ORNL-TM-4847
(ENDF-218)

Cross Section and Method Uncertainties:
the Application of Sensitivity Analysis
to Study Their Relationship in Radiation
Transport Benchmark Problems

C. R. Weisbin
E. M. Oblow
J. Ching

J. E. White
R. Q. Wright
J. Drischler

OPERATED BY UNION CARBIDE CORPORATION e FOR THE U.S. ATOMIC ENERGY COMMISSION




This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the Energy Research and Development
Administration, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




ORNL-TM-4847
(ENDF-218)

Contract Nq. W-7405-eng-26

Neutron Physics Division

CROSS SECTION AND METHOD UNCERTAINTIES: THE APPLICATION OF
SENSITIVITY ANALYSIS TO STUDY THEIR RELATIONSHIP IN
RADIATION TRANSPORT BENCHMARK PROBLEMS

C. R. Weisbin, E. M. Oblow, J. Ching,* J. E. White,
R. Q. Wright, and J. Drischler

*Present address: Energy, Inc., Idaho Falls, Idaho.

NOTE:

This Work Psrtially Supported by
DEFENSE NUCLEAR AGENCY
Under Subtask PC1l04
and the
U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

AUGUST 1975

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
ENERGY RESEARCH DEVELOPMENT ADMINISTRATION






II.

ITI.

VI.

VII.

VIII.

App. A.

App. B.

App. C.

iii

TABLE OF CONTENTS

Page No.
Abstract  —e————mmm—m— e 1
Introduction  -—————————————————————— - 2
Benchmark Problem Definition - -—-——---——————————mmm——m 3
Energy Grid Selection and Converged Solutions -—————=——— 7
A. Formulation of Multigroup Covariance Matrices -—-——-——- 10
B. Implementation  —==————————— 15
C. Results for Processed Uncertainty Files —————————— 16
Uncertainties Introduced in the Averaging of
Multigroup Cross Sections - ====——m———— e 21
Folding Nuclear Data Covariance Matrices with
Sensitivity Profiles  —————==————m————m 23
Comparison of Transport Methods  ==—-———- - 27
Conclusions  ——=——————— e 28
References - m——cmmmemc o e e e e 29
Acknowledgements - —————— e 31
An Update of an Earlier Air Transport Sensitivity
Analysis (Based on Ref. 2) Using ENDF/B-IV Covariance
Files =m———me———rrm e e e e 32
A Programmer's Guide for the PUFF Uncertainty File
Processing Code - ————=——————- e —————— e e 35

Correlation Matrices for !“N (MAT 1275) and

160 (MAT 1276)  ————mm—mmmmmmmmmmm oo 49






ABSTRACT

Sensitivity analysis is applied to the study of an air transport
benchmark calculation to quantify and distinguish between cross-section
and method uncertainties. The boundary detector response was converged
with respect to spatial and angular mesh size, Pl expansion of the scat-
tering kernel, and the number and location of energy grid boundaries.
The uncertainty in the detector response due to uncertainties in nuclear
data is 17.0% (one standard deviation, not including uncertainties in

"error files"

energy and angular distribution) based upon the ENDF/B-IV
including correlations in energy and reaction type. Differences of ap-

proximately 6% can be attributed exclusively to differences in processing
multigroup transfer matrices. Formal documentation of the PUFF computer

program for the generation of multigroup covariance matrices is presented.



I. INTRODUCTION

The complete ORNL cross-section sensitivity and uncertainty analysis
system (FORSS)! has been applied to estimate the overall uncertainty and
the contribution of individual components in several calculational bench-
mark transport problems. Only relatively simplified geometries were
considered so that uncertainties due to spatial modelling were consider-—
ably reduced. Since the availability of evaluated uncertainties and their
correlations in energy and reaction type is limited in ENDF/B-IV but do
exist for N and O, this report describes the analysis of an air transport

benchmark problem including the estimation of the effects of uncertainties
in nuclear data. It also includes a detailed description of the PUFF com—~

puter program which was used to generate multigroup covariance files.

Cross—section sensitivity studies of radiation transport in air have
been underway for several years. The most recent and complete analysis is
that of Bartine gg.gl,,z which includes preliminary estimates of the un-
certainty in cross section over broad energy ranges based on simplified
assumptions about data correlations. The present work extends this type
of analysis by incorporating the final, and very detailed, ENDF/B-IV
uncertainty files including covariance as a function of energy and reac-
tion type. It then attempts to go further by quantifying other types of

uncertainties introduced in the analysis procedure.

Section II presents the problem characteristics pointing out the
differences between the specifications used in ref. 2 and those for .the
present study. Section III describes the sensitivity methodology?’3 used
in conjunction with the point-—energy discrete-ordinates techniqueL+ to at-
tempt to converge5 the results with respect to the energy grid used.
Section IV reviews the formulation for processing large multigroup
covariance matrices® with spatial emphasis placed on display techniques
and bulk data management schemes. Differences due to divergent cross-
section processing techniques7 are treated, in Section V, by successive

runs with different processed sets and with projections based upon sensitiv-



ity theory. Section VI presents the results of folding covariance matrices
with sensitivity profiles to estimate uncertainties due to nuclear data.
The §ffects of using different transport methods are assessed only briefly
in Section VII by comparing the results from Discrete Ordinates and

Moments Method techniques. Section VIII summarizes the results and con-

clusions of the entire study.

II. BENCHMARK PROBLEM DEFINITION

The source geometry approximates a point source at the center of a
sphere of air of radius r . A uniformly distributed, isotropic source is
contained within a region, characterized by radius ros sufficiently small
with respect to the dimension of the tramnsport media, ro. A detector with
a flat energy response ZD = 1.0 cm !, is distributed in a zone from r, to

ro. The geometry is shown in Fig. 1.

Uniformly distributed,

////‘ isotropic source

region

Flat response ---

detector zone

.. Homogeneous spherical
“~.ghell of air

Fig. 1. Geometric Model Employed

ry = 1990 m
r =12.5m
s
r = 2000 m
o

Pluy = 4.25 x 10 ° (atoms/barn-cm)

P16y = 1.13 x 10 ° (atoms/barn-cm)



In order to standardize the source description in a form which is
both general for fission and fusion devices and useful for recalculation
with other methods and group structures, an analytic repreésentation was
chosen. The source spectrum was obtained by superposition of a Gaussian
energy distribution around 14 MeV and a Watt fission spectrum peaked
around 1 MeV. More precisely, the source spectrum was represented
analytically in terms of a Gaussian

“5[(E-E )/ (AE)]?
G(E) = G_ e (L

and a Watt fission spectrum

F(E) = F_ ¢ Ele sinh[(BE)l/z] (2)

where E is the neutron energy in MeV, Eo = 14 MeV, AE = 1 MeV, o = 1 MeV,

B = 2 MeV 1, G(E) and F(E) are in units of source neutrons/sec-MeV-cm®, and
the constants G0 and F0 are determined by normalizing the total source
strength to unity over the energy range of interest with half of the neu-

trons coming from each of the distributions. That is

!/G(E) dE dV = //F(E) dE dV = 0.5 . (3)
ba E T
s s

A graph of the source spectrum is presented in Fig. 2. The transport
characteristics of the media are illustrated in Fig. 3 which presents the
macroscopic total cross section for air between 100 keV and 15 MeV. The
quantity of interest is the flux everywhere in the system and, in partic-
ular, the response of a flat detector of unit cross section in the zone

at 2000 meters.

The problem specifications presented above differ significantly in
several important respects from the problem analyzed in ref. 2. 1In the
earlier work, the quantity of interest was the total (neutron and gamma
ray) tissue dose at 2000 meters from a prototypical thermonuclear source.

This work focuses primarily on total integrated boundary flux (i.e., the
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response of the flat detector) arising from a hypothetical 14-MeV Gaussian
source with an equal fission component. The number demsities in ref. 2
were 3.664 x 1075 for N and 9.74 x 10 © for O, markedly different from
those taken for this work and presented in Fig. 1. Finally, the problem
was solved earlier in a 101-33 coupled neutron and gamma-ray energy group
structure, using ENDF/B-IIT MAT 1133, Mod 3 for !“N and MAT 1134, Mod 1
for 120. This work finalized on a 266-group optimized structure, selected
using MAT 4133 Mod 3 and MAT 4134 Mod 1 while the complete uncertainty

analysis using this multigroup structure was based on cross—~section sets
from ENDF/B-IV, MAT 1275 for 14N and MAT 1276 for 160, For completeness,

an uncertainty analysis on the specific problem defined in ref. 2 is in-

cluded in Appendix A.
III. ENERGY GRID SELECTION AND CONVERGED SOLUTIONS

The key element in the creation of a fine-energy structure solution
to the benchmark problem was the selection of a fine-structure energy grid.
The point-energy processing code MOMANS" and a point—-energy version of the
SWANLAKES sensitivity code was used for this purpose. The great speed and
flexibility in generating processed neutron cross sections and sensitiv-
ity results on a pointwise energy grid make it possible to converge trans-

port results as a function of the number and location of energy boundaries.

The convergence procedure is described as follows. First, an integral
flux parameter was chosen for the problem defined in Section II ;
the result of interest was the total boundary detector response. The
response at the outer boundary in a shielding situation was found to
usually ensure equal or better convergence of the total flux versus dis-
tance throughout the rest of the shield system. Next, a fine point-
energy solution of the benchmark problem was obtained using a point energy
grid. These results were then analyzed with the point-energy sensitivity
code to select an initial few-point energy grid (v40 points) to begin con-
vergence tests. This initial grid was chosen by constructing a cumulative
probability function for the sensitivity profile as a function of energy
and then selecting energy boundaries invoking an equal total importance
criteria.”® That is, the group boundaries are selected so that the reaction

rates, biased by an importance function, is divided equally among the



energy groups. In the terminology of sensitivity theory, each energy
group is chosen to be equally sensitive in absolute magnitude to all the
multigroup cross-section data. Hence, any error introduced in subsequent
approximations of the weighting flux in the multigroup averaging process
would be spread more uniformly over the entire energy range. This initial

grid is not equally spaced in lethargy as was the starting grid.

The second phase of the benchmark calculation consisted of converg-
ence tests to ensure high accuracy of the final flux results within the
limitations of computer storage and run time. Thus, the few point grid
(41 points) was used as energy boundaries and successive multigroup runs
were made with ANISN? to attempt to converge the solution with respect to

spatial and angular mesh interval size and P, expansion of the scattering

L
kernel. When 1% or better convergence was achieved on this scale, addi-
tional energy boundaries (in multiples of the number in the original few-
point grid) were added uniformly and point discrete-ordinates calculations
performed to try to converge the results in energy. This latter procedure
was carried out until either 1% convergence was achieved or cross-section
core storage requirements were exceeded. Finally, the optimized energy
bounds were used as the multigroup structure for computation of forward

and adjoint fluxes for use in the analysis presented in subsequent sec-

tions.

With the following notation:

P2 - Legendre expansion of the scattering kernel
SN - Discrete angles at which the angular flux is calculated
Im - Spatial intervals used in problem solution

Jk — Number of energy groups employed for solution

E - Relative error given by

F (run of interest) — F (best converged run)
x 100
F (best converged run)

F - Boundary detector response (or mathematically)



15_MeV ro
$,(E,r) dE dV
111 keV T

and the initial problem parameters set as P3, Sjg, Igp, Jyg. Tables I

through IV indicate the type of convergence achieved.

Table I. Py Convergence for Legendre
Expansion of Scattering Kernel

Pl P, Py P3 Ps
F 2.490 2.760 2.774 2.772
E(%) -10.17 -0.43 : -0.07 0

Table II. Sy Convergence for Angular
Flux Quadrature

Sx Sg Si12 - Sis S20 Soy
F 2,503 2,714 © 2,774 1 2.831 . 2.861
E(%) | -12.51 -5.14 | -3.04 -1.02 . 0

H ; i

lable III. I, Convergence for
Spatial Intervals

i
)
i

I Iy3 - Ig2 In21 7 Iz01 @ Izs:

F 2.557 ; 2.774  2.855 © 2.900 - 2.910 -

E | -12.13 -4.67 | -1.89  -0.34 0

{
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Table IV. Jji Convergence for Number

of Energy Groups
(Number Points -1)

Jie o Juo J7g  Jiie - Jisw o Jie2 Jies
F 2,774 2,493 2,305 = 2.452 @ 2.481 @ 2.454
| : g |
% E  13.04 1.59  -6.07 | -0.08  1.10 0

The final results of the convergence test indicated that good converg-
ence of the response (<5%) could be achieved with the following parameter
set: Pg, Soy, Iyp;, and Jyeg. The convergence of the final set of prob-
lem parameters was examined by reducing the specifications jointly (P,,
S20s I121, J192) and observing the convergence to within 1%. Figures 4
and 5 illustrate the converged scalar flux spectrum at 2000 meters and

the adjoint spectrum at the center of the sphere.

IV. PROCESSING UNCERTAINTY FILES

A. Formulation of Multigroup Covariance Matrices

Only recently have standard formats and procedures been established
within the ENDF/B system10 for the processing of evaluated and correlated
energy—-dependent uncertainty information into a multigroup covariance
matrix formulation. These covariance matrices were established to permit
systematic sensitivity investigations!l’l? to determine, in a credible
fashion, what cross-section measurements, evaluation, or processing

methods most need further refinement.

Some of the guiding principles behind the formulation of the uncer-

tainty files for microscopic cross sections are designed to:
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1. Provide a unique format for the estimated uncertainties which is

flexible, but not unwieldly.

2. Permit the information to be processed at the same time as the

cross—section data without imposing an undue burden on cross-

section processing codes.

3. Promote the use of the file by implementation of a format to which

experimental uncertainties could be readily translated.

With this din mind, the types of covariance representations permitted10 in

ENDF/B-IV include:

LB=0 absolute components only correlated over each Ek interval

ik
Cov(X,,Y.) = P,°" F
(%5Y,) ij P

LB=1 fractional components only correlated over each Ek interval

_ i;k
Cov(Xi,Yj) = zk: Pj;k Fev xin

LB=2 fractional components correlated over all Ek intervals

i3k
Cov(X,,Y.,) = 2, P.°°F Foo .. X.Y,
i’7] Kok sk XY,k "XY,k' "i7j

LB=3 fractional components correlated between Ek and EZ intervals

_ ik
Cov(Xi,Yj) g:g Pj;g FX,k FY’Q' Xin
b}

where Xi and Yj represent cross sections X and Y evaluated at energies

F

. . . 1
i and j, respectively, the F's ( XY,k FX,k

Fyy,x’

(4)

(5)

(6)

(7)

and FY,Q) represent

uncertainty coefficients, taken directly from the ENDF/B file, describ-

ing the correlation between cross sections X and Y for a specific energy

interval. These fractional components are defined with respect to

assumed normal distribution of cross-section uncertainties; furthermore,
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multiple sections (e.g., ) may be provided to identify specific

n
F

XY,k
types of experimental uncertainties associated with the complete covari-

ance matrix. The F and F are taken from a single table of

XY,k XY,k'
energy—dependent correlation information for reactions X and Y. The
FX K and FY 3 indicates that the covariance data for these reactions are
3 b

taken from two independent tables, one for X and one for Y. The Pj’t, is

zero except for the case when energy i is contained within energy i;terval
k and energy j is contained within energy interval k'. Cov(Xi,Yj) is

then the covariance between cross section X and energy i and cross section
Y at energy j. There is a fifth law (LB=4), but since it can be described
as combinations of the first four, no data has yet been cast in this form

for ENDF/B-IV.

This type of formulation (sums of quantities separable in X and Y)
has the very desirable characteristic that if one assumes a flux model
uncorrelated to the cross sections of interest, the multigroup covari-
ance matrices are reduced to combinations of single integrals involving
group fluxes and cross sections which can be calculated easily. In

particular, for

LB=0,
ke ) n n
;zk:FXY,k ¢,k %u,k
Cov(XG,YH) - (8
¢ %y
LB=1,
n n n Il n
;;FXY,k %6,k %o,k %H,k TH,k
Cov(X,.,Y..) = 9
G H 6. ¢
¢ *n
LB=2, n n n n n
z (2 Txtk 96k ng)(z Fxv, k' O,k YH,k')
n k k' ,
Cov(XG,YH) = (10)

¢ %y
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1D

The derivation of Eqs. (8-11) are fully described in ref. 10; the notation

used here is:

Cov(XG,YH) = Multigroup covariance between reaction X group G as it
relates to reaction Y, group h.
¢G = Multigroup flux per user group G.
Xz K - Multigroup cross section for reaction X for a super—-group
b

(G,k) constructed from the union of energy bounds for inter-
val k (taken from subsection n) and those which were user

input. is the flux for this group.

ok
%G,k

B. Implementation

The PUFF processing system13 based on the MINX!" multigroup proces-
sing code was developed specifically to read the ENDF/B-IV "error" files
and construct multigroup covariance matrices according to Egqs. (8-11).
For detailed programming considerations, the reader is referred to Ap-

pendix B of this report.

The salient features are noted below:

1. Multigroup cross sections and fluxes are computed for a group struc-
ture which is the union between the user group structure and all
energies used in the error file description for all the reactions
and materials of interest. This supergroup structure obviously can
get very large quite rapidly as the size of the problem considered

and the level of detail available in the files expand.

2. The large number of fluxes and cross sections required have been

appropriately labelled for subsequént automated retrieval. (Note
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that most processing codes normally do not preserve group flux

values.)
3. All programming reflects variable dimensioning storage allocation.

4., All new coding is transparent to the MINX user not interested in
processing error files. There is a single input flag which is 0/1;
no error processing required/process errors. All other input is
identical to a normal multigroup processing run. It should also be
noted that with just a single additional input flag, the error

processing input is quite user-oriented.

C. Results for Processed Uncertainty Files

Several quantities related to uncertainties in multigroup cross
sections have been derived from the pointwise ENDF/B 'error' file. Clear-

ly, of interest, is the covariance matrix
Cov(X,¥y) = <(xG - X (¥, - YH)> (12)

for reaction X, group G as it relates to reaction Y, group H, and the

associated quantity, the relative covariance matrix.

Rel Cov(XG,YH) = Cov(XG,YH)/XGYH (13)

In this notation, the standard deviation is given by:

- = g
Std. Dev(X) JCov(xG X (14)

and the analogous relative quantity, the relative standard deviation,
is

Std. Dev(XG)
Rel Std. Dev(XG) = (15)

e
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It is reasonable to expect that the covariance matrix of energy-
dependent cross sections is strongly diagonal, i.e., the magnitude of
the matrix elements tend to be small for groups G and H significantly
displaced from each other in energy. However, the greater number of
off-diagonal terms makes it difficult to say, a priori, that only the

diagonal elements need be considered.

The correlation matrix is a quantity constructed by dividing the

relative covariance matrix for X, and YH by the respective relative

G
standard deviations.

<(XG " EG) (y - ?H)>

Corr(X ,YH) = (16)
- x )2 - v )2
Vi, - T3y, - T
The correlation matrix is bounded by unity, i.e.,
ICOrr(xG,YH)] <1 (17)

When Corr(XG,YH) = 0, the group cross sections are said to be totally
uncorrelated; when [Corr(XG,YH)| = 1, the group cross sections are termed

fully correlated.

Figures 6 through 8 illustrate some of the processed correlation
matrices and standard deviations obtained for nitrogen and oxygen. Ap-
pendix C of this report presents a complete set of correlation matrices
(and standard deviations) for all energies and reaction types for N and
0. These graphs are given in 22 groups for clarity of presentation. The
actual matrices used in the section on results correspond to the problem
described in this paper (266 groups). Figure 6 presents the correlation
matrix for elastic scattering (reaction 2) as a function of energy as
well as the standard deviation for !“N. Several points are immediately
noteworthy. First, the standard deviation has not appreciably changed
from its description in ref. 2 (this is true for all reactions for N and

0); the cross section is reasonably well known at lower energies (v3%)



18

ORNL IWG 75-2781

Fig. 6. Correlation Matrix and Standard Deviation for the 1%N Elastic
Scattering Cross Section.
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Fig. 8. Correlation Matrix as a Function of Energy Between the 1N
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and only slightly less so at higher energies (v5-8%Z). The cross section
is not fully correlated, as assumed in ref. 2 (with only the limited in-
formation available at that time) and there is some structure clearly
evident. Above 1 MeV, the correlation matrix tends to become more diag-
onal with increasing energy; at lower energies (<600 eV) the full correla-

tion assumption appears valid.

Figure 7 illustrates the same type of behavior exhibited in the
(n,a) cross section. Where the standard deviation curve goes outside the
plot frame, the uncertainty has become inordinately large. This typically
is the case for a reaction near threshold. The standard deviation is of
the order of (20-30%) and is not fully correlated. It is the diagonal
elements that are primarily important for the description of the inelastic
(reaction 4), capture (reaction 102), and (n,p) (reaction 103) cross sec-
tions above 600 eV. Below this energy, both capture and (n,p) are fully
correlated functions of energy. Figure 8 illustrates the correlation
matrix as a function of energy for cross-section covariance. The "deep"
hole indicates the anti-correlation between elastic and (n,a) below 10
MeV [to preserve the total cross section, if the elastic cross section
increases, the (n,oa) would decrease etc.]. The '"grand canyon'" has sig-
nificant structure and is not uniformly -1 across the entire energy

range as assumed in ref. 2.

The process of folding these covariance matrices with sensitivity

profiles is described in Section VI.

V. UNCERTAINTIES INTRODUCED IN THE AVERAGTNG
OF MULTIGROUP CROSS SECTIONS

The neutron multigroup cross sections used in the energy grid selec-
tion phase of the study were processed using the XLACS module of the AMPX
system16 while those used in the final analysis of the 266-group bench-
mark were obtained with the MINX!* code. Both programs are available at
ORNL and the choice was made primarily for expediency. However this,

and more fundamental interest, does raise the question of consistency



22

and validity of different multigroup processing techniques. Significant
differences due to a wide variety of distinct physical approximations
in flux modeling and methods of numerically group averaging have already

been reported for fast reactor situations.’

To investigate the potential impact of cross-section processing
methods uncertainties, the benchmark was repeated using MINX (M) multi-
group data, XLACS (X) multigroup data, and pointwise cross sections used
in conjunction with the point-ANISN (PA) technique.L+ The integrated
boundary fluxes obtained were 0.925 (PA), 0.835 (M), and 0.784 (X)
neut/sec. The volume of the detector zone is that corresponding to the
last of the 201 spatial intervals. The point-~-ANISN results are expected
to be on the high side because the points on the chosen grid emphasize

minima in the total cross section and do not use averages of o This

T
approach tends to increase the response for deep penetration problems
compared with that obtained using multigroup methods. Approximately

six percent differences in the integrated bouadary flux are presently at-
tributed exclusively to differences in multigroup processing techniques.

Using a linear perturbation theory estimate, AR/R is estimated by:

(AR/R), = 3 Py,c(89/9y ¢ (18)
G .
(AR/R) = 2, (AR/R)y (19
X

where

PX G~ relative sensitivity coefficient, reaction X group G,
(AO/O)X c = relative difference in multigroup cross sections for reac-

3

tion X, group G,

(AR/R)X projected change in response due to a change in multigroup

cross—section type X.

We find that essentially all the 67% difference comes in the processing
of multigroup transfer matrices. Differences arising from processing

integrated cross section (e.g., 9y Oin) lead to changes in response

l,
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which are less than .27 most of this coming from the linearization ap-

proximation in MINX.

VI. FOLDING NUCLEAR DATA COVARIANCE MATRICES
WITH SENSITIVITY PROFILES

The 266-group forward and adjoint fluxes computed in Section III
have been combined to generate sensitivity profiles2 for all important
reaction cross sections in air. As an example, Fig. 9 illustrates the

lhy.

profile for the (n,a) cross section for The complete set of profiles

were then folded with the relative covariance matrices generated in

Section IV according to the following equation:

2.
AR\ _ § :
(R> = PX,G Rel. Cov. (XG,YH) PY,H (20)
X,Y,G,H

with the following definitions

g
]

X.G relative sensitivity profile for reaction X, group G,
b

()

Tables V and VI present the results of this folding process. The summa-

relative variance due to nuclear data uncertainties in integrated

reaction cross sections.

tion has been partitioned in thirds to distinguish the contribution from
a given reaction Z, how it correlates with all other reactions, and the
contributions from all terms not involving reactions Z. The individual

reactions are enumerated below:

Reaction Number Reaction Type
2 oel
4 o,
in
102 o
n,y
103 o
n,p
107 o

n,o
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Table V. Components to the Variance of the Integrated
Boundary Fluence due to Nuclear Data Uncertainties in 1N

(MAT 1275)

Variance ENDF/B Fully

Component IV Uncorrelated Correlated
React 2 »+ 2 4.518+1 1.038+0 2.182+2
React 2 -+ others -2.14742 -5,506+0 2.168+3
All react 2 -1.696+2 -4 ,468+0 2.386+3
Not react 2 4.532+2 1.326+1 5.387+3
React 4 »> &4 7.805+1 4,835+0 5.211+42
React 4 -+ others -5.294+1 -3.807+0 2.983+3
All react 4 2.512+1 1.028+0 3.504+3
Not react &4 2.585+2 7.761+0 4,269+3
React 102 + 102 4.675-4 2.657-5 4.664-3
React 102 -+ others 0 0 1.203+1
All react 102 4.675-4 2.657-5 1.204+1
Not react 102 2.836+2 8.789+0 7.761+3
React 103 » 103 1.916+1 9.377-1 1.578+2
React 103 +> others -1.368+1 -6.514-1 1.899+3
All react 103 5.486+0 2.863-1 2.05743
Not react 103 2.781+2 8.502+0 5.716+3
React 107 -+ 107 3.812+2 9.3794+0 1.439+3
React 107 -+ others =-1.985+2 -4.838+0 3.811+3
All react 107 1.826+2 4.54140 5.250+3
Not react 107 1.010+2 4.24740 2.523+3
Relative stancard 1.684+1 2.964+0 8.816+1

deviation !“N
cross section
uncertainties (%)
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Table VI. Components to the Variance of the
Integrated Boundary Fluence due to Nuclear

Data Uncertainties in 180 (MAT 1276)

Variance ENDF/B U lated Fully

Component v ncorrelate Correlated
React 2 »> 2 1.723+0 7.356-2 1.365+1
React 2 -+ others =-2.47310 -2.080-1 7.410+1
All react 2 -7.502-1 -1.344-1 8.775+1
Not react 2 5.385+0 4.319-1 1.006+2
React 4 »> 4 3.490+0 3.435-1 3.224+1
React 4 > others -2.275+0 -2.119-1 9.136+1
All react 4 1.215+0 1.317-1 1.23642
Not react 4 3.420+0 1.858-1 6.471+1
React 103 - 103 4,179-2 5.016-3 2.438-1
React 103 - others -4.248-2 -3.833-3 1.306+1
All react 103 -6.889-4 1.184-3 1.331+1
Not react 103 4.635+0 2.963-1 1.750+2
React 107 - 107 2.42740 1.222-1 1.487+1
React 107 -+ others ~1.304+0 -6.997-2 7.609+1
All react 107 1.123+0 5.223-2 9.097+1
Not react 107 3.512+0 2.453-1 9.734+1
Relative standard 2.1524+0 5.455-1 1.372+1

deviation from 16o
cross section
uncertainties (%)
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Since covariance matrices for all the integrated reaction cross sec-
tions (including those quantities derived) were explicitly given in the
ENDF/B-IV file, we have chosen to consider each of the partials as the
independent reaction cross section; thus, the total cross section appears

only implicitly in Tables V and VI.

Assuming no correlation between the N and O uncertainty files, the
relative standard deviation due to all integrated reaction cross—section
uncertainties is 17.07%. The importance of the 1y (n,0) cross section
is clearly evident, as it was in earlier studies. Just as clear is the
relative unimportance of 160 cross sections. The "N elastic cross
section is anti-correlated with other reactions diminishing the contribu-
tion to the variance from the uncertainties in the elastic scattering
cross section considered by itself. As a function of energy, the
"Uncorrelated" case corresponds to no correlation between cross sections
in different energy groups; correlation between reactions for a given
energy group is still included. "Fully Correlated" corresponds to the
case of unity everywhere in the correlation matrix. These latter two
cases are included simply to give the reader a feeling for the sensitiv-
ity of the estimated overall uncertainty due to two extreme kinds of

correlation evaluation.
VII. COMPARISON OF TRANSPORT METHODS

The point and multigroup discrete ordinates results obtained above
have been compared to fluxes calculated using the moments method techni-
que. This latter procedure was one of the earliest methods applied to
deep penetration radiation transport problems in simplified geometry of
uniform composition. Modern moments method!’ and flux reconstructionl!®
programs are very fast (the 267 energy point air problem, including cross-
section preparation, runs in less than three minutes in the ORNL 360/91)
and compute the infinite medium spectrum, the age, higher moments (up
to 20.0), and the flux of all spatial and energy points in the system

including all cross-section detail.
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We have found that the total integrated fluxes agrees to within 1%
at all space points out to 1000 meters. At 1500 meters, differences of
the order of 7% are observed. The fluxes right at the boundary cannot
be easily compared since the moments technique applies only to infinite
media. However, for higher energy groups (e.g., 12.2-14.9 MeV), where
the angular flux is primarily outward directed, the two techniques give
fluxes at 2000 meters which agree to within 7%Z. Finally, detailed
comparisons of flux spectra at individual space points were unconclusive
due to non-physical structure in the moments method fluxes at specific
energy points due primarily to failure of a particular reconstruction
scheme. In general, however, the moments method spectra agree well with
the benchmark results. The agreement in spatial behavior with the flux

averaged over broad energy bins is also good.
VIII. CONCLUSIONS

Sensitivity analysis is applied to the study of an air transport
benchmark calculation to quantify and distinguish between cross section
and method uncertainties. The boundary detector response was converged
with respect to spatial and angular mesh size, PQ expansion of the scat-
tering kernel, and the number and location of energy grid boundaries.

The uncertainty in the detector response due to uncertainties in nuclear
data is 17.0% (one standard deviation, not including uncertainties in
energy and angular distribution) based upon the ENDF/B-IV "error files."
Differences of approximately 6% can be attributed exclusively to dif-
ferences in processing multigroup transfer matrices. The formal documenta-
tion of the PUFF computer program for the generation of multigroup covar-

iance matrices is presented.
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AFPPENDIX A

AN UPDATE OF AN EARLIER AIR TRANSPORT SENSITIVITY ANALYSIS
(BASED ON REF. 2) USING ENDF/B-IV COVARIANCE FILES

The tissue dose uncertainty is presently calculated as a factor of two
lower than that quoted in the Bartine, Oblow, Mynatt study [NSE 55, 157
(1974) made without the benefit of the present ENDF/B-IV detailed covari-
ance files] using identical 101/33 coupled sensitivity coefficients. As
seen in Table A.1l, the (n,a) cross section still dominates (although not
as much as before) but the total uncertainty is only ~v14.5% (1 standard
deviation) based upon uncertainties in the smooth cross sections, includ-
ing gamma-ray production, but ignoring uncertainties in energy and angular
distributions, gamma-ray multiplicities, and gamma-ray interaction cross

sections.

With a goal of calculating air transport to 25%, it is clear that an
accurate remeasurement of the N(n,0) cross section can reduce the wvariance
in the tissue dose well below the desired goal. However, if the uncertain-
ties in the present file are reasonable estimates, and if the uncertainties
in the spectral and angular distribution data are less important, then the
required goal has very nearly been met today without further work. It
would be prudent, however, to go ahead with the measurement program since
the importance of the aforementioned ifs would then be diminished and only

a single measurement is involved.
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Table A.l. Uncertainty Analysis for Air Transport from
Prototypic Thermonuclear Source (2000 meters)

MATERIAL 121% ENDF/B-4 FILE Nitrogen Covariances

FULLY
ENDF /B-4 UNCORRELATED CORRELATED
REACT 2 T0 REACT 28 2. E3741€ (1 2.43638F 00 1.32918E 02
REACT 2 10 OTHEPS -1.162410 (2 -1. C40C3E Ol 1.13995€ 03
ALL REACT 2 -2.7872CC Ct -7.66387€ 00 1.27287E 03
NUT REACT 2 2.5€C€C3E C2 2.73701E 01 2.44415€E 03

TO REACT 4b

REACT 4 2.€1€05C Cl S.E4877E 00 1.62012F 02
REACT 4 TO OTHERS ~-1.€6327 Cl -6.57806FE 00 1.2280LF 03
ALL REACY 4 G.22784E (C 2. €707LE 00 1.39002€ 03
NCGT RE ACT 4 1.5G65C2E C2 1. 67355€ 01 2.32699¢€ 03
REACT 102 70O REACY 102 1.85318E (CC 5.25540E-01 1.76663E 00
REACT 102 TO OTFERS Cc.C 0.0 -1.65603F 02
ALL REACT 102 le€S218E CC 5.25540E-01 -1.63836F 02
NUT REACT 102 2.0€827E C2 1. 888075 01 3.88085 03
REACT 102 YO0 REACT 102 1.66513F Cl1 3. 16795% 00 1.18033E 02
REACT 103 10 OTHERS -7.15758E (O -1.36236E 00 1.08867€ 03
ALL REACT IC2 $.1637CE (O 2.43559E 00 1.20670F 03
NOT REACT 103 1.9S531€ C2 1. €9706€ Ol 2.51031€E 03
REACT 107 TO REACT 101 «S8GB4E (2 1. 67773€ 01 T+38464E 02
REACT 107 TC OTKERS ~1.C6249E C2 -€.81880€E 00 1.83662E 03
ALL REACT 1C7 1.52735€E (€2 7. 55852E 00 2.57508F 03
NOT REACT 107 «£6G53€ (I le 14477€ Ol 1.14194E 03
TCTAL 2 1444156 (1 4, 40525€ 00 6.09673E 01

(14.45% uncertainty [lo] due to nitrogen cross sections)

Total uncertainty obtained by taking the square root of the sum of ALL
REACT X and NOT REACT X for any X (X = 2, 4,...., etc.) presented ahkove.
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Table A.1 (Cont'd.)

MATERIAL 127¢ ENDF/B-4 FILE Oxygen Covariances

FuLLY
ENDF /B-4 LNCOPRELATED CCRRELATEN
REACT 2 10 REACT 2 1.28215€ CC 1.49503€-01 T.01423E 00
REACT 2 10 OTFERS -l 545821 (C -4.54213€-01 3.54233E 01
ALL FEACT 2 -2.€3€25F-C1 =3.44710€E-01 4.24375E 01
NOT REACY 2 2.23EC4E CC 1.C6588E 0CO 4.47235E 01
REACT 4 10 REACT 4 1.62242€ CC 8.161116-01 1.50538F 01
REACTY 4 TO OTHERS -1.1C782€ (C -4,2543€~-01 4.23384F 01
ALL REACY 4 €o 14ECEC-C1 3. €356TE-01 5.73921€ 01
NOT REACT 4 2.185681lE CC 3.57599€-01 2.S71689E 01
REACT 103 TO REACT 1012 1.447€CCE-C2 8. 38052F-03 4.82013€E-02
REACT 103 1O OTFERS ~G.47EE3E-C3 ~6e 14304€E-03 4.C0300€ 00
ALL REACT 103 4.5613€E~-C3 2.23748(-03 4.05120F 00
NGT REACT 1C2 2.5€5426 CC 1. 18929E-01 8.31098F 01
REACT ]JO7 TO REACT 107 1. 40€74€ CO 3.C0150F-01 6.69827E 00
REACT 107 TO OTFHERS ~€. 2G6714C-C1 ~-1.53057€-01 3.49285E 01
ALL RgaCY 107 J.€7C32E-CH 1.47C94F-01 4.16268€ 01
NOT REACT 1C7 242C13¢€E CC Se 14072F-01 4.55343€ 01
TCTAL % 172465 CC €.49215€E-01 9.33600E 00

(1.72% uncertainty [lo] due to oxygen cross sections)

®Reaction types: 2 - elastic
4 - inelastic
102 - capture
103 - (n,p)
107 - (n,0)

b . . . . . . .
Uncertainty in the inelastic cross section assumed uniformly distributed
between levels.
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APPENDIX B

A PROGRAMMER'S GUIDE FOR THE PUFF UNCERTAINTY
FILE PROCESSING CODE

The PUFF processor was written to extend the capabilities of the
MINX multigroup processing code to include the ENDF/B-IV uncertainty
files. Multigroup covariance matrices are constructed according to

Eqs. (8-11).

According to ENDF/B-1IV formats, error file information is located at
the end (file 33) of the description for a given material. However, in
order to implement Eqs. (8-11), the energy '"edges'" used in File 33 must be
available early in the calculation to compute the required multigroup
cross sections on the unionized grid (between the user group structure and
the energy grid used in the error file description). It was therefore
decided to retrieve and store the error file information in a pre-processing
stage; for MINX this naturally corresponds to the reconstruction of point-
wise cross sections from resonance parameters. If processing begins from
a PENDF tape, error file BCD data is then read separately from the original
ENDF/B tape (unit 20). Table B-1 lists the format in which error file data
is presently stored. Such information is then retrieved when the multigroup
structure is established. Once the super grid is formulated, multigroup
processing proceeds in the usual fashion with the energy grid, group fluxes,
and cross sections appropriately stored for the actual error processing at a
later stage. Table B-2 lists the format in which the user energy grid,
fluxes, and cross sections are presently stored. Since the supergroup
structure is composed of the union between the user group structure and all
energies used in the error file description, the number of groups can obvi-
ously get very large quite rapidly as the size of the problem considered
and the level of detail available in the files expand. The large number of
fluxes and cross sections required have been appropriately labelled (see
Table B-2 - Format for Energy Grid, Group Flux, and Cross Section Scratch
Disk Storage) for subsequent automated retrieval. Note that most proces-
sing codes normally do not preserve group flux values. The need for allow-
ing dimensions to easily expand at a later date clearly required the

programming to be within a variable dimensioning formalism.
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With the error file data, fluxes, and cross sections appropriately
stored and labelled, the computation of the covariance matrix is reduced
to a direct collapsing procedure with weights determined directly from the
error files. The only real problem is to keep track of energy indices;
there is a user energy grid, a supergrid including the union of the user
grid with boundaries contained in all error subsections, and finally N
grids representing the union of the user grid and the energy bounds in the

mth error subsection of the pth reaction (N = pm).

This calculation has been successfully implemented for each of the
four covariance representations conceived (e.g., fully correlated with
energy-dependent magnitude). The programming philosophy was to make this
new coding transparent to the MINX non-error file user, i.e., new program-
ming did not impose any additional significant restraint (e.g., storage)

on the main MINX processing function.

Block flow diagrams and flow diagrams by subroutine are presented

in Figs. B~1 and B-2, respectively; the latter being primarily those MINX
subroutines required for the error processing functions. The covariance
matrix for each reaction of a given material is generated as a function
of energy, one reaction at a time. Additional capability implemented in
PUFF was the ability to process only selected reactions corresponding to
those for which covariance files have been constructed (i.e., NOREAC op-
tion). After all reactions have been processed, the covariance matrices
between reactions for a given material are generated. Lastly, covariance
between materials is considered. Table B-3 lists the major change to the
MINX subroutines. Particular variable definitions are presented in Table
B-4. The program input is listed in Table B-5; the output of the code is
described in Table B-6. Table B-7 lists the present error processing code

limitations.

The program has been verified by successful processing of the ERRIUM

isotopes,17 hand calculations, and comparisons with results from an in-

dependent program.6
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Table B-3. Major Changes to the MINX Subroutines
to Include Error Processing

Labelled commons — MINAME and DIANNE moved to (4,0) from (4,2).

MAIN ~ Comment version number, date, and limitations.

Odelli

a) coding to read and print error flag

b) dintroduction of commons /CONTR/ and /LERROR/

XSGEN

a) bring a common /LERROR/

b) specify the length of blank common

CFEND

a) dintroduction of common /LERROR/

b) test to see if you need to CALL DELTA to read the error information
while copying to the end of the tape

c) 1if error data is read, turn off flag MMERR so no attempt is made to
read it again when CFEND is called from other routines (e.g.,
SIGMAL)

d) terminate read on end of material

DELTA - completely new routine

a)
b)
c)

if error flag is on, read uncertainty data and store on unit 33
present coding limits input error files to BCD

avoid unnecessary copy if in tape restart mode

COPYCW - completely new routine

a)

copy the error file data to unit 12 along with the rest of the

cross—section information in BCD format

TERROR

a)
b)

adjusted to call DANNY if error flag is on

allow restart from a pointwise tape
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Table B-3 (Cont'd.)

9.

10.

11.

12.

13.

RUIN

a) call RUSEG with storage available for x and y to accommodate
super—-group structure

b) minor change in call statement to RUSEG

RUSEG

a) If error flag is on, write the user group structure onto NSCRR;
defines NSCRR-22 and rewinds

b) form the unionized grid reading error data from unit 33 and print

c) subroutine statement arguments modified

d) commons /LERROR/ and /UNITS/ added
GRUPXS

a) write multigroup cross sections in unionized structure onto NSCRR
b) use MAT=10000 for indication of end of tape file
¢) add commons /LERROR/ and /CONTR/
d) turn on group cross-section printer conditionally with error
flag MERR; otherwise print later after collapse
e) implement options to process only selected reactions (i.e.,

NOREAC option)
INTXS

a) write the integrated group fluxes in super-group structure onto
NSCRR
b) add common /CONTR/

DANNY - completely new routine

a) reads scratch file for user group structure

b) loops on T and 9,3 retrieves fluxes and cross sections and prints
collapsed results

c) terminates on MATNOW=10000

d) calls SUMMF to do the collapsing to user group structure

e) allocates pointers for dimensions and storage allocation

f) calls PUFF for the actual covariance matrix calculation

g) calls INVT to invert matrices and invoke symmetry
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Table B-3 (Cont'd.)

14.

15.

16.

17.

h) calls WOT for print of results - covariance matrices, correlation

matrices and relative quantities

i) indicate successful termination of processing

j) output in BCD on unit 7
WOT

a) print routine which is different from the WOT used in regular

MINX
INVT - completely new routine

a) 1inverts matrices by group (high energy becomes group 1)

b) invokes symmetry where applicable
PUFF - completely new routine

a) performs the covariance matrix calculation once all input is

established in DANNY
SUMMF - completely new routine

a) collapses fluxes and cross sections for super-group structure

to user structure
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11.

PHIKUN(¢, )

kun
GMTKUN (GMT )

INITIAL

EKUN
ENPTS
ESXSE
ESXS
COVMI
FKUN
NENG
NGPS
POINTERS
K1
J4
J6
J8
J10

J12

Table B-4.
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Important Variable Definitions

Supergroup flux for a structure corresponding
to the union of the user energy grid and the

energy structure Ek for nth subsection.

Multigroup cross section for reaction MT in
the same structure as that described for PHIKUN
(HMTKUN is the same definition for group H,

reaction MT).

Energy boundaries for the same structure as

that described in PHIKUN.

Energy bounds for the super—group structure
which contains the overlap of the user boundaries
and all energy edges described in any subsection

for any reaction of interest.
Energy boundaries of the user group structure.
Multigroup cross sections in the user structure.

Covariance matrix for the material-reaction pairs;
it is a two~dimensional array with energy in

each direction.

uncertainty component data for the same energy
grid as described for PHIKUN.

Number of groups in the user grid.

Number of groups in the largest supergroup

structure.
FINAL VARIABLE
J2 COVYMT
J5 Std. dev. for lst reaction
J7 Std. dev. for 2nd reaction
J9 Std. dev. for 3rd reaction
J11 Std. dev. for 4th reaction
J13 Std. dev. for 5th reaction



Table B-4
INITIAL
J14
J3
K3
K5
K7
K9
K11l
K13
K15
K17
12. MATHC, MFHC, MTHC
13. MMAT1, MMT1
14. Y
15. CENOM
16. X
17. NP2
18. DAT
19. Z

(Cont'd.)

FINAL

J15
K2
K4
K6
K8
K10
K12
K14

K16
K18
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VARIABLE

Std. dev. for 6th reaction
DAT

PHIKUN

GMTKUN

EKUN

Z

HMTKUN

Scratch space (correlation matrix,
covariance matrix, relative std.

dev.)
User x-sect. for 1lst cross reaction
User x-sect. for 2nd cross reaction

Material, file, and reaction of interest.

Material and reaction to which there is a

covariance.

Cross sections in the user group structure

are stored here.

Supergroup fluxes for the energy grid as-

sociated with ENPTS.

Cross sections in the super-group structure

associated with EKUN.

Number of entries in a given uncertainty

section of ENDF/B data.
The actual error file data for a given section.

Cross sections for reaction to which there is

a covariance.
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Table B-5. Error Processing Input Requirements

Typical PUFF Input for an 160 Sample Problem

ERRyR PRICESSING 9F UX{GEN 22 GRAUPS

1275 1275 y 1 13040 0.001 0,001 0.01
1 1 U 1 2 23 1 1 1 5 1
1 2 4 1038 107/
1
360, U
1
2C0,U
23
1.0 -0 4,14 =1 5,3159 =1 3,059 1.,0677 +1 2,9023 +1
1,018 +2 . 5295 +2 3,3546 +3 1,1109 +5 5,5023 +5 1,108 +6
108268 ’b d'\sb +6 2|466 +6 3'“119 "6 4.0657 +6 4'9659 *6
6,36 +6 8.1873 +6 10,0 +6 12,214 +5 14,918 +6
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Table BR~7. Present PUFF Processing Limitations

Input required in BCD format.
No covariance between materials.

Only file 3 type information included (e.g., no provision for proces-
sing ;). The error files are numbered by adding 30 to the MF number
where the quantities themselves are entered. We only process MF=33

at present.
No allowance for derived files.

Error data is assumed to span the same energy range of ENDF/B data

(at least for OT) (107° eV to 20 MeV).

No provision for correlation of uncertainty in weighting spectra

with uncertainty in cross section.

Have not formally addressed the characterization of uncertainties
in the resolved and unresolved energy regions, uncertainties in

angular distributions or energy distribution.
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PUFF Error Processing Segment of MINX

Set appropriate flags, commons, prints, and storage to allow
for error calculation within framework of multigroup processor

Retrieve and store energy bounds at which uncertainty information
is provided - note this is given at the end of material description

T

Form unionized mesh noting user structure, energy bounds for a
particular subsection, union of user structure with all energies
at which uncertainty data is provided

¥

| Compute and store multigroup cross sections and integrated fluxes

for all reactions, temperatures, and dilutions of interest

T

\

Sequentially retrieve, one reaction at a time, cross sections,
error data etc. and collapse cross sections to user structure for
display

i

v

Compute covariance matrix - including all sections of experimental

. uncertainty, all reaction types, temperatures, and 0o's for a given

material; store cross material uncertainty information

1

v
Repeat (2)-(6) for all materials of interest, and complete processing
for cross material covariance matrices

Fig. B-1. Block Flow Diagram
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PUFF Error Processing Segment of MINX

[ XSGEN |

\1
| ODELLI { TERROR }

| (o
r C;END { SMOOTH |

! [wort |

}

@a] (s

COPYCW

Fig. B -2.

INTXS |

Flow Diagram by Subroutine

(s |

{ PUFF |
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APPENDIX C
CORRELATION MATRICES FOR 1N (MAT 1275) AND 160 (MAT 1276)
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Fig. C-1. Correlation Matrix and Standard Deviation for Nitrogen
Total Cross Section as a Function of Energy.
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Fig. C-2. Correlation Matrix and Standard Deviation for Nitrogen
Elastic Cross Section as a Function of Energy.



51

ORNL IWG 75-6795

Fig. C-3. Correlation Matrix and Standard Deviation for Nitrogen
Inelastic Cross Section as a Function of Energy.

ORNL WG 75-6796

Fig. C-4. Correlation Matrix and Standard Deviation for Nitrogen
Capture Cross Section as a Function of Energy.
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ORNL WG 75-6797

Fig. C-5. Correlation Matrix and Standard Deviation for N(n,p)
Cross Section as a Function of Energy.
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Fig. C-6. Correlation Matrix and Standard Deviation for N(n,a)
Cross Section as a Function of Energy.
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ORNL DWG 75-6799

iy 1o

Fig. C-7. Correlation Matrix for Nitrogen Total Cross Section as It
Relates to Elastic Cross Section.

ORNL WG 75-6800

Fig. C-8. Correlation Matrix for Nitrogen Total Cross Section as It
Relates to Inelastic Cross Section.



54

ORNL WG 75-6801

Fig. C-9. Correlation Matrix for Nitrogen Total Cross Section as It
Relates to Capture Cross Section.

ORNL DWG 75-6802

Fig. C-10. Correlation Matrix for Nitrogen Total Cross Section as
It Relates to the N(n,p) Cross Section.
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ORNL DWG 75-6803

Fig. C-11. Correlation Matrix for Nitrogen Total Cross Section as
It Relates to the N(n,a) Cross Section.

ORNL DWG 75-6804

Fig. C-12. Correlation Matrix for Nitrogen Elastic Cross Section as
It Relates to Imelastic Cross Section.
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ORNL DWG 75-6805

Fig. C-13. Correlation Matrix for Nitrogen Elastic Cross Section as
It Relates to Capture Cross Section.

ORNL DWG 75-6806

Fig. C-14. Correlation Matrix for Nitrogen Elastic Cross Section as
It Relates to the N(n,p) Cross Section.
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ORNL DWG 75-6807

Fig. C-15. Correlation Matrix for Nitrogen Elastic Cross Section as
It Relates to the N(n,a) Cross Section.

ORNL DWG 75-6808

Fig. C-16. Correlation Matrix for Nitrogen Inelastic Cross Section as
It Relates to Capture Cross Section.
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ORNL WG 75-6809

Fig. C-17. Correlation Matrix for Nitrogen Inelastic Cross Section
as It Relates to the N(n,p) Cross Section.

ORNL DWG 75-6810

Fig. C-18. Correlation Matrix for Nitrogen Inelastic Cross Section
as It Relates to the N(n,0) Cross Section.
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ORNL DWG 75-6811

Fig. C-19. Correlation Matrix for Nitrogen Capture Cross Section as
It Relates to the N(n,p) Cross Section.

ORNL DWG 75-6812

Fig. C-20. Correlation Matrix for Nitrogen Capture Cross Section as
It Relates to the N(n,a) Cross Section.
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ORNL DWG 75-6813

Fig. C-21. Correlation Matrix for N(n,p) Cross Section as It Relates
to the N(n,a) Cross Section.

ORNL IWG 75-6814

Fig. C~22., Correlation Matrix and Standard Deviation for Oxygen
Total Cross Section as a Function of Energy.
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Fig. C-23. Correlation Matrix and Standard Deviation for Oxygen
Elastic Cross Section as a Function of Energy.

ORNL IWG 75-6816

Fig. C-24. Correlation Matrix and Standard Deviation for Oxygen
Inelastic Cross Section as a Function of Energy.
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ORNL DWG 75-6817

Fig. C-25. Correlation Matrix and Standard Deviation for O(m,p)
Cross Section as a Function of Energy.

ORNL DWG 75-6818

Fig. C-26. Correlation Matrix and Standard Deviation for O(n,a)
Cross Section as a Function of Energy.
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ORNL DWG 75-6819

Fig. C-27. Correlation Matrix for Oxygen Total Cross Section as It
Relates to Elastic Cross Section.

ORNL DWG 75-6821

Fig. C-28. Correlation Matrix for Oxygen Total Cross Section as It
Relates to Inelastic Cross Sectiom.
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ORNL WG 75-6820

Fig. C-29. Correlation Matrix for Oxygen Total Cross Section as
It Relates to the O(n,p) Cross Section.

ORNL IWG 75-6822

Fig. C-30. Correlation Matrix for Oxygen Total Cross Section as
It Relates to the O0(n,o) Cross Section.
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ORNL IWG 75-6823

Fig. C-31. Correlation Matrix for Oxygen Elastic Cross Section as It
Relates to Inelastic Cross Section.

ORNL WG 75-6824

Fig. C-32. Correlation Matrix for Oxygen Elastic Cross Section as
It Relates to the O(n,p) Cross Section.
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ORNL DWG 75-6825

Fig. C~33. Correlation Matrix for Oxygen Elastic Cross Section as
It Relates to the O0(n,0) Cross Section.

ORNL IWG 75-6826

Fig. C-34. Correlation Matrix for Oxygen Inelastic Cross Section as
It Relates to the O{(n,p) Cross Sectiom.
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Fig. C-35. Correlation Matrix for Oxygen Inelastic Cross Section as
It Relates to the O(n,a) Cross Section.

ORNL DWG 75-6828

Fig. C-36. Correlation Matrix for O(n,p) Cross Section as It Relates
to the 0(n,o) Cross Section.
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