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ABSTRACT

Recent ratio data, with carefully evaluated covariances,
were combined with eleven of the ENDF/B-V dosimetry cross
sections using the generalized least-squares method. The
purpose was to improve these evaluated cross sections and
covariances, as well as to generate values for the cross-
reaction covariances. The results represent improved cross
sections as well as realistic and usable covariances. The
latter are necessary for meaningful integral-differential
comparisons and for spectrum unfolding.

INTRODUCTION

Simultaneous evaluation of cross sections is required where ratio
data exist. Because ratio measurements do not require absolute neutron
flux determination, which is usually the largest source of uncertainties,
correct use of ratio data would establish the relative magnitudes of
various cross sections quite well. High-precision absolute data for one
reaction would improve the absolute magnitudes of all other cross sec-
tions connected by high-precision ratios. In a previous paper,! w e
considered three reactions: 32S(n,p), 56Fe(n,p), and 65Cu(n,2n). Pre-
viously available evaluations of cross sections and covariances, such
as those from the ENDF/B-V dosimetry file,2 were used as part of input.
These were combined with several data sets, including new absolute and
relative data, by the least-squares technique. The resulting evaluations
had not only updated cross sections and covariances, but also cross-
reaction covariances.

In this paper, we increase the number of reactions and expand the
data base. Certain problems were encountered, but not unexpectedly.
These problems were traced to three areas of deficiencies in the covar-
iances of the ENDF/B-V evaluations. First, some of the ratios calculated
from the preliminary output evaluations lie outside the interval defined
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by the ratio data and the ratios calculated from the ENDF/B-V evaluations.
These results, though theoretically possible, suggest unrealistically
large correlations in some of the input evaluations. Second, an unduly
large energy range of full correlation enhances propagation of discrep-
ancies. For example, the input evaluations for Lf6Ti(n,p) and 235U(n,f)
both have a fully correlated range from 4 to 10 MeV, so that a local
discrepancy between ratio data and evaluations near 4 MeV propagates all
the way up to 10 MeV. Third, changes in evaluated cross-section values
larger than one standard deviation are present in most energy ranges.
This implies that uncertainty estimates are generally too small in the
ENDF/B-V evaluations and possibly in the ratio data too. For example,
the output k^Cu(n,a) cross sections from 8 to 11 MeV changed from the
input by up to five standard deviations (up to 50%). Such large changes,
if due to an oversight in one evaluation, would adversely affect other out-
put values through the ratio data and through the cross-reaction correlations.
These problems are explained in detail, and the proposed remedies described.

GENERALIZED LEAST-SQUARES

The use of generalized least-squares technique in nuclear data work
has been widely discussed and demonstrated. A rather detailed review
has been prepared by Peelle.3 We summarize the solution to the minimiza-
tion of least squares for the present application following the notations
of Perey.4

Let the vector T stand for a set of input evaluations of the cross
sections with the covariance matrix M. T and M define a set of joint
normal probability density functions. Let the vector R be a set of new
data, related to some of these cross sections, with the covariance
matri:: V. R and V also define a set of joint normal probability density
functions. R and T are assumed to be uncorrelated. After combining R
and T, the output evaluation Tf and M' are given by:

T1 = T + A''N+V)~1(R-Rr^) (1)

M' - M - A'H+V)'1^ (2)

where A = MG , N - GA, and the superscript t denotes the transpose. Rj
is the vector containing calculated values for R from T. G, the
sensitivity matrix, is the matrix of partial derivatives of the elements
of Rf with respect to the elements of T. The x2 value is given by

X2 - (R-RT)
t(N+V)-1(R-RT) (3)

A more useful value is x2 P^r degree of freedom (x2/F). The number of
degrees of freedom, F, is the number of independent input data elements
less the number of output data elements, and in the present case is equal
to the dimension of R. Note that this x2 value does not depend on T' or
M'.



INITIAL INPUT DATA

The dosimetry reactions and the input ratio data are summarized in
Table 1. Except for 63Cu(n,2n), all input evaluations were taken from
the ENDF/B-V dosimetry file.2 The 63Cu(n,2n) reaction is not included
in the file but is a widely used standard for cross-section measurements.
The input evaluation for this reaction was taken from Tagesen et al.^

The ratio data were taken from those measured in four laboratories:
Geel*> - ratios with respect to 56Fe(n,p); NPL (National Physical Laboratory
of Great Britain)7 - ratios to 56Fe(n,p); Chalk River5"11 - ratios to
32S(n,p); and AWL12"16 - ratios to 235U(n,f) below 4 MeV and to 239U(n,f)
above 4 MeV. In addition to the ratios, some high-precision absolute
cross sections for 56Fe(n,p) from NPL were also included. The data from
each laboratory were measured with the same equipment and reduced with
the same techniques, therefore strongly correlated among the reactions.
The method used to derive the covariances from the available documents
has been given previously.1 Some of the older Chalk River measurements
were included simply because sufficient experimental information is avail-
able to permit a credible derivation of covariances. Few elder measure-
ments have such qualification.

It can be seen in Table 1 that data from different laboratories are
indirectly correlated, result-ing in cross correlations among all reactions
In the output evaluations.

The desire to cross-correlate all reactions resulted in a minor
problem. Some of the input ratio data had been used as absolute cross
sections in the ENDF/B-V evaluations, thus violating the requirement that
R and T be independent. However, omitting these ratios would leave large
gaps in some energy regions. Moreover, these ratios had not been previously
used as ratios and the covariances and cross-reaction covariances among
these ratios had never been generated and used. In the latter sense,
these input ratios could be considered as "new" in the present situation.
Although it is desirable to stirt from original data sets so that R and T
are truly independent, the laig^ effort required does not at the present
appear worthwhile.

Much more severe problems than the above were encountered. These
problems have been outlined in the introduction. In Table 2, we show
some of the ratios (Column 4) calculated from the resulting evaluations
that lie outside the interval defined by the ratio data (Column 3) and
the ratios (Column 2) calculated from the ENDF/B-V evaluations. These
peculiar results can be best understood with a simplified but realistic
example. In Fig. 1, T and R both have data at El and at E2. The
standard deviations are all 10%. The correlation coefficients in the
covariance matrices M and V are denoted by pt and pr. The four small
figures show results for a fixed pt and a variable pr.

The case for pt • 1 is what frequently is found in the covariances
of the ENDF/B-V evaluations; namely, the values of two neighboring



Table 1. Summary of Input Ratio Data
(Denominators are circled.)

Reaction/Lab Gee.; NPL Chalk River ANL

27Al(n,ct)
32S(n,p)
46

(,P)
56Fe(n,p)
58Ni(n,p)
63Cu(n,a)
63Cu(n,2n)
65Cu(n,2n)

235U(n,f)
238U(n,f)

X

(x)

X
X

X
X
X
X
X

6.

Ref. 7.
:Refs. 3-11.

^efs. 12-16.

Table 2. Comparison of Some Input and Output Ratios to
238U(n,f) at 10 MeV

Reaction

-GTi(n,p)
51+Fe(n,p)
56Fe(n,p)
58Ni(n,p)

Input
ENDF/B-V

0.257
0.495
0.072
0.601

Ratio
Data"

0.239
0.461
0.064
0.587

± 0.029
± 0.027
± 0.004
± 0.035

Output
Initial

0.230
0.430
0.063
0.543

Ratio
Revised

0.251
0.474
0.067
0.590

From Smith and Meadows (ref. 12).
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Fig. 1. An example of combining two uncorrelated cross-section sets

shown as T and R. Each set is correlated. The covariance matrices are
shown as M for T and V for R. The combined cross sections and covariance
matrix are T' and M1.



cross-section entries are indicated to be fully correlated. In this
case, t{ is always smaller than tj and T\, regardless of the value of
pr. Shape compromise is impossible. Strong correlation is always present
in the result since m1 -v (mjm^)1'2 for all pr. In short, full correlation
in T will not permit even'a slight shape adjustment. The covariance matrix
of T must be revised to be less than fully-correlated unless the shape
really is perfectly known.

The case for pt = 0.8 is more acceptable. Shape compromises are now
possible. For example, for pr = 0, the correlation coefficient in the
result is 0.587, in between the two input values. However, t\ goes out-
side the (t2, T2) interval if p r > 0.86. The shape difference between
the two sets of data and the correlation of uncertainties in each set are
in conflict if both are large. How large is large? We do not know. But
when a result is outside the interval between the two input data sets,
these input data should be checked carefully.

The ratios shown in the last column of Table 2 were obtained using
the revised input described below.

REVISED INPUT DATA

ENDF/B-V Covariances

A segment of the 1*6Ti(n,p) correlation matrix in ENDF/B-V is shown
in the top part of Table 3. The matrix has been multiplied by 100. Two
features of this matrix, which are typical of others used here, are
apparent. The matrix is made of fully-correlated submatrices, each having
several energy entries. There is a discontinuity in the correlation
coefficients across the boundary of the submatrices. These features
should be understood as resulting from subjective evaluation and/or
economical file representation. We therefore felt free to remove these
fully-correlated submatrices and reduce the discontinuity. The 100's
in each fully-correlated submatrix were replaced by (C+P)/2 where C is
the average correlation coefficient in the neighboring off-diagonal sub-
matrices and P is a parameter taken to be 80 in the present case. The
revised correlation matrix is shown in the middle part of Table 3. Note
that the reduction in the correlation coefficients would result in a
reduction in the uncertainty of the energy-integrated cross section,
which appears undesirable. A better Drocedure, suggested by Peelle, '
might be to increase the standard deviations simultaneously such that the
uncertainty in the energy-integrated cross section is preserved. The
final result is shown in the bottom of Table 3. Elements of the correla-
tion matrix that fall within ±2 have been combined to reduce the dimension
of the output matrix for economical reasons. A special combination of
formats-'-" was used to avoid having fully-correlated submatrices in the
output.

If this revision of the ENDF/B-V correlation matrices was not
made, the output correlation matrix in Table 3 would still contain



Table 3. A Segment of the 46Ti(n,p) Covariance Matrix in Input
(ENDF/B-V), Revised Input, and Output

E (MeV) STD (%) Correlation Matrix (x 100)

7

8

9

10

11

12

7

8

9

10

11

12

7

8

9

10

11

12

12.8

12.8

12.8

14.1

14.1

14.1

12.8

12.8

12.8

14.1

14.1

14.1

5.6

5.7

5.7

7.0

7.0

10.7

100

100

100

55

55

55

100

67

67

55

55

55

100

25

17

17

13

13

100

100

55

55

55

100

67

55

55

55

100

19

19

14

14

100

55

55

55

100

55

55

55

100

19

14

14

100

100

100

100

67

67

100

32

32

Input

100

100 100

Revised
Input

100

67 100

Output

100

32 100



fully-correlated submatrices as in the input. After the input correlation
matrix has been changed to be less than fully correlated, localized
adjustments in uncertainties and correlations are possible, thus reducing
the long-range impact of a local discrepancy. The implication of this
revision is particularly significant for the ENDF/B-V 46Ti(n,p) and
2 3 U(n,f) evaluations in which a fully-correlated range extends from 4
to 10 MeV.

This revision of the ENDF/B-V correlation matrices is mainly
responsible for obtaining the ratios shown in the last COIVJIUI of Table 2,
although they were obtained with further revisions of the input data dis-
cussed below.

Traceable Discrepancies

Some traceable discrepancies between the input evaluations and the
input data were removed. One area is near thresholds of the (n,p) and
(n,a) reactions where cross sections are so small that even large adjust-
ments have little consequences in broad-spectrum applications. However,
when ratios are used, problems do arise. Fc. example, a measured value
of 5i|Fe(n,p)/235U(n,f) ratio12 at 2 MeV has an uncertainty of 10%, but
the discrepancy between this value and the one fro;-; ENDF/B-V is 75%.
Removing this single datum resulted in a change of io' in the 5I+Fe(n,p)
cross section at 2 MeV and 3% change in 235U(n,f). While the 16% change
in 51*Fe at 2 MeV is practically unimportant, the 3% change in 235U at
2 MeV is unacceptably large. Several such ratios have been removed, not
because they are wrong but because we do not know how to use them correctly.

Another area of obvious discrepancy is in the 63Cu(n,a) cross sections
from 8 to 10 MeV. In this energy range, the measured 63Cu(n,a)/238U(n,f)
ratios13 differ from the ones calculated from ENDF/B-V by up to 60%. We
subsequently decided that the uncertainties assumed in the evaluation for
63Cu are too small. However, enlarging these uncertainties resulted in a
large step in the 63Cu cross sections at 10 MeV because the ratio data are
below 10 MeV. To avoid this large step, we replaced the ENDF/B-V values
by a previously calculated cross-section curve1^ from 7.7 to 13.2 MeV
which is normalized to the ENDF/B-V value at 7.7 MeV. Since this curve
is in better agreement with that indicated by the ratio data, the large
step at 10 MeV is much reduced. Apparently the decision to change the
ENDF/B-V cross sections was influenced by the new ratio data. Thus the
requirement that R and T be independent was again violated, but with a
good reason.

Untraceable Discrepancies

There are small and subtle discrepancies that cannot be easily
ascertained. An indication of such discrepancies may be found in the
value of X2/F. The final covariances may be multiplied by this value
to reflect the fact that a reduction in uncertainties after combining
two discrepant data sets is unwarranted. Two methods may be used to



compute the x2/F value and to multiply it to the final covariances. One
is to apply a single x2/F value to all results uniformly at the end. The
other is to combine the data sets from each laboratory sequentially and
apply the x2/F weighting for each step sequentially. The two methods are
not equivalent and neither is theoretically rigorous. The second method
has the advantage of selectivity in weighting different reactions and was
chosen for the present case. The x2/F values as computed and applied
sequentially are: 1.38 for the NPL data, 1.32 for Chalk River, 1.02 for
Geel, and 1.01 for ANL. One may see from Table 1 that only the covariances
of the 56Fe(n,p) cross sections have been multiplied by all four x2/^
values.

RESULTS

In addition to the 11 reactions listed in Table 1, the ENDF/B--V
115In(n,n') cross sections were updated with new data^O which are uncor-
related with the other reaction cross sections. For the 11 correlated
reactions, the adjusted cross sections vary mostly from 1 to 7%. The
auto-correlation averaged approximately 50% and the cross-correlation
20%. The 5u"r'e(n,p), 5?Fe(n,p), 63Cu(n,a), and 6 3 > 65Cu(n, 2n) cross
sections are much improved with recent high-quality data.6«7»13 The
results are given in the ENDF/B-V formats^ ancj a r e available on request.
In the updated covariances, no two cross sections in any neighboring
energy entries are fully correlated, a drastic difference from ENDF/B-V.
This work also resulted in an improved version of the GLUCS code. 1
Maerker has found the present results generally superior to ENDF/B-V
in providing more consistent C/E values in the PCA and PSF experiments.^2

CONCLUSION AND RECOMMENDATIONS

This work represents a large-scale application of the generalized
least-squares technique for data combination. It results in 12 updated
dosimetry cross sections with credible covariances and cross-reaction
covariances. The new data base will be useful for incorporating future
data. Addition of three more reactions, 27Al(n,p) and 1*7'1*8Ti(n,p), to
the new data base is in progress. Incorporation of the ENDF/B-VI 235U(n,f)
standard cross sections, when available, is planned.

As pointed out, several problems existed but did not hurt the results
too badly. Some examples are: weak dependence of R and T, need to reduce
the correlation coefficients in the fully-correlated subm?trices, and
selection of methods in applying the x2/F weighting. Continued efforts
in these areas are needed.

Covariance information implying full correlation over an extended
energy range should be avoided unless it correctly represents the
available information.
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