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PROCESSING ENDF/B-V UNCERTAINTY DATA INTO

MULTIGRGUP COVARIANCE MATRICES
J. D. Smith III

ABSTRACT

The purpose of this work is to develop and demonstrate the capa-
bility of processing Evaluated Nuclear Data File, system B, version
five (ENDF/B-V) uncertainty data into mul*igroup covariance matrices.
These covariances may then be folded with sensitivity coefficients to
obtain uncertainties in selected integral parameters such as K-effec-
tive and breeding ratio.

The project consisted of .separating the previous uncertainty
processor (PUFF) from the basic nuclear data cross section processor
(MINX), updating the uncertainty processor to the ENDF/B-V format,
programming the processor for new uncertainty data, and demonstrating
the processor capabilities by producing a multigroup covariance
l1ibrary. These capabilities were verified in various ways including
hand calculations and comparisons with other known results.

A computer code named PUFF-II was written to perform the task
described above. The code is capable of processing all uncertainty
data currently entered in ENDF/B-V. The only limitation of the code

is the treatment of uncertainties in resonance data.



CHAPTER I
INTRODUCTION

The basic nuclear data in the Evaluated Nuclear Data Files System B
(ENDF/B) has been broadened and improved upon for many years, by new
discoveries, better understanding, and improved technical capabilities.

However, improvements in ENDF/B data are still needed.]

Specifically, it s
now evident that some means must be developed to indicate just how good the
basic nuclear data are. This measure of the goodness of data has been to
include estimated uncertainties in the evaluated microscopic data in ENDF/B
files in a standard manner. These uncertainty files, after processing, may
be used in conjunction with sensitivity analysis to allow for propagation
of uncertainties in basic nuclear data (i.e., ENDF/B) to uncertainties in
reactor performance parameters such as K-effective and breeding ratio, thus
allowing for systematic adjustment processes. This uncertainty analysis
will also allow for valuable feedback to the nuclear data community as to
which measurements and/or evaluations most need further refinement.

The objective of this thesis project is to develop the capability of
processing uncertainty data in ENDF/B version 5 (ENDF/B-V), Just as the
microscopic nuclear data of ENDF/B is processed according to specified
algorithms into multigroup form, so is the uncertainty data processed by
specific algorithms into multigroup covariance matrices. A covariance
shall be defined statistically as the expected value of the product of -
the deviations of two random variables (may be the same random yarigb]e)
from their respective means. Each variable is allowed to have its own |

energy intervals which forms the two dimensions of a covariance matrix.

e E e
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Previous work in this field consisted of processing limited
ENDF/B-1V data (ENDF/B-IV contained uncertainties for nitrogen, oxygen, and
carbon only) using an uncertainty processor, PUFFZ, developed by extending
the MINX3 cross section processor. Many additional unofficial cross section

uncertainty evaluations were prepared at ORNL in an ENDF/B-IV format.4

From
this data and the PUFF code, three multigroup covariance libraries were
produced, which are available through the Radiation Shielding Information
Center (RSIC) at ORNL. fhese three libraries are the fission spectrum

covariance matrix library (with GODIVAS’6

weighting), the LMFBR core physics
covariance matrix library (with 2PR-6/77 weighting), and the LMFBR shielding
covariance library (with 1/E weighting). These libraries are in a standard

format, COVERX,® 9

for use in the FORSS” system. The FORSS system is a
collection of codes used in sensitivity and uncertainty analysis.

In the present work, the capability of processing newly formatted
ENDF/B-V data has been developed. Specifically, processing capabilities
have been added for new uncertainty relationships, explicit cross reaction
and cross material relationships (cross is used to indicate that the two
random variables are not the same), and derived uncertainties. Derived is
used here in the context that a reaction type (and therefore its uncer-
tainties) may be determined by summing other reaction types (e.g., the total
cross section is the sum of its partial cross sections). Derived is also
used in the context that some reaction types are determined by ratio
measurements to a reference reaction type (e.g., 23%Pu fission cross section
is measured as a ratio to the 235U fission cross section). Capabilities
have also been added to produce the off-diagonal submatrices resulting

from derived (in the context of summing) uncertainties. Processing uncer-

tainties in the average number of neutrons per fission (v) and in the



resolved resonance parameters (for infinitely dilute systems only) have

also been included. Finally, an important accomplishment of this work has
been to separate the uncertainty processing from the cross section processing,
originally suggested by Las Alamos Scientific Laboratory (LASL), to provide
not only for a modular code system, but to reduce computing costs.

This new processing capability has been implemented in a new version
of the PUFF code named PUFF-II and requires that the user supply only the
multigroup cross sections (e.g., VITAMIN-C or -E 11braries10’]]) with
corresponding flux spectrum and, of course, the uncertainty file data of
ENDF/B-V.

The text of this thesis is organized into six chapters. Chapter II
includes definitions for some of the terminology used in the remainder of
this thesis. Chapter III explains the basic formats for the uncertainty
data expressed in ENDF/B-V. Chapter IV explains the specific processing
techniques that are used to produce multigroup covariance matrices.
Varification of PUFF-II is described in Chapter V. Chapter VI shows
some typical results produced by PUFF-II. The conclusions of this work

and recommendations for future work are given in the final chapter.



CHAPTER II

DEFINITIONS

Because ENDF/B is, in effect, breaking new ground in the computation

and recording of uncertainty data, several new terms will appear which

need to be clearly defined.

Given two variables, Xi and Yj, which, for this case, represent the

multigroup cross section of reaction type X, energy group i, and reaction

type Y, energy group j, the covariance matrix (or absolute covarience

matrix), COV of such may be described as

Covixy,¥5) = <Exg-X) (45-Y,>

(1)

where the diamond shaped bracket and the tilde indicate the expectation

(mean) value. From this, several other qualities may be defined, namely

the relative covariance matrix, Rel.Cov,

cov(X.,Y.)
- i
Rel. Cov(xi,Yj) *"TTT“TéL s

13

the standard deviation, Std.Dev,
Std.Dev.(xi) =\¢60v(x1,xi s

and the relative standard deviation, Rel.Std.Dev.,

Std.Dev(X.)
Re].Std.Dev(Xi) = —-—y;'-"‘“

Also, a correlation matrix, Corr, may be defined as:

Cov(Xi,Y.)

Corr(X;,¥5) = mm?ﬁﬂ?jﬂ.

(2)

(3)

(4)

(5.1)



or

Re].Cov(Xist)

) (5.2
COV”(Xi’Yj> - (Re1.Std.Dev.(Xi))(R91-5td-DeV-(Yj))‘ )

The correlation matrix shows quantitatively the degree of correlation

between Xi and Yj. The correlation matrix is bounded by unity, i.e.,
| Corr(xi,Yj) | < 1. (6)

When Corr(xi,Yj) = 0, the variables Xi and Yj are said to be totally
uncorrelated. When Corr(xi,Yj) = +1 or -1, the variables are said to be
fully correlated or fully anti-correlated, respectively.

It should also be noted that the term covariance and uncertainty are

used interchangeably.



CHAPTER III
ENDF/B-V UNCERTAINTY DATA FORMATS

In the ENDF/B system the microscopic data are grouped into files
according to the type of data. For example, file 1 contains the microscopic
data for v, file 2 contains the resolved resonance parameters, and file 3 is
for the "smooth" microscopic cross sections. The uncertainty file number is
determined by adding 30 to the respective microscopic data file number.
Thus, file 31 contains uncertainty data for v, file 32 contains uncertainties
in the resolved resonance parameters, and file 33 contains uncertainties for
the smooth microscopic cross sections. As a side note, these three uncer-
tainty files are the cur.ent extent of the uncertainty data in ENDF/B-V,
although future plans are to include uncertainties in the fission spectrum
X»> and in secondary energy and angular distributions.

Files 31 and 33 have identical formats in the ENDF/B-V system and may
thus be described together.

Files 31 and 33 are broken down into sections, subsections and sub-
subsections. A section comp]ete1y‘describes a specific reaction type which
is classified by an MT number (e.g., MT=1 is the total cross section, MT=2
is the elastic scattering cross section, etc.). Thus, for example, a
section related to the total cross section, MT=1, completely describes
the uncertainty related to MT=1.

A subsection completely describes a single covariance matrix. A sub-
subsection describes the various components of the covariance matrix and
are independent of each other.

Two different types of sub-subsections are used in ENDF/B-V and are



referred to as "NI-type" and "NC-type" sub-subsections. The "NI-type" is
used to explicitly describe the various components of the covariance matrix
of the subsection. The "NC-type" is useéd to indicate that some or all of
the contributing components to the covariance matrix, described in the
subsection, are to be found in a different subsection already in the
ENDF/B-V data. The idea behind this is, of course, to eliminate the large
portion of the unqertainty data that would otherwise have to be repeated as
“"NI-type" sub-subsections. In each "NI-type" sub-subsection there is a flag
which indicates the type of correlations as a function of energy described

in the sub-subsection. The flag is called a LB number of which six are

permitted in ENDF/B-V: 2
LB=0 Absolute components only correlated within each Ek interval
- sk ’
Cov(X;,Y,) z Pitk Fxy.k  ° (7)
LB=1 Relative components only correlated within each Ek interval
= i3k
LB=2 Relative components correlated over all Ek intervals
_ izk
LB=3 Relative components correlated over Ek and E; intervals
ik
.,Y:) = . I 1
Cov(X;,Y5) kszJ;“ Frok Fy.e %3 Y3 (10)

LB=4 Relative components correlated over all Eg intervals within
each Ek interval

- isks2
Cov(X;,Y,) k,i,z‘Pj;k"‘ Fr FayaeFxy,e-Xi ¥y (1)



and

LB=5 Relative covariance matrix components

= i3k
Cov(Xi,Yj) kfk‘Pj;k' ny;k,k’ X_i Yj. (12)

Here the Xi and Yj are as previously defined, the F's are the uncertainty
components which come directly from the uncertainty file data, and the
dimensionless operator P is defined in terms of the operator S as

m n

T3ko2,.. k . &
plikedy.oo o S S. S....,
3 SJ (13)

j;m,n,... .i ..l Tt

m
(%]

where,
k

S;=1 when the energy E: is in the interval Ek to Ek+] of an
Ek energy "tab1e.]
or
k
Si=0 when the energy E. is outside the range of Ek to Ek+1 of
an Ek energy "table."

Again, the "NC-type" sub-section is used to describe the covariance
matrices in the energy ranges where the reaction type desired may be derived
in terms of other evaluated reaction types in the same energv ranges. The
evaluated cross section refered to here is one in which the covariance
matrix is given explicitly ("NI-type") over the energy range of interest.

The "NC-type" sub-subsections are further broken down into two
categories, as aluded to earlier. The first is the "derived redundant
reaction types", indicated in ENDF/B-V by the flag LTY=0. Here the reaction
type, MT, of a certain material, MAT (materials are designated by MAT
numbers in ENDF/B), is obtained as a linear combination of other evaluated

reaction types having the same MAT number but different MT values in the

~energy ranges given by E1 and E2 in the uncertainty file. That is



NCI
= I XMA‘ (E), (14)

where the Ci's are constant over the whole energy range of E1 to E2, and
NCI designates the number of “NC-type" sub-subsections of interest.

The second type of "NC-type" sub-subsection is referred to as
"covariances of cross sections derived via ratio measurements", flagged in
ENDF/B-V as either LTY=1,2,0r 3. Cross section evaluation by means of ratio
measurements is a standard method in ENDF/B and one of the main sources of
cross material correlations. This relationship can be shown for the cross
section Xﬂ?T derived, in the energy range E1 to E2, through the evaluation

of ratio measurements of the "standard" cross section Xﬂ#ﬁR as

X(E) = R(E) XJATR(E) | (15)

where R(E) is the measured ratio at energy E. LTY=1 is then used in one

subsection of X“?T to indicate a ratjo measurement to XMATR

MTR
used to indicate a correlation between Xﬂ#r and x”#ER. LTY=3 is used in the

MATR MAT
mrr and Xyr -

The final type of uncertainty file to be described is file 32, the

LTY=2 is
reference materials subsection to indicate a correlation between X

uncertainties in the resolved resonance parameters. In file 32, the data
necessary for both multi- and single-level Breit-Wigner representations

and the correlated uncertainties in these data are given. Covariances are
given for the resonance energy, Er,‘the total angular momentum of the
resonance, J, the neutron width, \n, the radiation width, Qy, and the
fission width, \f. This data is then propagated through to an uncertainty
in a resonance cross section. These uncertainties are then addéd’tb thé
uncertainties formulated from file 33, the smooth cross section covariances,

to form a complete covariance matrix.
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CHAPTER 1V

PROCESSING ENDF/B-V UNCERTAINTY DATA
INTO MULTIGROUP FORMALISM

Processing ENDF/B-V uncertainty data is & straightforward but
strict operation. The matrix operations necessary must follow certain
mathematical relationships or errors are prone to occur. With this in
mind, and before describing the computational procedures, a brief expla-
nation of the various energy grids used is necessary.

The first energy grid is the cross section energy grid. This grid
is, of course, associated with the energy structure on which the multi-
group cross sections have been processed. The multigroup cross sections
may be in any group structure desired and are not necessarily dependenf
upon any other grid to be described.

The second energy grid is the user energy grid. This is the energy
structure on which the code user wants to have the final multigroup
covariances.

A third energy structure is associated with the various energy levels
on which the evaluator has expressed the uncertainties. This energy
structure will be referred to as the uncertainty file energy structure
or grid.

A fourth energy structure, necessary for a unified energy grid on
which the cross sections (and flux) are expressed, is called the
“supergrid.“ This grid is the union of the user grid and the uncertainty
file energy grid. The supergrid is also necessary, as will be explained

later, to process covariances due to ratio measurements.
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The fifth and final energy grid is named the super-user grid. This
gfid is the union of the user energy grid and the energy boundaries of the
"derived redundant reaction type" covariances; the E1's and E2's. The
super-user grid is necessary, as will be explained later, to process
covariances which are linear summing operations.

Another area that should be discussed before describing the covari-
ance computational procedures is that of interpolation of the multigroup
cross sections and corresponding flux. In order to use the multigroup
processing algorithms, the multigroup cross sections and flux must be
expressed on the supergrid. One of the most convenient methods of inter-
polating the multigroup cross sections on to the supergrid, anq the
method chosen in PUFF-1I, is to energy weight the cross section and

collapse (or expand) as described below

T Opsh (EEEL:;_Eﬂai_;>

5, = i=1,2, ..., Multi
- .(Esb - En,y ) (16)
i M\Ey s47Bn,i

where Esb is the supergrid cross section for energy group b, oM, i 15‘
the multigroup cross section for energy group i and i is the corre-
sponding flux, ESb is a lower energy boundary for the supergrid, EM,i
is the energy boundaries for the ith energy group in the multigroup
cross section energy grid, and Multi is the number of groups in the .
multigroup energy grid.

The computation of multigroup covariances from files 31 and 33 using
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covariances from the “NI-type" sub-subsections is performed according to

the different LB flags anc are given in multigroup formalism as shbwn below

= F s O
LB =0 s XY,kTi,k¥i.k
- kelsj
COV(Xi,Yj) 5 % (17)
1B =1 ‘ Exyk(b1k1kq’jk3
- ket,j ™°* K
Cov(X;,Y54) 5 (18)
. .
LB = 2 (;51ny ki ,k0, )(g Py k3.6 Y.k )
Cov(xi,Yj) = 2 ¢s 3 J Xysk J
i 7]
(19)
Fo .. X F.o,0. ,Y. )
LB = 3 -@ x!k 1’k 1’km€;] y,'a J"E— J"e—
Cov(xi,Yj) Y ¢j (20)

LB

. Z_Fk( Sifxy,e%,2% ,zX;:J xy 2?3 ,8" a,,z)

= Kei,j
Cov(Xi,Yj)

¢; ¢ (21)

and

]

5 ; Zny, k’¢1 kx1 k¢ k’YJ k”

Cov(x ,Y ) =

LB

(22)

The derivation of Eqs. (17-21) is fully described in Ref. 13. Equation
(22) is obvious from the definition of covariance given earlier and from

equation (12). The notation used here is:
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Cov(xi,Yj) multigroup covariance between reaction X group i
and reaction Y, group j.

¢. = multigroup flux per super-user group {or supergrid) i.

><
"

i,k multigroup cross se&tfon for reaction X for a super-
grid (i,k) constructed from the union of energy
boundaries of the uncertainty file and those from the
the user grid. ¢i,k is the flux for this group.

F's = components of covariance taken directly from the un-
certainty file.

The "NI-type" sub-subsections are the basis for construction of the
"NC-type" sub-subsections and are therefore by necessity processed first.
The use of the "NI-type" sub-subsections for the production of the "NC-
type" derived redundant cross section covariances is demonstrated as
follows: 1let X be the cross section of interest expressed as a linear
combination of n evaluated cross sections, Y, in the energy range from

E1 to E2
n
Xi = Y Yy . (23)
i M=1 M,1KM

where i is the energy group index and KM's are constant values, usually

+] or -1. Then, to express the uncertainty in X we have

ax, = M;"YMJK"’ (24)
where dXi represents (Xi—ii), the uncertainty in Xi; similarly for YM,i'
To find the covariance of Xi, Eq. (24) is squared, changing the second
index of i to j (where i and j represent the same group structure) -and

then expectation values are taken
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n n

<dX.dX.> = K ,<dY dY > . (25)
i M 1 M= ]KM M M,J

The diamond bracketed items in Eq. (25) are the covariances and may be.

more conveniently expressed as

n
Cov(Xi,Xj) s M’Z KMKM,Cov(YM 1, ,j) . (26)
Similarly, taking the expected value of the product of X; and the YM i's
gives
n
<dxi’dvm,j> = MZ=]KM,<dYM, dYM3> M=1,2...,n (27)
or
n
COV(xi’YM,j) - MZ-] M‘COV(Y ,1’ M,j) M = ],2,.-." . (28)

Equation (26) is the mathematical expression of the processing procedure
to produce the multigroup covariances for the derived redundant cross
section covariances. Equation (28) is the mathematical expression of

the process to produce the multigroup covariances between the reaction of
interest, Xi, and each of the reaction types, YM,i's’ from which X; is
evaluated.

Each of the derived redundant cross section covariances are derived
for an explicit energy range, E1 to E2. OQutside of this energy range the
derived covariance matrix is zero. In effect, this requires that the
multigroup covariances be produced on an energy grid that not only con-
tains the desired energy boundaries of the user, but must also contain

the E1's and E2's. This grid was defined as the super-user grid.
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If the derived energy range points are not present numerical errors
occur. This may best be explained pictorially as is shown in this partial

covariance matrix

E”j+1
oo ¢,
- - :— - -] E2 ¢
0 ! A ¢y )
o, El 6, -
&ui ¢1 Eui+1

where Eu represents the user-energy boundaries for group i and j, EI

and E2 are as explained before, ¢w is the super-user grid flux, ¢i is

the sum of by and by s Tikewise for ¢j’ and A is the covariancé.e1ement
produced from Eq. (25) or (28) (all other elements are zero). If the
derived redundant cross section energy boundaries were not present (in the
energy grid scheme), the covariance element for user covariance group i,]J
would simply be A, which is incorrect. The correct covariance value for

user group i,j is given in general as

= ¢X A ¢y
COV(x_i ,Yj) = (¢w+¢x)r¢y+¢? s (29)

where the covariance element A is flux weighted and collapsed to the
user covariance group 1i,Jj.

In the second type of "NC-type" sub-subsection, covariances may be
wholly or partially derived.from measurements made on the relationship
one cross section of a certain material has to a reference cross section

of another material. This is known as a ratio measurement. To illustrate
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this, let xi be the cross section of interest and Zi be the cross section
from which Xi is evaluated, and then

X; = RZs, (30)

where Ri is the measured ratio of Xi to Zi at energy group i. Then the

uncertainty in xi may be determined with use of the chain rule as
dxi = dRizi + Ridzi . (31)

With this, the covariance of X may be determined as

<dXide> = <dR1.de>ZiZj + ZRizj<dRidzj>

(32)
Rearrangement of Eq. (32) gives
<dX.dX.> <dR.dR.> 2<dR.dZ.>
—_ ) - __1 J . ___1 J
R.R.Z.Z. R.R. R.Z.
13177 1] NIl (33)
<dZ.dZ.>
1 _J

Zizj

R and Z (or R and any other cross section) are assumed to be uncorrelated

(i.e., <dRﬁde>=0) and the three remaining terms follow from the definition

of a relative covariance matrix; thus

Rel. Cov(Xi,Xj) = Rel. Cov(Ri,Rj) + Rel. Cov(Zi,Zj) . (34)
Also, from Eq. (31) a covariance may be derived between X and Z, namely,

- Rel. Cov(X;,2y) = Rel. Cov(Z;,Z;) (35)



17

Other re]ationships]2 exist due to ratio measurements, but Eqs. (34)
and (35) represent the basic mathematical expressions for processing
covariances due to ratin measurements. Equation (34) states that the
relative covariance of X is determined by adding the relative covariance
of the ratio, R, to the relative covariance of the reference cross section,
Z. The uncertainties in R are given in "NI-type" sub-subsections in the
subsection given for X. The uncertainties for the reference cross section
are in the "NI-type" sub-subsections of Z.

Normal processing procedures of summing two collapsed multigroup
covariance matrices cannot be followed in processing ratio measurements.
This is because forming a collapsed multigroup covariance for the ratio,
R, requires having the covariance matrix for X, which is the desired
result. Instead, the covariance matrices of R and Z must be summed
while in the supergrid structure. The covariance matrix of X is then
collapsed to the user group structure.

This concludes a description of the processing procedures necessary
to form multigroup covariances from files 31 or 33. The multigroup
covariances due to the uncertainties in the resolved resonance parameters,
file 32, must now be formed and added to the smooth cross section covari-
ances of file 33.

The processing of the resolved resonance parameter uncertainties
requires an uncertainty analysis épproach. The basic equation is the

single-level Breit-Wigner formula given as
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I‘"I‘_i

(E-E)2+(1/4)r2’

g, = Ei-g (36)

T ok
where rn is the neutron width, I‘_i is the radiation or fission width

(i.e., i=vyor f), Er is the resonance energy, and Iy is the resonance

total width given by

Ty =T+ Te# L, - (37)
o is the capture or fission cross section, g is the statistical spin
factor given as
_ 2d+]
9 = P(zrY ° (38)

where J is the spin of compound nucleus, or the total angular momentum

and I is the spin of the target nucleus. K is given in ENDF/B as

K = (2.196771 X 1073) (Aiwg-'l‘—i]—d) VE, . (39)

where AWRI is the ratio of the mass of a particular isotope to that of
a neutron. Only the single-level Breit-Wigner formulae is used because
no data have been cast in multi-level form to date.

Equation (36) is then integrated from -» + to + « to obtain a repre-

sentation for the resonance area given as

A. = ..2"_2.9 rnri
i KZ PT

(40)

where Ai is the resonance area in barnsz-ev for capture or fission
reactions (i.e., i =y or f). Sensitivities are then taken with respect

to each parameter for which uncertainties are expressed (see Chapter III).
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For example, the sensitivity of Ai to T may be shown as
3A. 2
1. 2m -
at, - 29T U - /i) (41)

Similar expressions are derived for each of ths other parameters which

have uncertainties in file 32 and a matrix is formed which looks 1ike

oA JA oA 3A 3A
S S o T
H = Y n f r (42)
%R¢ g By Ry VA
BFY arn Brf oJ BEr

The covariance matriy of the resolved resonance parameters is defined as

Bee - - - — — — -

2 |
DNCG DN |

p= | DeoF DNDF DF2 ! (43)
DJDG DJDN DIDF DI
0 0 0 o DEZ ,
where
2 . . 2
DG“ is the variance of PY, [ev©],

DN2 is the variance of Ty [evz],

DFZ is the variance of Tes [ev2],

Dg?

is the variance of J,

DE® is the variance of E,. [e§2],

DNDG is the covariance of T and I‘Y [evz],
DGDF is the covariance of PY and I‘f [ev2],
DNDF is the covariance of I and I'; [ev?l,

DJDG is the covariance of J and PY [ev],
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DJON is the covariance of J and T [ev],
and DJDF is the covariance of J and T, [ev]l .
The covariance of Er and the other parameters is very small, in practice,

and therefore set to zetr'o..l2

Also, the D matrix is symmetric (i.e.,
DNDG = DGDN, etc.).

A covariance matrix for the resonance area is produced by folding
the sensitivity matrix,.H, with the covariance matrix, D, and is given
as

<dAYdAy> <dAYdAf>

<dAdAT> = (44)

<dAfdAY> <dAfdAf>

As shown in Eq. (44), not only is a covariance matrix formed for the
capture and fission area, but a cross reaction covarignce is given between
capture and fission. The matrix shown in equation (44) is also symmetric
(i.e., <dAdA > = <dA_{dAf>).

The matrix described in Eq. (44) is summed for each resonance,
L-state (neutron angular momentum quantum number), and isotope wfthin
each super-user grid (or supergrid) K (if more than one isotope exists,
the abundance is used to weight the contribution). This expression is then
divided by the square of the width of energy group K (i.e., (Ek+] - Ek)z)
to form the cross section covariances due to the resolved resonance
parameters. These covariances are then summed to the proper absolute
covariances of the smooth cross sections formed from file 33.

The approach described above assumes a constant or flat weighting
for each resonance within:energy group k. A second approach, suggested
by Y. Yeivin and J. J. l«h‘igschall4 is to give each resonance an 1/E

weighting. In this approach, the model for averaging a resonance cross
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section, Oy consists of replacing the "true" cross section by a "rectan-

gular" one of width zri, vhere i = v or f.

A
. Ai_
G; 2T
:> <« ZI‘_i >
|
= = >
“true' “rectangular"

Letting Ek+l and Ek be the upper and lower kth group boundaries, the

average cross section would be given by

E E
k+1 k+1
= dE dE
5, = / o;(E) £ f d (45)
Ek Ek
A E +T. E
W r i k+1 .
= 1 ) 1 ) i=yorf. (46)
21‘,l (Er Ti ( Ek

Sensitivities are formed from Eq. (46) in the same fashion as described
in the first approach and folded with the covariance matrix, D, Eq. (43).
This time the covariance matrix of the resonance cross section is formed
directly. The rest of the processing is the same as for the constant
weighting approach. Both processing modes are allowed in PUFF-II.
Several assumptions have been made in processing the resolved
resonance data. One of the more important assumptions is that no
uncertainties are due to self-shielding. Normally, self-shielding is

]5, which are functions that relate

accounted for by Bonderinko f-factors
cross section behavior to temperature and material compositions. Inclu-

sion for these f-factors would require not only some very complicated
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analysis scheme, but would force the covariance calculations to become
problem-dependent, which is not the intent for the processor.

Other assumptions are (1) only Breit-Weigner resonance representa-
tion (and of course the assumptions of a Breit-Weigner representation
such as widely spaced resonances) are applicable, and (2) the resonance
area is assumed to lie fully within the energy group k.

Using the procedures described above, the ENDF/B-V uncertainty data
may be processed into multigroup covariances. However, due to situations
which arise in the "NC-type" sub-subsections, the covariances are produced
on an energy grid associated with either the super-user grid or super-
grid. The matrices must then be collapsed to the user grid as described
by Eq. (29). Finally, the collapsed matrices are prepared for output

which usually consists of a COVERX file and correlation matrices.
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CHAPTER V
VERIFICATION OF THE PUFF-II CODE

The objective in developing the PUFF-II code -- namely, to process
ENDF/B-V uncertainty data into multigroup covariance matrices -- precludes
"easy" evaluation and verification of the code because of the following
two reasons. First, standard computational benchmark problems with known
solutions, which could be solved by PUFF-II to check if the code is working
properly, simply do not exist. Secondly, other codes which perform the
same tasks as PUFF-II and, therefore, could be used to produce results
for comparison with PUFF-II results, simply do not exist. In other words,
standard techniques for verification of a newly developed code are not
possible in this work.

However, it is possible to compare some PUFF-II results with results
of hand calculations. This was done for the covariance of the Aluminum
total elastic scattering cross section to the total inelastic scattering
cross section. The hand calculated result and the PUFF-II result were
identical.

It is also possible to evaluate LB=3 and LB=5 processing from the
standpoint of internal consistency. Specifically, uncertainty files in
LB=3 format, where E, and E, energy intervals (see Chapter I1I, Eq. 10)
are the same, were converted to LB=5 and then processed using PUFF-I1. The
results from both formats were compared and shown to be identical.

Finally ENDF/B-V results obtained with PUFF-II were compared with
ENDF/B~IV results obtained with the old PUFF code. Differences between
the two results should, of course, exist because the basic input data is

different for the two cases. However, the two results should be at least

-
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similar in appearance. This similarity is demonstrated in Figs. 1 and 2
which show a six group representation of the correlation matrix for the
239py fission cross section based on ENDF/B-V and ENDF/B-IV, respectively.
Note that the version V result is less correlated in the low energy range
than the version IV result. In particular, version V exhibits little or
no off-diagonal correlation in the low energy range while version IV's
off-diagonal low energy corrvelation ranges from 27% to 50%. Also, the
standard deviation of thé version V 239Py fission cross section is 4%
higher in energy group 1 while it is ~2% lower in energy group 6 than the
version IV results. The differences in the intermediate energy ranges are
less significant than those of the extremes.

Some of the discrepancy in the standard deviations presented in Fig.
1 and 2 is due to the use of different weighting spectrums. Also, the.
discrepancy in the degree of correlation in the low energy range is due
to the fact that the version IV result assumed a long range correlation
(i.e., a correlation over a large energy range) at low energy whereas in
the ENDF/B-V 23°Pu (n,f) uncertainty file, no such assumption was made.

In summary, the verification checks described in this chapter and the
results presented in the next chapter, which appear quite reasonable from
a physical point of view, lead us to conclude that the new code, PUFF-II,

works properly.
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Fig. 1. Standard Deviation and Correlation Matrix of the 23%u(n,f) Cross Sections -~ ENDF/B-V
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Fig. 2.

Standard Deviation and Correlation Matrix of the 23%Pu(n,f) Cross Sections -- ENDF/B-1y
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CHAPTER VI
RESULTS

One of the most illustrative ways of demonstrating the results of
PUFF-II is by plotting the correlation matrices. These plots are produced
by inputting the COVERX file into a program called PLTCOR, which was
developed by Francis Perey and Jim Drischler. In these plots, the energy
boundaries of the reaction (or reactions) of interest form the "X and Y"
dimensions and the correlation coefficiencies are plotted in the "Z"
direction. Also produced on the plots are the relative standard deviations
for a correlation matrix of a specific material and reaction relative to
itself (i.e., not for a cross material or cross reaction).

An illustration of this plotting and of the 52 group covariance matrix

16

library - produced by PUFF-II is shown in Fig. 3. Fig. 3 is a correlation

matrix plot for B-10 (MAT number 1305) (n,o) reaction (MT number 107).

Note that it is fully correlated from 1.000 x 10'5

6.738 x 10% ev. From 6.738 x 10%

ev to about

6 ev the off—diaQona]

to about 1.353 x 10
elements are between 0 and 1. From ~1.353 X 106 ev to higher energies, the
uncertainty in the B-10 (n,a) reaction is zero in ENDF/B-V uncertainty file
33. Since, in ENDF/B-V, the B-10 (n,a) cross section is given over the
full energy range (1.0 x 10'5 ev to 2.0 x 107ev) and is non-zero,18 it

is highly unlikely that there is no unéertainty in the cross section above
1.353 x 10%v. 1In other words, the covariance of B-10 (n,a) is incomplete,
either because the uncertainty in this high ev region is difficult to
determine or the evaluator was unsure of how to express the uncertainty.

Also note that the relative standard deviation indicates that the
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Fig. 3. Standard Deviation and Correlation Matrix of the 19B(n,a) Cross Section

82
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cross section is fairly well known (less than 1% uncertainty) from

1.0 x 10" %ev to about 6.738 x 107

ev and is known to within 4% (relative
standard deviation) for energies greater than 6.738 x 104ev but less
than 1.353 x 106ev.

Figs. 4 and 5 represent the correlation matrix for Fe-56 (MAT number
1326) capture cross section {MT number 102) with and without the re-
solved resonance uncertainty data, respectively. As can be seen, the
addition of the resolved resonance uncertainty increases the relative
standard deviation in the resolved resonance uncertainty increases the
relative standard deviation in the resolved resonance region. This also
causes the off-diagonal elements not to be fully correlated (see equation
5.2). Also note that the relative standard deviation is off the chart in
the Mev region. This merely indicates a relative standard deviation
greater than 30%.

Fig. 6 is an illustration of a reaction which has been partially
derived from ratio measurements; in particular, the capture covariance of
U-238 (MAT number 1398). The U-238 capture cross section is derived via
ratio measurements from B-10 (n,a) in the energy range of 4.0 x 103ev to
2.0 x 104ev. Also note the blank area of the U-238 capture covariance.
In this case the uncertainty has been set to zero in the ENDF/B-V uncer-
tainty file ard referenced as to where this missing data may be found.]g

Fig. 7 illustrates the correlation between U-238 capture (rows) and
B-10 (n,a) (columns). Note here that while the U-238 capture uncertainty
is for a fixed energy interval (4.0:<103ev to 2.0Ax104ev), the uncertainty
Sev to 1.964 x 107ev).

Figs. 8 and 9 11 =~ rate two v relationships. Fig. 8 is the correla-

in B-10 (n,a) is for the entire energy range (1.0x10"

tion matrix for U-238 prompt v (MT number 456). Fig. 9 is the correlation
matrix between U-238 prompt v and Pu-240 {MAT number 1380) v (MT number

452). This is an explicit cross material relationship given in ENDF/B-V.
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Fig. 4. Standard Deviation and Correlation Matrix of the 56Fa{n,y) Cross Section with Resonance Data
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Fig. 5. Standard Deviation and Correlation

Matrix of the 56Fe(n,v)

Cross Section without Resonance Data
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As a demonstration of the use of these covariance matrices, the 52

16,20 .14 folded with

group covariance library was collapsed to 26 groups
sensitivity data9 produced from ENDF/B-V cross sections to produce an
uncertainty in Keff for an experimental reactor (ZPR 6/7)7. The calculated
Keff is .985 with a standard deviation of 1.574%. The experimental value
for Keff is 1.0 with a standard deviation of .1%. Thus it ig seen that the
standard deviation of the calculated value due to uncertainties in cross
sections can account for.the entire discrepancy between the calcuilated and
experimental value.

The results presented above from the PUFF-II code were obtained on a
PDP-10 timesharing system requiring approximately 50K of core. Typical
time requirements in cpu ranged from ~1 minute for a single 52 group

covariance matrix to ~3 hours for a multiple 52 group covariance matrices.

The coding language is FORTRAN 1IV.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

PUFF-I1 is a stand alone module capable of processing all types of
uncertainty data currently present in ENDF/B-V (i.e., files 31 through
33). Specifically, processing capabilities have been added for new
uncertainty relationships, explicit cross reaction and cross material
relationships, and derived uncertainties. Capabilities for processing
uncertainties in v and in the resolved resonance parameters (for infinitely
dilute system only) have also been included. A final important accomplish-
ment of this work has been to separate the uncertainty processing from the
cross section processing to provide for a modular code system and reduce
computing costs. The actual processing time and core requirement has been
kept to a minimum by minimizing the size of the energy grid on which the
covariance matrices must first be processed.

The only current limitation of the code involves the treatment of
uncertainties in resolved resonance data. Specifically, the code will
process only infinitely dilute resonance data.

The code has been evaluated by hand calculations and by comparison to
ENDF/B-1V results for reasonableness. Results of the evaluation indicate
that the code works correctly.

It should be pointed out that a problem may result from the use of the
multigroup covariance matrices produced by PUFF-II. In particular, a cross
section may be present for each of the user energy groups while the standard
deviation determined from the uncertainty data may be zero. This problem

occurs in one of three instances: 1.) The uncertainty data is incomplete;
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2.) The multigroup cross section is produced in an energy structure in
which one group includes the threshold energy boundary of the reaction and
a user group is specified such that its upper boundary is smaller than the
threshold energy and is contained within the boundaries of the larger
group; or 3.) There is not a resonance energy present for one or more of
the user energy groups and no uncertainty is given for the smooth cross
sections in file 33 for this energy range or ranges.

Thus, the fo]1owing'recommendations are made regarding future work:
1.) A more detailed analysis should be given to the resolved resonance data
uncertainties; specifically, a multi-level Breit-Wigner formalism should
be programmed assuming future data uses this form and a treatment should
be given for the uncertainties in the Bordorenka f-factors in conjunction
with the resonance cross section; and 2.) The problem described above.
regarding the use of the multigroup covariances should be solved by writing

21

a subroutine in the COVERX service module®’ to eliminate discrepancies

between cross sections and uncertainties.
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APPENDIX A

USER'S MANUAL FOR PUFF-II ON THE PDP-10

PUFF-II was written to process ENDF/B-V uncertainty files into multi-
group covariance matrices. The mulfigroup covariance matrices are formed
according to the procedures outlined in the body of this report.

Three basic types of input are required by PUFF-II; the ENDF/B-V
uncertainty data, the multigroup-cross sections, and the user instructions.
The ENDF/B-V data may be obtained -from the Radiation Shielding Information
Center (RSIC) at ORNL and from many other locations. This data may be

22

reduced to just the desired input resuits by RIGEL. Multigroup cross

sections are read in from a file containing cross sections punched by
PAL22 with the fixed format option. An option allowing for the reading of
cross sections libraries in AMPXZ2 master interface formats is also
incorporated into PUFF-II{ however, this is not considered practical while
on the PDP-10 and will not be described. The user input instructions, as
described below, are dependent upon the ma@eria] to be processed.

Two basic types of output are also supplied by PUFF-II. The first,
which may be used to check the results is a.printout consisting of the user
group structure, cross sections, standard déQiations, and correlation
matrices for each reaction{(s) for which crosé sections and uncertainties
have been supplied. The second type of outp@t is the COVERX formattéd files.
This data contains relative covariance matrices and is useful for sensitivity -
investigations in the FORSS system. The basic inputs and outputs are

illustrated in Fig. A-1.

This description of how to use PUFF-II will be based on a batch
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Uncertainty Multigroup
File Cross Sections
User
Instructions
______________ . e ey
Uncertainty ! i :
File of | ! FLUX ;
"Standard" ! ; '
______________ J e cee e e e e
PUFF-11 L energy grid(s) ]
: )
L g S 4
_ L"“f "Standard" E
I v material/ '
! reaction Std.Dev. !
Correlation Sttt *
Matrices COVERX

*Dashed 1ines indicate that the input is optional

**This input is needed only for cross material processing

Fig. A-1. Input and Output of PUFF-II



45

processing mode for the PDP-10. Batch processing is performed by creating
a file consisting of the responses one would normally type in directly and
then submitting this file to the queue. Also, for this time-sharing system
certain liberties have been taken which are not currently possible on a
non-interacting system.

The ENDF/B-V uncertainty file data is read in subroutine DELTA (see
Fig. A-2) and is converted to binary with appropriate flags for subsequent
processing. The input file is defined explicitly by an open statement in
DELTA for unit I1@32 (1¢32=60). If the material to be processed has a
reaction which is derived via ratio measurements to a referenced material's
reaction, the reference material's reaction must be in a separate file in
the user's area. This file is also defined explicitly by an open statement
in DELTA for unit 19.

The energy grids are handled by subroutine RUSEGY. RUSEGY first forms
the user grid. The user grid is formed in one of two ways. The user grid
may be selected as one of nine grids stored in RUSEGY or may be read in
from a separate file. If read in, the file is explicitly defined by an
open statement in RUSEGY for unit 20. The energy grid may be either low to
high or high to low energy in a 6E12,5 format. RUSEGY then continues to
form the super-user grid and/or supergrid as flagged by the binary
uncertainty file. Next, the cross section grid is formed. The cross
section grid may again be chosen as one of nine optional grids or may be
read in from a separate file as described above. If both the user grid
and cross section grid are to be read in, then the user grid should be

"stacked" on top of the cross section grid. °



MAIN — DELTA -

|
CONTIN
I
CONTOT-CXFP
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LIST

**From UNCERZ®
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|
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Fig. A-2. Flow Chart for PUFF-II
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The multigroup cross sections are read in by subroutine FIXFOR. Here
again the cross section file is defined explicitly by an open statement in
FIXFOR for unit 10.

The flux may be read in and/or produced in subroutine WEIGHT. If read
in, the file is defined explicitly by an open statement in WEIGHT for unit
50 and is given in a 6E12.5 format. Other options are explained below.

Two other input files may be required. The first is involved with
cross material prbcessing. If correlations exist between reactions of
different materials, then the standard or reference material must be pro-
cessed first and its standard deviation saved on unit 16. This file is
then defined explicitly in subroutine DANNY by an open statement for unit
17. Note that the user grid must be the same for both the reference
material processing and the material desired.

The second file is associated with resonance data uncertainty
processing. If resonance data uncertainty processing is to take place,
the file containing the data must be defined explicitly in subroutine RES
for unit I@32. Note that this is the same unit and usually the same file
as that which was defined explicitly in subroutine DELTA.

The first of the output units containing the correlation matrices is
unit IP6 (IP6=6). This unit is the 1ine printer unit and creates a file
named Q??.LPT for each run, where ? represents a letier or interger
variable.

The second type of output is for the COVERX file. Both a card image
and a binary file are created in COVERX format on units 26 and 27 respectively.

The user instructions depend upon the desired results and the type

material to be processed. The first response is to give the number of
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groups in the user group structure and the weighting option desired where
the numerical response and the options are shown below as

1 : 1/E,

2 : 1/(E o),

3 ¢ input weighting/E,

or

4 input weighting,
where E is the energy points associated with the cross sections and or is
the total corss section. The second response is the option to read an AMPX
master library or not where 0=No and 1=Yes. The third response is to give
the number of energy groups associated with the cross sections. The fourth
response is the option to read either file 31 or 33, where 0=file 33 and 1=
file 31. The fifth response is the option to process file 32, where 0=No
and 1=Yes. The sixth response is to give the MAT number of the material to
be processed. The seventh response is to give the optional user energy grid
desired where the numerical response and the associated energy grid is given

as

—t
.

input grid,

240 group structure,

GAM2 (99 groups),

SAND2 (620 groups),

LASL (30 groups),

GAM1 (68 groups),
Vitamin-C (171 groups),
26 groups (ORNL-TM 5517),

100 groups (GE Library),
and

o O oo ~ » (3] L) w ~N
.o .e . .o .o .. .o . .

—

6 groups (ENDF/B-IV cross section
covariances)
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where the actual group structures may be found in subroutine RUSEGY. The
eighth response is to give the cross section energy grid where the options
are the same as described above for the user grid. The ninth response is
to tell the number of reactions to be read in from the cross section file.
The tenth response is to give a title to the COVERX file (1imited to 72
characters) and the final response is to give the weighting option used so
that, when the COVERX file is formed, there is some reference toc the weighting
used in its produétion.

As an illustration of the user instructions and of a sample problem

the following batch file is shown:

EX PUFF2.FOR
*6 4
*P
*100
*@
*0
*1399

*10

*g

*3

*PU-239 WITH CROSS MATERIAL

*4
where it is seen that a six group user structure is desired using 100 group
cross sections and & flux which is read in and that the material to be
processed is Pu-239 (MAT#1399). Pu-239 is known from the uncertainty file
to have a cross material relationship to U-235 so a set up run for U-235 was
produced first.

For each run executed in the batch system a log is kept of the trans-

actions between the batch file and the computer system. This log is created
under the same file name as the batch file with an extension of .LOG. The

Tog file for this sample problem is shown on the following page.
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TY RATCH.LOG

e

13:39: 48 RAJOIR RATCON VERSION 13(1€71)-2 RUNUHING BATCH SEQUENCE 3585 IM

STREAM 2

13:39: 4%
13:39: 48
13:39: 48

13:39: 48
13:39: 4R

BAFIL INPUT FROM ORELGsBATCH.(104,1134]
BAFIL OQUTPUT TO OREL#:BATCH.LOGI1€4,1134)
BASHM JOB PARAMETERS

TINF: Dl: 002 09 UNIQUE:YES' RESTART: HO

MONTR
MONTR  JLNGIN 104,1134 /CHARGF: 18075 /SPQOL:ALL/TIME:360@/NAlKE:

"JDs 012"

13:39: 49
13:39: 49
13: 392 49
13:39: 49
13:39:51
13:39:51
1X:39:53
13:4@:24
13: 4G:24

USER JOB 168 ORELA/6G2.3 TTY&3

USER ILGNJSP NTHER JNRS SAME PPN:13]

USER CHARGE = 18@75

USFR 1339 30-0CT=-79 ™me

MONTR

MOHNTR .EX PUFF2.FGR

ISFR LI%Ks LNADING

LISER (LNKXCT PUFF2 EXTCUTION]

1ISFR GIVE # OF GROUPS It USER GROUF STRUCTURE AND AND TYPE 0O

F MEIGHTING SPFCTRUM DESIRED, WHERE 1=1/F, 2:=1/(F4SIGMA TOTAL), 3=1/ExIN
PUT,AND Az INPUT,.>*§ 4

13:40:26
13: 40227
13: 40:27
13: 40227
13: 40 280
13: 40 A6
RY,2-240
(687 GRPS)
13:40:53
NN( SAME
13: 40255
13: 43:59
13:43:59
132 44:¢0
>k 4

13: 44: A4
13:44: 05
132 44: @5
13: 44: 05
13: 44: 86
132 44:06
13: 44: 0.6
@/VD: D
13: 44: 87
13: 44: 007
T-79

132 44: 27
13:44: A7
132 44:07
13:44: 07
132 44: 07
13:44: 07

USER SPFCIFY OPTION TO READ MASTER LIBRARY (2=N0,1:z YES).>*¢
SFR GIVE # OF ¥=SFC GROUPS>x]00

HUSER READ FILE 31(NUBAR) OR FILE 337(2=3351=31)>*0

USER PROCESS FILE 32 ?2(@zND;1=YES)>*D

HSFR AT # OF MATERIAL PROCESSING>*]399

ISFR SPFCIFY TYPE OF IISER GRID STRUCTURECI FORIMAT), 1~ARBITRA
GROIP,3-GAM2 (99 BRPS),4-SAND2 (628 GRPS), 5-LASL(3@ GRPS),&-GAlll
s 7-171 GROUPS,8-26 GRNIIPS, 9-12@ GROWIPS, IE~ & GROUPS.>*10

ISER SPECIFY THE TYPE GROUP STRUCTURE THE CRNOSS SECTIONS ARE

OPTIONS AS FOR USER GRID),.,>*9

USER GIVE # OF MT >%x3

UUSFR TYPE IN FILE DESCRIPTION, 1 caARD FORMATC(12A6)

USER >%P{]-239 WITH CROSS MATERIAL

lISFR TYPE IN NUMBER CORRESPONDING TO WEIGHTING FUNCTION (I5)

USER STOP

USFR

USER END OF EYECUTION

UISER CPU TIME: 2:4.58 ELAPSED TIWF: 3:40.33
MONTR EXIT

MONTR

MONTR .KJDB ORELZ:BATCH,.LOG=/W/B/7:4/VR:10/VS:3585/VL:2008/VP: )

KJORB DTHER JOBS SAME PPN
LGOUT J0B 16, USER [124,1134) LOGGED OFF TTY&3 1344 38-0C

LGNUT ANOTHER J0B STILL LOGGED IN UNDER (104,1134)
LGOUT CPU TIME 2.22 MINUTES

LGOUT CoN TIME ¢.07 HOURS

LGOUT KILD CORE 2.12 HOURS

LGOUT 0B COST 5.37% DOLLARS

1.GONT PRIME RATES

nmnoauan
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Tables A-1 through A-5 illustrates the output from PUFF-II which
contains the standard deviations and correlation matrices. Table A-6
illustrates the COVERX formatted output file from PUFF-II.

The computer code PUFF-II has been checked by hand calculations and by
comparison of results to previous ENDF/B-IV results for reasonableness.
Running time varies and is dependent upcn the order of the matrices and on
the amount of correlations between reactions. For the sample problem which
has been used for illustration thus far, a cpu time of two minutes and
~four seconds was recorded on the PDP-10. The coding language is Fortran IV.
The only limitation of PUFF-II, at the present, is the limited treatment

given to the resonance data uncertainty.



Table A-1. Correlation Matrix and Standard Deviations for 23%Pu(n,f) to 235U(n,f)

"MATERTAL 15 1399, REACTION 1= 1€ 7»  MATERIAL 2= 1395, REACTIgN 2z 18

GRAUP™ E HIGH E LOW X=1pN(1) X=IGN(2) REL+S,Ds(1) REL«S+De(2)

.1 2.,0000E+p7 3, 6790E+n6 _2,5270E+00 _ 2,0500€+00 _7,1807€E-02_ 5,2079E=-02

27T3,6790E4CE 1 . 3530E+06  1.9055E+00 1,2550E+00 ~'3,1328E=02" 2,3702€~02 |

.3 1,8530E+06  4,9790E+05__1,6996E+00__1.1749E+q0 _ 3,4220E=g2 2,7380E-02 |

4 4,9790E+ (5 1,B8320E+09 1,5423E+00 1,2700E«0Q0 3,3301E~02  2,7812E~02

5 1.8320E+0> 4,0870E+04 _1,5770E+00_ 1,6328E+00__5,2803E=02_2,6331E~(2
i

4, 0870E+ {04 1,0000E=«05 6?893???65‘“%:9q765¥oé"“1711595:02‘“3;36895-03“‘

- tr—— . e - P Y . —— s -— ———— -

B e e ———— P . - - — — B

‘we# CURRELAT [UN MATRIX #aw
CALUMN=MATERIAL 1 RAWSMATER]IAL 2

caluMn ’

R HE s S S 3
RpWememccereren cnccenmneareacenn

T 14177135 $ 0
35 756 366 186
3 3677797 681
0 473 576 784
T0 827150 356
0 0 0 0

L T R St ————trm e N e ¢ emrmtimmmam  ——esmar = oo

———— —— ——— SN arem o rioventam,,

OO0 00O

louz,hc',:ma—.
O ol CiO o

[As]



Table A-2. Correlation Matrix and Standard Deviation for ?39Pu(n,f)

" MATERIAL 1= 1399, REACTION 1= "18~ °, "MATERIAL 2= 1399, REACTION 2= 18

TGRaUP TTERIGH T T TTETOW” X=[AN(1) TX=10N(2) REL.S,D (1) REL.S.D.(2)
1 2,006uke07_ 3,6790E+06 2,5270E+D0 2,5270E+00 7,1807E-02 7,1807E-02
2 3,6790k+p6 1,3530E+06 1,9055FE+00 1,9055E+00 3,1328E«02 3,1328E=(2
.3 1,3530E+06 4,9790E+05 1,6996E+00 1,6996E+00 3,4220E-02 3,4220E-02 _ _
4 4,9790k+y5 1,8320E+05 1,5423E+00 1,5423E+00 3.3301E~02 3I,3301E=02
5 1,8320E+05 4,0870E+04 1,5770E+00 1,5770E+00 5,2803E-02 5,2803E-02
6 4.0870E¥04 1.,p000E=05 6.8942E+02 6,8942E*02 1.,1159E~02 1,1159E=02

. — e e ot e % e 4 4+ o s+ >

Taa @  CARRELATIUN MATRIX e~ — = 7 ST
COLUMNSMATERIAL 1 ROWSMATER]AL 2

. COLUMN i '
1 2 3 4 5 6
. Rg w--------"-- P T T L X L L X LT oy s

110000 797 %00 45 0 0 T
79 1000 674 491 0

0

500 674 1000 810 0 0
45 491 410 1000 123 0
0

0

0 0 0 123 1000
0 0 0 0

[+ JAV RN R0\ V]

0 100

£S



Table A-3. Correlation Matrix and Standard Deviations for 23%Pu(n,y) to 235U(n,f)

TMATERIAL 12 1399, REACTION 1= 102 , "MATERIAL 2= 1395, REACTIgGN 2= 18

GREUP T TE HIGH E LOW X~ipN{1) X=T0N(2) REL,S.Dv(1) REL.S.D,(2)
1 2,0000E+07 _3,6790Eeq6_ 2,4085E~-03 _ 2,0500E+00 3,0843E=-01 5,20 79E=02

2 "3,679uks06 1,3530€+06 7,3689E-03 1,2550E+00 3.0156E-01 2,3702E-02
:45 1.3530ke06  4,979NE+05_ 5,0417E=02 1,1749E+g0 1,8340E=p1 2,7380E=-p2

5”'41";??3576‘3‘ %.Eswémi 1,6607E-01 1,2700E+00 2,0272E-01 2,7812E=02
1,8320E+y5 0870E+04 3,1099E-p1 1,632BE+p0 2,0735E=-p1 2,6331E=02
6 4,0870E+04 1,0000E~05 2,7055E+02 4,9976E+02 3,2777E=02 3,3689E~03

wee CURALLATION MATRIX wae

 CoLUMN=MATERIAL 1 ROWSMATER]AL 2
CaLUMN

1 2 3 4 5 6

R'Jw."-----.-.-'--.----..--.-..--

T3S 10 1 0 0

8 72 65 28 0

1 a1 170 88 0

0 17 131 127 0

0 3 35 59 0

0o 0 0 0

{
JOM U1 B G\ =
oooojloo

¥s



Table A-4.

MATERIAL 1% 1837, REACTIAN 1=7102 7,

wrd0P"TTE Hlen T T

1

- e

2.0000k+07
1,3580E«Ub

1,832uk« (5

3.,6790E+06
4097905005

4, p8 70E+ 04

- ——— .

- w— et trem e e

TTE LON TTTTX=1aN(Y)

2,4085€-03
5,0417E-02

3.1099E=01

MATERIAL 2= 1399, REACTION 2=

2,4085E=~03
5,0417E=02
3.;099E.01

3,0843E=-p1

T 3,6790Eep6 T 1, 35306406 7,3689E-03 ~ 7,3689E-03  3,0156E~p1

1.83405-01
2.07355-01

Correlation Matrix and Standard Deviation for 239Pu(n,y)

102

“X=IBNC2) REL,»S.Ds (1) REL,S,D.(2)

3,0843E-01
3,0156E-01
1,8340E-01

2,0735E-01

T 4a® CPRRECATIGN MATRIX ¥~
ROWSMATERI AL 2

COLUMN=MATER AL 1

) ~ CALUMN
P g g = & —_

RﬂH'----"-'-'-------------------

T TTOTTTTLTT1I000 969 196 2 0 ]
2 969 1000 211 8 0 0

3198 21T 1900 972 924 0

4 2 8 972 1000 956 0

o s 0 0 924 956 1900 0 -
. 0 0 0 0 0 1000

4,979CE+05 1,8320E+05 1,6607E-01 1,6607E=01 2.0272E~p1 2,0272E-01

g9



Table A-5. Correlation Matrix and Standard Deviations for 23%Pu(n,f) to 23%Pu(n,y)

"MATERIAL 1= 1399, REACTION 1= 18, "MATERIAL 2= 1399, REACTION 2= 102

BReUPT T g HIGHTTT T T T X=100(T) X=18N(2) REL +Sep+t1) REL,S.pe(2)
1 2,00pUkeq7 3,6790E+q6 2,5270Ee00 2,4085E-03 7,1807E-p2 3,0843E-01
2 3,679GE+Q6 1,3530E+06 1,9055E+00 7,3689E=-03  3,1328E~02 3I,0156E-01
3 1,3530E+06 4,9790E+05_ 1,6996E+00 5,0417E-02_ 3,.4220E~-02 _1,8340E-01
4 4,9790E+g5  1,8320E+95 1.5423E+00 1,6607E=~p1 3,3301E=02 2,0272E-01

5 1,8320Eeg5 4,0870E+g4 1,5770E+00 3,1099E=01 5,2803E=92_ 2,0735E-01_
T8 4,0870E+04¥ 1,0000E-05 6,8942E+02 2,705%E+02 1,1159E=02 3,2777E-02

" wuw CARRELATIAN MATRIX wea
_ COLUMN=MATER AL 1 RO W=MA TER] AL 2

CoLUMN
I T 3 4 5 6 T

Rﬂw----——-------—-----—-----'—----

R i T e 1 0 3

2 7 99 73 51 0 0

- 3 9 119 204 171 0 0

4 7 78 4126 163 25 D
TS 0 0 0 23 258 0 T

6 0 0 0 0 0 =375

P S R T R SN P g e ey S
*

*
PUFF PROCESSING CeMPLETED —
» »

99

BB RN SN B0 N0 48 BE S0 B0 BE HE 08 SN 8
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Table A-6. Sample COVERX file

Ov COvERX CievipRxe pRNL = FaRsSe 1 .
__ib 6 6 o2 2 5 5 ] .
20 «P L~ 239 HWITH CRTSS MATER[A( s - T e

3D 0.20U0k+08 0,3679E+D7 0,1353E«07 0,4979E+06 0,1B32E«06
T T 4.0870E+ 047 "1.0000E=05 T T )
5D 1399 16 & 1399 102 4
TT6D  C0.25Z27E%u¢lT 0,1905E+01  §.,1700E+01 0.1542E+01 0,1577E+p1
6,8943E+02 7.,1807E=02 3.1328E-02 3,4220E~02 3,3301E=02 5,2803E=02
T 1,115%9E+02 TTTotTEreT T/ s T
6D 0,2409E-02 0,7369E~02 0,5042E-01 0,1661Ee00 0.3110E+00
2. 7055g+02 TITpB44E=p1 3.0156E~-yi 1.8340E-01 2,0272E-01 2,0735E-01

3,2777€E=02 o - ) )
70 1399 18771395 i8 i e i
8h 6 1 & 2 P 3 6 a 6 5 6

5 —— —— e — e e

6
9D 0,5356E=03 0,5994E=04 0,5904FE-05 0,3307E=-06 0,3658E=07

T p.0000E=-01" 2V2059E~04 5.6112E~p04" 3.1519E~-04 * 1,5050E~04 2.6206E=-(5
0.0000E~01 1,5923E-05 3,1589E-04 7,4648E-04 5,4840E-04 1,3548E-04

0, 0000E=0IT 277077E=07 1.4659E=(04 5.2944E-04" 7,2653E=04 " 3.1184E-04
5,0867E~-11 0,0000E-01 0,0000E-01 O0,0000E~01 0,00C0E-01 ©0.0000E~01

—'D‘IgO‘gD’IEE'-‘gI‘—U-_O'ﬁUGE:0'1_'0’._00"0BE-—O'i—ﬂ'.'OODDE'-'DI“'O.00'005-01"‘0.0000E'—01
°| 0 0 - 1

70 1369 18~ 1399 — 18 “f T T T e e
8D 6 1 6 2 & 3 6 4 6 5 6

" 5 . — 2

9D 0.5156E=02 0,1779E=03 0,:.240E=-03 0,1084E=03 0,0000E+0Q

TV 0000ES DT LYY 79ZE=08 9. 814 RS04 7 2275E-04" 75, 127469470, 0000E=-01
0.0000E-01 1,2402E-04 7,2275E-04 1.1710E-03 ©9,2279E~04 '0,0000E-01

0L 0000EF0TT 1R 3IVE=04 S5.1274E<p4 T 9.,2279E-04" "1,1090E<03 " 2,1610E~-D4
0,0000E-01 0,0000E«01 O0.0000E~D1 U.OO_ODE-Ui 2.,1610E-04 2,78B1E=03

T 6,1044g-11 0.9000E=01 0.0000E=-01 0.00UCE~01" 0,0000E-01 6.1044E=11

__ 1,2452E-04 )
7O 1399 102 1395 1B T
8D 6 1 6 2 6 3 6 4 6 5 6

6 6
90 0.5305E=03 0,6p19E~04 0,5826E=05 0,3551E=06 0,4393E=07
TTTUL0U00E=UT I 5549E -4 SL.I3T1E~04  I.376BE=047 1,4556E=04" "2,6384E=05
0,0000E-01 6,4966E-06 2,8125E-04 8,5504E-04 6,6841E=04 1,6726E-04
0. 0000E=0T 243183E=07 1.8554E-04 4.9092E-04 " 7,1516ES04 T371742E-049
5,4195g-11 0,0000E-01 0,0000E~-01 0,0000E-01 0,0000E-01 0,0000E=-01
0. 0090E=-01 0,0000E-0f  0.0000E=p1f (¢, 0000E-01 " 0,0000E-01 0.0000E-01

0.0000E=-01
7D 1399 LUZI¥99  1U2 { TTTomommemm e s e — s
8D 6 1 6 2 6 3 6 4 6 5 6 _
[ [<38

9D 0,9513c-04 ©,9p16E~-01 0,1108E-01 0,1968E=03 0.0000E+00
T UL0000E=0YT 9VHT62E=02 9 0936ESp2 11649E=02 “4,8904E-04  0.0000E~01
3,0000E-01 1.1077E~02 1.1649E=02 3,3637E-02 3,6122E=-02 3.5131E-02
T 14304509 1H67TES04 4 BID4ES 04T T 3.6122E=-02774,1097E=02 "4, 0196E=-02
1,6287E-09 U,ppODE~01 0.0000E-01 3.5131E-02 4,0196E=02 4,2993E-02
T 1V6808ES09 UVvOODOE=DL O UUDOESHT  1.4304E=09" "1,62687E=09" '1.,6808E~09

_1,0743€E-03
T 1399 61399 162 YT T T s s e
8D 6 1 6 2 6 3 6 4 6 5 6

s 2R P

[
9D 0,5144E~02 0,1616E-03 0,1208E-03 0.,1060E=03 ©,0000E+00
T 0. 0000F=01T L TAYBESGE 9. 3385Es(4 T 6. B386E-04 "4,9390E~04" "0, 0000E=~01
__0.0000E=-01 1,2473E-04 7.4912E-04 1.2815E-03 8,7607E=04 0,0000E=-01
0.0000E=01""1,0913E~=04  5.0818E=04 ~"1.0461E~-03 1,1050E=03 '1,5933E-04
o.ggog_:-m 0.0000E=-04 0,0000E-01 0,0000E=-01 2,6594E=04 2,8283E=03
4 4394E=TT (. nDGUE=p1~ 0« 0000E=0Y~ 0.0000E=p1" "p.0000E~01 " 7.,1726E-11
—=1,3716e=04




