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The program PUFF-IV is used to process resonance parameter covariance information given in
ENDF/B File 32 and point-wise covariance matrices given in ENDF/B File 33 into group-averaged
covariances matrices on a user-supplied group structure. For large resonance covariance matrices,
found for example in 225U, the execution time of PUFF-IV can be quite long. Recently the code
was modified to take advandage of Basic Linear Algebra Subprograms (BLAS) routines for the most
time-consuming matrix multiplications. This led to a substantial decrease in execution time. This
faster processing capability allowed us to investigate the conversion of File 32 data into File 33
data using a larger number of user-defined groups. While conversion substantially reduces the
ENDF/B file size requirements for evaluations with a large number of resonances, a trade-off is
made between the number of groups used to represent the resonance parameter covariance as a
point-wise covariance matrix and the file size. We are also investigating a hybrid version of the
conversion, in which the low-energy part of the File 32 resonance parameter covariances matrix is
retained and the correlations with higher energies as well as the high energy part are given in File 33.

I. INTRODUCTION

With the release of SCALE 5.1 [1], the nuclear
criticality safety analyst can use the Tools for Sen-
sitivity and Uncertainty Analysis Methodology Imple-
mentation (TSUNAMI) sequences to perform sensitiv-
ity /uncertainty (S/U) analysis of fissionable systems. A
concerted effort is in progress within the nuclear data
community to provide new cross-section covariance data
evaluations to support S/U analysis.

The objective of this work is to update the cross-
section processing methods used in the AMPX [2]
library to process the latest Evaluated Nuclear Data
File (ENDF)/B [3] formats to generate covariance data
libraries for radiation transport software such as SCALE.

II. GROUP-AVERAGED COVARIANCE DATA

The ENDF file format [3] allows to give covariance
information. File 31 contains 7 covariances (average total
number of neutrons per fission and average total number
of delayed neutrons), and File 33 contains covariance
information for point-wise cross section data as a function
of energy. ENDF formats for the two files are identical.
An ENDF file 31 or 33 contains sub-subsections that can
be of “NI” or “NC” type. The “NI” sub-subsections
give relative or absolute point-wise covariance data over
an evaluator-defined energy range and energy grid. The
“NC” sub-subsections define covariance matrices that are
derived from “NI” sub-subsection covariance data over
an evaluator-defined energy range. The “NI” sections
referred to by an “NC” section may be in the material
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processed or refer to another material.

File 32 gives covariance information for resonance
parameters. As such the allowed formats loosely follow
formats for File 2. Resonance parameter covariance
matrices may be given for different isotopes and different
energy ranges. The covariance data in File 31 are
typically self-contained and do not need to be combined
with any other data. However, the covariance data
calculated from Files 32 and 33 may need to be combined
to form the full covariance matrix data. To facilitate
that combination, the covariance data are calculated on
a union grid. The various grids used by PUFF-IV are
summarized in Table I.

In most cases, group-averaged covariance matrices are
calculated on the “Super-grid”, that is, grid 5 in Table I.
In some cases, calculation is done on the “Super-user”
grid. The latter is necessary if covariance information is
given as a ratio to a standard material covariance matrix
or is itself a standard material; see [4] for more detail.
Performing the calculation on the appropriate union
grid ensures that energy range boundaries will always
coincide with group boundaries, which eases calculation
considerably. In the remainder of this paper, “union
grid” will refer to the grid on which calculation is done
and as such refers to either grid 5 or grid 6, depending
on File 31 and File 33 content.

The ENDF data in File 31, 32, and 33 yield point-wise
covariance data. A problem-independent group-averaged
cross section 7" for group I is calculated from the point-
wise cross section, where the superscript denotes the
reaction, via the formula

zp = M,lg)dE [w@amEae.

where w (F) is a specified “generic” (e.g. infinite dilute)
weight function. Therefore the point-wise cross section
covariance matrix element (o™ (E)dc™ (E’)) can be
transformed into the group-averaged covariance matrix
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TABLE I: Energy grid structures used in PUFF-IV

Grid | Grid title
1 |Cross section

Description

Multi-group cross section
energy grid provided as user
input or from an AMPX
master library

Final multi-group structure
provided as user input for
the calculated covariance
matrices

3 | Uncertainty ranges|Energy grid values provided
by evaluator in ENDF as
energy boundaries in the
uncertainty file(s). These in-
clude “NC” section bound-
aries from File 31 and File 33
and energy range boundaries
from File 2 and File 32
Union of all the energy
grids provided by “NI”
sub-sections in File 31
and File 33, that is, the
evaluator-provided energy
grids

Union of the user grid 2
and the uncertainty energy
grid 3. In most cases,
calculations are done on this
grid

Union of the Super-grid 5
and uncertainty grid 4. If
File 31 or File 33 con-
tains reference to, or is, a
standard covariance matrix,
calculations are done on this
grid

2 | User

4 | Uncertainty grid

5 |Super-grid

6 |Super-user

element via the following formula:

(s out) =
L [w(E)w

2
1 (E') (50™ (E) o™ (E")) dEdE. )
The resulting multigroup covariance is “generic”, and can
be used for variety of sensitivity /uncertainty applications
with TSUNAMI or similar systems.

The weight function and group-averaged cross section
data for reaction m are supplied on the user grid but are
needed on the union grid, where the subscript g refers to
a user group and the superscript to the reaction. Because
the union grid is always equal to or finer than the user
grid, the weight function w; and the cross section z* on
the union grid can be written as

Ern—FEr
wy = wYat—L

9 By —Eg (3)
= g™
I g

where the union group I energies are such that Ej <
Er < Ery1 < Egyy. After the calculation is finished, the
calculated matrices are collapsed to the user grid using

the following formula:

<5x7;’m6x5;n> _ w;ﬂu/ zj:;wm (6™8z),  (4)

g

where the first sum extends over all union groups I
contained in user group g and the second sum over all
union groups J contained in user group ¢’.

In File 33 the covariance data are given as point-wise
histogram data. If the energy grid on which the point-
wise histogram data are given is coarser then the union
grid, it is sometimes necessary to transfer the covariance
element (0x7"027) from the coarse ENDF groups ¢ and
¢’ to the union groups I and J. This is done via

(0x70x"7) = ——wewe (dz 0zl . (5)

wrwyg

File 32 gives resonance parameter covariance matrices
that need to be converted to energy group-averaged
covariance matrices. If we define

Dy = / w (E) 75”;]35? )

the energy group-averaged covariances are given by:

dE, (6)

1
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(6278z) = > D} (6PebP,) DY, (T)
kn

The derivatives in Eq. 6 are determined analytically,
using the samrml library, which is part of the SAMMY
package [5]. The integral in Eq. 6 is solved by converting
the integrals to a system of differential equations and
solving via a fourth-order Runge-Kutta method [6]. The
total order of the system of differential equations is
equal to the number of resonance parameters. However,
since the differential equations are independent from one
another, the system can be broken up into two or more
systems. While the calculation speed can be influenced
by the number of differential equations allowed in one
system, the calculation time is relatively independent of
the number of user groups.

III. BASIC LINEAR ALGEBRA
SUBPROGRAMS (BLAS)

If a large number of user groups and/or resonance
parameters is involved, the processing time needed by
PUFF-IV can be very long. This is especially true if
File 32 covariance data are provided. The bulk of the
processing time is spent in calculating the double sum
in Eq. 7, since the sum extends over user groups as
well as over resonance parameter if the whole covariance
matrix is calculated. The evaluation for 23°U has 3193
resonance with 5 parameters each, for a total of 15965
resonance parameters [7]. Albeit the summation in Eq.
7 was optimized to account for zero values on parameters
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or derivatives, the calculation for 23°U on the 44-group
Scale group structure takes about 28 h.

In order to speed up this part, we changed the code to
use Basic Linear Algebra Subprograms (BLAS) routines
[8] for the matrix multiplications. The installation
procedure has been updated to automatically detect
whether a suitable BLAS implementation is available on
the target system. If an implementation is available,
it is used; otherwise, the code reverts back to the
unoptimized code. This led to a substantial decrease
in execution time. As an example, the execution time
for 235U on a 238-group energy grid decreased from
over a month to only 16 hours after the optimization.
Actual optimization varies with BLAS implementation
used and the number of processors available. This
new optimization allowed us to calculate the covariance
matrix on a very fine grid. Figure 1 shows the covariance
matrix for 22°U on a 562-group energy grid.

IV. CONVERSION TO FILE 33

The resonance parameter covariance matrix stored in
File 32 can be quite large depending on the number
of resonance parameters. In the case of 235U, the
file is almost 2 Gb. In order to allow for smaller
file size, we investigated whether File 32 can be
converted into a File 33 format, that is into point-
wise covariance matrices, without sacrificing too much
covariance information. The covariance information in
File 33 is point-wise information given in a histogram
format. In order to transform File 32 data to these
histogram type point-wise data, we calculate group-
averaged data using a constant weight function on a
suitable energy grid. To achieve seamless integration
with existing File 33 data, this energy grid has to include
the energy at which File 32 data terminate. Recall that
PUFF-IV calculates the covariance matrix on the union
grid and collapses the result to user groups. For the
File 32 to 33 conversion, the covariance matrix on the
union grid is needed. Therefore, we added an option
to PUFF-IV that allows the collapse to the user grid to
be suppressed. The resulting COVERX file contains the
covariance matrices in point-wise histogram format. The
data need to be written in File 33 format and merged
with an existing File 33. A program, COVCONV, was
written to achieve this task. For all imported matrices,
the LB=5 format [3] is used. This format allows to
give the energy group structure and the upper triangular
part of the covariance matrix if symmetric or the whole
matrix otherwise. In this format, and in most of the
File 33 formats, point-wise covariance information is
given relative to the cross section.

In principle, the merging procedure can just assume
that each covariance matrix generated by File 32 data
can be added as a new “NI” sub-subsection to File 33,
since the final matrix is defined as a sum of File 32
and File 33 data. This is indeed the case if File 33

does not contain any “NC” sub-subsections, or derived
covariance matrices. The covariance information for
elastic scattering (MT=2), is often given as a “NC”
section defining elastic scattering as total cross section
minus absorption. The energy range of this “NC”
section often extends into the energy range of File 32.
However, the processing codes PUFF-IV and ERRORJ
[9] first process File 33 and determine all explicit and
implicit covariance matrices and only then process File 32
covariance information. Thus, albeit defined over the
whole energy range, the “NC” section does not take effect
in the energy range covered by File 32. In converting the
COVERCKX file into File 33 format, there are two options
to deal with these implicit matrices:

e Let the derived section extend over the whole
energy range and do not import any matrix defined
by the “NC” section. If MT=2 is defined by an
“NC” section as 09 = 01 — 0102 — 018, Where
MT=1 is total cross section, MT=102 capture,
and MT=18 fission, the cross matrices (o2,071),
(02,0102), and (02, 0102) are also defined implicitly.
The merging procedure will therefore not import
these matrices.

e Change the energy boundary of the “NC” to not
extend into the File 32 energy range. In that case
all converted covariance matrices are imported.

The program COVCONYV allows the user to select either
of these two methods. In most cases we opted to change
the energy boundary of the “NC” section and to import
all covariance matrices generated by File 2 into File 33.
Of course the final results should be identical if the same
cross section data and group structure is used to process
the new File 33 data. However, we found that due to
rounding better results are obtained by changing the
energy boundary. The original COVERX file used for
conversion of File 32 to 33 is written in single precision
binary format. For 23°U we took these binary data
and calculated the covariance matrix <MT=2;MT=2>
according to the prescription given in the “NC” section
and compared it with the matrix <MT=2;MT=2>
actually given in the COVERX file. While the same
results are achieved for many groups, there are some
group-averaged cross section and covariance elements
that do not agree even if the binary data are used. For
these groups, the elastic cross section is small compared
to the other cross section data, and it is numerically
unstable to subtract numbers of equal size to determine
the difference. Thus, we have choosen the numerical
more stable method of storing all File 32 derived matrices
explicitly in File 33.

A conversion of File 32 into File 33 necessitates a
choice of a group structure on which a converted File 33
is defined. Of course information is lost due to the
conversion process, especially if the group structure
chosen for the conversion is coarser then the user-
desired group structure. A given choice for such a
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FIG. 1: 235U correlation and group-averaged cross section data for 562 groups

group structure is unlikely to coincide with a group
structure needed by a File 33 end user. Nevertheless,
in the absence of a preferable File 32, a user is likely
to proceed computing approximate uncertainties using a
converted File 33. The improvements in the processing
time due to BLAS allowed us to explore the effect of
using different group structures in more detail [10]. The
group structure chosen depends on the nuclide under
consideration. Due to the details of the computation,
such deviations are most likely to become significant for
groups comparable to a width of a single resonance in
the resolved resonance range [11]. If the group structure
chosen for the conversion is coarser, then the user-
desired group structure covariance elements would be
approximated using Eq. 5, thus leading to a loss of
precision. However, even if compatible group structures
are used, we see some difference between the calculations
done using File 32 and converted File 33. The reason is
that covariance matrices in File 33 are given relative to
the cross section. Assume the desired user grid is coarser
than the grid used for the File 32 to 33 conversion, Then,
because relative covariances are given, Eq. 4 becomes:
(0xT 0x";)

S,
(8)

which can lead to differences if the group-averaged cross
section changes drastically between adjacent groups. If
File 33 contains covariance matrices for point-wise cross
section data given in File 3, we expect that the cross
section data on the user grid are derived via methods

um un

(daymsal™) = —
wgwg

similar to those given in 3. The evaluator would have
chosen similar energy grids to produce File 3 and File 33
data and therefore we expect
u,n

Ty,

=~ 1.0.
m 1
TyTy

)

However, if the cross section data are cascaded from
resonance parameters given in File 2, the cross section on
the user grid may be quite different from the cross section
data used to convert File 32 to File 33. This is especially
true if the group boundaries straddle resonances.

A. Hybrid Method

Here we describe a method (schematically outlined in
the Section 33 of ENDF-2 Manual [3]) that alleviates
the deviations of uncertainties from those obtained from
a full File 32 computation as described in the previous
paragraph. We refer to this method as “hybrid” because
it involves a complementary combination of File 32 and
File 33: File 32 is used for the low-energy region where
the energy groups are anticipated to be narrow relative
to the widths of individual resonances, while File 33
is used everywhere else. Thus, File 33 includes energy
groups that are more likely to span a large number of
resonances, increasing its accuracy. The energy range
covered in File 33 still extends into the low-energy region.
This allows capture of correlation effects between the low-
and high-energy region. Furthermore, a truncation of
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File 32 to just the lowest energy region yields the desired
reduction in size relative to the full File 32.

We tested the hybrid method on 233U. The orignal
File 32 extends to 600 eV and contains resonance
parameter covariance information for 770 resonances.
The energy range of File 32 was restricted to below
30 eV, and covariance information was only given for
resonance with resonance energies below 100 eV. This
allows the correlation effects of higher energy resonances
in the below 30 eV energy range (see Eqs. 6 and 7)

A Hybrid Method

to be taken into account. A complementary File 33
was found by subtracting covariance matrices computed
from the truncated File 32 alone from the covariance
matrices computed from the whole File 32.  This
procedure ensured self-consistency and completeness of
the complementary File 32 and File 33. Each imported
covariance matrix contains a block of zeros for groups
with energies below 30 eV.

For 233U the hybrid method reduced the deviation of
uncertainties induced by using a 380-group File 33 on a
44-group structure, from approximately 26% down to 2%
in the groups below 10 eV (Fig. 2).

V. CONCLUSION

The execution time of the program PUFF-IV used to
process covariance information from the ENDF file into
group-averaged covariances was substantially reduced by
utilizing BLAS routines. This enabled us to use very
fine group structures to convert File 32 information into
File 33 information for evaluations with a large number
of resonance parameters. This conversion reduces the
file size substantially. A new program was created that
aids in this conversion. We also investigated a hybrid
method where some of the File 32 information is retained
in File 32 format.

Acknowledgments

This work has been performed with support from the
U.S. Nuclear Criticality Safety Program.

[1] SCALE: A Modular Code System for Performing Stan-
dardized Computer Analyses for Licensing Fvaluation,
ORNL/TM-2005/39, Version 5.1, Vols.I-11I (November
2006). Available from Radiation Safety Information
Computational Center at Oak Ridge National Labora-
tory as CCC-732.

[2] M. E. Dunn and N. M. Greene, “AMPX-2000: A Cross-

Section Processing System for Generating Nuclear Data

for Criticality Safety Applications” Trans. Am. Nucl.

Soc. 86, 118-119 (2002).

ENDF-102 Data Formats and Procedures for the

Evaluated Nuclear Data File ENDF-6, BNL-NCS-

44945, Rev.10/91 (ENDF/B-VI), Brookhaven National

Laboratory, October 1991.

[4] D. Wiarda, M. E. Dunn, PUFF-IV: A Code for Process-
ing ENDF Uncertainty Data Into Multigroup Covariance
Matrices, ORNL/TM-2006/147 ORNL, 2006.

[5] N. M. Larson, Updated Users’ Guide for SAMMY:
Multilevel R-Matriz Fits to Neutron Data Using Bayes’
Equations, ORNL/TM-9179/R6, Oak Ridge National
Laboratory, Oak Ridge, Tenn., 2003

[6] W. H. Press, W. T. Vetterling, S. A. Teukolsky and
B. P. Flannery, Numerical Recipes in FORTRAN The
Art of Scientific Computing, Second Edition, Cambridge
University Press, 1992.

(3

[7] G. Arbanas, L. C. Leal, N. M. Larson, H. Der-
rien,2006. “Retroactive Covariance Matrix for 2**U in
the Resolved Resonance Region”, American Nuclear
Society, PHYSOR-2006 Topical Meeting, Vancouver,
BC, Canada, 2006.

[8] J. J. Dongarra, J. Du Croz, I. S. Duff, and S.

Hammarling, “Algorithm 679: A set of Level 3 Basic

Linear Algebra Subprograms”, ACM Trans. Math. Soft.,

16 pp. 18-28, 1990

G. Chiba, ERRORJ: A code to Process Neutron-nuclide

Reaction Cross-Section Covariance, Version 2.3, JAEA-

Data/Code 2007-007, 2007.

[10] L. Leal, D. Mueller, G. Arbanas, D. Wiarda, and H.
Derrien, 2008. “Impact of the 2*U covariance data
in benchmark calculations, International Conference on
the Physics of Reactors Nuclear Power: A sustainable
Resource”, PHYSOR-2008 Topical Meeting, Interlaken,
Switzerland, 2008

[11] M. E. Dunn, G. Arbanas, L.C. Leal, and D.
Wiarda, “Approximating large resonance parameter
covariance matrices with group-wise covariance matrices
for advanced nuclear fuel cycle applications”, p.

139, Proceedings of NEMEA-4 Nuclear Evaluations,
Measurements and Applications”, Eds. Arjan Plompen,
16-18 October 2007.

9



