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ABSTRACT

A stralghtforward derlvation is presented for the covariance matrix
of evaluated cross sections based on the covariance matrix of the
experimental data and propagation through nuclear model parametersa.

I. INTRODUCTICN

In an svaluation of nuclear data, the evaluator would ideally attempt
to utllize and preserve all valid information contained in the
experimental data base, as well as utilize the knowledge available from
and through nuglear models and thelr associated auxliliary parameter data
base. In the casze of nsutron cross sections, this usually calls for a
simultaneous evaluation of several cross ssctions if correlationa between
such croas sections exist. This {s the case for the "standards", and
several cross secvblons of lmpurtance for reactor nsutronics wiich will bve
considered here as an example. The experimental data for *Li(n,a),
%8(n,a), '*7Auln,¥), 2***u(n,vY), *%%u(n,f), 2**U(n,f) and 2*?*Puln,f) are
correlated not only because some measurements of different eross sections
were carried out with the same detectors or samples, but also beciuse
croas section ratios and sums (e.g. total cross sections for the light
nuclei) were measured as well., For this reason it has been decided to
evaluate thesa cross sections simultaneousiy for ENDF/B-VI.! Such
gimultaneousg evaluation is aspecially desirable in this case as covariance
intormation ror these cross sections, as well as cross material
covarlances are of specific importance for applications and can be derived
in a natural way.

Different theoretical models would be Inveked for the evaluation of
these ¢ross sections, i.e. the R-matrix theory for the light nuclel (swe
for example Her'. 2) and the statistlcal/optical model for the reastion
cross sections of the heavy nuclei (ses for example Ref., 3), The use of
these theorstical models 1s desirable for various reasons. One is the use
of additional data, e.g. angular diatributions, nolarization and inverse
reaction dasta through R-matrix theory for the light nuclei, and to {mpaaa
physical gross structure, e.g. inelastic compectition ouspa, on the heavy
nuclel c¢ross sections. Another is that theoretical mcdslis provida amooth




oross sections whare experimental data may result in unreal structure due
to atatistical uncertaintiss and data {noonsistenalea.

The simultanevus fltting of the aorrelated experimental data with a
combinaed R-matrix and statiastical/optical model computer code would
provide a multi-model parameter set and its covarlianee which would he used
for the subsequent derivation of the evaluated cross sectlons and their
covarlance by error propagation. Though this would be the most satisfying
and direct appreoach, it can be eaaily guesaed that It would geverely tax
the present computer capabilities in both running time and atorage and
addressing space. A stepwise approach is discussed here which has been or
may be used 1n parts Ol an evaluation proposed ror ENDF/B-VI.

II. GENERALIZED LEAST-SQUARES EVALUATION OF EXPERIMENTAL DATA

A firsat and substantial reduction of the amount of data which have to
be handled by a nuclear model code can be achleved by a generalized laast-
squares fit of the experimental data (about 450 data sets with more than
10,000 data values). A paramctor space of .. 1000 gppears desirable in
order to represent thermal parameters, energy Integrals below 10 KeV, and
pointwise cross sections which reflect the gross structure of the ¢ross
gections above 10-20 KeV on an appropriate energy grid. From the
genaralizad laast-squares fit ane obtaina the refinamant vector

T = ™ T " .
§ = (A Cn A) (A Cy M) (1)

with covariance

T, ™
Cy = (a7C, A) (2)

(see for example Ref. 4) which is to be applied to an a priori parameter
veator (arbitrary, except for the applicablility of the linearity
approximation). The A i2 the design matrix with ¢lements egual to the
first coeffic*ents of the Taylor serles expansion of the measured
quantities (A" 1s 1ts transpose), and M 13 the measurement vector. With
appropriate tranaformation,® Cy is the correlation matrix of the measured
data. That a parameter space of this size can be handled with today's
computer capabilities has been demenstrated with the generalized Jlazast-
sugares program CMA In 1980®% and thie step is now part of an evaluation
proposed for ENDF/B-VI,?

IIT. -THE ADDITION OF NEW OR AUXILIARY DATA

Additional data for the evaluated parameters may be available,
e.g. new experimental data, integral data, or data which have been derived
from quantities which are not part of the parameter space (for example
angular distrivutions) with the help of a nuclear model. Integral data
have been exaluded from the evaluation proposaed for ENDF/B-VI, with the
well-justified exception of the ?3*Cf spectrum averaged fission oross
sections of 2?°U and **?Py, in .~der to keep the problem of differential



data uncertainties and reactor wodelling uncertainties a separate lssue.
New data could easily be accommodated by rerunning GMA. However, the data
cbtained from a nuclear model ¢annot, in general, be added as an input set
to the GMA data base because 1ts covariance matrix is singular.® Instead,
these data can be utlllzed with the well-known formallism used in
"adjustment" procedures (see for example Ref. T) Lf they are uncorrslated
with the data used {n the first atep of the evaluation. Using the firsi-
step result of the parameter vector as a priori one obtains a simplified
second-step adjustment vector®

-l
52 = Ch1(A;C AT+ Cay s (3)

)

with covarlance

-
C..=¢ —CGAZ(AZCGA,T+C3) A,C (u)

§? § 8
M is the "measurement" vector of the cross sections derlved from the
nuclear model, G, is the corresponding covariance matrix, and A {s the
coefficient matrix for the additional data, Cs ls the covariance matrix
o the "first-step" evaluated parameters and follews from Eq, (2). Cg 18
non-singular But C_ i3 in general singular; however, in the one sxample af
interest hers, it Ras besn shown that A8 Az + C, van be Invertad.® This
"second-step" approach of adding more complex data informatlion {as angular
distributions, polarization eto.) 1is currently belng considsrsd as an
option for the evaluation proposed for ENDF/B-VI. Another option of
gombining theoretical nuclear model results with evaluated pointwise data
has been discuased elsawhare,! In either case, it provad necessary in the
example discussed here to use sume oross ssstien data which could have
been used in the firat step of the evaluation in the nuclear model fit.!

IV, THE UTILIZATION OF NUCLEAR MODELS

Though scme data obtained from a nuclear model ¢an be utilized In a
"gooond=atep" prooedure as shown in Section TII, the desire %6 use a
multi-model fit of the pre-evaluated croas sections remains. The main
advantage of a separate "second-step" addition of data derived from a
ruclear model 13 that a final step rejuires less complicated nuclear model
modules, i.e. modules which only calculate the cross sections which are
Lhe objects of the evaluation, and thus require less computer time And
space. The total parameter space ls somewhat reduced as only the cross
soctions described by the nuclear models can be included In the fit, l.e.
thermal parameters and energy interval lntegrals are excluded.

For this third step of the evaluation in which theé pre-evaluated
cross sections are Fit with a multi-nuolear model code, the (oross
section) parameters evaluated in the prior steps become measureablé
quantities, my, which can be derived from nuclear models, and the nuolear
model parameters become the new parameters. Assuming an a priori nuclear
model parameter vector p, the adjusted gquantity (avaluated cross section)

is again based upon a Taylor series expansion
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vhere f (p) is the derived quantity.obtained from the nuclear model based
upon thé a priori parameter vector p. The

"~
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are the coefficients of the "sensitivity" matrix which replaces the
aceffialent matrix A in Fns. (1) and {?)., The derivativea. 3f1/001 are
obtained from the nuclear model elther in analytical form (R-matrix) or
from finite differences. The adjustment vector § for the nuclear model
parameters and its covariance can be obtained with analogous use of

Eqs. (1) and (2). However, p needs to be c¢lose to the final solution P in
order for the linearity assumption (Eq. (5)) to hold. This can be
achieved by prior non-linear fitting of the c¢ross sectlons of individual
nuclel by simple y* minimization. At this stage, other cross sectiona can
be ineluded in order to further conatrain some parameters. Alternatively,
if a nuclear model parameter set and 1ts oovariance are avallable basad
upon data which are uncorrelated with the m; ‘s, § and its oovariance can
ba obtalned from Eqs. (3) and (4). in this oase, the uncerbtalnlles of Lhe
a priori nuclear model parameters restrain the adjustment called for by
the additional data, The covariance matrix of tha avaluated quantities,
fi(p) follows from error propagation from the covarlance matrix of the

parametera"‘°

T
Co DCDD '

where D is the matrix ol Lhe derivatives, 3fi/dpj, and C, is from Eg. (2)
or (4). Formally, the covariance of the evaluated cross sections, Ce, 1s
gerived from Lhe cuvarlance of the measursd data, Cy, DY pnopagation
through the covariance of the nuclear model parameters. C.. Additional
uncertainties which are due to the approximations of the Ruclear models

are lgnored at this point.
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