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xvii
ABSTRACT

This report presents the multigroup covariance matrices based on
the ENDF/B=V nuclear data evaluations. The materials and reactions have
been chosen according to the specifications of ORNL=5517. Several cross
section covariances, other than those specified by that report, are in-
cluded due to the derlved nature of the uncertalnty fliles in ENDF/B-V,

The materials represented are Ni, Cr, O-I|6, C~12, Fe, Na, U-235,
U=-238, Pu-239, Pu=240, Pu=241, and B-10 (present due to its correlation
to U-238). The data have been originally processed into a 52-group
energy structure by PUFF~II and subsequently collapsed to smaller
subgroup structures. The results are illustrated in 52-group correla~
tion matrix plots and tabulated into thirteen groups for convenience.

The multigroup covariance files are available from the Engineering
Physics Information Center (EPIC) in a COVERX format. A service module
to the COVERX format is also available.

Although ENDF/B=V uncertainty information represents much more
material than the previous version, some valuable covariances may not be
present. To fill this void, internally generated uncertainty informe=-
tion from ORNL may yet be added to the covariance |ibrary in order to
satisfy the requirements of the cross section adjustment specifications
of ORNL=5517.
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. DESCRIPTION OF COVARIANCE MATRIX GENERATION

Standard formats and procedures have been establ ished within the
ENDF/B sysfem1’2 for the processing of evaluated and correlated energy-
dependent uncertainty information into a multigroup covariance matrix
formulation. These covariance matrices were established to be used in
conjunction with sensitivity studies to: () propagate uncertainties
to final calculated resuits, (2) adjust data sets by incorporating
information from some inftegral measurements, and (3) determine data
accuracies needed to meet targeted uncertainties in results taking
into account the correlations in uncertainties in the present data

se-l's.2

ENDF/B=-1V contained uncertainties for N, 0, and C only. Uncertain-
ties for several other materials were generated for in-house use at ORNL.3
ENDF/B~V (see Table 1).contains uncertainties for many more materials and

also inctudes uncertainties in v(E) and In resolved resonance parameters.

This report contains uncertainties and correiations for materials
needed as specified in ORNL/TM—55|74 for cross section adjustment.
These materials are Ni, Cr, 0-16, C-12, Fe, Na, Pu=-239, Pu-240, Pu-24i,
‘U-ZBS, U-238 and B-10 (needed for correlation to U=238 (n,y)). The co-
variance matrices that have been produced are summarized in Fig 1 by
MAT-MT numbers with MAT and MT designations keyed in Tables | and 2.

The data have been processed into a 52-group energy structure by
PUFF-Ils. PUFF-11, which processes uncertainty data in ENDF/B-V formats,
is the seque! to the ORNL uncertainty processor PUFF, which processes
uncertainty data in ENDF/B-1V formats. The 52-group energies are a sub-
set of the VITAMIN=-E-i74-group energies.6 The 52-group structure was
chosen to be large enough that litt+le information currentiy present in
ENDF/B-Y wouid be lost yet small enough to not be cumbersome to handle.
The 52-group energy structure is shown in Table 3.

PUFF=-I1 (unlike PUFF) Is not an Integral part of the multigroup cross
section processor MINX. Thus, an additional input of multigroup reactions
is required (see Section 1ll). The multigroup cross sections used Im
producing this multigroup covariance |ibrary were taken from a [00=-group

00003



MAT MT
176 < X
12706 - AR
130> 107 A e
| 10N A A
1300 2 APX
1300 a x
O log Al X
354 ‘a3
13006 10« X! a
107 X Af
1 X
13118 Z x
) ] X
121 21 A
Ldid. V-4 X
1311 P
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H X
1311 59 X
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(Note that the horizontal order of MAT-MT number pairs is the
same as in the vertical Iisting)

Fig. |. Covariance Matrices for Fast Reactor Studies
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Table 1. Materials Present in
Multigroup Covariance Library

Material MAT, MOD Authors Institution
0=-16 1276, O Young, P. Foster, D. Jr., LASL
Hale, G.
ldentical to Version |V except error
files to ENDF-V form Eval - 8/73,
Rev 0 ~ 6/75, Dist 12/78
B=10 1305, O Hale, G, Stewart, L., Young, P LASL
Eval - 12/76, Rev | = /77, Dist = 5/79
C-12 1306, 1 Fu, C. Y., Perey, F. G. ORNL
Eval - 12/73, Rev 1 - 1/77, Dist - 5/79
Na 1311, O Larson, D. C. ORNL
Eval - 12/77, Dist - 12/78
Cr 1324, Prince, A., Burrows, T. W. BNL
Eval - 12/77, Dist - 1/79
Fe 1326, 1 Fu, C. Y., Perey, F. G. ORNL
Eval - 10/77, Rev 1 ~ 10/77, Dist - 4/79
Ni 1328, O Divadeenam, M. BNL -
Eval - 3/77, Dist - 1/79
Pu-~240 1380, O Weston, L. W. ORNL
Eval - 4/77, Dist - 5/79
Pu=241 1381, 0 Weston, L. W., Wright, R. Q. ORNL
Howerton, R.
Eval - 10/77, Dist - 5/79
U=-235 1395, 1 Bhat, M. R, BNL
Eval - 4/77, Rev 1 - 11/77, Dist - 5/79
U-238 1398, Howerton, R (LLL) Gamma Prod. Files ANL
Pennington, E., Smith, A., Poenitz, H.
Eval - 6/77, Rev 3 - 3/79, Dist - 5/79
Pu-239 1399, Kujawski, E., Stewart, L. (LASL) GE-FBRD
Eval - 10/76, Rev 0 - 10/76, Dist - 5/79
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Table 2. Reactions Present in Multigroup Covariance Library

MT Description

1 Total cross section (total)

2 Elastic scattering cross section (elastic)

3 Nonelastic cross section (nonelastic)

4 Total inelastic cross section (n,n')

16 Direct (n,2n) cross section

17 {(n,3n) cross section

18 Total fission cross section (n,f)

22 (n,n'a) cross section

28 {n,n'p) cross section

51 (n,n'") to the first excited state (n,n', 1st)
52 (n,n') to the second excited state (n,n', 2nd)

°

°

°

68 (n,n') to the 18th excited state (n,n, 18th)
91 (n,n') to the continuum. (n,n', cont.)
102 (n,y) radiative capture cross section
103 (n,p) cross section
104 (n,d) cross section
105 (n,*) cross section
106 (n,3He) cross section
107 {n,a) cross section
452 v, average total (prompt plus delayed)_number of

neutrons released per fission event (v)

456 prompt neutrons from fission (;;)
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Table 3.

matrices were produced.

The 52-energy group structure on which The covariance
Also shown is the |3=group structure
proposed by ORNL-5517 (where the highest energy boundary was

changed fo agree with VITAMIN-E).

Group Upper Energy Group Upper Energy
! 1 .9640E+07 * 27 2.4788E+04 *
2 | .3499E+07 28 2.3579E+04
3 | .O000E+Q7 * 29 | .5034E+04
4 7.7880E+06 30 . 1709E+04
5 6.0653E+06 31 9.1188E+03 *
6 4.7237E+06 32 7.1017E+03
7 3.6788E+06 * 33 5.5308E+02
8 2.8650E+06 34 4.3074E+03
9 2.23|3E+06 35 3.3546E+03 *

10 | .6530E+06 36 2.6126E+03
I 1 .3534E+06 * 37 2.0347E+03
2 | .0026E+06 38 | .5846E+03
3 8.2085E+05 39 | .2341E+03 *
{4 6.0810E+05 4Q 5.6112E+02
i35 4.9787E+0S5 * 41 7.4852E+02
16 3.8774E+05 42 2.8295€+02
17 3.0197E+05 43 4,.5400E+02 *
i8 2.3518E+05 44 3.5358E+02
{9 {.8316E+Q05 * 45 2.7236E+02
20 | .4264E+05 46 | .8702E+02
21 .1 IQ9E+05 * 47 { .Q130E+02
22 8.6517E+04 48 6.1442E+01|
23 6.7379E+04 * 49 3.7267E+01
24 5.2475E+04 50 2.2603E+0|
25 4.0868E+04 51 [.3710E+0|
26 3.1828E+04 52 8.3153E+00
thermal | .O000E-05 *

*

indicates |3-group energy boundaries
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fast reactor data testing library, requested by GE, appropriate for
analysis of fast reactor benchmarks.7 The 100-group energies are a
subset of the VITAMINE-E 174-group energies (and the 52-group energies
are a subset of the 100-group energies). The VITAMIN-E weighting func-
tion collapsed to 100 group was used as the weighting spectrum input to
PUFF-11. The |00-group energy structure and weighting function can be
seen in Table 4. The VITAMIN-E weighitng function is shown in Table 5.

The multigroup covariance matrices have been processed into a
COVERX8 format for easy use and manageability. The COVERX format is
the format for multigroup covariance mafrices used in the FOR539 system.
COVERX has been proposed to the CCCC for acceptance and is described in
Appendix A. A sample COVERX data file is tabulated in Appendix B. Aux-
iliary routines for reading, writing, editing and collapsing these data

are available in a COVERX service module.lo

References to The uncertainty and cross section data used in pro~-
duction of this muitigroup covariance {ibrary are given in Appendices C,
D, and E. All calculations were performed using a PDP-10 computer at the
Oak Ridge National Laboratory. The PUFF=-|l code is also operational on
|BM computers. The necessary user input to the IBM version is contained
in Appendix F. The multigroup covariance library and IBM version of
PUFF-11 are available through the Radiation Shielding Information Center
(RSIC) at ORNL.

1}. EVALUATED COVARIANCE FORMULATION

The covariance representations permit+ted by ENDF/B-V forma+5:2

LB = 0 Absolute components only correlated within each Ek
interval
- ik (n
COVX,Y ) ? Pitk Fay .k
LB = | Fractional components only correiated within each
Ek interval
isk
= ’ LY. (2)
COVLX,,Y ) % Pk Ty, K57



Table 4.

100~Energy Group Structure and Corresponding Weighting Function

i in Weightin
| | .964032E+07 2.199371E+Q] 36 2.984913E+05 4.299000E-03
2 | .349858E+Q7 1.417282E+00 37  2.972105E+0Q5 9.098999E~03
3 | .OO0000E+Q7 }.842999E-02 38 2.945]8lE+05 2.500000E-02
4  7.788007E+06 4,979799E-02 39 2.872466E+05 5.000000E=-02
5 6.065306E+06 1 .000399E-01 40  2.732374E+Q5 9.999996E-02
6 4.723665E+06 1 .529229E-01| 4] 2.472353E+05 5.000000E-02
7 3.678794E+06 2.109699€-01 42  2.351774E+Q5 5.000000E-02
8 2.865048E+06 1.431599E-01 43  2.237079E+05 9.999996E-02
9  2.465970E+06 3.276000E-02 44  2.024192E+05 9.9999%96E-02
|10 2.385207E+06 8.305999E~03 45 | .831564E+Q5 9.999996E-02
Il 2.365253E+06 8.214999E-03 46 | .657268E+05 9.999996E-02
12 2.345703E+06 4.972000E-02 47 } .499558E+05 5.000000E-02
13 2.231301E+06 9.993994E-02 48 |.426423E+05 5.00Q0Q0E=-02
t4 2.018966E+06 9.999996E~-Q2 49 | .356857E+0Q5 9.999996E-02
15 |.826835E+06 9.999996€E-02 50 1.227734E+Q5 $.999996E£~-02
16 1.652989E+06 9.999996E-02 51 1.110899E+05 2.500000E-01
{7 1.495686E+06 9.999996E-02 52 B.651694E+04 4.750000E-02
18 1.353352E+06 9.999996E-02 53  8.250344E+04 3.7{0000E-02
19 |.224564E+06 9.999996E-02 54  7.949869E+04 9.909999E-02
20 1.108031E+06 9.999996E-02 55  7.199813E+04 6.629997E-02
21 1.002589E+06 4.170000E-02 56  6.737944E+04 2.499999E-01
22 9.616404E+05 5.830000E-02 57 5.247518E+04 2.500000E-01
23 9.071797E+Q5 9.999996E-02 58 4.086770E+Q4 2.49999GE-Q|
24 8.208501E+05 9.999996E-02 59 3.182780E+04 1.104000E-01
25 7.427364E+05 9.999996E~02 60 2.850105E+04 5.410000E~02
26 6.720554E+05 9.999996E£-02 61 2.70001 {E+C4 3.550000E-02
27 6.081011E+05 9.999996E-02 62 2.60584{E+Q4 5.000000E-02
28 5.502324E+05 9.999996E~02 63 2.478752E+04 2.500000E-02
29 4.978706E+05 9.999996E-02 64 2.417552E+04 2.500000E-02
30 4.504923E+05 9.999996E~02 65 2.357864E+04 2.000000E-0!
31 4,076221E+05 5.000000E-Q2 66 { .930454E+04 2.500000£E-01
32 3.877421E+Q05 5.000000E-02 67 { .503439E+04 2.500000E-01
33 3.688319E+05 9.999996E-02 68 1. 170880E+04 2.500000E-0!
34 3.337328E+05 9.999996E-02 69 9.118816E+03 2.500000E-01
35 3.019738E+05 {.160000E8-02 70  7.101742E+03 2.500000E-01
(continued.
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Table 4 (Cont'd)

Upper Erergy

Weighting
Function

71
72
73
74
75
76
77
78
79
80
8]
82
83
84
85
86
87
88
89
90
9|
92
93
94
95
96
97
a8
99
100
Therma|

5.530840E+03
4.307422E+03
3.707437E+03
3.354626E+03
3.035392E+03
2.746535E+03
2.612535E+03
2.485169E+03
2.248674E+03
2.034684E+03
.584613E+03
1 .234098E+03
9.611165E+02
7.485183E+02
5.829465E+02
4.539990E+02
3.535750E+02
2.753643E+02
|.670170E+02
| .013009E+02
6.144212E+01
3.726653E+01
2.260329E+01
| .370959E+01
8.315287E+00
5.043476E+00
3.059023E+00
{.855391E+00
1. 125351E+00
6.825604E-01
| .O00000E-05

2.500000E-01
! .500000E~0!
9.999996E-02
9.998996E-02
9.999996E-02
5.000000€E-02
5.000000E~02
9.999996E-02
9.999996E-02
2.500000E-01
2.500000€E-~01
2.500000E-0!
2.50000QE-01
2.500000E-01
2.500000E-01
2.500000E-01
2.500000E-01
5.000000E~0 !
5.000000€E-01
5.000000€E-0!
5.000000E-01
5.000000E-01
5.000000E=-0!
5.000Q00CE-0|
5.000000E-01
5.000000E-0l
5.000000E-01
5.000000E-0l
5.0000Q0E-0!
3.518850E+04
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Table 5. Weighting Function Used for Processing

VITAMIN-E Cross Sections

Functional Form

Energy Limits

1)

Maxwellian Thermal Spectrum IO-5 eV to 0.414 eV

W (E) = ClEe—E/kT

2) "1/E" Slowing~Down Spectrum 0.414 eV o 2.12 MeV
wZ(E) = 02/E
3) Fission Spectrum (6 = [.4(5 MeV) 2.12 MeV to (0.0 MeV
W (E) = c,e'/Zeto
4) "|/E" Spectrum 10.0 MeV fto 12.52 MeV
w4(E) = C4/E
5) Velocity Exponential Fusion Peak 12.52 MeV to 15.68 MeV
(Ep = [4.07 MeV)
(kT = 0.025 MeV)
WS(E) = C5 exp (= IT(E /2 pl/2 2
6) "I/E™ Spectrum 15.68 MeV to 19.64 MeV
w6(E) = Cs/E
LB = 2 Fractional components correlated over all Ek intervals
= ik
COVIX,Y)) = > Pt Pk kY (3
K,k
LB = 3 Fractional components correlated over Ek and E2 intfervals
ik
COV(X;,Y) = E: Piie Pty i) ”n
2
LB = 4 Fractional components correlated over all El intervals
within each Ek interval
- i;K,2
COVEX LY = 20 et F o Y (5)

k,%2,2'
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LB = 5 Relative covariance matrix components

iz k

Pkt F Y. (6)

CoveX,, ¥ ,) = Y ey ko k%Y

K, k'

where Xi and Yj represent reactions X and Y evaluated at energies i

and j, respectively, and the F's (F Fx K etc.) represent uncer-
’

xy, k'
tainty components, taken directly from the ENDF/B file describing the
covariance of reactions X and/or Y for specific energy intervals. The
dimensioniess operators p in the above definitions are defined in terms

of the operator s as follows:

S R st (7)
Jsm,n, ...
where
Sik z | when the energy Ei is in the interval Ek to Ei+l of an Ek
table (energy structure),
Skk = O when the energy Ei is outside the range Ek To Ek+! of an
Ek table.

In addition to these explicit relationships (the LB's), derived
relationships are flagged in the ENDF/B file for the uncertainty pro-
cessor. The relationships for the evaluated and multigroup results
are essentially the same and will be described in the next section.
Uncertainties for the resolved resonance parameters are also given in
ENDF/B-V. The processing procedure for these data will be out!ined

in the next section.
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111. COMPUTATION OF MULTIGROUP COVARIANCE MATRICES

The type of formulation described in the previous section (sums
of quantities separable in X and Y) has the very desirable charac-
teristic that, if one assumes a model in which the weighting function
is uncorrefated to the cross section of interest, the multigroup
covariance matrices are reduced to combinations of single infegrals
of the weighted cross sections which can be calcuiated easi!y.3 in

particuiar, for

18 = 0,
S Py, k%6, k%, k
0OV (X, Y,) = keG, H - (8)
6%
B = I,
. > Py, k®e, k56, k%, k H, k
COV (X, Y,) = keG, H —~ (9)
c%H
LB = 2, _
(X Fuy k¥, kM, ) (S Tay, k' O,k TH, k")
ke k'eH
COVIX_,Y ) =
&’ 'H oo0n (10
B = 3,
(2 Fx,k¢G,ka,k)(§: Fy,z¢H,zYH,z)
keG LeH
COVIX..,Y, ) =
e’ 'H ooty o
L8 =4, (S Fxy, 296,276, )( 3 Fxy, 2@, 20 TH,2t)
]
COV(X,Y,) = keG,H _ 2eG L e (12)
%%y
and
L8 =5, :EE: Fyik, k%6, K56, k%M, k' TH, k!
_ keG,k'eH
COV(Xg, Y,,) = oy (1)
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in general, the covariance matrix will be a sum of terms from any of
the LB descriptions. The derivation of Egs. (8=12) has been described
previously,l while Eq. (13) can be derived directly from Eq. (6). The

notation used here is:

Cov(x.,Y, )

5’ 'H multigroup covariance between reaction x, group G

and reaction, Y, group H;
¢G = weight for group G;

><G’k = multigroup cross section for reaction X for a
supergrid (i,k) constructed from the union of
energy boundaries of the uncertainty file and
those from the user (e.g., 52-group) energy grid.

%6 Kk is the weight for this group; and

F's = components of covariance taken directiy from the

uncertainty file.

The group G (or H) is appropriate to the type derived files to be

processed and is explained in Ref. 5.

These explicitly given relationships (actually the multigroup
covariance matrices formed from the LB's) form the basis for the
derived uncertainties flagged in the ENDF/B file. Derived uncertainty
is used here in one of two senses, either the cross section has been
evaluated as a linear combination of other reactions or the cross

section has been derived via a ratio measurement to some known reaction.

The "derived redundant cross section” covariances, for those cross
sections evaluated as a linear combination of other reactions may be
expressed as

n n

COV(XG,XH) = 5;; ;Z;‘ Kme, COV(Ym,G'Ym',H) ’ (14)
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where Km are constants relating reaction X to reaction(s) Ym and where
m may range up to n such reactions. This relationship is specified
over a certain energy range, that is, the covariance matrix is bounded

by energies El and EZ specified in the ENDF/B file.

Equation (14) implies that many other covariance relationships
exist. These other relationships have been called off-diagonal sub-

matrices and may be defined as

n
v = = (|5
COV (X, Yy ) m'2=l Kyt COVEY nYp gd m=1,2,00 0, )

Equation ([5) is the defining expression for the covariance between the
derived reaction X and each of the reactions from which it is evaluated,
Ym' This covariance matrix is also bounded by the specified energy

ranges, EI and EZ'

The second type of derived uncertainties is for a reaction which
may have been wholly or partially derived from another reaction by a
ratio measurement. The covariance matrix for the desired reaction,

X is given In general as

Rel. COV(XG,XH) = Rel. COV(RG,RH) + Rel. COV(ZG,ZH) (16)
where covariances are now given in terms of relative covariance matrices
(see Section V). RG is the measured ratio of reaction XG to the

. 2,5
known reaction ZG for group G.
A covariance between reaction X and Z may also exist and is

given as

Rel. COV(XG,ZH) = Rel. COV(ZG,ZH) . an

Equations (16) and (17) assume that the measured ratio, R, is uncorre-

lated to the reaction 2.2’5
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Equations (8-17) illustrate the relationships used in processing
ENDF/B=V uncertainty data from files 3| and 33. However, the uncer-
tainties in the resolved resonance parameters in file 32 are given a
somewhat |imited treatment. The resolved resonance parameters uncer-
tainties have been propagated through to uncertainties in the infinite-
ly dilute resonance cross section using a Breit-Wigner formulism.5
Uncertainties due to self-shielding effects have not been taken into
account. In effect the resolved resonance parameter uncertainties
have been propagated to infinitely dilute cross section uncertainties
and summed to the previous results of file 33 of ENDF/B-V. Only three
materials of the covariance library contain uncertainties due to the

resolved resonance parameters; Fe, Na and Pu-240.
1¥. RESULTS FOR PROCESSED UNCERTAINTY FILES

Several quantities related to uncertainties in multigroup cross
sections are processed from the pointwise ENDF/B data covariance file
using the PUFF=-1| covariance file processing code.5 Clearty, of

interest is the covariance matrix

y (Y, - Y ,)> (18)

Cov(X.,Y, )} = <(X. = X H H

G’ H G G
the covariance of reaction X, group G, and reaction Y, group H. (Angle
brackets represent expectation values in this section.) The associated
quantity, fthe relative covariance matrix, is defined:

Rel COV(XG,YH) = COV(XG’YH)/XGYH . (19)

In this nofation, the standard deviation is given by

Std. Dev(XG) = “COV(XG"G) (20)

and the analogous relative quantity, the relative standard deviation

is
Std. Dev(XG)

Rel Std. DeV(XG) = XG . (21)

00016




I5

I+ is reasonable to expect that in many cases the covariance
matrix of energy-dependent cross sections is almost diagonal; i.e.,
the magnitude of the matrix element corresponding to distinct groups
G and H fend to be small if groups G and H are widely displaced from

each other in energy.

The correlation matrix is a quantity constructed by dividing the

covariance mafrix for XG and YH by the respective standard deviations:

<(xG - xG) (YH - YH)>

Corr(X.,Y,) = (22)
G’ H - .2 2
v Lixg = X vy = v >
The correlation matrix is bounded by unity, i.e.,
lCorr(XG,YH)] <1 (23)

When Corr(XG,
uncorrelated; when lCorr(XG,YH)I = |, the group cross sections are

YH) = 0, the group cross sections are said to be totally

termed fully correlated (or anticorreiated).

V. SPECIAL CASES

The B~10(n,a) (MT = |07) covariance matrix was produced from an
explicit uncertainty file. Although the B-l10(n,a) uncertainty file is
given in ENDF/B-V as a derived file, an explicit file was needed by the
uncertainty processor, PUFF-l1, in order fo process the U=-238(n,y)
uncertainty data. This action is explained in a letter in Anpendix D.

Also concerning U=238, an estimate of the uncertainty in the cap-
ture cross section from | eV to 4 keV was included in the uncertainty
file. This estimate was provided by G. de Saussure under the limiting
conditions explained in the letter in Appendix D, (also see comments
in Appendix E). Estimates for the fission and total elastic reactions
were also provided, but are not yet included in the covariance file.
These estimates are not believed to be of great importance to fast
reactor applications, where as the capture uncertainty estimate is

believed to be needed.
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In an effort to cut down on the amount of preprocessed data
needed to produce this multigroup covariance library, the total V(E)
for U-238 was used as the prompt v(E) of U-238 in processing the un-
certainty file. The prompt v(E) ranged from 98.2% o 99.5% (low to
nigh energy) of the total v(E) for U-238 in ENDF/B-V file |. This
means that neither the covariance matrices of U-238 total V(E) or
U=-238 prompT V(E) and its correlation are necessarily correct. The
covariance matrix for the total v is the same as the prompt v covar-

jance matrix with the MT value switched from 456 to 452.

VI. CONCLUSIONS

This report describes the covariance files created as a part of
+he ORNL effort to provide important group-structure uncertainty infor-
mation for use in fast reactor sensitivity and uncertainty analysis.

In particular, these data represent the uncertainties and correlations
in The multigroup cross sections based on the uncertainty information

estimated by the evaluators and expressed in ENDF/B-V.

This report preseﬁfs the multigroup covariance matrices for many
of the important reactions of B-~}0Q, C-12, 0-16, Na, Cr, Fe, Ni, U=235,
U=238, Pu=239, Pu-240, and Pu-24{. Except for the special cases men-
tioned in the previous section, the uncertainty data has come wholly
from ENDF/B-V uncertainty files.

Although the Version-V uncertainty files are the most complete
ENDF/B effort to document the uncertainty information to date, some
important covariances may be missing. Thus, additional covariance
matrices may be added to the library as needed. This additional in-
formation may come from either ORNL internal generations or from
ENDF/B-V modifications. '
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Vii. 52-GROUP STANDARD DEVIATION AND CORRELATION MATRIX PLOTS

The following section contains correlation matrices illustrated

in a 3=dimension plot with corresponding standard deviations in a

2-dimension plot. The cross material and/or cross reactions contain

no standard deviation plot since they can be found elsewhere for each

of the individual material and/or reaction. For such a cross-correla-

tion piot the 'for' material corresponds to the front-to-back axis and

the 'to' material corresponds to the left to right axis. For example,
inf Fig. 175 the 239y (n,f) axis is front to back and the 235y (n,f)

axis is left to right.
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VitE.,  13-GROUP CORRELATION MATRIX TABULATIONS

The following tabulations have been coilapsed from the 52-group
covariance matrix library by the COVERX servic moduleIo using the
collapsed 100-group weighting function to 13 groups. Correlation
matrix elements have been multiplied by {000 for ease in reading.
Only the lower half of symmetric matrices is given. For convenience
the diagonal elements of the correlation matrices are given as zero
when the corresponding standard deviations are zero. The row and
column materials are reversed with respect to the conventiona used in
the plots. Here, the 'for' material corresponds to the column and

the 'to! material to the row.
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APPENDIX A

COVERX Format

CEERIE AR A RS R P NN S ST AR SR N R PN NS N U SV R EI S VR SRR RS R CP SRR SRR R TSP AR @

c REVISED 11/01/77 -
[od -
cP covIRrY -
CE THYS PILE CONTAINS CROSS SECTINNS, -
ce STANDARD DEVIATIONS, AND -
ce RY DESIGNATION ETTHER COVARIANCE, -
CE RFLATIVE COVARIANCE, =
cE NP CORRFLATION MA™RICES. -
[of -
cCE A PIL® SHUCH AS THIS IS NRFDED RY ORNL - PDRSS -
[of -
c J. L. LUCIVS -
c -
ct.ttt.ittttti'. SR AR YN ET NS A NS AN RS R S A R T R R R AN CEE S RN N R EE U R TR RRAPOI D AR AN W

Comorerercvcrcaccaca- moececcace~ B R R R R L L R T R
Cs PIL® STRUCTURE -
cs -
CSs RECORD TYPE DRESEN™ 1P -
f:s 22 2 22 R - 2 F R X & R & R 5 2 IZSIIs=T=T======= -
Ccs PILE IDENTIPICATION ALWRYS -
cs TTLE CONTROL ALwWaYS

cs TIL® DESCRIPTION NHOLL.GT.N

cs NSUTRON GROMP BONUNDARITS NNGRNDP, G0 -
cs GAMMA GROUP ROUNDARIES NGAROP.GT.1

cs - MAT « MT CONTROL ALWAYS

CS  essmxcexessxns (REDEAT PGP ALL MATERIAL- -
cs b RZLCTION TYPE PAIRS) -
cs * “AT-%T CROSS STCTION AND ALWAYS -
S = STANDAPD DEVIATIONS -
cs AT aeER T ERW -
cs -
cS -
Cs sxacersaxseses (AODEAT POR ALL MATPICTS) -
cSs - MATRIX CONTROL ALWAYS -
cs bd RLOCK CONTROL ALWAYS -
cs *  xxxsssswsss(REPFAT FO2 ALL BLOCKS) -
TS - MATRIX NATA ALWAYS -
cs SRR T EFRETEESRERE -
fof T T R LR Y el L L DL P L el el el ol Dokl ntatadade i ded ot bl - -
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A-2

Neecesaceaaca o= cmacesoee L R L d LR R R T Y L R A - - - - - --———--
CR FIL® IDENTIPICATION -
c -
cL ANAMT, (ROSE(I) ,I=1,2),IVERS -
cw 143« MULT -
c -
cB PORMAT (11H OV COVERX ,A6, 1H=,2A6,1H%,TH) -
co HNAME AOLLERITH PTILE NAMB-COVERX (A5) -
o)) HOSE AOLLERITH NMSER IDENTIPICATION (AS) -
co IVERS PILZ VERSTION NUMBER -
co CURA 1 - A6 IS SINGLEZ PRECISINN WORD -
cD 2 - A6 IS DOUBLE PPECISION WORD -
o e L L e e e e L L L R L L e R P R R R L T L —Toceacecceeew -
CR FILE CONTROL -
c -
L NGROUP , NNGRUP, NGGRUP, NTYPP, NMMP, NNTRIX, NHOLL -
Cc -
] ] 7 -
Cc -
cB PORMAT (4% 1D ,7T6) -
c -
co NGROTP NONBER OF ENERGY GRONPS -
<D NNGROP NOMRER OP NEUTRON GRNUPS -
CD NGGRNP NOMRBRER OF SANMA GRONPS -
co NTYPR ™YPE OF DATA -
co 1 - COVARIANCT MATRIX, STANDARD NEVIATION -
CD 2 - RELATIVE COVARIANCE MATRIX, -~
CD RELATIVE STANDARD DEVIATION -~
co 3 - COPRELATTON MATRIX, STAMDA®ND DEVIATION -
CDh N4nP NNMBEP OF =AT - %T PAIRS -
zD NMTRIX NUUMBER OF MATRICES -
(4] NHOLL NUNXBER NP HOLLFRITH WOPRDS TV DESCRIPTION -
CR FILE DESCPIPTION '

c -
cL (WORDS (J) ,.J=1, NHOLL) -
cw MULT*NYOLL -
lof -
cs PORMAT (4H 2D , 1H*  11AK/(11A6)) -
c -
<D WNRDS (1) HOLLERITH DESCRIPTION NP FILE -
Commammccaceee B e e e L e T P cetecememe- e ccmcan-
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e P D L R R P R R e L L L L L DL 2 L L Rt LRt et bl Dk

CR NEUTRON GROUP BOUNDARIES -
c -
CL (GPBN(J) ,J=1,NNGRUP) , ENNIN -
c -
cC PBRSENT IF NNGPUP.GT.O -
ol | NNGRUP +1 -
c -
CB PORMAT (UH 3D ,SE12.4/(RE12.4)) -
of ¢} GPBN (J) MAXIMOM FENERGY BOTMND OP NEYUTRON GROUD(J) (SV) -
cD ENNTN MINTIMUM ENERGY OP NFIITRON ENERGY RANGE -
o T ] coccceccccccana=

e D L L R T T T N P S,

CR MAT - AT CONTROL -
cL (MATID(T), TID(I) ,MUGT (I),I=1,NNND) -
cw 3= NMNP -
o4 -
cB PORMAT (4H SD ,11T6/(1216)) -
c -
co MATID(T) MATERIAL IDENTIPICATION NT%3°FP : -
3 ATIN(I) REZACTION TYPE IDENTTIPICA™ION NTMRER -
cD WGT (T) CROSS SECTION WEIZHTING OPTION

cD 1 -~ CONSTANT -
co 2 - 1/ -
<D 3 - THERMAL + 1/F + ®ISSION -
e 4 - ARBITRARY -
co S5 « CNMBINED CT® CRamr -

(el et e b e Tk T Tk ey U U Uy S S S S,

CR MATERIAL - TEACTION TYPT CROSS SECTIONS -
CR AND FRROR FILES -
CL (CRS (J) ,J=1,NGROUP), (ERROR(J) ,J=1,NGR0TDY -
cw 2=NGRNNE -
Ch PORMAT (4H AD ,SS12.4/(6E12.4)) -
~

CD CRS CRNDSS SECTION -
cD ERRO® STANDARD DFEVIATION -
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TR MATRTX CONTROL -
CL  MATY,MT1,MAT2,472,NBLOK -
cv 5 -
e -
CB PORMAT(4H 7D ,SIR) -
-

cD MAT1 “ATERIAL 1 IDSNTIFICATTON NNYBER -
D ATI REACTION TYPE 1 IDENTTPICATION N743TR -
Cp  mAT2 “ATERIAL 2 TDENTIPICATTINN NTHBER -
=D nr2 SEACTION TYPZ ? TDENTIPICATION N7MRER

cp NRLOK NMYEER OF 3LOCKS INTOD WHICH MATRIY I5 SH2NIVIDED
Cowomanas B L A R T P R R Ty L Y P L DY T PR L L R L
CR GAMMA GROUD BONNDAPIES -
cL (GPBG (J) ,J=1,¥GGRUP) ,EGAIN -
c -
cc PRESENT IF NGGRUP.GT.O -
cw NGGRUP +1 -
c -
C8  PORMAT(4H 4D ,SE12.4/(6E12.4)) -
ZD  GPBG (- NAXINOM ENPRGY ROTTND OF GAMMA GROUP(J) (V) -
D BGNTIN MININUM ENERGY OF GANMA ENEPGY RANGE -

o ittt L L L L E L L L L L L DR DLl e bt Rt bbbt Lttt Ll Rl L L

‘: . - T aw e T D e e P D P W T W B S -- -

cR BLNCK CON"ROL : -
TL (JBAND{J) , TJJ(J) ,J=1,NGRAND) , (LGPP (%), N=1, NBLOK) -
c -
cw 2*NGRONE +NRLOK -
C -
CB PORMAT (4H 8D ,11I6/(1216)) -
re -
co JBAND (J) RANDWIDTH POR GROTP J -
~D 133 (J) POSITION OF DIAGONAL ELEMEN™ PAR 5RIND J -
cD LGRP (N) YNMBER OP GRONPS IN BLOCK(N) -

[l kT R R Rt L bkl iy eSS S S S S U S

CR MATRIX DATA -
cL (COV (%) ,K=1,KNAYX) -
ce KMAX=SMM OVER JBAKD(J) POR ALL J IN SLOCY N -
cw KMAX -
c

CR PORMAT (4H 9D ,5F12.4/(6R12.4)) -
[od -
zD cov NTYPE MATRTY NATA -
Comwomavrsevrncnreonemaee= —E - -——-o L R Rl Lk L L T T T i S,
coep



APPENDIX B

Sample Data Set in COVERX Format

The following page tabulates a six-group COVERX file for 23%Py (n,f),

239y (n,a), and their correlation to each other and 235y (n,f).
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_0,G00GE~01  ©,9000E-01_ 0,0000E-01 0,0000E=-01 2,6594E-34 2,8283E~03
T4,4394e-TT (a0 00E~0l" 0.G000E=01  0.0000E~02 'G.0000E=01 7.1726E~11
TeT, 3716804

—— - - S A e e

— e e —— . —— - —— ——— . — —

00100



Apoendix C

Comments Concerning the Muftigroup Cross Section Library

NUCLEAR DIVISION
INTERNAL CORRESPONDENCE

July 6, 1979

C. R. Weisbin, 6025, 18W, (4-6186)

100 group fast reactor data testing library appropriate for analysis
of the elastic removal treatment and the carbide benchmarks

Several attempts have been made to assemble a fast reactor data

testing library. Each effort was met with some shortcoming that limited
the usefulness of the data. I now believe that we have a cross section
tape which is suitable for the analysis of the benchmarks of interest

to you. The preparation of the subject AMPX master resulted in a
considerable amount of post-processing (MINX) data adjustment and
manipulation. The purpose of this memo is to release the 100 group

AMPX master to the data testing team for a continuation of the analysis
project. .

The resulting 100 group AMPX master tape has undergome the following
(these items also refer to both the 174 group VITAMIN-E and 100 group
preliminary tapes):

* the elastic removal cross section, which appears in the record
preceding the f~factors and the 1-D array string, was redefined to
correspond to a summation over outscatter groups for the elastic
scattering matrix.

*# an error in the MINX AMPX interface option, which produced extra
data for the 2-D matrices, was corrected. B-1ll, which was processed
on 79.045, was not affected by this program bug. Also, this
correction disallows normalization problems in the COMET module.

* the elastic smooth group cross section was redefined to be a summation
over all sink groups for a given source group.

* the total cross section was redefined to be the sum of all partial
reactions.
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C. R. Weisbin
Page 2
July 6, 1979

* the discrete and continuum inelastic scattering matrices were
normalized to the smooth averaged ENDF/B File 3 total inelastic
cross section.

For the record, the input/output interface files and the various paths
taken to produce the final master tape are provided in figures 1-4.
These figures illustrate the &4-step approach used to correct, mani-
pulate, collapse and normalize the AMPX interfaces produced by MINX-I.3(V).

The contents of the 100 group library containing 18 nuclides are given
in Table 1. The following DD card is required to access the data on

K-25 tape 022405:

//GO.FTNNFOO1 DD UNIT=TAPE1l6,DISP=(OLD, KEEP),LABEL=(1,SL),
//VOL=SER=022405,DSN=X.JEWDE637.AMPX.LIB100.NUC18,
/ /DCB=(RECFM=VBS,LRECL=X, BLKSIZE=6447 ,BUFL=8148)

-

J. E. White, 6025, 3M, (4=5277)
JEW/t]

cc: File-NoRC
R. W. Wright, 6025, 5M, (4-5279)
J. L. Lucius, 6025, 21E, (4-5270)
W. E. Ford, III, 6025, 17E, (4-5272)
J. Barhen, 6002-A, 18W, (4-5264)
J. H. Marable, 6025, 18W, (4-6189)
Jim Smith, 3010, C009, (4~5585)

00102



c-4

Table C-1. 100 CGroup Fast Reactor Data Testing Materials
ENTRY DESCRIPTION IDENTIFIER
1 Fe 1326
2 Pu~240 380
3 Pu-241 381
4 U-235 395
5 U-238 9398
6 Pu-239 399
7 B-11 1160
8 Al-27 1313
9 Cr 1324
10 Mn-55 1325
11 Na-23 1311
12 Ni 1328
13 0-16 1276
14 Si 1314
15 ' c-12 1306
16 U-234 1043
17 Pu=-242 1161
18 Mo 1287
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Cc~-9

NUCLEAR DIVISION
INTERNAL CORRESPINDENCE

August 2, 1979

Y. Yeivin

100-Group AMPX Master Library for Fast-Reactor Data Testing--Mod. No. }

John White's 100-group AMPX master library for fast-reactor data testing!~*
has been modified by the addition of !°8 data. The !9B master data
set was obtained by using the weighting function described in Table 3 of
Ref. 3 to collapse data set 1273 from the VITAMIN-C library®:% into
the 100-group structure. The materials in "Mod 1 to the 100-group master
library" are listed in Table 1. The library is on CTC tape 4577 and can
be read with the following DD card:
//GB.FT--FO01 DO UNIT=TAPE16,LABEL=(1,SL),VPL=SER=004577,
DISP=(@LD,KEEP),DSN=X.JEWDE637 .AMPX .LIB100.NUC19,
DCB=(RECFM=VBS,LRECL=X,BLKSIZE=6447,BUFL=8148)

Enclosed is the printout from the AJAX-MALQOCS-AJAX case required to prepare
the library. Tape 4577 has been assigned to J. L. Lucius.

This work was charged to 18075.

Fildly Pt
W. E. Ford, I1I, 6025, 17E, (4-5272)

By L

B. R. Diggs, 6025, 9M, (4-5281)

WEF/BRD/tJ

cc: J. Barhen, 6002A, A3, (4-5264)
J. L. Lucius, 6025, 21E, (4-5270)
J. H. Marable, 6025, K5, (4-6189)
J. D. Smith, 6010
J

. E. White, 6025
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APPENDIX D

Comments Concerning Uncertainty File Information

INTRA-LABORATORY CORRESPONDENCE

OAK RIDGE NATIONAL LABORATORY

October 26, 1979

T0: J. J. Wagschal
FROM: J. D. Smith
SUBJECT: Documentation of Formation of B-10 (n,a) Uncertainty File

In ENOF/B-V, the U-238 capture covariance has been expressed as
having been evaluated via a ratio measurement to B-10 (n,a). In order
for PUFF-II to operate, the uncertainties of the standard or reference
material from which another material is evaluated, must be given ex-
plicitly in its respective uncertainty file. This is not the case for
B-10 (n,a). Instead, B-10 (n,a) uncertainty has been expressed as a
"derived redundant cross section" uncertainty in which, from the energy
range of 1.0 x 10-5 eV to 2.0 x 107 eV, B-10 (n,a) is derived from the
uncertainties in (n,a,), (n,a;) and (n,ag) to (n.ay). This may be
expressed as

<107 - 107> = <780 - 780> + <781 - 781> + 2<780 - 781> , (1)

where I am now using the respective MT numbers for the reactions and
the diamond brackets indicate covariances.

What has been given to me in the uncertainty files is the relative
covariance matrices (in a LB=5 format) for each of the covariances on the
righthand side of Eq. (1). A relative covariance matrix for (n,a) in a
LB = 5 format is the desired result. Thus to form this matrix one must
first donvert each of the given relative covariances to absolute, sum
each of these covariances as given in Eq. (1), and then divide by the
(n,a) cross section to put the (n,a) covariance in relative form.

By appropriate input into the PUFF-II code, the relative covariance
matrix for (n,z) has been formed. Also, a small code named FORM, FOR,
which performs essentially the same operations as those needed in PUFF-II,
was written to check the results. A hand check of the results was also
performed.

One-hundred group cross sections from John White's GE Tibrary were
used to form the matrices. The results have been recorded in a LB = §
formatted uncertainty file for the single (n,a) reaction. This uncertainty
file is on cards and may be obtained from either Bryan Broadhead or me.
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October 26, 1979

As a side note, the 8-10 (n,a) uncertainty file is in error in
ENDF/B-V since, according to the data formats (F. G. Perey, "The Data
Covariance Files for ENDF/B-V"), the standard or reference material
uncertainties are to be expressed explicitly over the energy range
from which other materials are derived.

sah

cc: B. L. Broadhead
H. L. Dodds

J. H. Marable
F. G. Perey

C. R. Weisbin

Y

. Yeivin
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INTRA-LABORATORY CORRESPONDENCE

OAK RIDGE NATIONAL LABORATORY

November 20, 1979

T0: J. D. Smith

FROM: G. de Saussure
SUBJECT: Your request for a provisional covariance file for 233U,
ENDF/B-V, in the resolved resonance region (1 eV to 4 keV).

The proper covariance file is that of the errors in the resonance
parameters as given in Tables 22, 23, and 24 of Nuclear Energy, Vol. 3.87
(1979), and as confirmed in the memo of F. G. Perey to C. R. Weisbin dated
May 24, 1979.

However, since that file cannot be processed properly at the present

time, I have estimated roughly covariances for infinitely dilute cross sections
as:

B9 -oox (S wrama [T -

These errors must be interpreted as fully correlated over the range 1 eV to
4 keV and uncorrelated with each other and with other cross sections. These
estimates are very rough and should be used only until the proper file

is processed, for infinitely dilute cross sections and for assemblies with
zero sensitivity below 4 -keV! I hope this information will be helpful.

GdS/ep

cc: J. H. Marable
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OAK RIDGE NATIONAL LABORATORY
OPERATED BY
UNION CARBIDE CORPORATION
NUCLEAR DIVISION

=

POST OFFICE BOX X
OAK RIDGE, TENNESSEE 37830

September 11, 1979

Dr. Robert R. Kinsey

Building 197

National Nuclear Data Center
Brookhaven National Laboratory
Upton, New York 11973

Dear Bob:

There is an error in the iron {(MAT=1326) covariance file (MF=33) of
ENDF/B-V. As Brian Broadhead has pointed out, the second energy point
in the second NI sub-subsection of MT=1 needs to be 4.0E+5 instead of
L 0E-5. Also, for completeness, the N{ sub-subsection of MT=2 should
be extended to cover the full energy range. | have shown this to
Peter Fu and he agrees. |f there are any problems, let me know.

Sincerelyf -
7

AL N\
I . G
=z
J. D. Smith

sah

cc: H: L. Dodds
P. Fu
F. G. Perey
R. W. Roussin
C. R. Weisbin
B. L. Broadhead
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APPENOIX E

Comments from file | of ENDF/B=-V concerning the
uncertainty information in fite 31 through 33.

E-2

FILE 1 INFer™aT)] « Fizi EMCF/E=V TXY3Eu 77 0 0 v
=3 =33 e 3226 1451
wTzl, 2+ % 123, A0 107 S”J"TH x/s CEVAFXA\CES 1276 1451
CLoVARIANEED pu= =asE z ADNTY L 1226 1453
The B4PERImE . TaL *eASUREN:;Ts £+0 TREZRETICAL CALCULATIBNS 1276 1451
USED 1. Tmg Zuagtiallay, FoQuat UPATES F2R VERSIZA Ve . 1276.1451
1276 1451

FlLs 1 TyroRIATLe F2R ENDF/Rev PlLaZ3Y 77 0 @ i
ME = 23 . 1399 14531
1399 1451
cA.a3lavgs FlLs 1399 1451
1399 1451
= Flgel Jale Foauts 2390 KkEY T3 25 <y (MT=18), 1399 1451
CARRZLATED T FISS1<n CRUSS SECTI ¢ JF Le235, NORMALIZATIIN 1399 1451
il STATISTIC. SnAcRS ARE 1401 uZeT, -——.1399 1451
e CapTy~= wATa (47 = 102) CIPRELATED W~ITH pU=239 FISSION DATA 1399 1451
JNCETALNTIRS |- ALPria ARE S1yS: N _. 1399 1451
« TLTAL “d=oaw (4T = 452) SIMPLIFIZD REPRESENTATION 2F LEAST 1399 1451
Sagare +vIT 1399 1451
1399 1451
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PROCESSING ENDF/B-V UNCERTAINTY DATA INTO

MULTIGROUP 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 multigroup 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
library. 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 éhe code

is the treatment of uncertainties in resonance data.
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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.1 Specifically, it is
now evident that some means must be developed to indicate just how good the
basic nuclear data are. Ihis 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 variable)
from their respective means. Each variable is allowed to have‘its own

energy intervals which forms the two dimensions of a covariance matrix.
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Previous work in this field consisted of processing 1limited
ENDF/B-1V data (ENDF/B-IV contained uncertainties for nitrogen, oxygen, and
carbon only) using an uncertainty processor, PUFFZ, developed by extending

the MINX>

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. These three libraries are the fission spectrum

5,6 weighting), the LMFBR core physics

covariance matrix library (with GODIVA
covariance matrix library (with ZPR-6/77 weighting), and the LMFBR shielding
covariance library (with 1/E weighting). These libraries are in a standard
format, COVERX,® 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 thét 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
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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-I1I and requires that the user supply only the

10,11 it

multigroup cross sections (e.g., VITAMIN-C or -E libraries
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.
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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

.y 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

CovixpY ) = <xg=%y) (Y5-¥, D,

(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,

e ( ) cov(xi,vj)
el. Cov(X.,Y. =—-T—Y-— »
X ; o

the standard deviation, Std.Dev,
Std.Dev.(Xi) =\/Eov(Xi,xi .

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

Std.Dev(X,)
Rel.Std.Dev(X;) = —y——

i

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

Cov(Xi,Yi)

Corr(Xi,Yj) = Tstd.DeV(x})7(Std°Dev(Yj))’
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or

Re].Cov(Xi,Yj)

‘ (5.2)
Corr(Xian) = (Re].Std.Dev.(X{j)(Re1-Std'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,Y.) = 0, the variables Xi and Yj are said to be totally

J
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.
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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 current 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 completely 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
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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 used 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 uncertainty 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

iﬁ 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
Cov(X.,Y.) = = pisk ¢ , (7)
Y7 k Jsk o xysk
LB=1 Relative components only correlated within each Ek interval
ik
= 2o F Y.,
Cov(Xi,Yj) i PJ;k xy,k X1 YJ (8)
LB=2 Relative components correlated over all Ek intervals
Cov(X.,Y.) =z Pk ¢ X. Y. (9)
i’ K.k- Jsk® T xy,k “xy,k” % 3’
LB=3 Relative components correlated over Ek and Ej interva?s
- isk
Cov(xi,Yj) -kfzpj;l Fx,k Fy,z Xi Yj’ (10)

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

F, F F X: Y. (11)

_ 2
Cov(Xi,Yj) = 7Tk Txy,e xy,ectg '



and

LB=5 Relative covariance matrix components

Cov(X;nY;) = 5 pisk X, ¥

Kk k- 33k T xyskok” BT (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

i3Ke2senn _ 2
ere Pj;m,n,... = Si Si e- S, Sj"" (13)

k
S.=1 when the energy Ei is in the interval Ek to Ek+1 of an
Ek energy "table,'
or
k
Si=0 when the energy E. is outside the range of Ek to Ek+1 of
an E_ energy "table."
k
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 energy 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
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MAT NCI

At

(E) =

™~

MAT
G (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 XnﬁT derived, in the energy range E1 to E2, through the evaluation

of ratio measurements of the "standard” cross section XE#{R as

MAT - MATR
X (E) = R(E) XNAIR(E) (15)

where R(E) is the measured ratio at energy E. LTY=1 is then used in one
subsection of XS#T to indicate a ratio measurement to XmﬁgR. LTY=2 is
used to indicate a correlation between X“?T and XS@ER. LTY=3 is used in the
reference materials subsection to indicate a correlation between Xﬁ?ER and Xﬂ#T.
The final type of uncertainty file to be described is file 32, the
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 énergy, Er’ the total angular momentum of the
resonance, J, the neutron width, \n, the radiation width, Ty, and the
fission width, \f. This data is then propagated through to an uncertainty
in a resonance cross section.. These uncertainties are then added to the

uncertainties formulated from file 33, the smooth cross section covariances,

to form a complete covariance matrix.
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CHAPTER IV

PROCESSING ENDF/B-V UNCERTAINTY DATA
INTO MULTIGROUP FORMALISM

Processing ENDF/B-V uncertainty data is a 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 dependent
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
grid is the union of the user energy grid and the energy boundaries of the
"derived redundant reaction type" covariances; the El's and E2's. The
super-user grid is necessary, as will be exp]éined 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, and the
method chosen in PUFF-II, is to energy weight the cross section and

collapse (or expand) as described below

L by (gs_b_;%m_) e
i M,i+1 "M,i
where"c'Sb is the supergrid cross section for energy group b, M, i is
the multigroup cross section for energy group i and Omi 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

00129



12

covariances from the "NI-type" sub-subsections is performed according to
the different LB flags and are given in multigroup formalism as shown below

z Fey.k%,k%5,k

LB

L]
o

_ kei,]
Cov(X;,Y.)= 2 (17)
17] ¢.i ¢J
LB = 1 ';;xy,k“’i,kxi,kq’j,k"j,k
Cov(x;,¥y) = KELal o (18)
i %]
LB =2 covrxv.) =(;F_xy,k¢i,kxi,k)(k‘eng,k’q’j,k’Yj,k’)
1277 ¢i ¢j
(19)
Foooo. X )C;i:F é. Y.
= (Zx,khk TLkNG? y-2754 J,K)
LB =3 Cov(Xi,Yj) = kel Y £ (20)
i
B <4 ka(f?i,fxy 2% 2% ,z)(zzejf xy 27?3 ,z'Y@,z'>
Cov(Xi,Y.) - kel,j
J ¢‘i ¢j (21)
and
LB =5 ; g;’:xy;k,k'd’i,kxi,k"’j,k"’j,k‘
Cov(X,,Y.) = J ) (22)
170 ¢-i ¢j

The derivation of Egs. (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.
Xi,k = multigroup cross seétion 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: Tlet 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

Xy = MZ]YM,iKM (23)

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

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

n
dX; = MZ]dYM’iKM, | (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
<dX.dX.> = Ky~ dY > .
14X M - Z KM =< J> (25)

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

n

Cov(Xi,Xj) ) ] " Z]KMKM,COV(Y Y- ’J) . (26)
Similarly, taking the expected value of the product of Xi and the YM ils
gives
n
<dX ,dYM J> = MZ=1KM’<dYM‘,idYMj> M=1,2...,n (27)
or
n
Cov(Xi,YM,j) = MZ=]KM'COV(YM’s1,YMsJ) M=1,2,...n . (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, Yh’i's, from which Xi 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

Euj+]
0 : 0 ¢,
- - :- -~ E2 ¢
i :- ’ ¢y Eu,
8, E1 0, ’

éui ¢; Eui+1
where Eu represents the user-energy boundaries for group i and j, EIl

and E2 are as explained before, ¢w is the super-user grid flux, 95 is

the sum of ¢w and ¢x’ likewise for ¢j’ and A is the covariancé element
produced from Eq. (26) 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 1,J

would simply be A, which is incorrect. The correct covariance value for

user group i,j is given in general as

Acpl

X
(G 0, 10,73, ° (29)

Cov(Xi,Yj) =

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

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. = R.Z., (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
dX. = dRiZi + Ridzi . (31)

1

With this, the covariance of X may be determined as

<dXide> = <dRide>ziZj + 2R12j<dRidzj>

(32)
+ <dzidzj>RiRj .
Rearrangement of Eg. (32) gives
<dXide> : <§R;de> . 2;d21d2j>
RiRj24iZ; iR sk (33)
<dZ.d2.>
RN RN

R and Z (or R and any other cross section) are assumed to be uncorrelated
(i.e., <dR1de>=0) and the three remaining terms follow from the definition

of a relative covariance matrix; thus

Rel. Cov(Xi,X.) = Rel. Cov(Ri,Rj) + Rel. Cov(Zi,Zj) . (34)

J

Also, from Eq. (31) a covariance may be derived between X and Z, namely,

Rel. Cov(Xi,Zj) = Rel. Cov(Zi,Zj) . (35)
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12 exist due to ratio measurements, but Eqs. (34)

Other relationships
and (35) represent the basic mathematical expressions for processing
covariances due to ratio 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 dug 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 resoﬁance parameter uncertainties
requires an uncertainty analysis approach. The basic equation is the

single-level Breit-Wigner formula given as
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c =Lg Pnri (36)
T2 (E-Er)z(]/tl)r%

where Fn is the neutron width, Fi is the radiation or fission width

(i.e., i =y or f), E_ is the resonance energy, and PT is the resonance

r
total width given by

rT=rn+rf+rY. (37)

F is the capture or fission cross section, g is the statistical spin

factor given as

_ 2+
g = 2(21+1 [} (38)

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

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

K = (2.196771 X 1072) (A%jll‘{—]—ﬁ) E O (39)

where AWRI js 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

2 T T.
ni (40)

where Ai is the resonance area in barns -eV for capture or fission
reactijons (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 rn may be shown as

A on
Ty T @ d L (T o

v
Similar expressions are derived for each of the other parameters which

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

3A 3A 34 3A 3A
5‘1‘l éTl arl aJY EE'Y'

H = Y n f r (42)
arY aT, oTe ~ 3J o,

The covariance matrix of the resolved resonance parameters is defined as

DGZ—- - - = - -
DNDG DN |
D= DGDF DNDF DF2 (43)
DJDG DJON DJDF  DJ°
0 0 0 0 DE2 s
where
2 . . 2
DG™ is the variance of FY’ [ev©],
DN2 is the variance of Ty [evz],
DF2 is the variance of Tes [evz],
DJ2 is the variance of J,
DE2 is the variance of Er [evz],

DNDG is the covariance of . and rY [evz],
DGDF is the covariance of FY and T, [ev2],
DNDF is the covariance of I, and T'¢ [ev2],

DJDG is the covariance of J and PY [ev],

00137



20

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

12 Also, the D matrix is symmetric (i.e.,

and therefore set to zero.
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

T

<dA dA > <dA dA. >
<dAdA’'> = Yoy Yo f

(44)
<dAfdAY> <dAcdAc>

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

The matrix described in Eq. (44) is summed for each resonance,
2L-state (neutron angular momentum quantum number), and isotope within
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+1 - 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

14

by Y. Yeivin and J. J. Wagschal ' is to give each resonance an 1/E

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

gular” one of width zri, where i = vy or f.

A
A
| => « 2ry -
' )
1 |
— | >
Er E Er £
“true® “rectangular"

Letting Ek+] 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 (£) & / dE (45)
Ex Eg
A E +r.) E ) |
v r i k+1 .
= In Tn i=vyorf. (46)

Sensitivities are formed from £q. (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
accounted for by Bonderinko f—factors]s, which are functions that relate
cross section behavior to temperature and material compositions. Inclu-

sion for these f-factors would require not only some very complicated

00139



22

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-1I 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
jdentical.

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 Ek and El energy intervals (see Chapter III, Eq. 10)
are the same, were converted to LB=5 and then processed using PUFF-1I. 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-1IV 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 correlation ranges from 27% to 50%. Also, the
standard deviation of thé version V 239y 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 2%°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.

00142



25

A-G/4ONT -- SUOLIDIIS SSOUY ($°U)Ndgez YT O XLAJRW UOLIB|DAIO] pUB UOLIRLAS(G pAepUR]S

‘L b4

bb212-6L-9M0-INYO

00143



26

A1-8/40N3 -- SUOL3D8S SSO4) (J°U)Ndgez BUT O XLAJRY UCLIR[IUA0) PUR UOLIBLAJ(Q pAepuels

"2 "bL4

SP2i2=6.~9M0-INY0

00144



27
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,a) reaction (MT number 107).

5 ev to about

6

Note that it is fully correlated from 1.000 x 10°

6.738 x 10% ev. From 6.738 x 10% to about 1.353 x 10

elements are between 0 and 1. From ~1.353 x 106 ev to higher energies, the

ev the off-diagonal

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-zer‘o,]8 it
is highly unlikely that there is no uncertainty in the cross sectfon above
1.353 x 106ev. In 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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cross section is fairly well known (less than 1% uncertainty) from
1.0 x ]O'Sev to about 6.738 x 104ev and is known to within 4% (relative

4ev but less

standard deviation) for energies greater than 6.738 x 10
than 1.353 x 10%uv.

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 unceftainty 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 particu1ar, 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 and referenced as to where this missing data may be found.]9
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

3ev to 2.0 x]04ev), the uncertainty

Sev to 1.964 x107ev).

is for a fixed energy interval (4.0x10
in B-10 (n,a) is for the entire energy range (1.0x10"
Figs. 8 and 9 illustrate two v relationships. Fig. 8 is the correla-
tion matrix for U-238 prompt v (MT number 456). Fig. 9 is the correlation
matrix between U-238 prompt v and Pu-24b (MATvnumber 1380) v (MT number

452). This is an explicit cross material relationship given in ENDF/B-V.
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As a demonstration of the use of these covariance matrices, the 52

16,20

group covariance library was collapsed to 26 groups and folded with

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

K is .985 with a standard deviation of 1.574%. The experimental value

eff
for Keff is 1.0 with a standard deviation of .1%. Thus it i; seen that the
standard deviation of the calculated value due to uncertainties in cross
sections can account for the entire djscrepancy between the calculated 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 IV.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

PUFF-II 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 accompiish-
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 muﬁt 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-1IV 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-I1I. 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 probiem

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 following recommendations are made regarding future work:
1.) A more detailed analvsis 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 Bordorenko f-factors in conjunction
with the resonance cross section; and 2.) The problem describéd 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-1I was written to process ENDF/B-V uncertainty files into multi-
group covariance matrices. The multigroup covariance matrices are formed
according to the procedures outlined in the body of this report.

Three basic types of input are required by PUFF-1I; 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 bg
reduced to just the desired input results by RIGEL.ZZ 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 AMPX22

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 material to be processed.

Two basic types of output are also supplied by PUFF-II1. The first,
which may be used to check the resh]ts is a printout consisting of the user
group structure, cross sections, standard deviations, and correlation
matrices for each reaction(s) for which cross sections and uncertainties
have been supplied. The second type of output 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 Muitigroup
File Cross Sections
User
Instructions
*k |TTTTEEmEEEmEES Ty - ¥ 1  TTTTemsmssssscssssss-
1 Uncertainty |}
i File of } FLUX
+ "Standard" !
TR S A K S R S
PUFF-11 energy grid(s)
. ‘ ‘_-': “Standard"
l ! material/
! reaction Std.Dev.
Correlation COVERX Bttt
Matrices

*Dashed lines indicate that the input is optional

**This input is needed only for cross material processing

Fig. A-1.

Input and

Qutput of PUFF-II
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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 I@32 (I@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.
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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 line printer unit and creates a file
named Q??.LPT for each run, where ? represents a letter 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

T : 1/E,

2 : 1/(E ),

3 : input weighting/E,
or

4 : input weighting,

where E is the energy points associated with the cross sections and 9t 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 énergy grid
desired where the numerical response and the associated energy grid is given

as

—
e

input grid,

240 group structure,

GAM2 (99 groups),

SANDZ (620 groups),

LASL (30 groups),

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

100 groups (GE Library),
and

O W O N O VL Sdh W N

—

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 (limited 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 to the weighting
used in its production.

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

*PU-239 WITH CROSS MATERIAL
*4

where it is seen that a six group user structure is desired using 100 group
cross sections and a 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

log file for this sample problem is shown on the following page.
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TY RATCH,.LNG

13239247 RAJORB
STREAN 2

13:39: 4% BAFIL
13:39: 48 BAFIL
13:39: 48 BASIIM

13:39: 48 MOMNTR
13:392 4R MONTR
~Jns & 12"

13: 39149 1ISER

13239349 USER

13:39: 49 |ISER
13:392 49 USER
13:39:51 HMOMNTR
13:¢39:51 MOHTR
123:39:53 ISER
13: 40:24 USFR
13: 42224 1ISFR

50

BATCON VERSION 13C1CT1)=-2 RUNHING BATCH SEQUENCE 3585 IN
INPUT FROM NRELOG:BATCH.[1G4,1134)

OUTPUT TN ORELW:DBATCH.LOG[I1G4,1134]

J0R PARAMETERS
TIMF:01:60: 07

IINIQUE: YES RESTART: IO

<L0NGIMN 104,1134 /CHARGF: 18075 /SPOOL:ALL/TIME:36C@/NAlF:

JOB 16 ORELA/6G2.3 TTYGR3
[LGNJSP OTHER JNBRS SAME PPN:13)
CHARGE = 18075
1339 30-0CT-79 THE
X PUFF2.FOR
LI"Ke LNDADING
[LNKXCT PUFF2 EXFCUTION)

GIVE # OF GROUPS IM USER GROHP STRUCTURE AND ARD TYPE O

F YEIGHTING SPFCTRUNM DESIRED, WHERE I=1/F, 2:1/(FxSIGMA TOTAL), 3=z1/ExIN
PUT,AND 4=INPUT.>*6 4

IISER
ISFR
HSFR
IISFR
HISFR
IISFR

13: 40226
132 40227
13: 40227
132 4C2 27
13:402 28
132402 46
RY,2-240

SPECIFY OPTIOM TO READ MASTER LIBRARY (B=N0, 1z YES).>={
GIVE # OF X=-SFEC GROUPS>* 100

READ FILE 31CHUBAR) OR FILE 3372(€:=33;1:=31)>%@

PROCESS FILE 32 ?2(@=N0D; 1=YFS)>*0
1MAT # OF MATERIAL PROCESSING>*1399

SPFCIFY TYPE OF USFR GRID STRUCTURE(I FORIMAT), I-~ARBITRA

GROUP,3~-GAI2(99 GRPS),4-SAHD2(628 GRPS), 5-LASL(3@ GRPS),6-GAlTl

(67 GRPS),7-171 GROUPS,8-26 GRNIIPS, S9-~1¢@ GROIPS, 1€~ & GROUPS.>x10

13:40:53
NN SAME
132 4P 55
13243:59
13:43:59
13:44:20
>k 4
13:44: 04
13:44: 05
13244205
13: 44205
132 44:06
13:44:06
13: 44: 06
@/VD: D
13244:087
13:44:07
1-79
13:44: 07
13:44: 07
13:44:027
13:44:27
132 44:07
13:44: 07

1S FR

JSER
USFR
USER
lISER

USER
USER
IISER
HISER
MONTR
MONTR
MONTR

KJ 0B
LGouT

LGNUT
LGOUT
LGNUT
LGOUT
LGONT
1.GonT

SPECIFY THE TYPE GROIUP STRUCTURE THE CRNSS SECTIONS ARE

OPTINNS AS FOR USER GRID),>*9

GIVE # NF MT >x3
TYPE IN FILE DESCRIPTINN, 1 CARD FORMAT(12A&)
>xP1]-239 WITH CROSS MATERIAL
TYPE 1Y NUMBER CORRESPONDING TO WEIGHTING FUNCTION (IS)

STOP
END OF FYECUTION

CPlI TIME: 2:4.5¢
FXIT

FLAPSED TIWFE: 3:48.33

«KJOB ORELE:BATCH.L.0G=/W/B/Z:4/VR:18/V5:3585/VL:200/VP: |

OTHER JNBS SAME PPN
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>