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ABSTRACT

Though severa l cross sec t ions have been designated as s t anda rds , they
are not bas i c u n i t s and are i n t e r r e l a t e d by r a t i o measurements. Moreover, as
such i n t e r a c t i o n s as 6Li + n and 10B + n involve only two and th ree cross
sections respectively, total cross section data become useful for the evaluation
process. The problem can be resolved by a simultaneous evaluation of the
available absolute and shape data for cross sections, ratios, sums, and average
cross sections by generalized least-squares. A data file is required for such
evaluation which contains the originally measured quantities and their uncer-
tainty components. Establishing such a file is a substantial task because data
were frequently reported as absolute cross sections where ratios were measured
without sufficient information on which reference cross section and which
normalization were utilized. Reporting of uncertainties is often missing or
incomplete. The requirements for data reporting will be discussed.
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I . INTRODUCTION

It should be real ized that the designation of some cross sect ions as
"standards" is for convenience only. They are not basic un i t s and not standards
as they change with every new measurement. This s i tua t ion can be compared with
the problem faced a long time ago, when the meter was defined as l/40000th of
the circumference of the ea r th . Whereas the problem for the meter could be
resolved because it i s a basic un i t , tha t for the cross sect ion "standards" is a
permanent feature of a derived quant i ty . It might be preferable to refer to
them as reference cross sect ions instead of as s tandards. Any absolute cross
sect ion measured for a ce r ta in reac t ion , l e t us assume with an uncertainty of
1%S i s completely equivalent to an absolutely measured cross section of a
designated "standard", assumed again measured with 1% uncer ta in ty . The moment a
r a t i o between these two cross sect ions has been measured, the absolute value of
the non-standard w i l l , in pa r t , redefine the value of the "standard". This i s
the consequence of an overdetermination: there are only two unknowns in t h i s
example, but three measured values are ava i lab le .

The aforementioned basic problem with the def in i t ion of cross section
"standards" becomes abvious with the fact that there is not one "standard" for
the same type of quanti ty (a cross section which is a measure of an in te rac t ion
probabi l i ty in un i t s of cm ) , but severa l . We may also note that we wish to
evaluate these "standards" whereas a standard is defined. The des i re for
evaluating data is the r e su l t of overdetermination. The simplest degree of
overdetermination is given by the mult iple measurements of the same quant i ty . A
"higher" degree of overdeterminat ion is given by above example, e .g . if two
dif ferent quan t i t i e s are measured and a r a t i o or sum of these two quant i t i es has
also been obtained.

The question of how to combine mult iple experimental observations i s not
a problem. It has been resolved ~200 years ago by Gauss and independently by
Legendre. With improvements and addit ions we have today two approaches for the
evaluation of da ta :

1. The generalized leas t -squares f i t (GLSF), and

2. The Bayesian est imation.

If the same data base is used, then both techniques should give nearly iden t ica l
r e s u l t s . We wi l l consider here only the generalized leas t -squares f i t which is
being used for the ENDF/B-VI evaluat ion.

An APRIORI i s required for the GLSF, however, in contrast to the Bayesian
est imat ion, the APRIORI has only a secondary e f fec t . I t is used for the l i n -
ea r i za t ion of the non-linear problem, spec i f i ca l ly for the appl icat ion of the
Taylor -ser ies expansion. Adjustments to the APRIORI are obtained from

6 =

where C is the variance-covariance matrix of the measured data, A is the coef-
ficient matrix determined by the Taylor series expansion, A™ its transpose,
and M is the measurement vector. C becomes the correlation matrix after appro-
priate transformation. This has been discussed in more detail previously.



I'oenitzB-lJ

Because several cross sect ions are involved we refer to t h i s kind of
evaluat ion as an simultaneous evaluat ion. In Section I I we wil l consider the
objects of the evaluat ion, types of experimental quan t i t i e s to be used, and the
need to reconstruct the o r ig ina l ly measured q u a n t i t i e s . The requirements for
measurements and data report ing wi l l be discussed in Section I I I . Some remarks
on the evaluation of the standards and other p r inc ip le cross sect ions wi l l be
made in Section IV.

I I . THE PARAMETERS AND THE EXPERIMENTAL DATA

Realizat ion of the i n t e r r e l a t i o n of many cross sect ions has led to the
approach of the simultaneous evaluation of the "standards and other p r inc ip le
cross sec t ions" for ENDF/B-VI. The cross sect ions involved are ca l led the
"parameters" or "objects" of the evaluat ion.

6Li (n ,a) thermal - 3.0 MeV
6Li (n,n) thermal - 3.0 MeV
1UB (n,Oo) thermal - 1.4 MeV
1UB (n.cti) thermal - 1 = 4 MeV
ltJB (n,n) thermal - 1.4 MeV
197Au (n,y) thermal - 2.8 MeV
23SU (n,y) thermal - 2.2 MeV
235U (n , f ) thermal - 20.0 MeV
2 3 9Pu (n , f ) thermal - 20.0 MeV
238U (n , f ) 0.1 - 20.0 MeV

The parameters under considerat ion are the cross sect ions at "grid point"
energ ies , however, the process does not put any r e s t r i c t i o n on the de f in i t i on of
these values other than that the de f in i t i on must be cons i s t en t . For example,
the "cross sec t ions" for the l igh t elements at a l l energies and for the heavy
elements at higher neutron energies are indeed the cross sect ions at the given
energ ies . At lower energies the "cross sect ion" for the heavy elements are the
decimal energy in te rva l i n t e g r a l s .

The experimental quan t i t i e s which are present ly implemented in the gener-
al ized leas t -squares nuclear data evaluation code GMA1 a re :

1. Absolute measurements of cross sec t ions .

2. Measurements of the shapes of cross sec t ions .

3. Absolute measurements of the r a t i o s of two cross s ec t ions .

4. Measurements of the shapes of the r a t i o s of two cross sec t ions .

5. Absolute measurements of the sums of cross sect ions ( e . g . t o t a l
cross s e c t i o n s ) .

6. Measurements of the shapes of the sums of cross sect ions ( e . g . the
shape of a ( l u B (n,00+04)).

7. Absolute measurements of the r a t i o s of a cross sect ion v s . the sum
of cross sect ions ( e . g . 235U (n , f ) / 1 0 B ( n , ^ + c^ ) ) .
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8. The measurements of the shapes of the r a t i o of a cross sec t ion v s .
the sum of cross s e c t i o n s .

9. The in tegra l of a cross sect ion over a ( f i s s ion ) neutron spectrum.

These q u a n t i t i e s have been included in order to handle a l l data of impor-
tance for the evaluat ion of the standards and other p r inc ipa l cross sec t ions for
ENDF/B-VI. Other quan t i t i e s could be accommodated as e a s i l y as i t i s only a
matter of providing for the corresponding Taylor se r i e s expansions. The i n t e -
gra l of a cross sec t ion over a neutron spectrum has been included, however, only
values of the U(n,f) and Pu(n,f) r eac t ions wi l l be used in the evaluat ion
because the averages of these cross sec t ions over a f i s s ion neutron spectrum
prove to be i n sens i t i ve to the knowledge of the neutron spectrum.

I t appears obvious tha t only o r i g i n a l experimental information should be
used in an eva lua t ion . However, t h i s requirement poses a la rge problem for the
evalua t ion of a cross sec t ion data base . In most cases experimenters have
presented the i r data in a "pre-evaluated" form. For example, if in an expe r i -
ment the shape of the ~" U(n,f) cross sec t ion has been measured from thermal to
1 KeV and from 100 eV to 100 KeV, using the UB(n,a) reac t ion for the measurement
of the neutron f lux , then the experimenter wi l l convert the measured r a t i o s
using some values for the B(n,«) cross sec t ion , he wi l l then normalize the
high energy part of h i s data to the low energy part and he wil l f ina l ly normal-
ize the data to some thermal cross s ec t i on . There is no reason that the expe r i -
mentor should not do so if he is in te res ted in the outcome for the U(n,f)
cross s ec t i on . However he should provide for the data f i l e s the unnormalized
measurements of the r a t i o of U(n , f ) / B(n,oO for the two energy i n t e r v a l s in
which they have been obtained. Only the l a t t e r should be used in an eva lua t ion .
I t is the need to recons t ruc t the o r i g i n a l l y measured q u a n t i t i e s which poses a
subs t an t i a l problem for the eva lua to r . All too often the reference cross
sec t ions are not specified and the separate pieces cannot be obtained.

There is also an unfortunate la rge amount of confusion about the cu r r en t l y
va l id da t a . Data from the same measurement may have been reported repeatedly
and may have entered a data f i l e prematurely. Also, e r r o r s in a measurement may
have been recognized at a l a t e r t ime, but the data may not have been withdrawn
from the data f i l e s .

I I I . THE REQUIREMENTS FOR MEASUREMENTS AND DATA REPORTING
*

Some of the cross sec t ions involved in the simultaneous evaluat ion for
ENDF/B-VI are now qui te well known. An example is the U(n,f) cross s ec t ion .
The u n c e r t a i n t i e s of the r e s u l t are ~1% or lower at near ly a l l energies between
thermal and 20 MeV neutron energy. I t follows tha t any new measurement with an
uncer t a in ty of ~2% or l a rger wi l l have only a minor impact. S t i l l , i t may be
des i r ab l e to have some measurements at se lected energies in order to check the
accuracy with which the past measurements seem to e s t ab l i sh t h i s cross s ec t i on .
Such measurements might ease our discomfort with the evaluat ion r e s u l t in areas
where data d iscrepancies ex i s t or where data with the low u n c e r t a i n t i e s sug-
gested by the evaluat ion are not in the data base . I t appears t r i v i a l to
request tha t such new measurements should be of high q u a l i t y . However, the re



are many newer measurements for which systematic effects were not recognized,
or, if recognized, were not corrected but added to the uncertainties.

There are other cross sections involved in the simultaneous evaluation for
which the available data base is unfortunately poor. Examples are the uB(n,ai)
and B(n,<x) cross sections for which very few absolute measurements are
available. It is clear that measurements of these quantities are needed.
However, any new measurement should be of a "standard type quality"* that
is:

1. All systematic effects should be considered.

2. All required corrections should be applied and not merely added to
the uncertainties.

3. The reproducebil ity should be proven.

4. The experimental result should be compared with an additional measure-
ment in which as many components are independent (e.g. uncorrelated,
see Youden ) as possible from the first experiment.

5. Resolution unfolding should be applied.

There are requirements for the reporting of data from any new measurement:

1. The originally measured quantities should be reported.

2. All constants used to derive the reported quantities should be reported.
If a constant is not involved as a straightforward factor, then the
sensitivity of the result to this constant should also be given (e.g.
the half-life in an activation experiment).

3. All corrections applied to the measured data should be given. This
permits the later updating with improved secondary data.

4. The statistical uncertainties and estimates of the systematic uncer-
tainties should be given. The latter should be given for each contri-
buting component. The separation of the statistical uncertainties of
the reaction rate measurement and the flux measurement is required if
two cross sections are measured at the same time.

5. Some estimate on how the systematic uncertainty components are cor-
related as a function of energy should be given.

6. Correlations with prior experiments should be stated and an estimate
of the degree to which such correlation exist should be given.

7. The energy uncertainty and the resolution should be given.

Table I gives as an example the listing of a data set used for the ENDF/B-
VI evaluation.
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IV. SOME COMMENTS ON THE ENDF/B-VI EVALUATION OF THE STANDARDS AND OTHER -
PRINCIPAL CROSS SECTIONS

The number of cross sec t ion parameters of t h i s eva lua t ion i s a t present
861. Each data set of a shape measurement adds one parameter. There are
c u r r e n t l y ~100 shape measurements among the ~300 data s e t s . The measured quan-
t i t i e s reduce to ~4800 values at the grid-point energies. It is clear that the
correlation matrix of the experimental data, C, could not be constructed as i t
would require ~2.10^ bytes of memory. However, i t has been demonstrated* that
the grouping of the data sets into "data blocks", which contain the correlated
data sets , permits the immediate construction of the matrix T^ c A which
is of size N x N where N is the number of parameters. C is in this case the
correlation matrix of the.data block. With N ~ 10^ th is matrix requires ~4. 106

bytes of prompt memory which is available. (The total required memory approxi-
mately doubles due to the storage requirements for A, C, M, etc . )

The correlation matrix is constructed in GMA based on the given uncertainty
components and correlation factors which are calculated based on the parameters
given in the data f i l e . The cross correlations with prior data sets are calcu-
lated based on the correlated uncertainty component pairs which are given in the
f i le and a simple factor, also given in the f i le . The correlations within one
data set are calculated based on the totally correlated normalization uncer-
ta int ies and the systematic uncertainty components which are assumed to be
correlated between the energies E1} E2 by a function which consists of a
constant, a, and a triangle of height b and width c with a + b < 1.

Though all the correlation matrices of the presently involved ~300 data
sets were found to be positive-definite (a requirement to obtain the inverse
matrix), a few data blocks were not. It is known that if C is a symmetric
matrix a constant p exists such that C~ = C + pi is positve definite. If C is
the variance-covariance matrix of an experimental data block, than this opera-
tion implies the addition of a constant s ta t i s t ica l uncertainty of"^"~p. This
reduces the overall weight of the data of the specific data block which might
not be acceptable. However, in the present evaluation a transformation has been
made such that C is the correlation matrix and C~ is transformed again to become
a correlation matrix. Thus the addition of pi results in a reduction of the
correlation coefficients which appears more acceptable because the la t ter have
much larger uncertinties than the uncertainties of the data have.

The resolution of the linear equation system required that at least one
datavvalue is available for each parameter. The energy grid has been selected
to represent the gross structure of the cross sections. In an energy region
were one cross section requires a dense energy grid (e.g. the 6Li + n cross
sections over the 240 keV resonance) data may not be available for al l other
cross section parameters. This problem has been resolved by introducing a r t i f i -
cial data sets for each cross section with very large uncertainties.

V. DISCUSSION

It has been demonstrated that a simultaneous evaluation of many inter-
related cross sections can be carried out with present computer technology. The
major problem is the creation of the corresponding data f i l e . It is near
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impossible to reanalyze ~300-400 data sets, specifically because much informa-
tion about the measurements is missing. It is felt that it should be the
responsibility of the experimenter to assure that his data, including their
uncertainties and correlations, are properly included in the data files.

One of the major advantages of a simultaneous evaluation of many cross
sections is that it "randomizes" the systematic errors. This can be expected
because a much larger variety of measurement techniques is involved than there
would be for a single cross section. The simultaneous evaluation also provides
consistency of the results as well as cross-materials covariances.

The goal of the present simultaneous evaluation is to obtain "best" values
for the involved cross sections based on the available data. Subjective selec-
tion of data sets is avoided. This approach should result in an objective
evaluation result which is expected to be independent of the evaluator. St i l l ,
the evaluator has to estimate (systematic) or guess (statistical) uncertainty
components where such information was not given by the experimentor. The
possible effect of these estimates by the evaluator on the result will be
investigated. For this purpose the uncertainty components have been tagged in
the file to indicate their origin.

It is believed that the present simultaneous evaluation, combined with
R-matrix fits f-T the light elements and nuclear model fits for the heavy
elements will pn de improved evaluated cross sections for ENDF/B-VI.
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TABLE I. Example of a Data Set Used for the ENDF/B-VI Evaluation
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