.

F142 OVERLAY STRUCTURE

In most situations, BONAMI can be run without the use of an overlap structure, as it is relatively
short. The following structure can be used in those instances when it is desirable to cut down on core
requirements:
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Base Link

MAIN

START

ITIME

CLOCK

FIDAS

FFREAD

QOREAD

OPENDA

CLOSDA

REED

RITE

MESAGE, FHLPR

BOND

. RECTRY

FIXMIX ARENKO TABLE COPY
IDZONE DANCOF TUB
EDIT E3 GEORGE
TOCM BTERP MASTER
MAST CAPY
ROUGH STUFF
NVERT FACTOR
SELECT NORMAL
GEOM
MIX
TABLE
PCALC
PXCALC

F1.43 NUCLIDE COPYING RULE

A programming quirk that has led to some confusion and minor problems with BONAMI is that the
output library contains all data from the input library, even those nuclides which are not used in the
Bondarenko calculation. In the event this is not desired, a simple AJAX" run can be used to select only the
problem-related nuclides prior to the BONAMI case.
Fl.44 INPUT/OUTPUT REQUIREMENTS

The following files are typically required by a BONAMI calculation:
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Logical Unit Use

5 Card Input
6 Standard Output
8 Direct Access Scratch Space
9 Direct Access Scratch Space
18 Scratch Space
19 Scratch Space
NEW (22) Output Master Library
MMT (23) Input Master Library
MWT (24) Fitted Bondarenko Factors

The space requirements of logical 8 depend on the problem and will be that needed to hold all
shielded cross-section values for all processes for all nuclides with Bondarenko data in the problem. For
example, if the problem had two nuclides with 100 groups and each nuclide contained 10 processes, roughly
2 x 100 x 10 = 2000 words would be needed. This amount of space must be less than or equal to the amount
requested in the OPENDA call of the START routine. Because of certain "blocking considerations,” a
generous overestimation of space may be warranted (e.g., 20%).

Logical 9 will require roughly the same space as logical 8.

Logical 18 must be large enough to hold all data that will be written on the final output master
library.

Logical 19 requires the amount of space needed to store one nuclide’s cross sections or 50 words times
the number of nuclides on the output master library, whichever is greater.

Logical 24 must be large enough to contain all Bondarenko factor data for all processes of all nuclides
in the problem. This requires roughly the number of nuclides times the average number of processes times
the number of groups times the number of temperatures times the average number of ¢y’s words.
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Block 1

0%

13

F1.5 INPUT INSTRUCTIONS

The input to BONAMI uses the FIDO schemes described in Sect. M10.

Logical Unit Assignments [4]

1. MMT - input master library (Default = 23)

2. MWT - scratch for Bondarenko factors (Default = 24)
3. MSC - scratch device (Default = 18)

4. NEW - output master library (Default = 22)

Case Description [6]

1. IGR - geometry 0 homogeneous
1 slab
2 cylinder
3 sphere
2. IZM - number of zones or material regions
3. MS - mixing table length. This is the total number of entries needed to describe the
concentrations of all constituents in all mixtures in the problem.
4. IBL - cross-section edit option (0/1 — no/yes)
5. IBR - Bondarenko factor edit option (0/1 - nofyes)
6. ISSOPT - Dancoff factor
ISSOPT Option
0 or 1000 Homogeneous ¢, = 0.0
1 or 1001 Cylindrical Cell (Sauer’s Method) Hex Lattice
2 or 1002 Cylindrical Cell (Sauer’s Method) Square Lattice
3 or 1003 Symmetric Slab Cell
4 or 1004 Asymmetric Slab Cell
5 or 1005 Isolated Lump (Dancoff = 0.0)
6 or 1006 Cylindrical Cell (Bell Approximation)
7 or 1007 Symmetric Slab Cell (Bell Approximation)
8 or 1008 Cylindrical Cell (Sauer’s Method) Hex Lattice w/clad
9 or 1009 Cylindrical Cell (Sauer’s Method) Square Lattice w/clad

Note that when ISSOPT > 1000, the code will use potential scattering values in place of total cross section
in determining o, values and will not iterate.

&z Floating-Point Constants [2]
1. EPS - convergence criteria for the Bondarenko iteration (Default = 0.001)
2. A- geometrical escape probability adjustment factor. See notes below on this parameter
(Default = 0.0).
T Terminate Data Block 1.
Data Block 2

33 Mixture numbers in the mixing table [MS]
43 Component (nuclide) identifiers in the mixing table [MS]
5* Concentrations (atoms/b-cm) in the mixing table [MS]
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6% Mixtures by zone [IZM]
7* Outer radii (cm) by zone [IZM]
8* Temperature (k) by zone [IZM]
9* Extra cross section (cm™) by zone [IZM]
103  New identifier for components in the mixing table [MS]
118 Zone-type identifiers 0 - fuel zone
1 - moderator zone
2 - cladding zone
12* Temperature (K) of the nuclide in a one-to-one correspondence with the mixing table arrays.
T Terminate Data Block 2.

This concludes the input data required by BONAMI.
F1.5.1 NOTES ON INPUT

In the 18 array, IGR specifies the geometry. This is used in conjunction with the 7* array to calculate
the volumes of each zone.

1ZM, the number of zones, may or may not mock a real situation. It may, for example, be used to
specify IZM independent infinite media when IGR, ISSOPT, and the entries in the 113 array are properly
selected. It can also be used to perform a cell calculation in parallel with one or more infinite medium
calculations, if properly directed. In this case, the entries in the 115 array for the infinite medium zones would
be other than 0, 1, or 2.

The value for ISSOPT should be selected from the desired option discussed in Sect. F1.3 of this
report.

In the 2* array, EPS is used to specify the convergence expected on all macroscopic total values by
zone, that is, each X (g,j) in group g and zone j is converged such that

2@ - 2@

- EPS .
Zed)

The "A" factor in the 2* array is the parameter used to adjust the Wigner rational approximation for
the escape probability to a more correct value. It has been suggested that if one wishes to use one constant
value, A should be 1.0 for slabs and 1.35 otherwise. In the ordinary case, BONAMI defaults A to zero and
uses a prescription® worked out by Otter to determine a cross-section geometry-dependent value of A which
is much more accurate than the single value. The user who wishes the constant value can, however, use it by
inputting a value other than zero.

The 38, 43, and 5* arrays are used to specify the concentrations of the constituents of all mixtures in
the problem as follows:

Entry 33 (Mixture Number) 4% (Nuclide ID) 5* (Concentrations)
1
2

MS
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The entries in these three arrays are in a one-to-one correspondence among themselves and also with
the 10$ and 12* arrays. The 108 array provides a means of changing the identifier of any nuclide used in the
problem. In the event that the number of zones, 1ZM, is more than one and when an entry in the 10$ array
is zero, BONAMI will automatically form a new identifier which is

original ID - 0 - zone number.

For example, a nuclide in zone 5 identified by 1111 would become 111105 on the output master library.

Because of the manner in which BONAMI references the nuclides in a calculation, each nuclide in
the problem must have a unique entry in the mixing table. This says that one cannot specify a mixture and
subsequently load it into more than one zone, such as can be the case with many modules requiring this type
of data.

The 12* array is used to allow varying the temperatures by nuclide within a zone. In the event this
array is omitted, the 12* array will default by nuclide to the temperatures of the zone containing the nuclide.

The mixture numbers in each zone are specified in the 63 array. Mixture numbers are arbitrary and
need only match up with those used in the 33 array.

The radii in the 7* array are referenced to a zero value at the left boundary of the system.

In the event the temperatures in the 8* array are not bounded by temperature values in the
Bondarenko tables, BONAMI will select the "bound” closest to the value. For example, a request for 273 K
for a nuclide with Bondarenko sets at 300, 900, 2100 K would use the 300 K values.

The extra cross sections in the 9* array allow one extra value to be specified by zone. (This array can
normally be ignored.) It is used in the calculation of ¢, as follows:

Y N, o + SIGH + o,

n+i

Jp =

N.

1

In the event one wishes to select cross sections at a fixed o, a mixture with one nuclide with a number density
of unity and

Oour, = desired o,
will accomplish the request.

The zone-type identifiers in the 118 array are used in conjunction with the Dancoff option (ISSOPT)
to determine which zones should be combined, etc., in determining a Dancoff factor.
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F1.6 SAMPLE PROBLEMS

In most cases, the input data to BONAMI are simple and obvious since the complicated parameters
are determined internally based on the options selected. The user describes his geometry, the materials
contained therein, the temperatures, and a few options.

F1.6.1 SAMPLE PROBLEM 1

This problem is for a system of aluminum-clad UO, fuel pins arranged in a square lattice in a water
pool.

Yo
N/ %0 \d
4-\ f+ 10,
ZASSS

Following common practice and determining a cylinder whose area is that for the "squares,” the following
system is to be calculated:

U¢2 AL H,0
——0.5588 ———p
|—0.635 . o
0.88132———m>
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Our number densities are:

Uo,:
Nyss = 4881 x 107
Npsg = 2.00026 x 107
N, = 4.09815 x 102
Clad:
N,, = 6.0245 x 10?
Water:
Ny = 66743 x 102
N,  =333371 x 102
Np, =10 x 107

For the problem, we choose ISSOPT = 9 (Sauer’s approximation for a cylindrical rod with clad in a
square lattice) to account for lattice effects.

A 16-group library is used.

An abbreviated, annotated copy of the output from this case follows:

“Lead is mixed in a trace quantity in order to obtain an infinite dilution set at 300 K.
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LOGICAL ASSIGNMENTS

MASTER LIBRARY 3

WORKING LIBRARY O

SCRATCH FILE 18

NEW LIBRARY 1

PROBLEM DESCRIPTION
IGR--GEOMETRY (0/1/2/3-~INF MED/SLAB/CYL/SPHERE
IZ--NUMBER OF ZONES OR MATERIAL REGIONS

MS--MIXING TABLE LENGTH

IBL~-SHIELDED CROSS SECTION EDIT OPTION (0/1--NO/YES)

IBR~-BONDARENKO FACTOR EDIT OPTION {0/1--NO/YES}
ISSOPT--DANCOFF FACTOR OPTION
CONVERGENCE CRITERION 1.00000E-03

O = m Ny WN

GEOMETRY CORRECTION FACTOR FOR WIGNER RATIONAL APPROXIMATION 0.000E+00

3$ ARRAY 7 ENTRIES READ
4% ARRAY 7 ENTRIES READ
5% ARRAY 7 ENTRIES READ
6% ARRAY 3 ENTRIES READ
7% ARRAY 3 ENTRIES READ
8% ARRAY 3 ENTRIES READ
11% ARRAY 3 ENTRIES READ
oT

MIXING TABLE

ENT%Y MIX?URE ISggOPE NUMBER DENSITY NEW IDEgz%FIER

235 4.88100E-04

2 1 92238 2.00026E-02
3 1 8016 4.09815E-02
4 2 13027 6.02450E-02
5 3 1301 6.67430E-02
6 3 8016 3.33371E~02
7 3 82000 1.00000E-10

GEOMETRY AND MATERIAL DESCRIPTION

ZONE  MIXTURE  OUTER DIMENSION TEMPERATURE
1 1 5.58800E~01 3,00000E+02
2 2 6.35000E-~01 3.00000E+02
3 3 8.81320E~01 3.00000E+02

THIS CALCULATION REQUIRES 5825 LOCATIONS OF

3501
9223801
801601
1302702
130103
801603
8200003

EXTRA XS  TYPE (0/1-~FUEL/MOD)
0.00000E+00 0
0.000C0E+00 2
0.00000E+00 1

200000 AVAILABLE TO THIS MODULE




ELAPSED TIME

L9

Aaen o
o
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¥ A9y T 'TOA

PORER FITTING FOR:
POHER FITTING FOR:

VOLUME

9.810E-01
2.858E-01
1.173E+00

FUEL REGION VOLUME
MODERATOR REGION VOLUME
FUEL REGION RADIUS
MODERATOR REGION RADIUS
CLADDING REGION VOILUME
LBAR IN CLADDING REGION
HILLIAMS/GILAI CLAD FACTOR

GROU
2.413E~
1.389E-01
1.910E-01

8 169E-02
1.491E+00

92235-~ PROCESSES:
92238-~ PROCESSES:

OUTER RADIUS
5.588E-01
6.350E-01
8.813E-01

0.01 MIN.

GROUP __ 2
2.138E-01
1.800E~01
2.957E-01

GROUP _ 12
2.705E+00
8.214E-02
1.491E+00

9.81E-01
1.17E+00
5.59E-01
8,81E~01
2.86E-01
1.52E-01
3.09E+00

INFINITE DILUTION MACROSCOPIC TOTAL CROSS SECTIONS

GROUP___ 3

+024E-Q1
1.838E~-0]
3.950E-01

GROUP__ )

.608E-01
8.279E-02
1,519E400

1-- MAX GROUPS:
1-- MAX GROUPS:

3-- SIGG’S:113-- TEMPERATURES:
2-- SIG0'S:156~~ TEMPERATURES:




¥ "A9Y¥ T "I0A

‘00Z20-ID/OTIANN

8914

ITERATION MT MAX CHANGE GRO
1 1 -1.227E-01 1
1 1 -8,789E-01
2 1 ~6.621E-02 1
2 1 7.796E~03 1
3 1 1,049E-04 1
3 1 -3.782E-06 1
% ALL GROUPS FOR NUCLIDE 9

ELAPSED TIME

0.01 MIN.

BONDARENKO ITERATION STATISTICS

?P ZONE

Ll g ol o d ol

1
2
2
2
2

SHIELDED MACROSCOPIC TOTAL CROSS SECTIONS

ZONE GROUP %
1 2.4135E-
2 1.389E-01
3 1.910E-01

GROUP__ 13}
4.214E-01
2 8.169E-02
3 1,491E+00

NUMBER OF SEPARATE

GRQUP

2.138k~01
1.800E-01
2.457E-01

GROUP 12
5,955E~-01
8.214E-02
1.491E+00

GROUP _ 3
3,024E-01
1.838E-01
3.950E-01

GROUP 13
3.608E~

8.279E~02
1.519E+00

PROCESSES TO TREAT:
NUMBER TREATED (INCLUDING MULTI~ZONE }:
MAXIMUM NUMBER OF SIGMA-0'S:
MAXIMUM NUMBER OF TEMPERATURES: 1
OFFSET OF ORIGEN FOR INTERPOLATION: 2,0E+01

MACROSCOPIC ESCAPE CROSS SECTIONS

N GROUP _ 1

2.410E-01
2.135E-01
2.135E-01

ON GROUP 11

E E
NP b LD o)

2. 803E 01

GROUP__ 2
2.985E-01
1.807E-01
1.807E-01

GROUP _12
8.495E-0
3.642E-01
3.642E-01

GROUP _ 3%
%.100E-01
2.304E-0]
2.304E-01

GROUP 13
8.630E-01
2.473E-01
2.473E-01

GROUP ?
3.1 =

2.316E-01
%.904E-01

GBOU% 14
3.893k~
8.403E-02
1,606E+00
5

5
56

GROUP 4

.813E-01
2.3498E-0]
2.348E-01

GROUP 14
8.839E-0

2.630E-01
2.630E-01

NEW VALUE
8.317E+01
1.311E401}
7.767E+01
2.017E+01}
7.871E+01

2.017E+401 9223801
22801 ARE CONVERGED TO LESS THAN EPS=

NUCLIDE
9223501
9223801
9223501
9223801
9223501

1,00E-

GROUP 5
592k~
2.050E-01
7.496E-01

GROUP__ 15
4.763E-01
8.604E-02
2.046E+00

GROUP 5

. 135E-01
2,535E-01
2.535E-01

GROUP _15
9.716E-01
2.063E-01
3.063E-01

GROUP___ 6
4, 205E-01
9.821E-02
1.179E+00

3.447E+00

2.810E~-01
2.810E-01

GROUP 16
1.127E+00
%.044E-01
%.049E-01

GrOUP___ 7

4.847E~01
7.732E-02
1.422E+00

GROUP
8.339E~
3.126E~-01
3.126E~-01

-

SIGO
5.39362E+03
4,85396E+01
2.53375E+03
5.20714E+01
2.88178E+03
3320689E+01

Up _ 8

26E 02
77E+00

3= 00 UG

3.570E~-01

FIRST LAST

[
QOQO@O

0
Z 4.229?-01
4

1. 487E+00

Pt

2,811E-01
2.811E-01

EIME(SEC)

3

2 1.00E-02
3 4,00E-02
2 1.,00E-02
3 4,.00E-02
2 1.00E-02

GROUP 10
4,536E-01
8,148E-02
1.490E+00

GROUP _10
8.536E-01
2.969E-01
2.969E-01




GROUP FUEL DANCOFF_FACTOR OMETRY FACTOR FUEL_TOTAL_XS th_QEBATOR TOTAL XS LEFT ﬂODERéTOg SIGT
. 1 7.537E-01 1.532E+00 2.413E~-01 2.2 0.000E+00
i 2 7.011E-01 1.533E+400 2.138E-01 5 B96E-01 0.000E+00
) 3 6.045E~01 1.530E+00 3.024E-01 4.398E-01 0.000E+00
: & 5.465E-01 1.529E+00 3.137E-01 5.468E-01 0.000E+00
5 %.455E-01 1.526E+00 3.502E-01 7.995E-01 0.000E+00
. 6 3.386E-01 1.522E+00 4.205E-01 1.202E+00 0.000E+00
7 2.928E-01 1.517E+00 4.847E-01 1.440E+00 0.000E+00
i 8 2.831E-01 1.509E+00 5.794E-01 1.497E+00 0.000E+00
! 9 2.814E-01 1.522E+00 &.229E-01 1.507E+00 0.000E+00
10 2.809E-01 . 1.520E+00 4 .534E-01 1.510E+00 0.000E+00
i 11 2.808E~01 1.522E+00 4.214E-01 1.511E+00 0.000E+00
! 12 2.807E-01 1.508E+00 5.955E-01 1.511E+00 0.000E+00
! 13 2.762E-01 1.526E+00 3.608E-01 1.539E+00 0.000E+00
i 14 2.627E~01 1.5246E+00 3.893E-01 1.626E+00 0.000E+00
§ 15 2.078E-01 1.518E400 4. 743E-01 2.067E+00 0.000E +00
16 1.121E- 1.6 7.0 g4 00E+00
5825 LOCATIONS OF 5952 AVAILABLE ARE REQUIRED TO HAKE A NEW MASTER CONTAZNING THE SELF-SHIELDED VALUES
EDIT FOR HATERIAL: 92235
POSITION IN MIX: 1

3
i

SHIELDED CROSS SECTIONS

6974

MT= 1 MI= 18 MT= 102

GROUP _ SIGO _ OLPSET= § OLPSET= 0 ObPSeT= o '
SRR o Sleores ZbEEILSS 3-786E01 2.000E+01
2.536E+03 7.767E+01 3.921E+01 2.846E+01

1
2 2.882E+03 7.871E+01 3.115E+01 3,.757E+01
3 2.457E+03 4.900E+01 3,000E+01 9.000E+00

R

Lok ond and

EDIT FOR MATERIAE: 9223?
POSITION IN MIX: 2
SHIELDED CROSS SECTIONS

= 1 Mr= 102

RDER= 0 ORDER= 0

< GROUP __SIGO OFFSET= 0 OFFSET= 0

g a 8 B.056E¥01 1.373E+01 7.340E-01

3 9 5.131E+01 1.249E+01 1.488E+00

p g 10 5.214E+01 1.320E+01 &.200E+00

b 11 5.228E+01 1.149E+01 2.494E+00

a S 12 5.207E+01 1.352E+01 4.517E+00
~S




00+3000°1
[0~-3425°6
10-3850°8
00+3000° 1
0 =1354d0
0 =¥3@o
20t =1

00+3000°T 00+3000°'T €£0+3.9H°2
[0~36£2°6 [0-3TLE£°6 £0+3288°2

10-30/46°'6 10-3£86'6 £0+3H09°2

gl

2t
[0-3286°8 10-3L2.°'8 £0+39£5°2 WM
0 =13S4J0 0 =13S4d0 09IS 4no:

0
el

=43@0 90 =¥yIAMO
=Id T =1H

SHOLIVA OANAUVANOL

I tXIM NI NOILISOd
T 13N0Z
92226 VIVIY3LVH dod LIg3
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EDIT FOR MATERIAL: 92238

ZONE: 1

POSITION IN MIX: 2
BONDARENKO FACTORS

= 1 MT=_ 102
ORDER= 0 ORDER= 0

GROUP SIGO OFFSET= 0 0FESET= 0
B.056E+01 9.156E-01 3.670E-01

g 5.131E+01 5.676E-01 1.353E-01

i sHae thre s

12 5.207E+01 1.136E-01 4.106E-02
copy 999 1/V CROSS SECTIO FROM LOG 3 TO LOG 1 BONDARENKO “TRIGGER
copy 1001 HYDROGEN DE/E FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 1301 HYDROGEN X(E) FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 1002 DEUTERIUM X(E) FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copyY 2004 HELIUM-4 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
cory 3006 LITHIUM-6 FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 3007 LITHIUM-7 FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 4009 BERYLLIUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
Ccopy 5000 BORON FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 5010 BORON-10 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 5011 BORON~11 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 6012 CARBON FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 7014 NITROGEN FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 8016 OXYGEN FROM LOG 3 TO LOG 18 BONDARENKO TRIGGER
copy 8016 OXYGEN FROM LOG 18 TO LOG 1 BONDARENKO TRIGGER
copy 8016 OKYGEN FROM LOG 18 TO LOG 1 BONDARENKO TRIGGER
COPY 9019 FLUORINE FROM LOG 3 TO LOG 1 BONDARENKO TFR.XGGER
cory 11023 SODIUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 12000 MAGNESIUM ENDF/ FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CopPY 13027 ALUMINUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 14028 SILICON EMNDF/B~- FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
COoPY 15031 PHOSPHORUS-31 L FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copy 16032 SULFUR-32 LENDL FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 17000 CHLORINE FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER

O O 0O O 0 0O 0O 0O O 0O 0O O 06 606 0 00 o0 0 o o 6 0 o
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COoPY
copy
cory
COoPY
COPY
copY

CopPY
cory
CopPY
copy
CoPY
CopPY
COPY
copY
CoPY
corPy
CopPY
coprY
copY
COPY
copY
COPY
COopY
COPY
copY
copy
copY
corY
copPY
CoPY
copY

19039
20040
22000
23051
24000
24304

24404
25058
26000
26306
26406
27059
28000
28304
28404
29000
30000
40000
40302
41093
42000
47107
47109
48000
49113
49115
50000
56138
58000
62000
63000

POTASSIUM
CALCIUM ENDF/B-
TITANIUM ENDF/B
VANADIUM ENDF/B

CHROMIUNM
CHROMIUM ENDF/B

CHROMIUM ENDF/B
MANGANESE~-55 EN
IRON
IRON ENDF/B-IV
IRON ENDF/B-1IV
COBALT
NICKEL
NICKEL ENDF/B-I
NICKEL ENDF/B-I
COPPER ENDF/B-I
ZINC
ZIRCONIUM
ZYRCALLOY~2 END
NIOBIUM
MOLYBDENUM
SILVER-~107 ENDF
SILVER-109 ENDF
CADMIUM ENDF/B-
INDIUM-113 ENDF
INDIUM-115 ENDF
TIN LENDL MAT 7
BARIUM-138 LEND
CERIUHM
SAMARIUM
EUROPIUM

FROM
FROM
FROM
FROM
FROM
FROM

FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM

LOG
LOG
LOG
LOG
LOG
LOG

LOG
LOG
LOG
LOG
LOG
LGG
LOG
LOG
LoG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LoG
LOG
LOG
LOG
LCG
LOG
LOG
LOG
LoG

TO
TO
TO
TO
TO
TO

T0
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
3 TO
3 T0
3 TO
3 TO
3 TO
3 TO
3 T0
3 T0
3 TO
3 TO
3 TG

W W W W W W W W W W W W W W W w

w

LOG
LoG
LOG
LOG
LOG
LOG

LOG
LOG
LOG
LOG
LOG
LOG
LOG
LaG
LoG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LCG

LR R o L

bt Bt st b Ded Bk bb Dk bbbk et ek b $d d Bes bd et bk bd b b bk S b

BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO

BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKC
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO

TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER

TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
‘TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER

© O 2 o O ©

0 O O O ©0 O 0 O 00 0O 0 0O 00 © 0O O 0O © O 0o ©0 o o
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CcopY
cory
COPY
copY
copY
COoPY
COPY
COoPY
COPY
COPY
COPY
copyY
CcoPY
copy
COPY
COPY
COPY
copY
COPY
cory
CoPY
copPY
COPY
cory
copy
COPY
copy
COPY
COPY
COPY
COPY

64000
66164
71175
71176
72000
73181
79182
74183
74184
74186
75185
75187
79197
82000
90232
91233
92233
92234
92235
92236
92238
93237
94238
94338
94239
94240
94241
94242
95261
95243
96294

GADOLINIWM ENDF
DYSPROSIUM-164
LUTETIUM-175 EN
LUTETIUM-176 EN
HAFNIUM ENDF/B-
TANTALUM
TUNGSTEN-182 EN
TUNGSTEN-183 EN
TUNGSTEN-18% EN
TUNGSTEN-186 EN
RHENIUM~-185 END
RHENIUM-187 END
GOLD-197 ENDF/B
LEAD ENDF/B-IV
TH-232 INFINITE
PROTACTINIUM-23
U-233
U-234 ENDF/B-IV
U-235 ¥R
U-236 ENDF/B-1IV
U-238 ¥
NP-237 ENDF/B-I
PU-238
PU-238 ¥
PU-239
PU-240
PU~-241 ENDF/B-I
PU-242 ENDF/B-X
AlM-261 ENDF/B~I
AM-263 ENDF/B-1
Ct1-249 ENDF/B-I

FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FROM
FRQOM
FROM
FROM
FROM
FROM
FROM
FROM

LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LGG
LOG
LOG
LOG
LOG

3 TO
3TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 TO
3 T0
3 TO
3 TO
3 TO
3 TO
3 TO
3 T0
3 T0
3 TO
3 T0
3 TO
3 TO
3 T0
3 TO
3 TO
3 TO
3 TO

LOG
LOG
LOG
LOG
LOG
LOG
LCG
LOG
LOG
LOG
LOG
LoG
LoG
LOG
LoG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LOG
LoG
LOG

St Bk Pd Pl B bl B bed Bl bl bt Dd budt Db Bl Pud Sl Bed fnd Bk Gl bed Bl Baf nd Gt fuf fad ped ek et

BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO
BONDARENKO

TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
TRIGGER
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16 NEUTRON GROUP CRITICALITY SAFETY LIBRARY

BASED ON HANSEN-ROACH DATA WITH SOME ENDF/B VERSION 4 DATA

COMPILED FOR NRC

8/3/81
L.HM.PETRIE ORNL
TAPE ID 4321
NUMBER OF NEUTRON GROUPS 16

FIRST THERMAL GROUP

HYDROGEN DE/E HANSEN ROACH
HYDROGEN X(E) HANSEN ROACH
DEUTERIUM X(E) HANSEN ROACH
HELIUM~-4 ENDF/B-IV MAT 1270
LITHIUM-6 HANSEN ROACH
LITHIUM-?7 HANSEN ROACH
BERYLLIUM HANSEN ROACH
BORON HANSEN ROACH

BORON-10 ENDF/B-IV MAT 1273
BORON-11 ENDF/B-IV MAT 1160

CARBON HANSEN ROACH
NITROGEN HANSEN ROACH
OXYGEN HANSEN ROACH
OXYGEN HANSEN ROACH
FLUDRINE HANSEN ROACH
SODIVM HANSEN ROACH
MAGNESIUM ENDF/B-IV MAT 1280

ALUMINUM HANSEN ROACH
SILICON ENDF/B-IV MAT 1194
PHOSPHORUS~-31 LENDL MAT 7019
SULFUR-32 LENDL MAT 7020
CHLORINE HANSEN ROACH
POTASSIUM HANSEN ROACH
CALCIUM ENDF/B-IV MAT 1195
TITANIUM ENDF/B-IV MAT 1286
VANADIUM ENDF/B-IV MAT 1196
CHROMIUM AEROJET
CHROMIUM ENDF/B IV MAT 1191 S5-304 WT
CHROMIUM ENDF/B-IV MAT 1191 INCONEL WT
MANGANESE-55 ENDF/B-IV MAT 1197
IRON HANSEN ROACH
IRON ENDF/B-IV MAT 1192 SS5-30% WT
JRON ENDF/B-IV MAT 1192 INCONEL WT
COBALT HANSEN ROACH
NICKEL HANSEN ROACH
NICKEL ENDF/B-IV MAT 1190 SS-304 WT
NICKEL ENDF/B-IV MAT 1190 INCONEL WT
COPPER ENDF/B-IV MAT 1295
ZINC GAM-2
ZIRCONIUM HANSEN ROACH
ZIRCALLOY-Z ENDF/B~IV MAT 1284
NIO HANSEN ROACH
MOLYBDENUM HANSEN ROACH
SILVER-107 ENDF/B~IV MAT 1138
SILVER-109 ENDF/B-~IV MAT 1139
CADMIUM ENDF/B-~IV MAT 1281
INDIUM-113 ENDF/B-IV MAT 445
INDIUM-115 ENDF/B-IV MAT 449
TIN LENDL MAT 7039 .
BARIUM-138 LENDL MAT 7040
CERIUM HANSEN ROACH
SAMARIUM GAM-2

NUMBER OF NUCLIDES
NUMBER OF GAMMA GROUPS
13 LOGICAL UNIT
TABLE OF CONTENTS
1/V CROSS SECTIONS NORMALIZED TO 1,0 AT 0.0253 EV
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EUROPIUM GAM-2
GADOLINIUM EMDF/B-IV MAT 1030
DYSPROSIUM-164 ENDF/B-IV MAT 1031
LUTETIUM-175 ENDF/B-IV MAT 1032
LUTETIUM-176 ENDF/B-IV MAT 1033
HAFNIUM ENDF/B-IV MAT 1034

LUM HANSEN ROACH

ANTA

TUNGSTEN-182 ENDF/B-IV MAT 1128
TUNGSTEN-183 ENDF/B-IV MAT 1129
TUNGSTEH-184 ENDF/B-IV MAT 1130
TUNGSTEN-~186 ENDF/B-1IV MAT 1131

RHENIUM-185 ENDF/B-IV MAT 1083

RHENIUM-187 ENDF/B-IV MAT 1084

GOLD-197 ENDF/B-IV MAT 1283

LEAD ENDF/B-IV MAT 1288
TH-232 INFINITE DILUTION HANSEN ROACH
PROTACTINIUM-233 ENDF/B-IV MAT 1297

U-233 HANSEN ROACH
U=-234 ENDF/B-1IV MAT 1043

= HANSEN ROACH
U-236 ENDF/B-IV MAT 1163

-238 HANSEN ROACH
NPE§37 ENDF/B-IV MAT 1263

PU HANSEN ROACH
PU-238 ¥ PERSIMMON

PU-239 HANSEN ROACH
PU-240 HANSEN ROACH

PU-241 ENDF/B-1IV MAT 1266
PU-262 ENDF/B-IV MAT 1161
At-241 ENDF/B-IV MAT 1056
AM~263 ENDF/B-IV MAT 1057
Cl1-2494 ENDF/B-IV MAT 1162

TAPE COPY USED 239 1/0'S, AND TOOK 3.61 SECONDS
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SAMPLE PROBLEM FOR HOMOGENEOUS C»TION

0% ARRAY 4 ENTRIES READ
18 ARRAY 6 ENTRIES READ
oT
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LOGICAL ASSIGMNMENTS

MASTER LIBRARY 3

ek g g

NEW LIBRARY 1

PROBLEWM DESCRIPTION

IGR--GEOMETRY (0/1/2/3-~INF MED/SLAB/CYL/SPHERE
IZM--NUMBER OF ZONES OR MATERIAL REGIONS

MS--MIXING TABLE LENGTH

IBL--SHIELDED CROSS SECTION EDIT OPTION (0/1--NO/YES)
IBR--BONDARENKO FACTOR EDIT OPTION (0/1--NO/YES)
ISSOPT~-DANCOFF FACTOR OPTION

CONVERGENCE CRITERION 1.00000E-03

GEOMETRY CORRECTION FACTOR FOR WIGNER RATIONAL APPROXIMATION 0.000E+00

O 4 M O e

3% ARRAY 6 ENTRIES READ
4$ ARRAY 6 ENTRIES READ
5% ARRAY 6 ENTRIES READ
6% ARRAY 1 ENTRIES READ
7% ARRAY 1 ENTRIES READ
8% ARRAY 1 ENTRIES READ
oT

MIXING TABLE
ENTRY  MIXTURE ISg;OPg NUMBER DENSITY NEW IDENTIFIER

1 1 23 1.96200E-04 9223501
4 1 92238 8.04141E~03 9223801
3 1 8016 3,.25059E-02 801601
% 1 13027 7.05570E~03 1302701
5 1 1301 3.20940E-02 130101
6 1 82000 4.81000E-09 8200001
GEOMETRY AND MATERYAL DESCRIPTION
ZONE MIKTURE OUTER DIMENSION  TEMPERATURE EXTRA XS  TYPE (0/1--FUEL/MOD)
1 1 1,00000E+00 3,00000E+02 0.00000E+00 0
THIS CALCULATION REQUIRES 5703 LOCATIONS OF 200000 AVAILABLE TO THIS MODULE
POKWER FITTING FOR: 92235~~ PROCESSES: 3-- SIG0°'S:13-- TEMPERATURES: 1-~ MAX GROUPS: 4
POHER FITTING FORs 92238-~ PROCESSES: 2~- SIG0'S:56~- TEMPERATURES: 1-~ MAX GROUPS: 5
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ZQH% VOLUME  OUTER_RADIUS
0E+00

1.00 1.000E+00
FUEL REGION VOLUME 1.00E+00
MODERATOR REGION VOLUME 0,00E+00
FUEL REGION RAD 1.00E+00
MODERATOR REGION RADIUS 1.00E+00

ELAPSED TIME 0.0l MIN.

INFINITE DILUTION MACROSCOPIC TOTAL CROSS SECTIONS

ZONE GROUP 1 GROUP _ 2 GROYP 3 GROUP GROU 5 GROUP _ 6
1 2.051E~01 2,252E-01 3,331E-01 §T§§—E_3T 5.289E- 7¥E73E:5T
ON GROUP 11 GROUP 12 GROUP 13 GROUP 14 GROUP 15 GROUP 16
1,483E+00 1.814E+00 8.850E-01 9.385E-01 1,18BE+00 1.951E+00
BONDARENKO ITERATION STATISTICS
ITERATION MT MAX CHANGE GROUP ZONE NEW VALUE NUCLIDE
1 1 -1.090E-01 1 1 8.447E+01 9223501
1 1 -8.672E-01 10 1 1.438E+01 9223801
2 1 -2.901E-D2 11 1 8.2025+01 9223501
2 1 -1.135E-04% 11 l 243E+01 9223801
3 1 ~-1.891E-07 12 069E+01 501
3 ALL GROUPS FOR NUCLIDE 9223801 ARE CONVERGED TO LESS THAN EPS-

ELAPSED TIME 0.01 MIN.

GROUP
8.875E-01

GROUP _ 8 GROUP

92 GROUP 10

9.629E-01 T.Z211E+00 1,673E+00
SIGo FIRST LAST TIME(SEC)
7.46151E+03 10 13 3,00E~02
9.97806E+01 8 12 1.00E-02
4.52632E+03 10 13 4.00E-02
1.00006E+02 8 12 1.00E-02
%.91425E+03 10 13 4,00E~-02

1.00E-03




17914

SHIELDED MACROSCOPIC TOTAL CROSS SECTIONS

ZONE  GROUP 1 GROU GROU GROUP GROUP 5 GROUP__ 6 GROUP 7 GROUP 8 GROUP SROUP__1
1  2.051E-01 E%EE%EZE% §T§3§E=6¥ 3¥§§TE;6% 5,289E-01 7.476E-01 B8.875E-01 9,5GGE-01 §TEETE=6g §“T§6E‘6%
ZON GROUP 11 GROUP 12 GROUP 13 GROUP _14 GROUP GROUP 16
T  9.06IE-01 9.800E-01 B.B850E-01 9.385E~01 TTTEEE?E“ 1.951EF00
NUMBER OF SEPARATE PROCESSES TO TREAT: 5
NUMBER TREATED (INCLUDING MULTI-ZONE): 5
MAXIMUM NUMBER OF SIGHA-0'S: 56
MAXIHUM NUMBER OF TEMPERATURES: 1
OFFSET OF ORIGEN FOR INTERPOLATION: 2.0E+01
MACROSCOPIC ESCAPE CROSS SECTIONS
ZONE  GROY GROU GROUP _ 3 GROUP _ 4 GROUP 5 GROUP 6 GROUP GROY GROUP 9 GROU
1 ﬁ'ﬁﬁgﬁiﬁ“ Bgﬁbgﬁiﬁg ﬁTEG%E?ﬁb 0.000E+00 %{oﬁﬁﬁiﬁﬁ 0.000E00 "‘666?:6‘ BTEU%E?B% h%ﬁﬁﬁEIﬁB 6¥ﬁﬁgﬂi%%
0 GROUP_ 12 GROUP 13 ggggg~__ gggyg__;g GROUP 16
z‘u% 5%”'BE‘“' 0.000E+00 0.000E+0 & 0.000E¥00 ©.000E+00

0.0
5703 LOCATIONS OF 5952 AVAILABLE ARE REQUIRED TO MAKE A KNEW MASTER CONTAINING THE SELF-SHIELDED VALUES

EDIT FOR NATERIAE: 9223?
POSITION IN MIX: 1
SHIELDED CROSS SECTIONS

0020-90/9TINN

b "9y T 'IoOA

MT= 1 MI= 18 MT=_ 102

e _gigp G, 8 EE- & S ¢
1 +605E+ +800E+01 3,800E+01 2.000E+01
11  4,526E+03 8.202E+01 4,097E+01 3,105E+01
12 4.914E+03 8.069E+01 3.207E+01 3.863E+01
13 4.460E+03 4.900E+01 3.000E+01 9,000E+00




00+3000°T 00+3000°1 00+3000°'T
10-3065°'6 [0-3115°'6 10-3909°6
10-3082°8 10-368£°6 10-3912°6
00+3000°T 00+3000°'T 00+3000°1
0 =135440 0 =1dSdd0 0 =l3S4H0
0 =dIM0 0 =Y3I@O0 0 =Y3q40
201 =1 s8I =N X =1

sHOIOVd OXNIYvaNod

I
|
9£226

00+3561'9 10+3619°1
oc+30£b°E  10+3she T
00+382£'S 10+385H" 1
0o+drir'z I0+A/Iz 1
§53500 o =iasaao
0 =§I@O 0 =43qY0
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¢
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€0+3h16°y 21
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20+3000°1
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10432216
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EDIT FOR MATERIAL: 92238
ZONE 1
POSITION IN MIX: 2
_ BONDARENKO FACTORS
M= 1 MT= 102

" ORDER= 0 ORDER= O
GROUP S1G0 OFFSET= 0 0FESET= 0

8 9.777E+01 9.290E-01 &.677E-01

10 5.578E+01 3.43/E-01 1.07éE-0]

1z 1.000Ev0s 1:275E-01 5.83iE-0¢
coPY 999 1/V CROSS SECTIO FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
COoPY 1001 HYDROGEN DE/E FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CoPY 1301 HYDROGEN X(E) FROM 1OG 3 TO LOG 1 BONDARENKO TRIGGER
COPY 1002 DEUTERIUM X(E) FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
COPY 2004 HELIUM~4 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
cory 3006 LITHIUM-6 FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 3007 LITHIUM-7 FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copPY 4009 BERYLLIUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
corY 5000 BORON FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 5010 BORON-10 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copPY 5011 BORON-11 ENDF/B FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CoPY 6012 CARBON FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
COPY 7014 NITROGEN FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CoPY 8016 OXYGEN FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 9019 FLUORINE FROM LOG 3 TO LOG 1 BONMDARENKO TRIGGER
CcoPY 11023 SODIUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CoPY 12000 MAGNESIUM ENDF/ FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CcopY 13027 ALUMINUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CoPY 14028 SILICON ENDF/B- FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
COPY 15031  PHOSPHORUS-31 L FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CcorPy 16032 SULFUR-32 LENDL FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
CcoPY 17000 CHLORINE FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
copY 19039 POTASSIUM FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER
coprY 20040 CALCIUM ENDF/B- FROM LOG 3 TO LOG 1 BONDARENKO TRIGGER

OOOOOQOOOOOOOQOOOOOOOOOO
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copy
CoPY
CoPY
COPY
copy
CoPY
COPY
copY
coPY
COPY .
CoPY
COoPY
copY
COPY
COPY
COPY
corY
COPY
coprY
copY
copY
coPY
COPY
COPY
COPY
copy
CoPY
COPY
coprY
cory
copy

22000
23051
24000
24306
24404
25055
26000
26304
26404
27059
28000
28304
28404
29000
30000
40000
40302
41093
42000
47107
47109
48000
%9113
49115
50000
56138
58000
62000
63000
64000
66164

TITANIUM ENDF/B
VANADIUM ENDF/B
CHROMIUM
CHROMIUM ENDF/B
CHROMIUM ENDF/B
MANGANESE-55 EN
IRON
IRON ENDF/B-1V
IRON ENDF/B-IV
COBALT
NICKEL
NICKEL ENDF/B~I
NICKEL ENDF/B-I
COPPER ENDF/B-1
ZINC
ZIRCONIUM
ZIRCALLOY-2 END
NIOBIUM
MOLYBDENUM
SILVER-107 ENDF
SILVER-109 ENDF
CADMIUM ENDF/B-
INDIUM-113 ENDF
INDIUM-115 ENDF
TIN LENDL MAT 7
BARIUM-138 LEND
CERIUM
SAMARIUM
EUROPIUM
GADOLINIUM ENDF
DYSPROSIUM~164

FROM
FROM
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FROM
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COPY
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COPY
copPY
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COPY
COPY
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copPY
cory

CoPY
COPY
capy
COPY
copy
COoPY
COPY
CoPY
copy
COPY
COPY
COPY
CapY
copy
copY
copy

71175
71176
72000
73181
74182
74183
74184
74186
75185
75187
79197
82000
90232

91233
92233
92234
92235
92236
92238
93237
94238
94338
94239
94240
94241
94242
95241
95243
96244

LUTETIUN-175 EN
LUTETIUM-176 EN
HAFNIUM ENDF/B-
TANTALUM
TUNGSTEN-182 EN
TUNGSTEN-183 EN
TUNGSTEN-184% EN
TUNGSTEN-186 EN
RHENIUM-185 END
RHENIUM-187 END
GOLD-197 ENDF/B
LEAD ENDF/B-IV
TH-232 INFINITE

PROTACTINIUM-23
U-233

U-23%4 ENDF/B-IV
U-235 YR

U-236 ENDF/B-IV
yU-238 Y

Np-237 ENDF/B-I
PU-238

PU-238 Y

PU-239

PU-240

PU-241 ENDF/B-X
PU-242 ENDF/B~I
AM-241 ENDF/B-I
AM-293 ENDF/B-1
Cti-244 ENDF/B-~I
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16 MEUTRON GROUP CRITICALITY SAFETY LIBRARY

BASED OM HANSEN-ROACH DATA WITH SOME ENDF/B VERSION & DATA

CgMPILED FOR NRC

/3/81
L.M.PETRIE ORNL
TAPE 1D 4321
NUMBER OF NEUTRON GROUPS 16
FIRST THERMAL GROUP

HYDROGEN DE/E HANSEN ROACH
HYDROGEN X(E) HANSEN ROACH
DEUTERIUM X(E HANSEN ROACH
HELIUM- 4 ENDF/B—IV MAT 1270
LITHIUM-6 HANSEN ROACH
LITHIUM-7 HANSEN ROACH
BERYLLIUM HANSEN ROACH
BORON HANSEN ROACH

BORON~10 ENDF/B-IV MAT 1273
BORON-11 ENDF/B-IV MAT 1160

CARBON HANSEN ROACH
NITROGEN HANSEN ROACH
OXYGEN HANSEN ROACH
FLUORINE HANSEN ROACH
SODIUM HANSEN ROACH
MAGNESIUM ENDF/B-IV MAT 1280

ALUMINUM HANSEN ROACH
SILICON ENDF/B~IV MAT 1194
PHOSPHORUS~31 LENDL MAT 7019
SULFUR-32 LENDL MAT 7020
CHLORINE HANSEN ROACH
POTASSIUM HANSEN ROACH
CALCIUM ENDF/B~IV MAT 1195
TITANIUM ENDF/B-IV MAT 1286
VANADIUM ENDF/B-IV MAT 1196
CHROMIUM AEROJET
CHROMIUM ENDF/B-IV MAT 1191 SS-304 KT
CHROMIUM ENDF/B-IV MAT 1191 INCONEL KT
MANGANESE~E5 ENDF/B-IV MAT 1197
IRON HANSEN ROACH

IRON ENDF/B-IV MAT 1192 SS-304 WT
IRON ENDF/B-IV MAT 1192 INCONEL NT

COBALT NSEN ROACH
NICKEL HANSEN ROACH
NICKEL ENDF/B-IV MAT 1190 SS5-304 WI
NICKEL ENDF/B-IV MAT 1190 INCONEL WT
COPPER ENDF/B-IV MAT 1295
ZINC GAM-2
ZIRCONIUM HANSEN ROACH
ZIRCALLOY~-2 ENDF/B-IV MAT 1284
NIOBIUM HANSEN ROACH
MOLYBDENUM HANSEN ROACH

SILVER-107 ENDF/B~IV MAT 1138

SILVER-~109 ENDF/B-IV MAT 1139

CADMIUM ENDF/B-IV MAT 1281

INDIUM~113 ENDF/B-1V MAT 445

INDIUM~115 ENDF/B-IV MAT 449

TIN LENDL MAT 7039

BARIUM~138 LENDL MAT 7040

CERIUM HANSEN ROACH
SAMARIUM GAM-2
FUROPIUM GAN-2

NUMBER OF NUCLIDES
NUMBER OF GAMMA GROUPS
13 LOGICAL UNIT
TABLE OF CONTENTS
1/V CROSS SECTIONS NORMALIZED TO 1.0 AT 0,0253 EV
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GADOLINIUM ENDF/B-IV MAT 1030
DYSPROSIUM-164 ENDF/B~-IV MAT 1031
LUTETIUM-175 ENDF/B-IV MAT 1032
LUTETIUM-176 ENDF/B-IV MAT 1033
HAFNIUM ENDF/B-1IV MAT 1034

HANSEN ROACH

TANTALUM

TUNGSTEN~-182 ENDF/B-IV MAT 1128
TUNGSTEN-183 ENDF/B-IV MAT 1129
TUNGSTEN~184 ENDF/B-IV MAT 1130
TUNGSTEN-186 ENDF/B-IV MAT 1131

RHENIUM-185 ENDF/B-IV MAT 1083

RHENIUM~187 ENDF/B-IV MAT 1084

GOLD-197 -ENDF/B-IV MAT 1283

LEAD ENDF/B-IV MAT 1288
TH-232 INFINITE DILUTION HANSEN ROACH
PROTACTINIUM-233 ENDF/B~IV MAT 1297

U-233 HANSEN ROACH
U-234 ENDF/B-IV MAT 1043

rrj
g U-235 YR HANSEN ROACH
O U-236 ENDF/B-IV MAT 1163
S U-238_ ¥ HANSEN ROACH
NP-237 ENDF/B-IV MAT 1263
PU-238 HANSEN ROACH
PU-238 ¥ PERSIMMON
PU-239 HANSEN ROACH
PU~240 HANSEN ROACH
PU-241 ENDF/B-IV MAT 1266
PU-242 ENDF/B-IV MAT 1161
AM-261 ENDF/B-IV MAT 1056
All-243 ENDF/B-IV MAT 1057
CH-244 ENDF/B-IV MAT 1162
TAPE COPY USED 239 I/0'S, AND TOOK  3.60 SECONDS
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PRIMARY MODULE ACCESS AND INPUT RECORD ( SCALE DRIVER - 11,/08/88 - 11.24)

FEIEIEIEHEIEIEIEIEIEN IEIEIEIEIEHIEFEIEIEIEHICIEHIEIEHIEIEIIEIEIEIEIEIEIEIE I DEIE I 36 JE I IEIEIE D JE IE D I 6 36 76 36 I 36 36 36 J6 3 36 36 2 36 36 36 36 6 36 36 36 JEIE 6 36 1 36 36 36 I JE I JEFE I I JE ] 2 JEIEIEFE I I IEIEIEFEIEFEIEMHIEIENIEI NN

EEKRKKEKKRKKKEREKEKE KK EEKKEEKE KKK KEKKKKKEKKEKEK KKK KK KKK X XX

Messages of current interest to SCALE77 users will appear here
SCALE77
FEIEIEIEIEIEIEIEIEIEIEIE 36 JEIEIEIE I 36 366 I3 36 36 36 6 36 26 JE 2 36 JE T 36 36 26 36 96 36 36 36 26 36 JE 63636 36 J I JE I I H I IINIEIE I 3 2 I I I IEIEIENEIE JE I HEHE I FEIEIEIE I JEFEIEIE I M I I IEIIIEIEIE I M 3

11/9/88
A new equation for the specific gravit{ of unranyl nitrate golutions has been implemented. The new
equation is essentially a reinterpretation of the equation from ARH600. It fits experimental data
from Rocky Flats better. CSAS25, SAS1l, and SAS2 have been relinked to make this change. SAS1 and
SAS2 have also had minor corrections made.

9/08/88
The expermental SCALE77 procedure has been modified to take advantaae of new features and capabilities
related to VSFortran version 2.2, PresentI{ CSAS25, SAS2, BONAMI, NITAWL, XSDRN, COUPLE, ORIGEN, and
KENOVA have been relinked with the new compiler libraries. Also the SCALE driver has been modified
so that parameters can be passed to the individual modules fxrom the EXEC line.

9/06/88
The ORIGEN card image libraries have been updated with revised data,

7/27/88
ORIGEN-S has been added to the experimental version of SCALE77, correcting a minor error uncovered
in the default version. After testing the default version will be replaced.

6/29/88
A preliminarg version of SAS2 has been added to the experimental version of SCALE77., To access this
version see below.

6/3/88
An experimental version of SCALE77 is now available. The CSAS4 sequences include the new annular lump

geometries, and use NITAWL-2 instead of NITAWL. The revised cross section libraries are in the procedure.

To access this version, include the following DD card after your job card,
//PROCLIB DD DSN=L}MP.SPF1.PROCLIB,DISP=SHR
FEIEIEIEIEIEIEIEIEIEIEIEI IEIEIIEIEIEIE I HHEI I IE JEIEH 636 6 JEI I 3636 26 96 3636 36X H I I I I I IEIIIINIENIEINIIIIIIINNIENHIEIIEN I I IEIEIE I I I HIEH I I HIEMIEIIEWIEIEIEI

Warning - Warning ~ Harning - Harning - Warning - WHarning - Warning -~ Warning ~ Warning - Warning - Warning

4/25/88
The default density for Boron in the Standard Composition Library will be changed from 2.535 g/cc to

2.373 g/cc. This uwill bring the density more into line with measurements as well as with the densities

of B-10 and B-11 in the library.

Warning -~ Warning - HWarning - Warning - Warning - Harning - HWarning - Warning - Warning - Warning - Warning

Further information about these and other updates may be found in NEDO,PBF10287.SCALE77.QAFORMS in the member
with the same namo as the module.

P66 DEIE IEIEIE 6 6 36 26 26 26 36 I IEIEIE I IE I I H I IEIEIEIEIEIEIEIE I I IE IEFEFEIE I I I I JEIE I I IEIEIE I IE I I IEIEIEIEIEIE 2 I IEIE I IE IE I FEIE N JE IEIEIEIEIE I I IEIEIEIEIE I IEIEFEIEIIEIEIE FEIEIEIEH I IEIEIEIEIEH HH N A IIEIEN NN

EERKKEEXEEKEXEEKEKEKKEK KL KK EKERKKEKRRX KKK KKK KK KK KKK XX XXX
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MODULE BONAMI  WILL BE CALLED TIME OF DAY 10.4%4.25 DATE 88.323

6$SAMPLE PROBLEMlzgR 3 R;GION gYLINDRICAL CELL IN SQUARE LATTICE

334$ 1 : 1 2 3 3 3
4% 92238 9223 8016 13027 8016 82000
5:: 4. 881;4 2.00026- 2 4,09815-2 6.0245-2 6. 6743-2 3,33371-2 1.0

%% 0.5588 0.635 0.88132
300 300

8%x 300
1138 0 2 1 T
END

MODULE BONAMI IS FINISHED., COMPLETION CODE -~ SYSTEM 000 USER 0000. CPU TIME USED 5.32 (SECONDS). I/0'S USED 805,

MODULE BONAMI ~ HWILL BE CALLED TIME OF DAY 10.44.54¢ DATE 88.323
' SAMPLE PROBLEM FOR_HOMOGENEOUS OPTION
0 18 1$$116110T

0$$

3$$ l l 1 1 1 1
4$% 92235 8016 027 1301 82000
ggg 1. 962-4 8. 04141-3 3. 25059-2 7. 0557-3 3.2094~-2 4.81-9
7%% 1
8% 300
T
END

MONDULE BONAMI IS FINISHED. COMPLETION CODE - SYSTEM 000 USER 0000. CPU TIME USED 5.13 (SECONDS). I/0'S USED 791.
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ABSTRACT

NITAWL-II is a module that must be used with AMPX master cross-section libraries to produce an
AMPX working cross-section library that can then be used in a variety of transport calculations, such as those
made by XSDRNPM and KENO. The module also provides the Nordheim Integral Treatment for resonance
self-shielding. NITAWL-II is used for these purposes in several of the SCALE calculational sequences. This
document describes the theory and programming and gives instructions on how to use the program.
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F2.1 INTRODUCTION

The original version of the NITAWL module was developed for the AMPX system.! Subsequently, a
version of this module called NITAWL-S was developed for the SCALE system and was used exclusively by both
SCALE and AMPX until the latter part of 1987, at which time this new version called NITAWL-II was
introduced.

All versions of NITAWL perform two major functions. On the basis of a user-specified system
description, they perform problem-dependent resonance shielding by applying the Nordheim Integral Treatment.?
Additionally, NITAWL is used to read cross-section libraries formatted as AMPX master interfaces or as AMPX
working interfaces and produce a new library in the AMPX working interface format. The NITAWL module is
applied in all SCALE system analytical sequences that involve problem-dependent cross-section processing.
NITAWL-II is the new standard used in all these sequences.

The Nordheim method was formulated by L. W. Nordheim in the late 1950s to take advantage of the
then-emerging capabilities of second-generation computers in performing rigorous analyses of the energy
variation of the nentron flux across resonances. The method was originally programmed by G. F. Kuncir® for the
IBM-7090 computer. Later versions of Kuncir's programming were incorporated into the GAM-II* and XSDRN®
programs.,

Several extensions to the Nordheim calculation have been implemented into the algorithm contained in
NITAWL-IL

v

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 approximation for the flux in the thermal energy range is assumed to have a Maxwellian
energy distribution.

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.

7.  New expressions for the absorber region escape probabilities allow the treatment of annular regions.

The AMPX master interface is.organized into one-dimensional (1-D) and two-dimensional (2-D) arrays
by reaction type, scattering expansion order, and energy groups. Also, resolved resonance data are carried on the
interface. (Versions of NITAWL earlier than NITAWL-II also contained provisions for performing an unresolved
resonance self-shielding calculation based on techniques taken from the GAM-II code. However, the parameters
required by this treatment were such as to preclude its use with any of the unresolved data provided on the
ENDEF/B libraries issued in the past several versions. Because of this feature and because the BONAMI-S
module provides much better unresolved resonance calculational capabilities, it was elected to remove the
unresolved resonance techniques from NITAWL-II) After performing the resonance analysis, NITAWL-II
combines the shielded cross sections with the fast and thermal data to produce a working library organized by
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reaction type and scattering expansion order. This AMPX working library is compatible with the input
requirements of the XSDRNPM, KENO-IV, KENO-V, ICE, MORSE-SGC, and COUPLE modules. The AMPX
weighted interface, produced by XSDRNPM, has the same format as the AMPX working interface.

The major difference between NITAWL-S and NITAWL-II is the manner in which it references its
self-shielded values to those in the input library. In NITAWL-S, new values were referenced to a set that
contained processed values for the resonance wings, for "background" values used to correct deficiencies in
parametric fits to experimental data, for p-wave resonances, negative resonances, etc. This procedure required
that both the basic data-processing code (primarily the XLACS-II module of AMPX) and NITAWL-S be exactly
consistent in the choice of resonance wings and the resonances to be processed. In NITAWL-II, the self-shielding
is made with reference to infinite dilution values, a procedure that greatly simplifies the base processing codes,
such as XLACS-II, and which allows one to make a Nordheim calculation that can be used with any input library
containing the reference infinite dilution values. It also allows one to selectively pick which resonances or kinds
of resonances are to be processed, without requiring the basic input library to be regenerated. For example, it
could be decided to add processing for p-wave resonances simply by adding the p-wave parameters to the library.

The purpose of this documentation is to describe the current version of NITAWL. Included is a
description of the Nordheim Integral Treatment and a discussion of its range of applicability. Also included is
a summary of the operations involved in producing working libraries, a description of the program structure in
NITAWL-II, and sufficient information for using NITAWL-II as a stand-alone module in SCALE.
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F2.2 ANALYTICAL MODEL

F2.2.1 NORDHEIM'S METHOD

The Nordheim Integral Treatment involves a solution for the energy dependence of the neutron flux in
a material region containing a resonance absorber and a maximum of two admixed moderators. The material
region may be infinite in extent or it may correspond to a 1-D slab, cylinder, or sphere surrounded by a
moderating medium in which the neutron flux is spatially flat and varies slowly with energy. The presence of
more than one absorber lump in the moderating medium (e.g., a fuel pin lattice) is accounted for through the use
of a Dancoff factor.

The collision density as a function of neutron energy, E, is written for this model as

3 1
SEZLE) - Y (1 -PIEWe) ff“'“"«b(E’)z,;cE')-f—,*P;(EmﬁcE)ch) . @22.0)

where

G(E)
Z.(E)

P,E)

En and 2,5

W(E)

is the neutron flux (neutrons/cm?-s);
is the macroscopic total cross section in the absorber (cm™);

is the nuclide index, i = 1 for the absorber, 1 = 2 for the first admixed moderator, and i =3 for
the second admixed moderator;

is the Dancoff-corrected, first-flight escape probability from the absorber region;

is the maximum fractional energy loss a neutron can suffer in an elastic collision with a nuclide
of mass A, «; = 4A/(A; + 1)* (note that this definition of alpha is 1 minus alpha in many
sources);

are the macroscopic total and elastic-scattering cross sections of nuclide i, (cm™); and

is the assumed energy variation of the neutron flux in the external moderator region. In the
epithermal energy range, W(E) is set equal to 1/E. In the thermal energy range, that is, for E <
5 kT, W(E) is set equal to the Maxwellian distribution CE/(kT)? exp[-E/kT], where C is the
normalization constant, exp[5]/25, k is the Boltzmann constant, 8.61664 x 10° eV/K, and T
is the temperature of the medium in Kelvin.

The first term on the right-hand side of Eq. (F2.2.1) is the collision density in the absorber region due
to sources arising from isotropic elastic scattering at energies E’ above E. The second term is the collision density
due to the flux at the absorber-moderator interface penetrating into the absorber region. The model as defined
in Eq. (F2.2.1) involves several approximations.
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1. Each resonance nuclide can be treated without consideration of other resonance muclides which
may be present in the system. That is, there is no "resonance overlap" between nuclides taken
into account.

2.  The neutron flux is spatially uniform in the absorber and moderator regions.
3.  Neutron transport into and out of the absorber region can be treated with first-flight escape probabilities.

4.  The presence of other absorber lumps in the system can be accounted for with a Dancoff factor. This
factor corresponds to the first-flight transmission probability across the moderator. For example, a
Dancoff factor of zero corresponds to a single absorber lump isolated by a "sea" of moderator.
Conversely, a Dancoff factor of 1.0 corresponds to an infinite medium of absorber material with no
external moderator present in the system.

F2.2.2 TWO-REGION RECIPROCITY

The two-region reciprocity theorem of Rothenstein® was applied in writing the external moderator source
term in Eq. (F2.2.1). Given a two-region system with volumes V, and V, with isotropic, uniform sources in each
region, the first-flight escape probabilities are related by the simple expression

If one of the two regions is subdivided into zones (such as multiple fuel rods in a reactor lattice), then the escape
probability must include the Dancoff factor discussed above. The second term in Eq. (F2.2.1) is constructed by
assuming that the collision rate in the moderator is equal to V_o4,,W(E) and by using Eq. (F2.2.2) to express the
escape probability for the moderator in terms of that of the absorber. Cancelling like terms and dividing by the
volume of the absorber to obtain the collision density result in the second term in Eq. (F2.2.1). The motivation
for this procedure is to eliminate the need for determining the escape probability of the moderator.

Escape probabilities for simple spheres, cylinders, and slabs have been tabulated by Case, deHoffman,
and Placzek.” Their use represents the spatial transport treatment in the Nordheim method, and thus the geometry
is restricted to a relatively simple model. This model is somewhat enhanced in the SCALE system analytical
sequences. These sequences obtain the Dancoff factor from algorithms developed for the SUPERDAN program.?
which includes the effect of cladding material in making its determination. Also, mention should be made of
Nordheim's correction of the escape probability for "gray" rods. Since the Dancoff factor is derived for fully
absorbing or "black” rods, Nordheim has developed the following formulation to account for the partial
transmission through the absorber regions:

PE) = PE)(1 - C)/{L - [1 - ZE)TP (B)IC) . (F2.2.3)

InEq. (F2.2.3), P (E) is the escape probability of Case, deHoffman, and Placzek; C is the Dancoff factor; X (E)
is the total cross section of the absorber medium; and T is the mean chord length (4 volume/surface) of the
absorber region. Equation (F2.2.3) is the expression for the effective escape probability applied in the
NITAWL-II program.
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The numerical solution of Eq. (F2.2.1) for the collision density and thereby the slowing-down flux
spectrum constitutes what is commonly referred to as the Nordheim Integral Treatment. This solution is specified
through the selection of option 1 in the 8th, 11th, and 14th entries of the 3* array of the input specifications.
Other options available for the absorber for simplifying the solution of the integral terms in Eq. (F2.2.1) are the
narrow resonance approximation (option 2) and the infinite mass approximation (option 3).

F2.2.3 NARROW RESONANCE-ASYMPTOTIC FLUX APPROXIMATION

The narrow resonance approximation involves the assumption that the flux, ¢(E’), in the source integrals
of Eq. (F2.2.1), has the asymptotic form

®(E’) = 1/E . (F2.2.4)

Equation (F2.2.2) is strictly valid under the following conditions:

1.  The moderating medium is infinite in extent, that is, the spectrum is not affected by preferential leakage
in some energy range.

2.  The moderating medium is nonabsorbing.

3.  The energies, E’, are below the source energy range in which spectral oscillations occur over the first few
slowing-down intervals, that is, a sufficient number of slowing-down collisions have occurred that $(E’)
has the asymptotic form.

These conditions are generally met in calculating slowing-down sources due to low-absorbing, moderating
materials in reactor lattices. The medium is large and low-absorbing. The resonance energy range is well below
the source energy range of fission neutrons.

The asymptotic flux approximation also requires that the flux-depletion due to resonance absorption is
small relative to the total flux in the slowing-down interval. A criterion for determining the applicability of the
narrow Tesonance approximation involves comparing the practical width of the resonance, T, with the
slowing-down interval, «E’. The practical width is given by

1
T, =T(E/(Z, + B+ 2 N2, F2.2.5)

where 2, is the potential scattering cross section of the absorber, and I" is the width of the resonance measured
between the energy points at which the cross section is one-half of its maximum value, Z, corresponding to the
resonance base energy, E,. Thus, if the following condition is met,

r,<<e¢ E,, (F2.2.6)

then the narrow resonance approximation for the absorber and the asymptotic approximation for the internal
moderators may be applied.

Substitution of 1/E’ for $(E’) and constant scattering cross sections (Z4E’) = Z ) in Eq. (F2.2.1) permit
the analytical evaluation of the integral terms. The resulting equation for the collision density is
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3
PE)Z(E) - 2; [(1-PyENZ/E + P(E)ZLW(E)] . F2.2.7)

The numerical evaluation of Eq. (F2.2.7) is much easier than the Nordheim Integral Treatment, Eq. (F2.2.1). The
reduced effort involved in solving Eq. (F2.2.7) makes its application preferable for problems in which all of the
resonances satisfy the condition given as Eq. (F2.2.6), or the atom density of the absorber is so low (N < 10%
atoms/b-cm) that even a broad resonance would not perturb the flux. This solution is specified through the
selection of option 2 in the 8th, 11th, and 14th positions in the 3* array of the input specifications. The solution
involves the narrow resonance approximation for the absorber and the asymptotic approximation for the two
internal moderators. In the instance that the absorber has resonances with base energies below 5 kT, the
asymptotic flux is assumed to be a Maxwellian, and Eq. (F2.2.7) takes the form

3 -
GEIZE) = Y [ - P ENS,; + P.EELIW(E) . F2.2.8)
i1

F2.2.4 INFINITE-MASS APPROXIMATION

The infinite-mass approximation pertains to the absorber material. Under this approximation it is noted
that the fractional energy loss per collision with the absorber, «,, approaches zero as the mass of the absorber
becomes large. The first term in Eq. (F2.2.1) is evaluated as

(A - P,ENGE)Z,(E) :;ma / T L (- ENEEE) (F2.2.9)
=

E (3 1E' i
Substituting Eq. (F2.2.9) into Eq. (F2.2.1) and collecting like terms yields

3
$(E) - (2,8 - 1 -PIENZET T (A -PiEe)
o E (F2.2.10)
[F4 0@z @Y« REEWE)

The qualitative effect of the infinite-mass approximation is to reduce the slowing-down source and, thereby, ¢(E)
from the values calculated by the Nordheim Integral Treatment or the narrow resonance approximation. The
actual amount of this effect will vary with the relative importance of resonance scattering and resonance
absorption, as can be observed from the denominator term of Eq, (F2.2.10). The infinite-mass approximation
is selected as option 3 in the 8th position in the 3* array of the input specifications.

F2.2.5 COMPARISON OF MODELS

A comparison of the Nordheim Integral Treatment, the narrow resonance (asymptotic flux)
approximation, and the infinite-mass approximation can be drawn from multigroup cross sections processed for
a damp bulk-oxide medium and for a light-water-reactor (LWR) fuel pin. The practical widths for the low-energy
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resonance of 28U are given in Table F2.2.1. For either of these applications, the narrow resonance criterion,
Eq. (F2.2.6), is not satisfied for the lowest four levels. The variation of the processed cross sections given in
Tables F2.2.2 and F2.2.3, with the analytical model is virtually the same for both applications. (Note that
Tables F2.2.1, F2.2.2, and F2.2.3 were produced by NITAWL-S, the predecessor of NITAWL-IL. The results
from the two codes have been shown to be equivalent within the accuracies of respective internal procedures, such
that the following observations apply to both codes.) Assuming the full Nordheim Integral Treatment (case 1)
as the standard, the following observations can be made.

1.  Theasymptotic flux approximation for the internal moderators is good to within 3%. (Cases 1 and y))

2. The narrow resonance approximation seriously overestimates the absorption cross section caused by the
broad, predominantly absorbing resonance, and it seriously underestimates the absorption cross sections
due to the broad resonance with large scattering components. (Cases 1 and 3)

3.  The infinite mass approximation is much better than the narrow resonance approximation for these
applications. (Cases 1, 3, and 4)

Each of the SCALE system standard analytical sequences (e.g., CSAS4, etc.) specifies resolved
resonance processing with the Nordheim Integral Treatment.

F2.2.6 UNRESOLVED RESONANCE TREATMENT

NITAWLAII contains no unresolved resonance treatment. It expects this calculation to be made with the
BONAMI-S module of the SCALE system.

F2.2.7 CELL-AVERAGING FORMULATION

The cell-averaging formulation in NTTAWL-II is based upon the assumed value, W(E), of the flux in the
moderator region. The volume fraction of the absorber region within the lattice cell, VF,, is entered as the
fifteenth parameter in the 3* array. The multigroup cross sections are formulated as

3_ E‘ I % 124 Es [ ', - Esw ’ n.
oL - VE, [4@)0,EOEVE, [ EIE! + (1-VE) [ SWENET. (2.1

Since W(E') is generally larger than (E"), the result of entering a volume fraction less than unity is to decrease
the effective cross sections. This cell-averaging procedure was formulated for use with a special option in
XSDRNPM-S in which there is no spatial transport calculated across the lattice cell for the energy groups in the
resonance range. A study by Pevey et al.® indicates that the procedure is not as accurate as entering a volume
fraction of unity and performing the spatial transport over all energy groups. Particularly, the NITAWL-II
cell-averaging procedure does not provide a means for cell-averaging constants for nonresonance nuclides such
as hydrogen. Therefore, in the SCALE system analytical sequences, the volume fraction in NITAWL-II is set
equal to unity and a full transport calculation in XSDRNPM-S is performed.
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Table F2.2.1 Low-energy resonances® in 25U

Basecenergy E_, eV
Slowing-down interval «(3*U) E,, eV
Total width T, eV

Peak? cross sections total 6, b
scatter o,, b

U;04-H,0 medium practical width I, , eV
I3(U,0,1H,0)) << ¢E,
U(2.8)0, fuel pin practical width T, , eV

T, (fuel pin) << ¢E,

6.67

0.111

0.0271

7513
430

0.295

No

0.544

No

20.9
0.348
0.0356

8469
2094

0.413
No
0.759

No

36.8

0.613

0.057

12209
6672

0.793

No

1.459

No

66.15
1.102
0.049

4493
2327

0.414

0.761

No

80.74
1.346
0.026

298
334

0.057
Yes
0.104

Yes

“Resonance data from ENDF/B-IV<MAT No. 1262.

*Doppler-broadened to 293 K.
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Table F2.2.2 U cross sections processed for a damp, bulk-oxide medium®

Energy range 3-10eV 10-30eV 30-100 eV
Reaction type o, a, g, o, g, o,
Casel 6.30 8.94 3.29 9.26 337 11.80
28 Nordheim (1.0 (1.0 (1.0) (1.0) (1.0) 1.0

H: Nordheim

O: Nordheim
Case 2 6.49 8.86 332 9.20 3.40 11.80
280 Nordheim (1.03) (099 (1.01) (099 (1.01) (1.0

H: Asymptotic

O: Asymptotic
Case 3 6.79 8.76 3.02 8.89 261 10.59
28 Narrow (1.08) (098) (0.92) (0.96) (0.77) (0.89)

resonance

H: Asymptotic

O: Asymptotic
Case 4 6.40 8.85 3.15 9.19 323 12.10
280 Infinite (1.02) (099 (096) (0.99) (0.96) (1.03)

mass

H: Asymptotic

O: Asymptotic

N(**U) = 0.0110 atoms/b-cm; N(H) = 0.0209 atoms/b-cm,

N(O) = 0.0406 atoms/b-cm; U,0,/H,0=2.19; H/U=1.9.
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Table F2.2.3. 28U cross sections processed for a LWR fuel pin®

Energy range 3-10eV 10-30 eV 30-100 eV
Reaction type o, o, o, g, o, o,
Case 1 6.19 8.86 3.20 9.19 328 11.73
281J: Nordheim (1.0 (1.0 (1.0) (1.0) 1.0) (1.0)
O: Nordheim
Case 2 6.33 8.86 323 9.17 3.30 11.72
280 Nordheim (1.02) (1.0 (1.01) (099 (1.01) (1.0)
O: Asymptotic
Case 3 6.63 8.75 295 8.87 2.55 10.55
28 Narrow (1.07) (099) (0.92) (0.97) (0.78) (0.90)
resonance
O: Asymptotic
Case 4 6.23 8.83 3.05 9.15 3.11 11.92
Z8U: Infinite (1.01) (099) (0.95) (0.99) (0.95) (1.02)
mass
O: Asymptotic

U(2.8)0, at 93% theoretical density, Westinghouse 17 x 17 PWR,
Pitch = 1.43 cm, Fuel OD = 0.9294 cm, Clad OD =1.0719 cm,
Gap OD = 1.0528 cm, N(**U) = 0.022 atoms/b-cm, N(O) =
0.044 atoms/b-cm, N(*°U) = 0.00059 atoms/b-cm. Dancoff = 0.2345.
*The numbers in parentheses are ratios to the Case 1 values.

F2.2.8 RANGE OF APPLICABILITY

Within the scope of the analytical model, the Nordheim Integral Treatment is a rigorous method for
processing resonance cross sections. Other methods that treat the same analytical model through various
approximations (such as the narrow resonance approximation) are generally more efficient but less accurate. The
major limitations of the analytical model are from the following:

1.  the treatment of a single resonance absorber located in a single material region;

2.  the treatment of external moderation through the assumption of an asymptotic flux present at the
absorber-moderator interface; and

3.  thetreatment of spatial transport with the first-flight escape probability for the absorber, the two-region
reciprocity theorem and Dancoff factors.

In general, these are not severe limitations for the analysis of LWR fuel pin cells or for many of the other
applications commonly encountered in neutronics analyses. However, in applications involving several isotopes
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with large resonances or complicated absorber-moderator geometries, caution should be exercised in using
NITAWL-processed cross sections. The presence of more than one resonance isotope in a material can lead to
an effect called resonance overlap. It results in either enhanced or reduced group-averaged cross sections,
depending upon the predominance of resonance scattering or absorption and the relative locations of the
resonances within the energy groups. The resonance overlap effect is discussed in some detail in Sect. M7.A.7.

The restriction of the resonance absorber to a single material region limits the use of the NITAWL
program for certain applications. For example, the analysis of machinery for dissolving spent fuel elements may
require the simultaneous consideration of the resonance absorbers being located in the solid fuel pellets and in
the acid solution. Procedures for treating complicated geometries, as well as resonance overlap, have been
developed for the ROLAIDS program described in Ref. 10. The user may find it worthwhile to obtain reference
analyses with the ROLAIDS program for systems that do not match the analytical model.

The low-order transport model where elastic scattering is treated as isotropic in the laboratory system
is generally considered to be adequate for most applications. However, there are instances in which the isotropic
and uniform sources assumed in deriving the escape probabilities and Dancoff factors do not hold. The
importance of treating anisotropic scattering and flux components can be determined through the use of the
XSDRNPM-S module.

In addition to the effect upon the cell-averaged constants discussed in Sect. F2.2.7, the assumption of
an asymptotic flux in the moderator region does not provide for the treatment of thermal upscatter in the presence
of the large thermal resonances. As discussed in Sect. M4.1, the overall approach taken in developing the SCALE
system cross-section libraries has been to assume a Maxwellian-shaped thermal moderator flux in performing
the resonance processing and also to include enough thermal energy groups so that the gross effects of thermal
upscatter are treated in the subsequent Monte Carlo or discrete-ordinates transport analyses. This procedure also
accommodates the treatment of those thermal resonances that are described with point cross sections rather than
resonance parameters in the ENDF/B specifications.

Finally, another aspect of the Nordheim Integral Treatment that occasionally limits its use arises not from
the analytical model, but from the procedure of treating each resonance independently in obtaining the numerical
solution. Two effects due to this procedure have been identified:

1.  Inanalyzing the large s-wave levels in 25U metal systems, it was found that the scattering cross sections
in the wings of the resonances were up to 15% too small due to the neglect of contributions from the
higher-energy resonances. These approximate results cause too much flux depletion in the resonance
wings and overall high values for the group-averaged constants.

2. In analyzing the relatively narrow and predominantly scattering resonances of zirconium in the
intermediate energy range, it was found that the presence of several significant resonances in a single
energy group coupled with the independent averaging of each resonance leads to inconsistent values for
the group-averaged constants. This effect, which usually is not noticeable, arises from the assumption
of a "fresh" asymptotic slowing-down flux at an energy, E, above each resonance. This assumption
precludes the possibility of accumulating the flux-averaging integrals in Eq. (F2.2.15) in a fully
consistent manner.

Many years of experience with the Nordheim Integral Treatment as applied in NITAWL-II have yielded
the following general estimates of the accuracy of the method for various applications:

1.  Inthe analysis of LWR fuel pin cells, the method yields group-averaged constants that agree with those
produced by more rigorous methods (ROLAIDS, Monte Carlo) to within 5%. Reactivity biases of up
to 0.5% Ak/k have been observed.
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2. For the more unusual applications that do not match the analytical model, errors in group-averaged
constants of 30% and reactivity biases as high as 3% have been observed. Note that in the case of the

zirconium-scattering resonances described above, the numerical procedure essentially "breaks down" and
much larger effects are observed.

These levels of accuracy should be considered in the context of order-of-magnitude errors in
group-averaged constants and reactivity biases as high as 30%, resulting from the application of nonshielded
cross-section data. From this viewpoint, the Nordheim Integral Treatment is seen to be very satisfactory for most
important applications and less accurate but still useful for analyzing the more unusual systems.
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F2.3 NUMERICAL PROCEDURES

F2.3.1 OUTLINE OF PROCEDURE

The numerical solutions of Eqs. (F2.2.1), (F2.2.7), and (F2.2.10) for the collision density in the resolved

resonance energy range and subsequent cross-section averaging are performed in the following sequence:

1.

The equations for the collision density are converted from the energy variable into the lethargy variable,
u = in(E,/E). The macroscopic cross sections are divided by the atom density of the absorber. This
mechanism normalizes the collision density to one absorber atom.

Each resonance is treated separately. This separation allows the determination of an energy E, above
each resonance at which an asymptotic slowing-down flux can be assumed. Based upon the
slowing-down interval of the absorber, an integration mesh is defined for each resonance. The scattering
cross sections of the internal moderators are adjusted to produce the correct slowing-down sources when
integrated over this mesh.

Starting with the asymptotic source from above each resonance, a backward integration by Simpson's
rule summation is performed to obtain the variation of the collision density across the resonance. The
pumber (1, 2, or 3) of nunning integrations performed will depend on the model selections for the
absorber and internal moderator contributions to the slowing-down source.

At each lethargy interval, point values of the resonance cross sections and a first-flight escape probability
for the absorber are calculated for use in determining the collision density.

After the collision density across each resonance is determined, the associated flux distribution is used
to weight the reaction cross sections over the desired broad group structure. The cell-averaging option
described in Sect. F2.2.7 is performed at this point.

The numerical procedures involved in each of the steps 1 through 6 are described briefly.

F2.3.2 SLOWING-DOWN EQUATIONS IN THE LETHARGY VARIABLE

In converting the equations for the collision density to the lethargy variable, the following relationships

are applied:

FE) = $E) Z(E) F2.3.1)

u = m(E,E) ~ du ~ - E/E . F2.3.2)

With the definitions (F2.3.1) and (F2.3.2), the integrands in the slowing-down source terms become

$(E)S (E)E/E = - Fu)2 (u)du/Z(u) . 2.3.3)
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The integration ranges corresponding to the slowing-down intervals become
Au; = n[E,/E] - in[E,(1 - «)/E] = ta[1/(1 -a)] . F2.3.4)

The lethargy and energy variables range in opposite directions. Reversing the integration limits/cancels the minus
sign in the new expression for the integrands, Eq. (¥2.3.3).

The reaction rates are normalized to one absorber atom. Division by the number density of the absorber,
N,, results in the following definitions for effective cross sections:

o@) = BN, , (F2.3.5)
o) = SN, , (F2.3.6)
0,,m) = B )N, . 237

0, = BN . (F2.3.8)

Applying the above relationships collectively to Eq. (F2.2.1) for the Nordheim Integral Treatment yields:

3
Fw - Y (A -P,@)e) f nA Fu')(o (Yo (u))du’ + Pi(u) oz(w)W()], F2.3.9
1 u-Aay;

where
W)=¢"E,,E>5kt,

or

E;e®

W) = (5.936526 /(kT)z)Ele‘“e( i ) ,E<SkT.

Similarly, Eq. (F2.2.7) for the narrow resonance-asymptotic flux approximation becomes

3
F@) -~ Y (1-P,m) 0y + Poop(W() , (F2.3.10)
i1
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and Eq. (F2.2.10) for the infinite-mass approximation becomes

3
Fu) = [1-(1-P / B 1-P ) e) F'
@ = [1- 0 -P@o (/oI 3 [ -Pima) Fa) (F2.3.11)

(0, Yo (' )du’ + P o ()W) .

F2.3.3 DETERMINATION OF E,, INTEGRATION MESH INTERVAL, AND SLOWING-
DOWN POWER CONSERVATION

This algorithm differs from the one originally programmed by Kuncir® in two respects:

1.  Anintegration mesh is determined for each resonance that contains a specified number of points (501
by default). Note that NITAWL-S used an iterative procedure that determined a variable number of
points for each resonance.

2.  The average lethargy gain per collision, xi, rather than the maximum fractional energy loss per collision,
o, is applied in adjusting the internal moderator cross sections to conserve their slowing-down powers.

With the exception of the cross-section adjustment, these functions are performed in subroutine GRID.

The initial estimate for the energy, E,, above the resonance base energy, E,, at which to start the
slowing-down calculation is based upon taking the maximum of a factor s/2 times the practical width, IT',, or 10
times the Doppler width, Iy,

E, - B, + XT', (F2.3.12)
where
s
X - MAX | ~T;, 10| ;
T, - Tyfoy/op, . 04 = 2.6 x 10° gT/ED)
and

Ty, = Y4E KT/A .

Experience has shown that the factor X in Eq. (F2.3.12) is sometimes too large. Prior to the
determination of E,, it is compared to another factor Y, whose determination is described below, after which it
is taken to be in minimum of the above value and Y; that is,

X =« MIN |X,Y] . (F2.3.13)
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Define a parameter d by

d - zzn(ﬁ’l) , (F2.3.14)

which is closely related to the log of the parameter «;in Eq. (F2.2.1). Then define A by
A~ e MESH-Dd (F2.3.15)

where MESH is the number of points to be assigned to each resonance. The parameter A, is the lethargy span
that could be attained if a neutron scattered elastically (MESH-1) times, losing the maximum energy at each
collision. Now define Y as

A -1 E

o o
A +1 T (F2.3.16)

(4]

In the event that Y is less than X, it replaces X as in Eq. (F2.3.13) and is used to determine E, as in Eq. (F2.3.12).
The bottom energy, E,, for the resonance is then determined from

E,«E,- XT . F2.3.17)

Unfortunately, this simple procedure does not always give an adequate range of coverage, especially for
resonances at low energies. An iterative procedure, therefore, is used which is similar to one in the original
GAM-II coding, but it has been modified to cover specific situations more effectively. Because this procedure
did not derive from an orderly development, it is difficult to describe in a supported manner. The following will
document the procedure, but will make no attempt to explain why the particular selection of parameters was
made.

Define a parameter, 1, by
1
5+-—‘/ETE AT
( ; ofA) |
and set an initial guess at the lethargy spacing for a mesh over the resonance to

€ = 2/

AKT

A Integer (% Eo 1}] (F2.3.18)

The iteration starts by looking at a parameter, Z,, defined by
Z,=(E,-E)E,.
WhenZ, < -;- , set
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E
M =1+2Integer |on —2—/2e « 1|,
2B0" l

E, =2B/(1+ & ).

Otherwise, set

M  =1+2Integer

7E,
n——1»>~2e +1 o
3E,

U2 = eMe’

E, =3E, e "7 .

An input parameter, MMSH, specifies the number of mesh intervals to be taken with each resonance.
(It is set to 500 by default). Ifthe ratio, = M/MMSH, is greater than 0.9, the iteration is satisfied and the code
proceeds to calculate parameters associated with the resonance energy mesh, as described below. Otherwise, the
parameter, €, is recalculated by

€' =2qe/(1+e),
where €’ will then replace €.
Then U, = MMHe |
KU,> 2,
E,=3U,E,/7.
Otherwise,

E,=2E,U,/(1+U,),

and the code returns to the point where the parameter Z, was calculated and repeats the sequence just described.
When the iteration is satisfied, the number of intervals to use for the resonance is set to MMSH, after
which it calculates
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N =2 > < , (F2.3.19)
. d
€ =TT
N
U2 = eMMSH'e R
E, =2EU/1+U,). (F2.3.20)

The three parameters, e, MMSH, and E,, are those parameters that it will use later to construct the mesh
for the resonance.

With the integration mesh determined, the next step is to establish the number of integration intervals
required to cover the integration ranges given in Eq. (F2.3.4). Making use of the relations

m[1/(1-ca)] = ;= 4/A; (e; small), (F2.3.21)
the number of intervals for integrating the slowing-down density due to the absorber is given by
n, =[1.5+4/(A €)]. (F2.3.22)
The bracket denotes truncation to the nearest integer. Recall that Eq. (F2.3.19) for e was developed such that
n would be an even integer. Similar expressions must be obtained for the number of intervals used in integrating
the internal moderator terms. These expressions are
n,=1+2*INTEGER [in(1/(1 - &))2e +1];i=23. (F2.3.23)

Now, since € was determined on the basis of «;, the fractional energy loss due to a collision with the
absorber, there is little likelihood that even numbers of mesh intervals will fit exactly fit the integration ranges
for the moderators. Therefore, using Eq. (F2.3.23), the «; are redefined as

@;=1-¢",i.23. (F2.3.24)

Also, the moderator cross sections are adjusted to conserve the slowing-down power by the prescription

O = 0;5/81, 123, (F2.3.25)
where
E=1+[(1-a)/ejn(l-c)
and
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E =1+ [(1 - aj/e]m(l - &) .

For an infinite medium of pure scatterers, the lethargy-dependent slowing-down density, q(u), is equal to the

slowing-down power, £ 0,, times the lethargy-dependent flux, ¢(u). Thus, the slowing-down sources due to the
internal moderators are conserved under this procedure.

F2.3.4 NUMERICAL INTEGRATION WITH SIMPSON'S RULE

The collision densities, as given by the various models, Eqgs. (F2.3.9), (F2.3.10), and (F2.3.11), are
combined into a single expression with a "switch" on each term set by the user-specified input.

(N, - Nordheim Integral Treatment for the Absorber

d(N,) - Nordheim Integral Treatment for the First Moderator
8(N,) - Nordheim Integral Treatment for the Second Moderator

O (NR) - Narrow Resonance Approximation for the Absorber

6(4A,) - Asymptotic Flux Approximation for the First Moderator
8(A,) - Asymptotic Flux Approximation for the Second Moderator
8(IM) - Infinite Mass Approximation for the Absorber

8(EM) - Heterogeneous System with External Moderator

Incorporating these switches and the above definitions for the adjusted cross sections, this single expression for
the collision density becomes

F@) = (1-P )M, f ¥ F@u')o,(u)ou’)du’
u-nle
+ SNey f“ F(u')o /0 (u’)du’
-nze

» SN/aj u‘_’nseF(u')o;/ot u’)du’

+ (G(NR)opl + (Ao, + 6(A)0 W)

+ S(M)F ()0, ()0 m)] + 8EM)P W)o WW) , (F2.3.26)

where
o ) = 6,(u) + S0, + SN0z + §(A DG, + §(A)0,; .

Evaluation of the integral terms in Eq. (F2.3.26) by Simpson's rule yields an end-point contribution and
an incomplete integral of the form:
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v-€

l/ofu F')o,(u')o,mNdu’ « e/3a)[Fu)o m)/ou) + I FluHo (u)o D], (F2.3.27)

-DE u-ne

where the incomplete integral consists of

u-€ 2 n/2-ie1
I Fu)o, Yo m') =2y (3-0) Y F(u-ke)o u-ke)ou-ke)
u-ne 5 | il

+ F(u -ne)o (u -ne)/o(u-ne) ,

with the integerk=2j +i-2.
Now, applying Simpson's rule to the integrals in Eq. (F2.3.28) and collecting terms on the collision
density results in

F(u) = {1-11(1 -P (@)[e/(30,m)EWN Do (u)e, + SMN)o/a; « SAN)0 /sy

+ @D @/o I x {(1-P@NBA,Ye, I F@)o, @' Vo n’)

+ SN, )/ es i Fo,/o,u’) + (N, ey i F(u')o 4/0(u")]
+ [(1-P ))(@AR)0,; + 8(ADT, + 8(A)0,)

+ 5(EM)P ()0, )IW ()} . (F2.3.29a)

The incomplete integrals are evaluated in subroutine SIMPSN. Tables are constructed to represent the
distinct integrands within each integration interval. The initial values in these tables are the back integrands
corresponding to the integration of sources due to the asymptotic flux above E, or below u=0. That is, these
sources are

F(E)-1/e f:«a- 6 B '/E") ~F(u) «- 0 /(<E,) fo““"e “du’. (F2.3.29b)
1

Therefore, the integrand evaluated over the first interval of width — is
BVAL (1) = 6,e/(aE,); (F2.3.29¢)

the integrand evaluated at the last interval is
BVAL (m) = o,e ™/(<E,) . (F2.3.30)
Note that me = Au, the total slowing-down interval of Eq. (F2.3.4).

Taking advantage of the constant integration interval size, a running value of the Simpson's rule
summation [cf. Eq. (F2.3.27)] for each incomplete integral is stored at each lethargy u after the addition of the
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(u~ €)® term and subtraction of the (u—me)® term. This procedure avoids the recalculation of the major portion
of the slowing-down source at each lethargy. Thus, it results in a very efficient technique for the numerical
evaluation of the slowing-down source integrals. The procedure is completed by moving over the integration
mesh in the positive lethargy range and determining the integrand values numerically as F(u)o,(u)/o,(u) for use
in subsequently evaluating the collision density F(u + €).

F2.3.5 GROUP-AVERAGING PROCEDURES

NITAWL-II contains no provisions for wing treatments as in previous versions of the code, nor does it -
require that the basic processing code used to produce multigroup libraries preprocess the wings into, for
example, background cross sections. It is formulated in such a manner to allow one to use the Nordheim
treatment with a library that contains infinite-dilution-weighted cross sections. This result is accomplished by
formulating the resonance processing such that it determines the difference between self-shielded values and the
corresponding infinite dilution values, instead of just calculating self-shielded values that either replace or add
to preprocessed background values.

This new formulation has several advantages over any of the previous implementations:

1. It makes the preprocessing code simpler by removing any requirement that it have prior knowledge of
the Nordheim treatment; for example, it does not have to produce background cross sections that contain
"wings," ¢ = 1 resonances, etc.

2.  Since the output of the calculation is a difference between the shielded value and an infinite dilution
value, the effect of using different procedures (integration schemes, energy meshes, etc.) is a
second-order error.

3.  Thenew treatment allows one to decide which resonances or group of resonances (¢ =0, £ =1, etc.) are
important enough to include in the treatment.

All this is accomplished by making the Nordheim treatment determine point cross-section values at two
temperatures: (1) the "problem" temperature, and (2) a reference temperature at which the basic cross sections
were produced. The reference temperature is carried as part of the resonance information on the master
cross-section library. After the cross sections are determined, the flux calculation is made, exactly as in previous
versions of NITAWL, using the cross sections at the problem temperature. Both sets of cross sections are then
passed to TRAPZ, the subroutine in which the point values are group averaged. The point values at the problem
temperature are averaged over the problem fluxes, while the values at the "reference” temperature are averaged
using a smooth function, consisting of a 1/E flux tied to a Maxwellian spectrum at five times the reference
temperature and which peaks at the reference temperature. The group averages are determined by the scheme
described below.

Recall that the Nordheim treatment is written to determine an average flux in a fuel lump that is part of
a two-region system. The flux in the moderator is assumed to be asymptotic (viz., 1/E) which allows one to
eliminate one of the two collision density equations.

In a high percentage of runs, cross sections are desired for use in a different geometry from that in which
the Nordheim calculation is made, for example, as when a reactor pin is mocked and cross sections are wanted
for a smeared representation of the lattice structure. This requires a "cell weighting"” to be performed.

NITAWL-II accommodates "cell” and/or "zone" weighting in a very simple fashion.

Consider the defining equation for a cell-weighted cross section for a nuclide occurring in the fuel region:
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7 —ocefl Teell <+ Fuel
No, ¢, Vg-= fMN(f)d? fng ¢ E)o®), (F2.3.31)

where

N(T) is the number density in the fuel and is constant,

$F“°l(E) is the flux-per-unit volume in the fuel as determined by the Nordheim treatment,

o(E) is the Doppler-broadened point cross section,
Vea is the total volume of the cell,
N is the volume-averaged number density of the nuclide in the cell,
5‘:’1 is the cell-averaged flux for group g,
6:’1 is the cross section required to preserve the reaction rate calculated on the right-hand side of the
equation.
By definition,
f N(T)dr + N@@dr
N - SFed Moderator = VeNp/V g\ (2.3.32)
f dr
oell

where Vg is the volume of the fuel region, and N is the atom density of the nuclide in the fuel region. (Note that
it has been assumed that the nuclide for which a resonance calculation is being performed occurs only in the fuel
region.) Likewise,

= —Foel ~Mod
dE dr . dr
pa L ELETE [ 58] s
8 Voell
The assumption is then made that 4_>M°d 1/E consistent with the earlier assumption, such that
—cell —Ful . VF dE Vg
= [ E —_— =1 -—}.
b, fg $ ®E v, fg = v (F2.3.34)
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Substitution into Eq. (F2.3.31) ultimately yields
[E&® @)
—ocll .28

8 —eelt

g

k) (F203o35)

which is the expression calculated in NITTAWL-IL

A\
Note that if we define G = ;l in Eq. (F2.3.34), then
cell

3;‘“ -G fng o E) « (1-G)Au,, (F2.3.36)

where Au, is the lethargy width of group g. We can use the single parameter G—the volume fraction of the fuel
Iump in the cell—to determine either "cell-" or "zone-" weighted cross sections. (In the latter case, a value of G=
1.0 is used.) Note that this is the only use of this parameter in NITAWL-IL

In most cases, it is thought to be better to specify G = 1.0 and to perform an intermediate calculation
(e.g., a simple 1-D S, calculation) to perform "cell" weighting. The primary reasons are the following:

1.  The Nordheim treatment only covers the resolved resonance region and, even here, only a part of the
resonance range for a resonance.

2. Moderator nuclides alsoneed a "cell" weighting, which will not be addressed by the Nordheim treatment.

Other approximations are needed when the break points for the Nordheim range fall within a group. In
these cases, the flux in the fuel must be calculated over the entire energy group, when defining the denominator
flux described by Eq. (F2.3.35). Here, the flux is assumed to be 1/E above 5 kT with a Maxwellian shape
assumed below that point.

The integrations over EF“"I('E) and $F"°l o(E) are performed analytically after assuming that both
the flux and cross section are linear with lethargy. Since the Nordheim calculation is performed on a very fine
equally spaced lethargy mesh, this integration scheme is very accurate and efficient.

The above discussion applies for the cross sections weighted over the spectrum determined for the
problem. The cross sections at the reference temperature are weighted using exactly the same equations with the
flux replaced by a 1/E flux tied to a Maxwellian spectrum. The output from the weighting calculation is the
difference between the values weighted over the problem flux and the smooth flux.

F2.3.5.1 New Procedure for Referencing Shielded Cross-Section Values

In earlier versions of NITAWL, several special sets of cross sections were carried with resonance
nuclides and were identified as follows:
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MT Value

1021  The 1/E averaged value of the n,y cross sections over the energy regions
for which the Nordheim calculation would be made.

1022  The 1/E averaged value of the n,f cross sections calculated as described
above.

1023  The 1/E averaged value of the elastic scattering cross section over the full
resonance range.

In this case, the "total values" in MT = 1, MT = 18, MT =27, MT = 101, and MT = 102, corresponding to total,
fission, absorption, capture, and n,y, respectively, contained the weighted values for the cross sections for the
energy range outside of the ranges over which the Nordheim calculation is made. The values for process
identifiers M T-numbers) correspond to those defined in ref. 11, in most cases.

This fit with a procedure which added the "shielded” value to the "total” values to define a final
cross-section value. The special cross sections, MT = 1021 and MT = 1022, were only used when no resonance
calculation was requested, thereby making a set of cross sections with infinite dilution values.

Elastic scattering was treated slightly differently in that MT = 1023 contained the total infinite dilution
value, while MT = 2 data (elastic scattering) contained everything except the "bodies" of the resonances to be
calculated by the Nordheim treatment.

The primary disadvantage of the treatment just described is that it requires the preprocessing code (in
this case, XLACS) to understand enough about the Nordheim treatment to be able to know how to split the
averages into the pieces described.

The present formulation of the Nordheim treatment references its shielded values to infinite dilution
values, that is,

O inat = Oiafinite ditution + A0 .

The new procedure thereby relieves the basic processing code of having to know anything at all about the
Nordheim treatment. It also means that one can introduce additional resonance data to the calculation, if it is
necessary. An example of when this might be required is the case of including ¢ = 1 resonance parameters in the
Nordheim calculation, something not done previously with any SCALE libraries.

The new scheme does put an additional burden on the Nordheim treatment because it now must determine
infinite-dilution averages. This process, however, is simple and straightforward as compared with that of
determining self-shielded values.

In the new libraries, cross sections with MT numbers given by

3000 +MT

are used to store the reference infinite dilution values. For example, 3102 contains the infinite-dilution values
for MT = 102. The values in MT = 102 are those determined by weighting the cross sections over the flux used
in the basic processing of the data and will not be used unless the MT in the "3000" range is not present.
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F2.3.6 UNRESOLVED RESONANCE CONTRIBUTIONS

NITAWL-II contains no provisions for performing an unresolved resonance calculation, as did its
predecessors. In the SCALE system, this operation is typically performed by the BONAMI-S module.

F2.3.7 ESCAPE PROBABILITIES, POINT CROSS-SECTION FORMULATION, AND DOPPLER
BROADENING

The first-flight escape probabilities appearing in Eq. (F2.2.1) and discussed in Sect. F2.2.2 are functions
of geometry type and size as represented by a characteristic dimension, a. Also, they are explicit functions of
the mean-free path, A, of the absorber material and implicit functions of energy through the inverse relationship
between A and Z(E). The analytic expressions developed by Case, deHoffman, and Placzek” for the escape
probabilities for the slab, cylinder, and sphere are given by Egs. (M7.A.18) through (M7.A.20) of Sect. M7.A.2
of the SCALE manual.

Earlier versions of NITAWL determined escape probabilities using algorithms programmed by Kuncir.?
These allowed treating simple spheres, slabs, and cylinders. This version of NITAWL extends these capabilities
by allowing one to treat annular systems.

As in most implementations, the escape probabilities are given as a function of a/A. For spheres, a
function routine called POSPH is called with two arguments, a/A for the inner and outer radii of the shell,
respectively. (Note that the inner radius is set to zero to treat a solid sphere.) The equations used in this case are
those developed by Westfall'? for use in the ROLAIDS module. For this, he defines the following terms:

P* =first-flight escape probability through the outer surface,

P~ =first-fight escape probability through the inner surface,

T = first-flight transmission probability from the inner to the outer surface,
T = first-flight transmission probability from the outer to the inner surface,

T = first-flight transmission probability from the outer to the outer surface.

Define
R=-32/A, (F2.3.37)
and let R, be the value at the inner radius, while R, is the value for the outer radius.
It is shown that
2
3R
Pre —2—[1-T®-T9, (F2.3.38)

ARIRD
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4®3R))

it-T1%, (F2.3.39)

where

e R L )
1

cep[RI-RY(RI- R 1) - ew b @, - R

(&= @, - », - 1},

(¥2.3.40)
R,)?
o [ E) gor (F2.3.41)
R2
00 1 2 2 2 2
T 2R:[1 - e[ 2fRZI- R . 2fR2- R (F2.3.42)

E, is the third-order exponential integral function. For cylinders, the procedures developed by Kier and Robba'?
are used. These procedures have been programmed into function POCYL, which has the same argument
definitions as does POSPH. This routine calls CYLPRB to pregenerate a table of escape probabilities. CYLPRB
calls SHELC to generate transmission probabilities for cylindrical shells. The tabulations are used, except when
R, —R, > 8.0, in which case an asymptotic expression is employed.

For slabs of thickness a, the following expression is used:

Py = (1 - 2E,(a/A))/(22/A) . (F2.3.43)

The capture, fission, and scatter cross sections are calculated at each mesh energy, E, according to the
single-level Breit-Wigner formulation as specified on pages D-1 through D-4 of the ENDF/B documentation.!!
The cross-section determination is done in subroutine RESOL with the Doppler shape functions

¥(X,,E) and x(X,,E) obtained with subroutine VOGAM as described below. The Doppler-broadened cross

sections are given by the following formulas:

ol E) - (2t + 1) -‘I’;-’;—sin%,

4% I‘; sin2(b2 n 2
+—g— X(X]_’E)* —]?—--28111 (b! W(XlaX) B (F2.3.44)
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Ooy(E) =
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4  Tply
T8 VLD

0..4E) =

(F2.3.45)

(F2.3.46)

where g is the statistical weight for the sequence of resonances. The RESOL algorithm treats up through ¢ =4
resonances. Spin-dependent quantities appearing in the equations are the neutron width, 1‘;, and the phase
shift ¢, These quantities are defined in terms of three basic parameters: the neutron wave number, k, given by

k = 2.196771 x 107 « /E « (AWRI /(AWRI +1.0)) ,

(F2.3.47)

where AWRI is the ratio of the mass of the isotope to that of a neutron; the effective scattering radius, 4, as

specified in the ENDF/B data; and the channel radius, a, given by

a = 0.123 «3/AWRI + 0.08 .

The phase shifts for the two spin states are determined as

A

‘bo'P

by - p - tant|BAS =Y
15-6p2

5y~ - ] U0 1057 ]

| 105 - 45 p2. p*

where

o
]
w
[3

F2.3.15

(F2.3.48)

(F2.3.49)

(F2.3.50)

(F2.3.51)

(F2.3.52)

(F2.3.53)
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Additional quantities used in determining the spin-dependent neutron widths are the penetration factors, P,, given
by

Py=p (F2.3.54)
P, - p%/(1+p? (F2.3.55)
P, = po(9+3p%+ph (F2.3.56)
P, - p"/(225 +45p%+6p*+ %) F2.3.57)
P, = p?/(11025 +1575 p%+135 p*+ 10 pS+p% ., (F2.3.58)
where
p=Kka.

The spin-dependent neutron width is then obtained from the ENDF/B specified neutron width, I';, by the ratio
I, - PE)T,PE) , (F2.3.59)

where the penetration factors are evaluated at the neutron energy, E, and the specified resonance base energy, E,.
Note that the dependence of the penetration factors on energy arises through the definitions of p and k.

Before proceeding with the discussion of Doppler broadening, it is appropriate to introduce one
additional spin-dependent quantity, the resonance energy shift factor, S,. The effective resonance energy, E',,
is related to the specified resonance base energy, E,, by

E'_ - By + [SEp - SETL/2P(EY] . (F2.3.60)

The shift factors appearing in Eq. (F2.3.88) are given by

Sy =0 (F2.3.61)
o= (F2.3.62)
1 e N
(1+p?
G oo (18 +3p3 F2.3.63)
2 (9+3p24ph h
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(675 +90p2+6p*)
(225 +45p2+6p*+ p¥)

S; = - (F2.3.64)

(44100 +4725 p2+270 p*+10p%)

S4=- . 3.6
477 (11025 + 1575 p2+ 135 p*+ 105+ p®) (¥2.3.65)

Thus, for =0, E‘, corresponds simply to E..

With the assumption of a Maxwellian distribution of target nuclei velocities, the Doppler shape functions
are defined as

YXE) = ECym) f:a:p [- (E2°(X, - Y211 + Y)Y, , (F2.3.66)
and
XKy E) = BN [ e [- (12K, - YY1 Sy, (F2.3.67)
where
Xl = 2(E = E't)/r E]
and

E = IUT, = T'\/AWRI /(4E'T) .

The integration over Y, accounts for the variation in target nuclei velocities.

The algorithm contained in VOGAM for calculating ¢(X,,§) and x(X;.§) was developed by J. H.

Marable of Oak Ridge National Laboratory in the late 1960s. The algorithm contains three alternative
procedures:

1. Asymptotic Series Expansion,
2. Taylor Series Expansion, and
3. Rational Approximation.

The numerical analysis associated with the Asymptotic and Taylor Series Expansions can be found in
Abramowitz and Stegun.’* The Rational Approximation is due to Adler and Naliboff.'* For any particular set
of input variables (X,E), the choice of which procedure is applied depends upon the value of a test parameter,
T, defined as

E2 2
r. by, (F2.3.68)
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For T < 0.3469175
The Taylor Series Expansion is applied.

For 0.3469175 < T < 78.50045

The Rational Approximation is applied.

For 78.50045 < T <1.342177 x 10°

The Asymptotic Series Expansion is applied.

For T > 1.342177 x 10®

1
a+XD

P(Xp8) =

2%,
X(Xp £) - o
1 +X)

Also, depending upon where the value of T falls within the ranges defined above, the Asymptotic and Taylor
Series solutions may include terms up to the fifth order in the independent variables x and y. These terms are

summed as

T, - -E—[a1 +8X ¢ 8T + a4(r-2y2)x + a5(2xy + I)(r - 2xy)

+ a((2xy + D)@ - 2xy) - 41y Dx] ,

and

T, - y-i-[a2 o bk + 8,r+2%2) + byt + agdrx 2 2xy + D -259))]

where r = x? +y?, the constant coefficients are given in Table F2.2.4, and x and y are defined below for each

solution.
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Table F2.2.4 Coefficients for the Asymptotic and Taylor Series Solutions

Coefficient Asymptotic series Taylor series
a, 1.0 2.0
a, 0.5 0.6666667
a, 0.75 0.2
a, 1.875 0.04761705
a 6.5625 0.00925926
ag 29.53125 0.00151515
b, 1.5 0.4
b, 26.25 0.03703704

The Taylor Series solution is given by

$XLHE) - %e"[(rlxl-wsin(y) - (@ Xy Ty -y®) cos@)] 5 ®2.3.71)
and
LXK pE) = Ee™[(TX, - Tcos(y) + (T,X,+ T, -ym)sin®)] , F2.3.72)
where
2
x - £-f-n
and
ot
—
The Asymptotic Series solution is given by
YK LE) - —25T—[T,-T2X,1 : F23.73)
and
XX pE) = '.%[Tz‘T1X1] > F2.3.74)
where
NUREG/CR-0200,
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e &2
The rational approximation solution is given by
PKLE) = (B2) C,CH(CT +X7)
[2(Cg+ Cy(Cy + E/2))((Cy v E/2)%+ Cy - (X E/2)D) + C4(Cy  E2)F,EYY
[((Cy + E/2)2+ Cy- (XE/2)P)%+ (C5 + E12)°(X (B)]
~[2(Cyy+ Co(Cq+ EN((Cq+ E2)%+ Cg - (K1E/2)D) + Co(Cq+ ERYK, BV
[((Cq+ E/2)2+ Cg- (R, E/2)D+ (Co+ E/2)° (X,
and
LK pE) = Xy 2C,H(CL XD
- E2[2(C ¢+ Cy(Cy+ E/2))(Cq+ E/2) - C4(Cy + E/2)%+ Cy - (R, E/2)°Y
[((Cs + E/2)%+ €4~ (X E/2))%+ (C5 + E/2)X(KE)7]
- E[2(Cp+ Co(Cq+ E/2))(Cq E/2) - Co((Cq+ E/2)%+ Cg - K ERYIY

[((Cy+ E12)%+ Cy - (X,E/2)+ (C+ E12°(R1E))

where the constants C,, C,, ... C,, are given in Table F2.2.5.

Table F2.2.5 Constants for the Rational Approximation Solution

C, 0.93530073218 C, -0.4375413094
C, 1.0293006226 C, 0.83026130674
C, 0.91274177018 Cs 2.6577963326
C. 0.5966313823 C, 0.07294699933
C. -0.05850576307 Cyo 003664708606
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Comparisons of VOGAM values for ¢(X,,f) and x(X,£) with values obtained by integrating
Egs. (F2.3.66) and (F2.3.67) over numerical quadrature have demonstrated maximum deviations of a few tenths
of 1%. Thus, the VOGAM algorithm is an accurate and efficient means of obtaining the Doppler-shape
functions.
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F2.4 AMPX LIBRARY FORMAT CONVERSION

One major function of NITAWL-II is to convert data from an AMPX master library into the AMPX
working library format.

An AMPX master library is not structured for direct use in a multigroup particle transport calculation.
The intent is to provide a means to present a library that has the potential of being truly problem-independent
which can be tailored at run-time for a particular problem. The library also carries data at a sufficient level of
detail to allow satisfying many of the less-common, but very powerful, analyses such as cross-section sensitivity
studies and coupled neutron-gamma transport calculations. The libraries can, in some cases, allow resonance
self-shielding to be performed using the Nordheim method, the Bondarenko method, or an integral transport
calculation with many spatial zones. Temperature dependence of data is allowed. Any number of scattering
processes can be included to any degree of anisotropic representation. In short, there is far too much detail to
require transport codes to process this library.

NITAWL-II serves to process and combine the data mentioned above into a form ready for use by most
particle transport programs. Provisions are included to allow performing a Nordheim integral treatment
resonance self-shielding calculation for those nuclides with resonance parameters supplied as part of the data.
The final output is an AMPX working library.

The AMPX working library contains two types of data: first, group-averaged cross sections for an
arbitrary number of processes for neutrons and/or gamma rays and, second, total transfer matrices for neutrons
and/or gamma rays.

Many operations may be required in order to produce the working library, as will be evidenced when the
library formats are described later in this section.

In the case of Bondarenko data, NITAWL-II simply skips it. Processing of these data is provided in
BONAMI-S, discussed in Sect. F1 of the SCALE manual.

The master library can contain resonance parameter data. Processing these data has been described at
length in Sect. F2.3. The output is a set of group-averaged values for (n, y) capture, fission, and elastic
scattering. These values are passed for substitution into appropriate positions later in the processing. This
requires the adjustment of many "total" values, such as absorption, capture, etc., to ensure consistency.

The final operation is to add together all the transfer matrices in order to form a total transfer matrix.
This requires several special operations. In many cases, the transfer matrices are temperature-dependent.
NITAWL-II picks the matrix whose temperature is closest to that specified for the nuclide (i.e., no interpolation
is performed at present). For resonance nuclides, the elastic scattering matrix is scaled uniformly to make the
matrix consistent with the self-shielded values. The P, (0 > 0) matrices are scaled by the amount required for the
P, matrix. For processes involving multiple-exit neutrons [e.g., (n,2n), (n,3n), etc.] NITAWL-II multiplies by
the appropriate multiplicity before adding to the total transfer matrix. In the case of coupled neutron-gamma
libraries, gamma yields are sometimes expressed in "yield" units, thereby requiring a multiplication by a cross
section before their introduction into the total transfer matrix. (This scheme allows one to produce self-shielded
gamma production cross sections.) After everything is added together, provisions are included to compress out
most zero and/or nonexistent elements in the transfer arrays prior to placing them on the working library.

Descriptions of the AMPX master and working library formats are given on the following pages.

The AMPX multigroup formats have been designed to allow a generality paralleling that of the ENDF/B
point libraries. For example:

1.  The formats can accommodate neutron libraries, gamma libraries, or coupled neutron-gamma libraries.

2.  An arbitrary number of reaction cross sections can be included with ENDF/B identifiers used for
processes, where possible.
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An arbitrary order of anisotropy can be presented which can vary from nuclide to nuclide or even from
process to process, in the case of the master library.

Temperature dependence is allowed on the master library.

Resonance parameters may be included on the master library for use in Nordheim resolved resonance
calculations and/or in an unresolved resonance calculation.

The master library can contain Bondarenko data for resonance self-shielding by BONAMI-S (cf.,
Sect. F1).

The master library can include scattering matrix data for an arbitrary number of processes.

In the case of the resonance data, partial energy range data can be specified. For example, on some of

the SCALE libraries, the Bondarenko data are only for the unresolved region, which will vary from nuclide to

nuclide.

Potentially, the most space-consuming data on a cross-section library are the transfer matrix data.

AMPX uses so-called "magic-word" arrays for these data which help to eliminate zero and/or impossible data
elements. This procedure is especially important for the master library, where the library may contain data for
~50 separate processes represented to an arbitrary level of anisotropy.

The two formats are written using a combination of seven kinds of information, each of which has one

or more record types associated with it:

1.  Header information—written on the front of the library to specify the number of neutron and/or gamma

groups, the number of nuclides, etc., contained in the library. (Record Type 1)

2.  Energy structure information—contains the group boundaries. (Record Type 2)
3.  Nuclide directory information—50 words that give a title for the nuclide, along with other parameters
that specify the kinds of information included for the nuclide, such as number of records in the library

for the nuclide and how much neutron and gamma data are given. (Record Type 3)

4.  Resonance parameter data—provisions for resolved resonance parameters in the single-level

Breit-Wigner or multilevel Breit-Wigner (SLBW or MLBW) formats. (Record Type 4)

5.  Bondarenko data—four record types are used for this information:

a. A record that gives the values of 6, and T at which the factors are tabulated, along with cutoff
energies for the Bondarenko calculation. The parameter g, is the cross-section value for all
nuclides mixed with the nuclide being calculated, and T is the temperature value. (Record Type
5)

b. A directory record containing information about the specific processes for which the
Bondarenko factor data apply, such as the process, the energy groups for which data are given,
etc. (Record Type 6)

c. A record containing infinite dilution values for a process. (Record Type 7)
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d.

A record containing the Bondarenko factors for a process. (Record Type 8)

6.  Arecord containing average cross sections by process. (Record Type 9)

7.  Three record types are used to present transfer matrices:

a.

C.

A directory record that specifies the processes, orders of anisotropy, lengths, units, etc. (Record
Type 10)

A record to specify temperatures when the matrices are temperature dependent. (Record Type
11)

A "magic-word" record to store a transfer matrix. (Record Type 12)

A discussion of the structure of each of the various record types follows.

Record Type 1 (Header Record)

The header record is the first record on a master and a working library and always contains 110 words:

1. IDTAPE - An identification number for the library.

2. NNUC -

3. IGM -

4. IFTG -

5. MSN -
6. IPM -
7. 11-

8. I2-

9. 13-

10. 14 -

The number of sets of data on the library.
The number of neutron energy groups on the library.

The first thermal neutron group on the library (i.e., the first group that receives an upscatter
source).

Zero.
The number of gamma-ray energy groups on the library.
Zero.

(0/1 = no/yes) A trigger that specifies that this library was produced by weighting a working
library in the XSDRNPM module.

Zero.

Zero.

11-110. (TITLE(I), I=1,100) - 100 words of text describing the cross-section library.
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Record Type 2 (Energy Boundaries)
This record is on both a master and a working library and specifies the energy boundaries in eV of the
neutron groups and/or gamma groups, followed by the corresponding lethargy boundaries. The energy boundaries

are arranged in descending order, followed by the lethargy boundaries in ascending order. The "lethargy zero"
is taken at 10 MeV. The structure is

(EB(Q),I=1,IGP), (UB(D),I=1IGP),
where IGP is the number of groups plus 1.

Record Type 3 (Cross-Section Set Directory Record)

Each set of data on a master or working library has a 50-word directory record that specifies certain
parameters needed to determine dimensions required to process the data and to describe the make-up of the set
of data. The table on the following page describes these<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>