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PREFACE 

The Standards Subcommittee of the U.S. Cr6ss Section Evaluation Working Group 
(CSEWG) encourages, performs, coordinates, oversees and approves evaluations of cross 
section measurement standards for the Evaluated Nuclear Data Files (ENDFIB). This report 
describes the process used to obtain the standards evaluations for the sixth version of 
ENDF/B. New evaluations have been produced for each of the cross section standards and 
the spontaneous fission neutron spectrum for Z 5 2 ~ f .  



ABSTRACT 

This document provides information on the neutron cross section standards placed in 
the ENDFIB-VI library. The H(n,n), 3~e(n,p), and C(n,n) cross sections were each 
obtained from well established R-matrix analysis techniques. The additional standards, i.e., 
the 6~i(n,t), '%(n,cr), l%(n,al!, Au(n,.y), and 235~(n,f) cross sections, were obtained with a 
new method. The new method lnvolves combining the results of a simultaneous evaluation 
and R-matrix analyses. Contained herein is a discussion of the development of the method, 
a description of the evaluation process, some information on the various experiments used in 
the analyses, comparisons of the R-matrix, simultaneous evaluation and combination results, 
and comparisons to ENDFIB-V. Tables of numerical data are given for each of the cross 
section standards, Also the new ENDFIB-VI evaluation for the spontaneous fission neutron 
spectrum for 2 5 2 ~ f  is given. 

KEYWORDS: Au(n, y); "~(n,  a); '%(n,al); C(n,n); combining procedure; ENDFIB-VI 
Neutron Cross Section Standards; H(n,n); 3 ~ e  n,p); 6~i(n,t); R-matrix; 
simultaneous evaluation; standard; %(n,f); A2Cf spontaneous fission 
neutron spectrum 
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1. INTRODUCTION 

The measurement of neutron cross sections can often be significantly simplified by using 
a cross section standard which eliminates the need for a direct measurement of the neutron 
fluence. A cross section measurement is then made by placing both the sample which is used for 
the cross section determination and the sample utilizing the cross section standard in the same 
neutron beam. For thin samples the ratio of counting rates is proportional to the ratio of the 
cross section to be measured to that of the standard. The accuracy of such a cross section 
measurement is limited by the uncertainty in the standard cross section relative to which it is 
measured. Normally such standards apply only in certain energy regions, where their cross 
sections are relatively smooth and well known. Improvements in the standard cause all cross 
sections measured relative to that standard to be improved. This is the reason for the emphasis 
on increasing the quality of the neutron cross section standards. This also explains why they 
must be evaluated prior to completion of a new version of an evaluated nuclear data file such as 
ENDFtB. The standards include H(n,n), "~e(n,~), 6~i(n,t), 10~(n,a), '%(n,al), C(n,n), 
Au(n,y), and 235~(n,f). 

2. EVALUATION METHODS 

Measurement programs have continuously improved the data base of the standards. 
Evaluations have also improved with time; however, there have been significant weaknesses in 
earlier evaluations. In some cases evaluations have been performed by qualitatively or semi- 
quantitatively combining different kinds of data sets by simply drawing smooth curves through 
the existing data. Such evaluations are difficult to document and it is not clear how to determine 
meaningful uncertainties and covariance information. 

In previous evaluations for ENDFIB, a hierarchical approach was followed. The lighter 
element cross section standards were generally considered to be better known. The H(n,n) cross 
section was considered the best known standard and was evaluated first and independently of the 
other standards. This standard is considered so well known that measurements relative to it are 
often called absolute measurements. The 6~i(n,t) cross section evaluation was performed next. 
The only %i(n,t) data which were used were absolute measurements or those measured relative 
to the H(n,n) standard which were converted to cross sections using the adopted hydrogen 
evaluation. Then the l0EI+n standard cross sections were evaluated. The only 'OB data which 
were used were absolute measurements and those relative to H(n,n) and 6~i(n,t) which were 
converted using the new hydrogen and lithium evaluations. This process was continued for each 
of the standards. This method for using ratio measurements does not use all the information 
available. It does not include absolute and ratio data on the same basis as they were measured. 
For example, a ratio of the '%(n,a) to the 6~i(n,t) cross sections would be used in the '%(n,a) 
cross section evaluation but not in the 6~i(n,t) evaluation. 

The difficulties with the hierarchical evaluation procedure and the successes already 
realized using comprehensive objective data combination techniques [I] led to the seeking out of 
a more global approach for ENDF/B-VI than had been used earlier. With such "objective" 
techniques one relies on least-squares or similar procedures to combine the input data consistent 
with experimental uncertainties. Each experiment must be evaluated in detail to represent it 
fairly in this process. The method should be able to handle the full information content of the 



data base. Thus data would be evaluated simultaneously to assure proper use of the available 
information. Ratio measurements of standard cross sections would have an impact on each of the 
cross sections in the ratio. Correlations among the experimental data would be taken into 
account in the simultaneous evaluation. 

It was recognized that there are some absolute' cross section measurements of similar 
quality which are not normally considered standards. For those cases where accurate ratio 
measurements of these cross sections to those of standards exist, the evaluation of that cross 
section should be performed simultaneously with the standards evaluation since it in principle will 
affect the values of the evaluated standards and their uncertainties. Thus the standards and other 
well-known cross sections would be evaluated with the same procedure. As a practical matter the 
addition of data from many nuclides can become a very immense problem though it can be 
handled. Very few cross sections would have any appreciable im act on the determination of a 
standard cross section except other standards. Including data on 'U(n,y), 238~(n,f) and 
239~u(n,f) could improve the quality of the standards evaluations since precise absolute 
measurements exist and many ratio measurements to the standards are available. There is of 
course the benefit that evaluations of these important nuclear reactor fuel cross sections will be 
obtained. It was also felt that the evaluation should include the use of average cross sections 
over selected energy intervals for appropriate heavy-element cross sections to take advantage of 
data sets that extend down to thermal energies. 

The presence of shape measurements which extend to thermal energies in addition to 
absolute data imply that an evaluation of the standards will provide information on the thermal 
constants. In principle the thermal constants could be evaluated simultaneously with the 
standards. Including the results of a completed thermal constants evaluation, with the associated 
variance-covariance information, in the standards evaluation process is equivalent to this. 
Therefore either the thermal constants data base or the complete results of a thermal cross section 
evaluation should be used as input to this evaluation. 

It was perceived that it is important to retain fits to theory in the evaluation of the light 
element standards. This could be implemented with R-matrix analyses. Such analyses can 
provide coupling to reaction theory and give a smooth meaningful analytical expression for the 
energy dependance of the cross sections. The accurate determination of R-matrix parameters 
does however require a rather large data base. Data in addition to angle integrated neutron cross 
sections such as differential cross sections, polarizations, and charged particle measurements 
involving the same compound nucleus can have a significant impact on the standard cross 
sections. In the R-matrix analysis, different reactions leading to the same compound nucleus are 
linked by unitarity to the standard cross section. This condition imposes constraints on the 
standard cross section which are particularly strong near resonances. 

The ideal way to perform this evaluation would be to develop a single fitting program that 
would use all the experimental data involving these reactions. The evaluation should provide 
output covariance data which is consistent with a cross section evaluation that weights input data 
with the inverse of its variance-covariance matrix. The output for the light elements would be 
R-matrix parameters, while average cross sections at many energies would be output for the 
heavy element cross sections. It was decided that the H(n,n), 3~e(n,p) and C(n,n) cross sections 
would not be evaluated in this analysis. For H(n,n) the cross sections were considered very well 
known so that data on the other nuclides would have very little impact on it. This cross section 



was thus treated as absolute in the evaluation. For 3~e(n,p) and C(n,n) very few ratio 
measurements to other standards exist so little would be gained by putting them into the 
evaluation. Separate R-matrix evaluations were performed at a later time for each of these 
standards. 

The single fitting program was not implemented. Instead the decision was made that the 
evaluation would be the result of combining a simultaneous evaluation using generalized least 
squares with separate R-matrix analyses. This procedure took advantage of the strengths of the 
two different analysis modes which can make use of separate classes of experimental information 
to impact on the evaluation of the standard cross sections. It should be noted that under proper 
conditions a global fitting procedure could be achieved by combining the output of the 
simultaneous and R-matrix analyses. 

3. EVALUATION PROCEDURE FOR H(n ,n) , 3 ~ e ( n  ,p), AND C(n,n) 

For ENDFIB-VI, the hierarchical approach was retained for H(n,n) to the extent that 
measurements relative to it were treated as absolute. A nucleon-nucleon cross section evaluation 
by Dodder and Hale [2] was performed. This charge independent R-matrix evaluation, which 
was adopted for ENDFIB-VI, made use of a large data base of n-p and p-p experimental data at 
energies below 30 MeV. A summary of the channel configuration and data fitting characteristics 
of the analysis is given below. 

Channel Maximum Angular Momentum Channel Radius 
!"I, a, (fm) 

n-P 
P-P 

Number of Number of 
Reaction Observable Types Data Points 

n-p scattering 3 
p-p scattering 4 

Totals: 7 836 806 

Number of parameters = 33 =, X2 per degree of freedom = 1.004* 
> 

*Including recent corrections [3] to the 16.9 MeV n-p analyzing power data of Tornow et al. [4] 
reduces the overall X2 per degree of freedom of the fit to 0.9988. 

This data base includes measurements not used in the Hopkins-Breit [S] phase-shift analysis 
which was the basis for the hydrogen evaluation for versions 11, 111, IV, and V of ENDF/B. 
This evaluation gives a representation of the n-p and p-p experimental data in the 0-30 MeV 
energy range that is comparable to or better than that of other recent work [6],[7]. The new 
analysis also gives reasonable results for newly measured quantities, such as the polarization 
transfer data from Karlsruhe [8]. 



The charge independent model used takes the isospin-1 reduced-width amplitudes in the 
R-matrix describing n-p scattering to be identically the same as those describing p-p scattering. 
The energy eigenvalues in the two systems are taken to differ only by an overall constant 
Coulomb energy shift. This simple model allows the p-p scattering data to influence the n-p fit. 
Where measurements of the cross section and analyzing powers for the p-p and n-p reactions are 
compared, the data are quite different at the same eneigy. These differences, coming primarily 
from Coulomb terms and symmetrization properties of the two systems, are well reproduced by 
the charge-independent calculation. The new data, including a coherent scattering length 
evaluation by Holden 193 leads to changes in the shapes of the angular distribution compared to 
those of ENDFIB-V. 

Two quantities often used to characterize the center of mass n-p angular distribution near 
14 MeV are the back-angle cross section, u(180°), and the asymmetry ratio R = ~(180~)la(90~).  
The ENDFB-VI evaluation gives for these quantities at En = 14.1 MeV: 

The value of R is in agreement with most previous measurements. However, it disagrees with a 
measurement made after the completion of the evaluation by Ryves and Kolkowski [lo], of 
R = 1.053 f 0.015, which is consistent with the ENDFIB-V value. The measurement of [lo] 
was actually a determination at 14.47 MeV of the ratio of the 180" to 110" cross sections from 
which a value of R was derived. The ENDF/B-VI, values of the back-angle cross section and 
asymmetry ratio, on the other hand, are in excellent agreement with an evaluation of the 
14.1 MeV experimental data that was done in 1982 by Vincour, Bem, and Presperin [ll]. 

The ENDFJB-VI total elastic cross section, its uncertainty and the Legendre coefficients 
for atomic hydrogen are given in tables 1 and 2. Use is confined to energies sufficiently high so 
that molecular binding effects do not alter the cross sections. Complete covariance files are not 
presently available for the H(n,n) cross section. In figure 1, measurements and the ENDF/B-V 
evaluation [5],[12] are compared with the ENDFLB-VI results for the angular distribution for 
neutron scattering at 14.1 MeV neutron energy. The difference in the cross sections at 180 
degrees in the center of mass system between ENDFfB-VI and ENDFLB-V is significant. This 
angle corresponds to proton recoils at zero degrees in the laboratory system, which is commonly 
used for proton recoil detectors. In figure 2, precise hydrogen total cross section measurements 
and the ENDF/B-VI evaluation are compared with the ENDF/B-V evaluation. The new 
evaluation is in somewhat better agreement with the measurements than the ENDFIB-V results. 
There is also a reduction in the uncertainty of the totaI cross section in the new evaluation, 
compared with that of ENDFIB-V. 

The evaluation of the 3~e(n,p) cross section which is in ENDFIB-V is really quite dated 
since it was originally performed in 1968. A new evaluation was recently done by Hale 1131 
using all possible two body reactions in the 4 ~ e  system. As can be seen in figure 3, the new 
evaluation is in much better agreement with the newer measurements than ENDF/B-V. The 
measurements shown in figure 3 were not included in the ENDFIB-VI evaluation. This cross 
section is tabulated in table 3 along with its uncertainty. Complete covariance files are not 
presently available for the 3~e(n,p) cross section. 

The carbon standard is the s c a t t e ~ g  cross section for natural carbon for energies less 
than 1.8 MeV. In ENDFIB-V, the evaluation was based on an R-matrix analysis for '*c using 
natural carbon data. In the use of this standard, one had to note that two resonances in 13c could 



cause problems since they are not included in the evaluation. A revision of the ENDF/B-V 
evaluation by Fu [14] was made to include the effects of these two resonances. The revision was 
also an R-matrix analysis based on the available data. This evaluation was accepted for use in 
ENDF/B-VI. In figure 4, the ENDFIB-VI carbon total cross section evaluation is shown 
compared with the data of Heaton [15] and the ENDFIB-V evaluation near the 152.9 keV 
resonance in 13c. The Heaton data were obtained with a natural carbon sample. In figure 5, the 
ENDFh3-VI evaluation is compared with that of ENDF/B-V near the 1.736 MeV resonance. 
Though this structure is often referred to as one resonance, it is actually composed of a narrow 
d-wave resonance superimposed almost directly over a broader s-wave minimum. The carbon 
total elastic cross section, its uncertainty and the Legendre coefficients are given in tables 4 
and 5. The changes between ENDFh3-V and ENDFIB-VI are small enough so that the 
covariance files from version V will be used for version VI. 

4. GLOBAL EVALUATION PROCEDURE 

Most of the standards and other important cross sections were evaluated by combining the 
results of a simultaneous evaluation and R-matrix analyses. An energy grid was defined for the 
evaluation which is the same for all cross sections involved in the evaluation and the fitting 
parameters are the values of the cross sections for these grid points. 

It was decided that the generalized least squares program GMA, which is described in 
more detail in reference [I] would be used for the simultaneous evaluation. A related type of 
analysis had been used successfully for the evaluation of the 235~(n,f) cross section for 
ENDFIB-V. For the GMA evaluation, the cross sections which were evaluated are 6~i(n,t), 
6~i(n,n), '%(n,a,-J, '%(n,cq), '%(n,n), Au(n,y), 23s~(n,f), 238~(n,f), 238~(n,7), and 
239~u(n,f). The input data for this evaluation was composed of two independent subsets. One of 
these subsets is a large data base of pointwise measurements assembled at Argonne National 
Laboratory. The references for this data base are given in appendix A. This data base includes 
both shape and absolute cross section measurements and their ratios. Also total cross section 
measurements for 6 ~ i  and are contained in the data base since the scattering and reaction data 
are interrelated in these measurements. Measurements of the 2 3 5 ~  and 239Pu fission cross 
sections in the 2 5 2 ~ f  spontaneous fission neutron spectrum were also included in the data base. 
These data can be obtained with high accuracy and are only weakly dependent on the 
uncertainties in the 2 5 2 ~ f  spontaneous neutron fission spectrum. These data can have an 
important effect on the normalization of the evaluated cross sections. A considerable effort was 
directed at examining the various experiments looking for corrections, etc. which were not fully 
documented in the published papers. Ratio measurements other than those to the hydrogen 
standard which have been converted to cross section values were reinstated to the originally 
measured quantities. Measurements relative to hydrogen were converted using the ENDFB-VI 
values for the total elastic cross section. Perhaps the most difficult part of this work was the 
determination for each experiment of the uncertainties and correlations in that experiment and 
correlations with other experiments. This information was used to form covariance matrices for 
the measurements so that a full covariance analysis could be performed for the evaluation. 
Rather than include the entire data base for the thermal constants, the results of the recent 
evaluation by Axton [16], with the associated variance-covariance data were used as the second 
independent data input subset to the GMA analysis. It should be noted that the Au(n,y) and 
'%(n,a) cross sections at thermal were treated as constants in the Axton evaluation though they 
are parameters in the present evaluation procedure. 



The evaluations of the 6 ~ i  and cross sections for both versions IV and V of ENDF/B 
have been produced with the R-matrix coupled channel program EDA [17]. It was decided that 
this program would be a suitable R-matrix code for the present evaluation process if all 
experiments which are correlated and all ratio measurements (except those to the hydrogen 
standard) were put into the data base used for the simultaneous evaluation. The R-matrix fits 
were done at Los Alamos National Laboratory. In these analyses the experimental data are used 
as measured with weighting normally based on the quoted uncertainties. It is assumed that no 
correlations other than the overdl normalization are present among the data from a particular 
experiment. The code uses automated search routines to minimize chi-square of the fits to the 
input data. In addition to the R-matrix parameters, derivatives of fitted cross sections with 
respect to these parameters and the covariance matrix are available as output. Following the 
fitting process, the cross sections were calculated for the same energy grid as is used for the 
simultaneous evaluation to permit the combination of the results. The parameters deduced from 
these analyses provide neutron cross sections well beyond the standards region. The 6 ~ i + n  and 
'%+n analyses were each done separately with this mde. For the 'Li system the data base 
includes 6 ~ i  total, 6~i(n,n) integrated, 6~i(n,n) differential, 6~i(n,n) polarization, 6~i(n,t) 
integrated, 6~i(n,t) differential, 4~e(t , t)  differential, and 4~e(t , t)  polarization data. For the "B 
system the data base includes '% total, '%(n,n) integrated, '%(n,n) differential, '%(n,n) 
polarization, '%(n,c@ integrated, '%(n,%) differential, '%(n,al) integrated, '%(n,al) 
differential, ' ~ i ( a , a ~ )  differential, 7~i(u,crl) differential, and 7~i(a,n) differential data. The 
references for the 7 ~ i  and "B data bases are given in appendix B. 

Altogether more than 10,000 data points were fit with 109 R-matrix parameters and 935 
pointwise cross sections and parameters. The 935 pointwise cross sections and parameters 
include 406 pointwise cross sections for reactions other than with boron and lithium, 370 
pointwise cross sections for boron and lithium reactions, 22 thermal constants, and 137 
normalization values for shape data. 

A procedure for combining the simultaneous and R-matrix evaluations was determined. It 
is described in appendix C. 1t is based on the observation that the individual fitting processes 
described above include computation of sums that can be combined to produce the same overall 
output parameters as would have been obtained from a global least squares fit of all the input 
data in terms of R-matrix parameters for the 6 ~ i + n  and '%+n systems and pointwise values for 
the other cross sections. A program for performing the combination was written at Oak Ridge 
National Laboratory. Methods were studied to handle correlations between data sets used in the 
R-matrix and simultaneous evaluations. It was concluded that it would not be difficult to handle 
correlations if only a small amount of common data were present, but it would become 
increasingly difficult as more common data are present in the two evaluation processes. For 
simplicity then, the boron and lithium experimental data were separated into two uncorrelated 
groups, one to be used in the R-matrix analyses, called segment 1, and the other in the 
simultaneous analysis, called segment 2. All ratio measurements other than those to the 
hydrogen standard were used in the simultaneous evaluation. Experiments which are correlated 
were put into the segment 2 data base. The combining procedure makes use of the variance- 
covariance matrices from the separate fits as well as the derivatives with respect to the evaluation 
parameters of the fitted values corresponding to the input data elements. The input data sets are 
thus taken into account in a consistent manner. The output is adjusted R-matrix parameters for 
the 6 ~ i + n  and l%+n systems and final point cross sections for the remaining reactions. The 
adjusted R-matrix parameters were used to calculate the 6 ~ i + n  and " ~ + n  cross sections for 
ENDF/B-VI. 



For the combination process, the fitting variables in the least-squares minimization were 
small changes in the R-matrix parameters (em and eBR) for the lithium and boron reactions and 
small relative cross section changes (ed for the heavy elements. For simplicity in writing the 
equations below, the Axton'set is not explicitly recognized and only the lithium R-matrix fit is 
represented. The least-squares equation [18] can be written for this case in terms of submatrices: 

The matrix QIL is the inverse of the R-matrix parameter covariance matrix for the Segment 1 
lithium data. 

and 

The matrix V2 is the variance-covariance matrix of the Segment 2 input data. The 
elements of G2= and G2p are the partial derivatives of the approximation equations, 
corresponding to each Segment 2 reduced input datum, with respect to relative changes in the 
pointwise cross section parameters. The reduced data vector q2 contains the differences between 
the experimental data, reduced to a fmed energy grid, and the initial estimates derived from the 
zero-order parameter values. Finally, the elements of SL are the logarithmic derivatives of the 
pointwise interpolated cross sections for the ' ~ i  system with respect to its R-matrix parameters; 
these were obtained from the R-matrix equations at the Segment 1 solution point. 

Equation (1) was solved for the 674 elements of e. The output covariance matrix 
propagating the input data uncertainties and correlations is the inverse of the matrix on the left 
side. The equivalents of the matrices QIL, S, Q2, and R2 in eq (1) were obtained from the EDA 
and GMA programs for their respective data segments as assumed in the formulation above. The 
lithium and boron results from the Segment 1 fits and the Axton output thermal parameters were 
used as initial estimates in the final Segment 2 iteration. 

Since the R-matrix formulations were quite nonlinear for some of the parameter 
refinements, the final parameters for lithium and boron were obtained from R-matrix fits to the 
cross sections obtained from the combination output. 

Due to the difficulties associated with the transfer of large data files among the 
participants of the evaluation process, an effort was made to select initial estimates of the output 
variables which were sufficiently close to the output values so that a single iteration would 
suffice. In a trial analysis, a non-optimum partitioning of the boron data base between the 
R-matrix and simultaneous analyses was performed [19]. There were significant differences 
between the R-matrix and simultaneous evaluations. Though the results of the combination 
process should be independent of the partitioning of the input data, the desire to run only one 
iteration led to a more favorable partitioning. 



In one case, the combination of the R-matrix and simultaneous pointwise evaluations of 
the independent data segments was iterated. This was done for an early data set where a second 
iteration was performed by obtaining the R-matrix parameter covariance matrix for the 
parameters corresponding to the output of the first iteration. This matrix had one negative 
eigenvalue, but the iteration could proceed formally. The resulting cross section changes were 
substantially smaller than those in the first iteration, but the output data covariance matrix had 
many negative eigenvalues and the results were considered unusable. The underlying problem 
was that the R-matrix fits were quite nonlinear in some parameters over intervals comparable to 
the iteration increments, though the development of the combination equations and the tentatively 
quoted output uncertainties assume linearity. The one-pass combination results were accepted 
regardless of this inconsistency because they seemed to represent the input data. 

5. UNCERTAINTIES 

Few experimenters document their known experimental uncertainties with enough detail to 
allow an evaluator to fully determine the required input data covariance matrix [20],[21]. Also 
since some experimental uncertainties are ~ ~ e c 0 g n i ~ e d  or underestimated, inconsistencies among 
input data commonly occur. Under these circumstances, there may be inconsistencies in the 
output from the evaluation process. Also the output uncertainties may be too small. To account 
in some sense for unknown systematic errors, separate factors of the square root of ?/(degree of 
freedom) were determined for the simultaneous evaluation, for the R-matrix evaluation of lithium 
and for the R-matrix evaluation of boron. Each of these factors were applied, to the analyses 
where they were determined, as a scale factor to increase the output uncertainties. Very unusual 
results can be obtained with discrepant correlated data. To remove problems associated with 
these discrepancies, data greater than three standard deviations away from the output results were 
down weighted in the GMA analysis. This had the effect of reducing the X2/(degree of freedom) 
quantity referred to above to essentially 1. This process was not performed for the R-matrix 
evaluations where this quantity was 4.00 for the lithium analysis and 1.25 for the boron analysis. 
The parameter covariance matrices from the EDA analyses were scaled by the ?/(degree of 
freedom) factors. Even after this increase in the uncertainties, they still appear small to the 
reviewers of the evaluation [22]. Concerns have been expressed that users would not use these 
uncertainties but instead would arbitrarily increase them to what they considered a more 
acceptable level. A strong statement has been made that the Standards Subcommittee should 
provide such expanded uncertainties since they have had the closest contact with the data base 
and could make better estimates of more "acceptable" values. Such expanded uncertainties were 
provided. These uncertainties [23] are qualitative estimates such that if a modem day experiment 
were performed today on a given standard using the best techniques, most of these results would 
be expected to fall within these expanded uncertainties. They were intended to take into account 
data inconsistencies and concerns about R-matrix parameters. These estimated (expanded) 
uncertainties are given in table 6. It is not assumed that these uncertainties are totally correlated 
within the energy ranges given. These expanded uncertainties will be put in file 1 for each 
standard. Complete covariance files for the combination output are available but are very large. 
Based on the number of experimental data points it is clear that the covariance matrix is much 
larger than necessary. Work is now bein done to collapse the matrix. Preliminary results for 
'~i(n,t), l%(n,a), Au(n,~), 235~(n,f), 23'U(n,y)7 238~(n,f), and 239Pu(n7f) are available as part 
of the International Reactor Dosimetry File [24]. 



6. COMPARISONS OF THE R-MATRIX, SIMULTANEOUS EVALUATION, AND 
COMBINATION RESULTS 

In figures 6-20, the combination output is compared with the Segment 1 and Segment 2 
results for each of the cross sections in the evaluation process. In figures 6-11, the combination 
output and Segment 2 results are compared to the Segment 1 (R-matrix) results. For these cross 
sections the partitionings of the data bases were done to provide the highest quality data for the 
R-matrix analyses so that convergence could be more easily obtained for that work. Thus the 
Segment 2 (simultaneous evaluation) results are poorly defined, have large uncertainties and have 
a much smaller effect on the combination output than the Segment 1 results. In figures 12-20, 
the combination output and Segment 2 results are compared with the initial estimates for the final 
iteration of the Segment 2 data in GMA. The Segment 1 results impact on the combination 
results for these cases only through ratio measurements to the 6 ~ i  and '% standard cross 
sections. Including the Segment 1 data reduces the uncertainties and causes some changes in the 
combination results. In figures 12-20, the results shown are those prior to smoothing. 

7. SMOOTHING/FI'ITING OF OUTPUT. DATA 

The lithium and boron cross sections which are obtained from this evaluation process are 
smooth since they are calculated from R-matrix parameters. However the results obtained for the 
heavy element standards in some cases showed fluctuations that seemed unreasonable based on 
expectations from the theory of average cross sections. Significant fluctuations can occur, for 
example, if not all the output points in a neighborhood reflect the same input data sets and if 
unrecognized uncertainties existed. Possible methods for fitting the capture and fission cross 
sections were considered. However instead such methods were used only to provide insight on 
how to do the smoothing. In figures 21-25, the differences between the smoothed results and the 
original combination output are shown. The uncertainties shown are the output values from the 
combination procedure. 

8. RESULTS 

The cross sections and uncertainties for the standards which were obtained from the 
combination of the simultaneous and R-matrix analyses are given here in tables 7-1 1. The results 
are given only for the energy regions over which these cross sections are recommended as 
standards by the CSEWG standards subcommittee, but the user must decide where to use the 
standard based on the uncertainty information available. There may be situations where a 
standard can be used over a much larger energy interval. In some cases, data points have been 
added to the original evaluated output to im rove the definition of the cross section shape and to 
ease in interpolation of the data. For the '& and 6 ~ i  cross sections shown in tables 7-9, the 
results are point values at all energies. Though in some cases these cross sections were obtained 
in part with' measurements having moderate neutron energy resolution, its effect on the evaluation 
is probably not significant. For the Au(n,y) and 235~(n,f) cross sections shown in tables 10 and 
11, the results are low resolution smooth point values. 

In tables 7-1 1 not all of the cross section results from the evaluation process are given. 
Non-standard cross sections, data beyond the standards region for a standard and most of the 
thermal constants are not shown. For completeness the entire output listing from the cross 



section evaluation process, as it was when it first became available, is given in appendix D. The 
9.4 eV value for the 2 3 5 ~  fission cross section is the integral cross section over the range from 
7.8 to 11 eV. For the heavy elements the cross sections shown for energies from 0.15 through 
15 keV represent decimal interval average values labeled at the center energies for intervals 
starting at 0.1 to 0.2 keV and ending with the interval 10 to 20 keV. 

The standard cross sections are shown in figures 26-30 as ratios of the ENDFIB-VI to 
ENDFIB-V values. For the 6~i(n,t) cross section, shown in figure 26, the changes are relatively 
small below 100 keV which was the recommended maximum energy for use of this cross section 
as a standard for ENDFIB-V. The changes are however larger than expected based on the 
uncertainties of the two evaluations and the number of data sets in common for the evaluations. 
The inclusion of the simultaneous evaluation results in the ENDFB-VI evaluation has only a 
small effect in this lower energy region. The structure near 250 keV may be largely due to 
effects associated with inconsistencies in both the energy scales and the width of that resonance. 
This cross section is recommended for use as a standard below 1 MeV. The comparisons of the 
ENDFIB-V and ENDF/B-VI boron cross sections are shown in figures 27 and 28. The standards 
are the '%(n,q) and the l0I3(n,cr) cross sections and they are recommended as standards below 
250 keV. Similar results are seen for these cross sections as for the 6~i(n,t) reaction in the low 
energy region. The changes are relatively small but larger than anticipated based on the 
uncertainties of the evaluations. At the higher neutron energies, significant differences are 
observed. The 1°F3(n,olo) measurements of Olson and Kavanagh [25] and Sealock [26] have had 
important effects on the ENDF/B-VI evaluation at these energies. Recent measurements of the 
branching ratio 1271 are 10 to 30% lower than ENDF/B-VI in the 100 to 600 keV energy region. 
However new determinations [28] of the '%@,al) cross section agree well with ENDFIB-VI to 
above 1 MeV. The ENDF/B-VI Au(n,y) cross section which is shown in figure 29 is similar to 
that of ENDF/B-V. However it is somewhat lower at the lower and higher neutron energies. 
Below about 300 keV, there is structure in the present evaluation which is a result of including 
measurements [29],[30] taken with high enough resolution to see effects due to competition with 
inelastic scattering and fluctuations in the neutron widths and spacings of the compound nucleus 
levels. This cross section is recommended as a standard from 200 keV to 2.5 MeV. The 
235~(n,f) cross section is shown in figure 30. This cross section is a standard from 150 keV to 
20 MeV. The ENDFIB-VI cross section is lower than that of ENDFIB-V by 1-22 below 
3 MeV. New measurements 1311 and the inclusion of the s 2 ~ f  spectrum averaged ='u(n,f) 
data, particularly [32] and [33], had a significant impact on lowering these values in the 
ENDFIB-VI evaluation. Above about 15 MeV the data base is rather poor so appreciable 
differences occur with changes in evaluation method. Recent measurements 3341-[35] indicate 
differences as large as 5% with ENDF/B-V and ENDFD-VI. 

In figures 31-33 the ratios of the results of this evaluation process to those of ENDF/B-V 
1371 are given for the Z38~(n,f), 238~(n,y), and 239Pu(n,~ reactions. 

A new evaluation of the 2 5 2 ~ f  spontaneous fission neutron spectrum has been completed 
by Mannhart [38]. This evaluation made use of recent time-of-flight measurements of this 
spectrum. From the information that was available, a complete covariance matrix was generated 
for each experiment. The data were combined by generalized least-squares techniques. The 
evaluation was carried out with 70 energy grid points between 25 keV and 19.8 MeV. The 
individual experimental data were extrapolated to these grid points by using the shape of a 
Maxwellian distribution appropriate for each experiment. The evaluation gave a value of X2 per 
degree of freedom of approximately unity and indicated no incompatibility between the 



experiments. The resulting relative uncertainty of the evaluation is smaller than 2% between 
180 keV and 9.3 MeV. A weighted spline interpolation between the discrete data points was 
used to generate a continuous shape of the evaluated neutron spectrum. The result of the 
evaluation has been compared with available theoretical descriptions of the 2 5 2 ~ f  neutron 
spectrum. None of the existing theories is compatible with the evaluation over the whole energy 
range. The values at the energy points chosen for the ENDF/B-VI evaluation ate given in 
Table 12. The uncertainties which were obtained from the evaluation process are shown in 
Table 13. The complete covariance matrix is available but large so it is not shown in this 
document. 

9. CONCLUSIONS AND RECOMMENDATIONS 

The work described in this report has produced improved cross section standards which 
are self consistent. The methods employed are the most sophisticated that have been used since 
the ENDFIB system was introduced. There are however still a number of improvements to the 
evaluation process which should be considered before the next evaluation of the standards so that 
delays can be avoided. 

There are some inconsistencies in the present work which should be handled properly. In 
the evaluation [16] of the thermal constants the Au(n,y) and 1°13(n,cr) cross sections which are 
standards for these measurements were treated as constants. The thermal constants from this 
evaluation were imported into the present evaluation where these standards were treated as 
variables. The effect of this transgression is small since the uncertainties on these cross sections 
at thermal are small. 

The H(n,n) cross section was assumed to be so well known that the remaining standards 
would have little impact on it in this evaluation. Concerns about the hydrogen standard angular 
distribution for energies above a few MeV suggest that it may be valuable to include this cross 
section in the comprehensive combining process. Also the 3~e(n,p) and C(n,n) cross sections 
were not used in the combining process since few ratio measurements to these standards exist. 
For completeness, inclusion of the 3~e(n,p) data should be considered in the next evaluation. 

Because of the success in using nuclear models in the evaluation of the 238~(n,y) cross 
sections [39], including such models in future standards evaluations of capture cross sections 
should be encouraged. More work should be done on models which could be used to fit fission 
data. This could possibly improve the quality of the evaluation and reduce or eliminate the need 
for smoothing of the output results. 

Approaches should be considered for doing the evaluation so that the entire process could 
be done on one computer system. For the present formalism, the R-matrix and simultaneous 
evaluations and the procedure for combining them could then be iterated more easily. 

An important problem encountered with the present evaluation was the uncertainties in the 
standard cross sections. Improved methods to increase the uncertainties based on the spread in 
the input values should be investigated. This effort could be eliminated if discrepancies in the 
data base could be resolved. 
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Table 1. II(n,n) Cross Section 
ENDF/B-VI, MAT 0125 

Recommended 

Energy Range (keV) 
(l.E-08) - 20000 

as a standard from about 10 eV to 20 Me 

Log-log interpolation 

Cross Section Values 

H(n,n) Total Cross Sectton Uncertainty 
(at each point in the energy range) 

Uncertainty ( 8 )  
0.2 



Table 2.  H(n,n) Center of Wass Legendre Coefficients 
tv 

DSIGMA = ( 21  +1) 4 PI , 4 = 1 

Linear-linear interpolation 

Legendre Coefficients 



Table 2 (Continu 

A2 A3 

1.371700-4 -3.027600-7 
1.571400-4 -3.691900-7 
1.783500-4 -4.465600-7 
2.007700-4 -5.362000-7 
2.243500-4 -6.395600-7 
2.490800-4 -7.581600-7 
2.749000-4 -8.936500-7 
3.017900-4 -1.047700-6 
3.297100-4 -1.222300-6 
3.586300-4 -1.419100-6 
3.885100-4 -1.640200-6 
4.193200-4 -1.887700-6 
4.510300-4 -2.163800-6 
4.835900-4 -2.470700-6 
5.169900-4 -2.810600-6 
5.511800-4 -3.186100-6 
6.218100-4 -4,053500-6 
6.952500-4 -5.093600-6 
7.712300-4 -6.327900-6 
8.495200-4 -7.779400-6 
9.299000-4 -9.471700-6 
1.012100-3 -1.142900-5 
1.096000-3 -1.367700-5 
1.181300-3 -1.624200-5 
1.267800-3 -1.915000-5 
1.355300-3 -2.242900-5 
1.577500-3 -3.242800-5 
1.802300-3 -4.535600-5 
2.027300-3 -6.165800-5 
2.250400-3 -8.177900-5 
2.469800-3 -1.061500-4 
2.683900-3 -1.352000-4 
2.891400-3 -1.693000-4 
3.091200-3 -2.088200-4 
3.282500-3 -2.540700-4 
3.464700-3 -3.053300-4 
3.637400-3 -3.628100-4 
3.800500-3 -4.266800-4 
3.953900-3 -4.970100-4 
4.098000-3 -5.738300-4 
4.233300-3 -6.570900-4 
4.360400-3 -7.466400-4 
4.480300-3 -8.422500-4 
4.594000-3 -9.436200-4 
4.703100-3 -1.050300-3 
4.809100-3 -1.161800-3 
4.913900-3 -1.277500-3 
5.019600-3 -1.396600-3 
5.244000-3 -1.641500-3 
5.505700-3 -1.888000-3 
5.833900-3 -2.125200-3 
6.264600-3 -2.339400-3 



Table 3. %e(n,p) Cross Section 

ENDF/B-VI, MAT 0225 

Recommended as a standard below 50 keV 

Log-log interpolation 

Cross Section Values 

%e(n, p) Cross Section Uncertainty 
(at each point in the energy range) 

Energy Range (keV) Uncertainty ( 8 )  



Table 4. C(n,n) Cross Section 
ENDF/B-VI, MAT 600 

Recommended as a standard below 1.8 MeV 

Linear-linear interpolation 

Cross Section Values 

E ( ev) 0 (a) E(eV) o(b) E ( ev) ~ ( b )  

C(n,n) Total Elastic Scattering Cross Section Uncertainties 
(at each point in the energy range) 

Energy (keV) 
1 - 500 

500 - 1500 
1500 - 1800 

Uncertainty (%) 
0.46 
0.53 
0.60 



Table 5 .  C(n,n) Center of Mass Legendre Coefficients 

1 

(21 +I) A, Pt , A,, = 1 DSIGMA - -r 
Linear-linear interpolation 

Legendre Coefficients 

A2 A3 A4 



Table 5 (Continued) 



Table 6. Estimated (Expanded) Uncertainties Compared with those 
Obtained from the Evaluation Process 

(Note the two types of uncertainties are defined differently) 

6~i(n,t) Cross Section 

Energy Range (keV) 

Energy Range(keV) 

Energy Range(keV) 

Estimated 
Uncertainty (%) Comb. Result ( 8 )  

1°~(n,a) Cross Section 

Estimated 
Uncertainty (%) 

~ O B  (n, a,) Cross Sect ion 

Estimated 
Uncertainty (%) 

Comb. Result (%) 

Comb. Result ( 8 )  



Table 6 (Continued) 

Energy (keV) 
2 .533-05  

200 - 500 
500 - 1000 

1000 - 2500 

Energy (keV) 

Au(n,y) Cross Section 

Estimated 
Uncertainty (%) 

0 . 1 4  
3 . 0  
3 . 5  
4.5 

23%(n,f) Cross Section 

Estimated 
Uncertainty (%) 

Comb. Result (%) 
(0.14) 
(1.31) 
(2.1) 
(2.0) 

Comb. Result ( 8 )  



Table 7 .  =~i(n,t) Cross Section 

ENDF/B-VI MAT 325 

Recommended as a standard below 1 MeV 
Log-log interpolation up to 500 keV 

Linear-linear interpolation above 500 keV 

Cross Section Values 

Uncertainty ( 8 )  

0.24 
0.24 
0.24 
0.24 
0.23 
0.23 
0.23 
0.23 
0.23 
0.23 
0.24 
0.26 
0.28 
0.29 
0.31 
0.32 
0.32 
0.32 
0.32 
0.32 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.32 
0.32 
0.33 
0.34 
0.35 
0.36 
0.37 
0.38 
0.39 
0.39 
0.40 
0.40 
0.41 



Table 8 .  1°~(n,a)  Cross Section 

ENDF/B-VI MAT 525 

This cross section is the sum of the 1°~(n ,ao)  and 1 ° ~ ( n , a l )  cross sections and is  
recommended as a standard below 250 key. 

Log-log interpolation 

Cross Section Values 



Table 9 .  l%(n,a,) Cross Section 

ENDF/B-VI MAT 525 

Recommended as a standard cross section below 250 keV 

Log-log interpolation 

Cross Section Values 



Table 10. Au(n,r) Cross Section 

ENDF/B-VI MAT 7925 

Recommended as a standard cross section from 200 keV to 2.5 MeV 

Linear-linear interpolation 

Cross Section Values 

At thermal energy, E - 0.0253 eV, the ENDF/B-VI value is 98.71 b (the result 
of this evaluation process is 98.69 b with an uncertainty of 0.14%). 



Table 11. 23%J(n,f) Cross Section 

ENDF/B-VI MAT 9228 

Recommended as a standard above 150 keV 
Linear-linear interpolation 

Cross Section Values 

At thermal energy, E - 0.0253 eV, the ENDF/B-VI value [ 4 0 ]  is 583.98 at 300 'K (the 
result of this evaluation process is 584.25 b with an uncertainty of 0 . 1 9 % ) .  



Table 12. Prompt Neutron Spectrum from the Spontaneous Fission of '"~f 

Linear-linear interpolation 



Table 13. Uncertainty in the Prompt Neutron Spectrum from the Spontaneous 
Fission of m 2 ~ f  

Energy Range 
(eV) 

Uncertainty 
(%I  

Energy Range 
(ev) 

Uncertainty 
( %  
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Fig. 4 Cornpacison of the measyFments of Heaton et d. 1321, of the carbon total cross section near the 
152.9 keV resonance in C with the ENDFIB-V and ENDFIB-VI evaluations. 
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Fig. 5 Comparison of the ENDFIB-V and ENDFIB-VI carbon total cross sections near the 1.736 MeV 
resonance in 13c. 
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APPENDIX A. References for the Data Base Used for the Simultaneous Evaluation 

Adamchuk, Yu V., et al. (1977) Conf. on Neutron Physics, Kiev, 2, 192; 238~(n,y)/10~(n,~l)  [445] 

Adamov, V.M., et al. (1983) Int'l Nucl Data Comm. INDC(USSR)-180L; 235~(n,f) Cf-AV [575]; also 
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Bowman, C.D., et al. (1963) Phys. Rev. 130, 1482; 235~(n,f)/1%(n,cr), shape [732] 
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239Pu, Argome Nat'l Lab., ANL-76-90, 141; 238~(n,f)P35~(n,f) [832] 
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A TECHNIQUE FOR OBTAINING A GLOBAL FIT COMBINING 
ADVANTAGEOUS CHARACTERISTIC OF GMA AND EDA 

R. W. PEEUE 

Equations are developed that are planned to be used in the combination 
of the outputs of the EDA analysis of the 'Li and I ~ B  composite nucleus 
reaction systems at LANL and the GMA simultaneous evaluation at ANL of 
6 ~ i  (n , a) , 6 ~ i  (n , n) , 'OB (n, ao) , I0l (n, al )  , 'OB (n , n) , ls7~u(n, 7 )  , 2 3 8 ~  (n, 7 )  , 
23%(n, f) , 239~u(n, f) , and 238~(n, f) pointwise cross sections. 

INTRODUCTION 

In an earlier letter to CSEWG~ and in papers by Carlson et al., at Gee1 
and Santa Fe  conference^,^ a plan was described to combine results from LANL 
EDA R-matrix analyses3 and ANL GMA simultaneous evaluations. Since the 
earlier letter is somewhat vague on details and since the general concept has 
now been well documented in Refs. 2 and 3, the present note attempts primarily 
to clarify the development of the equation to be used. 

In addition, there are some preliminary comments on the proper inclusion 
of (a) shape information for the fission cross sections in the thermal energy 
range, and (b) the thermal fissile constants. 

2. THE PROBLEH AND ITS "IDEAL" SOLUTION 

Our problem is to employ properly the upgraded data and evaluation 
techniques now available to produce an excellent evaluation of neutron 
standard and other important cross sections that we can fully defend. This 
goal implies the need to (1) evaluate in a consistent way all the standards 
and other cross sections for which absolute cross sections have been well 
measured, (2) retain the advantages of use of the R-matrix evaluation tool for 
the light elements, and (3) obtain the output covariance information 
corresponding to the data combination method employed. 

The problem statement presumes the conclusions that through ratio 
measurements (1) knowledge of the cross section affects the 23%J(n,f) 
standard, (2) vice versa, (3) absolute measurements on non-standards such as 
23Q~u(n,f) are sufficiently precise to affect the standards to some degree. 
The Standards Evaluation Subcommittee of CSEWG has sought an evaluation 
strategy that treats these possibilities in a consistent way. 
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Neglect "practicality" for the moment and consider an ideal solution 
scheme for the problem posed. Since we do not know all the uses of the 
evaluated data well enough to know if loss to the sponsors would be more 
severe for cross section values too high or too low, it is reasonable to seek 

a solution vector e such that zte has minimum variance for any vector z .  
Subject to general conditions, a least-squares solution meets this criterion 
provided the input data are weighted with their inverse variance-covariance 
matrix.= Here, the evaluation is parameterized in the vector (e,) by whatever 
means are best; R-matrix parameters are components of e along with whatever 
parameters represent the 235U(n,f) and other cross sections as a function of 
energy. Some parameters may represent the normalizing constants for cross 
section "shape" measurements. The parameter vector change in one iteration 
toward this solution is given by the solution of the least-squares matrix 
equation. 

or equivalent forms, where the (7,) vector stacks up all the significant 

absolute and ratio data and by represents differences between yi and y: (eO)  , 
the calculated value at the same point based on the current best-estimate 

parameters e: . (Vij) is the variance-covariance matrix of these experimental 
data including effects of energy uncertainty, and the 

are the derivatives with respect to the evaluation parameters of the 
interpolated values for the cross sections at the energies for which these are 
input data elements. The derivatives are evaluated at the best known 

parameter set e:. For the approach to be valid, we must demand (1) that the 
equations relating y to e can be linearized near the solution point, and 
(2) that any formula from which the derivatives are obtained does represent 
the observed physical phenomena. 

Since the problem is nonlinear, the convenient variables are the 
indicated relative or absolute differences in e and y from sequential 
estimates refined in the course of iteration. The corresponding covariance 

matrix of the output parameters is C = (GtV-=G)'l, a choice that can be 
defended when the input data scatter is consistent with the data covariance 
matrix V. The point is that the needed evaluation outputs would be available 
from such a global least-squares effort if (1) input data covariance matrices 
are available and sufficiently well-drawn that they can be inverted, (2) the 
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derivatives Gi, are available both for R-matrix parameters and pointwise cross 
section parameters such as are used in the ANL code GMA, (3) the evaluators 
could devise means to deal with any discrepancies in the data base, and 
(4) the numerical problem could be put on a machine and solved. 

Condition (1) requires considerable evaluator effort and codification of 
the results if the consequent evaluated cross sections are to be fully 
credible. W. Poenitz has completed much or all of this e f f ~ r t . ~  Derivatives 
G,, are now largely available, but not all in the same computer program. 
Handling discrepancies in the data base must occur in any case; global 
evaluation may point up discrepancies more sharply. Getting the global leasr- 
squares problem on one machine is not incredible for the future; however, as 
seen in the next section, a global fitting program should not be needed. 

Fortunately, many of the measured data sets required for input to the 
hypothetical least-squares problem are not intercorrelated. This fact greatly 
increases the tractability of the data variance-covariance matrix and its 
inverse, and leads to consequent simplification of the numerical problem. 
The first step of the analysis can proceed separately for each subset or 
"segment" of the overall data for which the experimental results are not 
correlated with the data in the other subsets. The complexity of the 
resulting formulae depends on the degree to which the fitting parameters in 
this first step can be the same as those for the final evaluation. 

The idea of the present approach is to obtain the numerical values of 
the sums on the right side and the term Gt r1 G on the left of the global 
least-squares Eq. (1) above by combining values from the existing separate 
fitting programs set up at LANL and Am, using "segment 1" and "segment 2" 
data sets, respectively. It is assumed that we will know at the outset how to 

estimate an overall parameter vector (e:) very close to the final global 
solution, so that the g2 minimization can be linearized. 

3 .  SEPARATION OF THE DATA AND PARAMETER VECTORS 

First one separates the overall relevant data base into segments not 
correlated with each other. For our example, segment 1 consists of all the 
charged-particle data in the '~i and I'B reaction systems, plus a portion of 
the neutron cross section data on 6 ~ i  and strictly uncorrelated with the 
second segment. The segment 1 of the data base is further separated into 
subsegments 1L for the '~i system and 1B for the 1 1 ~  system. It is assumed 
that no experimental value in segment 1A is correlated with any value in 
segment 1B. The segment 2 data base consists of all the neutron cross section 
and ratio data for 235*238U(n, f) , 23B~~(n, f) , %i(n,a), etc. , from measurements 
uncorrelated with those in segment 1. Suitable divisions of the global data 
base have been shown to be possible in practice.' 
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The trial parameter vector for the global fit can be separated into a 
stack of subvectors as follows: 

0 where eLR and e& are respectively the best estimate of the final R-matrix 

parameters for the lithium and boron reaction systems, and the ej (the a of 
Ref. 4) are the best pointwise* cross section parameter estimates of Poenitz, 
for targets other than 6 ~ i  and 'OB, together with various experimental data 

set normalization parameters. [Later we employ e~ and e ~ .  The vector d(e&) 
is the set of pointwise estimates for the lithium system that is obtained from 

the R-matrix parameters eh. The vector 4 of pointwise estimates is 
similarly obtained from eiR. However, since for Li and B the R-matrix 

parameters are sought, 4 and q0 are derived quantities. ] 

Note that the R-matrix parameterization generates neutron cross sections 
covering a wider energy range than that for which it has been applied in the 
ENDF/B system. Moreover, the ratio and other data in use with GMA for 6~i+n 
and 1°~+n, which we wish to include in the R-matrix evaluation, does not cover 
the whole range of data types already included in the R-matrix evaluation. 

The parameter vector 6e of Eq. (1) corresponds to a change from the base 
parameter vector eO. 

0 0 where LU - em - em, EBR - eBR - egR, and r p  (= 6p of Ref. 4) has as 

components the relative differences (epni - eini ) /e l i  utilized by the GMA code 
of ~oenitz,~ in the present case only for variables other than the lithium and 
boron cross sections. The output parameters from an iteration of the grand 
system are the vector segments eLu, em, and ep. 

* "Pointwise" is a modest misnomer, since the GMA system now utilizes in the 
energy region below 100 keV some parameter definitions corresponding to cross 
section averages or integrals. 
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The (6yi) vector of eq (1) is a stacked difference vector including both 
segment 1 and segment 2 of the data base. 

The vector wlL = YI1 - yL(ek) the difference between the segment 1L 
measurement vector and the calculated vector from the best-guess R-matrix 
parameters for lithium. The vector segment q m  is &fined similarly for the 
segment 1B boron data and R-matrix computed values. The vector segment t ] ~  has 
components 

qzi =72i -yzi(eO) . 

The element y2i(e0) is the value comparable to yzi but calculated from the base 
parameter vector eq (2). Recall that the information of '~i and 1 1 ~  reaction 
systems are contained in R-matrix parameters. The qzi are Mi of Ref. 4 
multiplied by the standard deviations of the corresponding observations. 

4. SEGMENTING THE DERIVATIVE AND VARIANCE-COVARIANCE MATRICES 

The derivative matrix G - (ayi/ar,) jrlo can be expanded as follows: 

This matrix has as many columns as the number of output parameters e,, 
and as many rows as the elements of the global data base. It is evaluated at 
the best known parameter set eO. There are large null submatrices because the 
interpolated cross sections from the R-matrix fit for the lithium system are 
not explicit functions of the R-matrix parameters of the boron system or the 
pointwise cross section parameters for 2 3 0 ~ ~ ,  23823, etc. 

In eq (6) the matrix GLR elements are obtained from the R-matrix program 
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and the elements of Gm are similarly obtained. The matrices GILR and GIBR are 
generated in the R-matrix analysis of the segment 1 data. 

The elements of G2L, GZB, and G2P take into account the relative nature 
of the fitting variables of Ref. 4 and correspond to the derivatives of Ref. 4 
for the portions of the pointwise data base for 6 ~ i ,  I'B, and all others, 
respectively. For example, going back to the definition in Eq. (5) 

and 

Recall that eB is a set of pointwise parameters for the l l ~  reaction system, 
values of which are computed from the R-matrix parameters for the boron 
system. In the case of interest to CSEWG, GZL, G,, and GZP are inherent in 
the ANL analysis of the segment 2 data. Indeed, the matrix (Gx, GB, GZP) is 
the matrix A of Ref. 4 with each element multiplied by the standard deviation 
of the corresponding observed value, when only segment 2 data is included in 
the computation of the matrix elements. 

Finally, the elements of the matrices SL and SB in Eq. (6) are the 
derivatives of the pointwise relative cross section parameters cp with respect 
to the corresponding R-matrix parameters. For example, 

The e~ and eB are just interpolated values from the R-matrix analysis, 
and so the elements given by Eq. (10) can be computed in a modification of 
that program. Note from Eqs. (9) and (10) that the product matrices GusL and 
GZBSB just yield the derivatives like ayzi/aemIB required for Eq . (6) . 

Because the data segments lL, lB, and 2 are each free of observations 
correlated with observations in either of the other two segments, the data 
covariance matrix V of Eq. (1) is "block diagonaln and one can directly write 

in terms of the inverses of submatrices that are the variance-covariance 
matrices of each of the data segments. 
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5 .  THE GLOBAL LEAST-SQUARES PROBLEM EXPRESSED IN SEGMENTED FORM 

Equation (1) can now be expanded in terms of the segmented vectors and 
matrices defined above. 

Equation (12) may be rewritten using the following matrix definition 
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Similarly define the following vectors: 

RIL ' G& vi; t l l~ , 

RIB G;R ~2 tlu , and 

Based on all the definitions of Eqs. (13) and (14), the global least-squares 
equation becomes 

This may be solved for r ,  and the decision then made whether additional 
iterations are required. 

6 .  OBTAINING THE VECTORS AND MATRICES REQUIRED FOR THE GLOBAL LEAST-SQUARES FIT 

It is believed that the vectors and sums in Eq. (15) can be obtained from 
relatively simple modifications to the programs that separately perform the 
R-matrix fits at LANL and the simultaneous evaluation fits at ANL. This might 
be accomplished without actually performing iterative fits to the separate 
segments of the data base. 

The S-matrix contains derivatives with respect to R-matrix parameters of 
interpolated values from the R-matrix formula in EDA. That program has been 
trained to output the needed values. 

The matrix W2 is the matrix cil in Eq. (20) of Ref. 4, when the latter is 
obtained using the estimated parameter set e0 and only segment 2 of the input 
data base. (Note that the matrix inversion to obtain C6 is not required.) R2 
is the vector A~ c1 H of Ref. 4 when obtained under the same circumstances. 
Therefore, W2 and R2 are readily available. 

If the EDA program were based on the usual general least-squares approach, 
WU, and Ra would be the least-squares matrix and right-hand side of the equation 
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expressing an iteration starting with the parameter set e& and using only 
segment 1L of the data base. However, this is not the basis of the search in 
EDA, which is based on the following relation6 for the change in the parameter 
vector Sp: 

where 

and 

The gradient vector g~ - 2RIL under the conditions indicated above; it is readily 
available. However, r1 is directly obtained in EDA as part of the iterative 
process and in the EDA program it is not defined except at the solution point. 

At least three options remain if all the matrices of Eq. (15) are to be 
available for the global least-squares approach. 

(a) One may use for & and e k  the iterated EDA solutions obtained from 
the segment 1 data set. This choice of e0 is not apt to be our actual best 
estimate. This option would permit only one full iteration of the global 
problem. In this case one is using the G matrices relating Ru and RIB to 6 p  of 
Eq. (16) ( c  of earlier sections here) from EDA rather than from least-squares 
theory. G. Hale has shown that for this problem the matrices do differ, and has 
indicated that c1 is a more general approximation to the parameter covariance 
matrix. 

(b) One could modify the EDA program to give Wu (and WIB) just for this 

application, computed at any selected parameter vector e h  (and ek). This 
approach negates any advantage from the EDA formulation of the equations, but 
does permit (rather clumsy multilab) iteration. 

(c) Again for a single iteration, one could choose for e h  and eiR the 
parameters from the R-matrix analyses of unsegmented data sets, as is likely to 
be favored. One could then compute the W1 just for that portion of the neutron 
data being "given upw in the data base segmentation, and subtract this from the 
G computed via EDA. This approach assumes that the contribution to G from this 
part of the neutron data is the same as would be obtained in least-squares 
theory. While this approach would be relatively simple, this author believes 
that numerical problems are apt to ensue. 
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The author believes that approach (b) is the most promising because it 
gives the most options for the completion of the global analysis. The initial 
1986 results have been obtained using option (a). 

7. INCLUSION OF THE !WERMAL FISSILE CONSTANTS 

At present the CSEWG Standards Committee has access to the results of the 
thermal fissile These overlap the information in the pointwise 
file. The situation is: 

(a) The output 2 3 9 ~ ~  and 2 3 5 ~  "thermaln fission cross sections from Ref. 7 
are included as input data to GMA. 

(b) The thermal parameter measurements utilized in Ref. 7, for = ~ i ,  ~OB, 
lS7~u, are also employed as input to GMA. 

(c) The output values from GMA may differ from inputs in the cases of 6 ~ i ,  
~OB, 23%, and 239P~. 

In addition to these problems, the output cross sections and g-factors 
from Ref. 7 may be inconsistent with R-matrix fits to the resonance regions of 
the fissile nuclides. 

Recent R-matrix fits to the fissile nuclide cross sections do not exist 
now, but may well exist by the time ENDF/B-VI is being assembled. It is 
recommended that for ENDF/B-VI such R-matrix fits be employed in file 
construction if the 2.2 km/s value lies within - 1/2 standard deviation of the 
thermal parameters recommended by the Standards Subcommittee. Otherwise, the 
Standards Subcommittee should review any proposed resolution of the conflict. 

Whenever the g factors derived from fissile resonance parameterizations 
differ from the values assumed in the derivation of the fissile thermal 
parameters, the Standards Subcommittee should consider the impact of such 
changes on the thermal parameter outputs. This would be facilitated by earlier 
documentation of the sensitivity to such inputs. 

The overlap between the GMA analysis and the traditional thermal fissile 
constant fit has been handled in the May 1986 results by including all the 
traditional thermal constants as variables in GMA along with the covariance data 
obtained by Axton in his analysis of the thermal data.8 
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APPENDM D. Complete Results of the Combination Process 

August 31, 1987 

MEMORANDUM To : C . Dunford 
From : A. Carlson, G. Hale, R. Peelle, W. Poenitz 

Subject : Results of the ENDF/B-VI Standards Evaluation 

The following are the complete output listings from the standards evaluation 
process, plus an extension to low energies of the 2 3 8 ~  fission cross section by 
the evaluator, W. Poenitz, for completeness. Note that cross sections such as 
the integral scattering cross sections for the light elements are included 
though they are not useful as standards. 

This is the smoothed output of the combination of the generalized least 
squares (using segment 2 data) and R-matrix (using segment 1 data) evaluations. 
The uncertainties are not yet final. In some cases, points have been added to 
improve the definition of the cross section shape and to ease interpolation 
thereby. The comments before each data set are important and should be 
distributed with the data. 

For 1°B and 6Li at all energies the cross sections are point values. Though 
in some cases they were obtained in part with data having moderate neutron 
energy resolution, its effect on the evaluation is probably not significant. 
Except for the range up to 20 keV, for the heavy elements, the cross sections 
are low resolution smooth point values. The 9.4 eV value for the 235U fission 
cross section is the integral cross section over the range from 7.8 to 11 eV. 
The cross sections listed for the heavy elements with tags from 0.15 keV through 
15 keV represent decimal interval average values labeled at the center energies 
for intervals starting at 0.1 to 0.2 keV and ending with the interval 10 to 
20 keV. 

It should be noted that data inconsistencies exist which can cause false 
cross section structure. For example, the energy grid chosen in some energy 
ranges because of local structure in one cross section causes few experimental 
values to be available for other cross sections and consequently leads to lack 
of correlation restraint. Therefore the combination output has been smoothed to 
remove such structure if evidence indicates that it is very improbable that the 
fluctuations are real. In some cases, e .g. , 235~(n,f) , structure has been left 
in since there is a reasonable probability that it is remnant of real structure. 

The data have been finalized only in certain energy regions in order to give 
the assigned ENDI?/B file evaluators for these nuclides sufficient freedom in the 
evaluation process. For the heavy elements the evaluators may superimpose 
structure on the cross sections below the "finalized" energy limits given here. 
In these cases the committee recommends that evaluators try to impose structure 
that maintains the average values given to about 0.5 standard deviations. It is 
also recommended that the values of the thermal constants used in the 2 3 3 ~ ,  235U, 
239P~ and 241P~ evaluations agree within 0.5 standard deviations of the values 
listed here. For the light element standards, the evaluator G. Hale may need to 
revise values above the upper limit given in order to take into account 
information required for extending the evaluation to 20 MeV. 
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MEMO of August 31,1987 
Some diiemwes may exist 
compared to ENDFIB-VI 

Proposed final cross sections below 1 MeV 
uncertainties are not final 

Log-log interpolation up to 500 keV 
Linear-linear interpolation above 500 keV 

The values with *'s are points added for ease in interpolation 
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Cross sections are not final 
Uncertainties are not final 
Linear-linear interpolation 

MEMO of August 31, 1987 
Some diierences may exist 
compared to ENDFBVI 
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MEMO of August 31,1987 
Some d'ierences may exist 
compared to ENDFtB-VI 

Proposed final cross sections below 250 keV 
Uncertainties are not final 

Log-log interpolation up to 500 keV 
Linear-linear interpolation above 500 keV 
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Cross sections are not final 
Uncertainties are not final 
Linear-linear interpolation 

MEMO of August 31,1987 
Some diierences may exist 
compared to ENDFBVI 



Appendix D (Continued) 

MEMO of August 31,1987 
Some diierences may mist 
compared to ENDFTS-VI 

Proposed final cross sections from 200 keV to 2.5 MeV 
Structure may be imposed below 200 keV 

Average cross sections are given 
from the interval (2.0-3.0 keV), labelled 0,25003-02 MeV; 

to the interval (10-20 keV), labelled 0.15003-01 MeV 

Uncertainties are not final 
Linear-linear interpolation 

 his value differs slightly from that of ENDF/B-VI. 
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=*(n, f) 

MEMO of August 31,1987 
Some diierenws may exist 
compared to ENDFIB-VI 

Proposed final cross sections above 150 keV 
Structure may be imposed below 150 keV 

The 9.4 eV value is the integral cross section from 7.8 to 11 eV 

Average cross sections are given 
from the interval (0.1-0.2 keV), labelled 0.1500E-03 MeV; 

to the interval (10-20 keV), labelled 0.1500E-01 MeV 

Uncertainties are not final 
Linear-linear interpolation 

%is value differs slightly from that of ENDF/B-VI. 
#units of barn-eV 
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=%(n, f ) (Continued) 

MEMO of August 31,1987 
Some differences may exist 
compared to ENDFIB-VI 



MEMO of August 31,19%7 
Some diderences may exist 
compared to ENDFIB-VI 

Appendix D (Continued) 

Average cross sections proposed as final in the full energy range 
Structure may be imposed below 4 MeV 

Uncertainties are not final 
Linear-linear interpolation 

The values with t's were supplied by the ENDF evaluator (W. Poenitz) 
but are not part of the present evaluation process 

The values with *'s are points added for ease in interpolation 

a (b) Uncertainty(%) 

0.03004 1.41 
0.03600t* 1.38 
0.03810t* 1.37 
0.03920t* 1.36 
0.04025t* 1.34 
0.04209t* 1.31 
0.04030t* 1.28 
0.04000t* 1.28 
0.03912 1.27 
0.05020t* 1.24 
0.06500t* 1.22 
0.1119t* 1.17 
0.1855 1.13 
0.2822t* 1.08 
0.3310t* 1.05 
0.3560t* 1.03 
0.3805t* 1.01 
0.3990t* 0.98 
0.4125t* 0.96 
0.4226 0.94 
0.4550t* 0.84 
0.4820 0.75 
0.5070t-k 0.75 
0.5250 0.72 
0.5355t.k 0.73 
0.5391 0.73 
0.5373 0.75 
0.5328 0.73 
0.5270 0.79 
0.5160 0.75 
0.5210t* 0.75 
0.5354 0.78 
0.5483 0.81 
0.5496 0.82 
0.5470 0.89 
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f) (Continued) 

MEMO of August 31,1987 
Some dierences may exist 
compared to ENDFIB-VI 
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MEMO of August 31,1987 
Some diierences may exist 
compared to ENDFlg-VI 

Proposed final from 150 keV to 2 MeV 
Structure may be imposed below 150 keV 

Average cross sections are given 
from the interval (0.1-0.2 keV), labelled 0.1500E-03 MeV; 

to the interval (10-20 keV), labelled 0.1500E-01 MeV 

Uncertainties are not final 
Interpolation rules to be determined 

a (b) Uncertainty (%) 
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MEMO of Angwt 31,1987 
Some differences may exist 
compared to ENDFIB-VI 

Proposed final cross sections above 150 keV 
Structure may be imposed below 150 keV 

Average cross sections are given 
from the interval (0.1-0.2 keV), labelled 0.1500E-03 MeV; 

to the interval (10-20 keV), labelled 0.1500E-01 MeV 

Uncertainties not final 
Interpolation rules to be determined 

*This value differs slightly from that o 
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f )  (Continued) 

Uncertainty (%) 

0.64 
0.64 
0.67 
0.67 
0.65 
0.69 
0.72 
0.74 
0.68 
0.74 
0.74 
0.79 
0.82 
0.81 
0.86 
0.86 
0.91 
0.97 
1.03 
0.98 

MEMO of August 31,1987 
Some differences may exist 
compared to ENDFIB-VI 



Appendix D (Continued) 

MEMO of August 31, 1987 
Some differences may exist 
compared to ENDFIB-VI 

Thermal (2200 mls) Constants with Uncertainties in Percent 

The evaluation by Axton (CBNM Report GE/PH/01/86) was used as input 
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