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Resonance-parameter covariance matrix (RPCM) evaluations in the resolved resonance region were done for 232Th, 233U, 235U, 238U, and 239Pu using the computer code SAMMY.  The retroactive approach of the code SAMMY was used to generate the RPCMs for 233U, 235U.  RPCMs for 232Th, 238U and 239Pu were generated together with the resonance parameter evaluations.  The RPCMs were then converted in the ENDF format using the FILE32 representation.  Alternatively, for computer storage reasons, the FILE32 was converted in the FILE33 cross section covariance matrix (CSCM).  Both representations were processed using the computer code PUFF-IV.  This paper describes the procedures used to generate the RPCM with SAMMY.
I.  Introduction

Design targets for nuclear systems have demanded better basic nuclear data and greater knowledge of their uncertainties.  Hence, over the years efforts have been made to improve the quality of basic nuclear data.  Thermal reactor designs and fissionable applications, such as criticality safety, have been the driving force for new data evaluations in the low-energy range.  Data evaluations in the high-energy region have been accomplished primarily in support of shielding applications and fast reactor design.  Although the accuracy of the nuclear data (such as neutron interaction cross sections) has significantly improved, until recently, little information existed on nuclear data uncertainties, and even less existed on nuclear data covariances.

At Oak Ridge National Laboratory (ORNL), data evaluations in the resolved and unresolved resonance energy regions are performed with the computer code SAMMY [1].  Using SAMMY, uncertainties are incorporated in the evaluation of the experimental data (transmission or total cross section, capture, and fission cross section).  Various sources of experimental uncertainties must be included; among these are normalization, background, and neutron time-of-flight, sample thickness, and temperature.  All of these uncertainties are included in the evaluation process in order to properly determine the RPCMs.  In this paper, we address the generation of covariance data in the resonance region via the computer code SAMMY.  In SAMMY, the data fitting of the cross sections is based on generalized least-squares formalism (Bayes’ theorem) together with the resonance formalism described by R-matrix theory.  Two approaches are used in SAMMY for the generation of resonance-parameter covariance data: During the evaluation process, SAMMY generates a set of resonance parameters that fit the data; in addition, SAMMY provides the resonance-parameter covariance.  For existing resonance parameter evaluations, where no resonance-parameter covariance data are available, the alternative is to use an approach called “retroactive” resonance-parameter covariance generation; this approach is described in some detail in this paper.
II. Retroactive Covariance Evaluation

Often there is a need to produce a covariance matrix for a pre-existing set of resonance parameters.  For example, resonance parameters for many nuclides are available in ENDF File 2, but the corresponding covariance matrices are not available.  When it is not possible to completely redo the analysis of the experimental data, the following scheme may be used to generate a realistic approximation for the covariance matrix.

First, artificial data are generated from the ENDF resonance parameters.  Transmission, capture, fission, and other data types are calculated.  Realistic experimental conditions (Doppler temperature, resolution function, etc.) are assumed.  Realistic statistical uncertainties are assigned to each data point, and realistic values are assumed for data-reduction parameters such as normalization and background.

The artificial “experimental data” are then “analyzed” simultaneously using generalized least-squares equations as the fitting procedure.

Let Dj represent the “experimental data” and Vij the covariance matrix for those data.  Values for V (both on- and off-diagonal) are derived from the statistical uncertainties on the individual data points and from the uncertainties on the data-reduction parameters, in the usual fashion:
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In this equation,  
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Let Pm be a member of the set of resonance parameters for which we wish to determine the covariance matrix, and let Ti be the theoretical cross section at energy
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.  In matrix notation, the least-squares equations are then
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where
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represents the updated set of resonance parameters and 
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 the associated resonance parameter covariance matrix.  G is the set of partial derivatives of the theoretical values T with respect to the resonance parameters P (G is sometimes called the “sensitivity matrix.”)

If we were analyzing actual physical measurements, 
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 would be different from P.  However, because we are analyzing artificially created data, 
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 is very nearly identical to P; this follows directly from Eq. (2) when D = T.  The matrix M', which was derived as the covariance matrix associated with the updated parameters 
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, is therefore an appropriate representation for the resonance parameter covariance matrix associated with the original set of resonance parameters P.
In summary, the procedure used to generate the resolved resonance covariance data with the retroactive approach in the SAMMY code is as follows:

· Retrieve “best set” of available resonance parameters and convert them into the Reich-Moore form; 

· Use the parameters to simulate “experimental” cross sections for total, scattering, fission, and capture cross sections for input to SAMMY;

· Assign a global “experimental” uncertainty to the “experimental data” based on the uncertainty in the thermal capture cross section and the capture resonance integral, data normalization, data background, etc;

· Run SAMMY code with the option to generate resonance-covariances retroactively;

· Convert the resonance-covariance results from SAMMY into the ENDF File 32 format.

The resulting resonance parameters and covariances are used in the calculations of average cross sections and uncertainties. 
III. Covariance Evaluations
A. Covariance Evaluations for 232Th

A Reich-Moore resonance evaluation for 232Th was performed [2] in the energy range from 0 to 4 keV using the computer code SAMMY.  The resonance parameters are available in the ENDF/B-VII.0 library.  The evaluation resulted in 911 resonances in the energy range from 0 to 4 keV, 8 negative resonances, and 8 resonances above 4 keV, for a total of 927 resonances. Because the fission cross section is negligible below 4 keV, each resonance of 232Th in the Reich-Moore formalism is described by only three parameters:  the resonance energy Er, the gamma width Г, and the neutron width Γn.

The RPCM evaluation for 232Th was performed together with the resonance parameter evaluations. Since the fission channel is not present, the size of the covariance matrix is comparatively much smaller than those obtained for other fissile isotopes such as 233U and 235U.
The ENDF formats available for representing covariance matrices for resonance parameters in the resolved resonance region are the LCOMP = 1 format, in which the entire covariance matrix is listed, and the LCOMP = 2 format, in which covariance matrix is represented in a compact form, permitting a reduction in the size of the covariance matrix.  For the case of 232Th, 50 megabytes of computer storage is needed in the LCOMP = 1 representation.  In the LCOMP = 2 representation, the storage size is 3 megabytes.  The final 232Th evaluation, including the covariance matrix, was processed using the 44-group structure of the SCALE system [3].  The results of the processing code PUFF-IV [4] were cross-checked with results obtained from a similar calculation with SAMMY.  No differences were found.  Thirty-one of the energy groups in the 44-group structure are in the energy range below 4 keV.  Group-average cross sections and uncertainties generated using the resonance covariance were calculated.  As an example, the correlation matrix for the capture cross sections for 232Th is shown in Fig. 1.
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Fig. 1. Correlation matrix for the 232Th capture cross section for the 31 energy groups.
B. Covariance Evaluations for 233U

As reported elsewhere [5], a Reich-Moore resonance evaluation for 233U has been performed in the energy range 0 to 600 eV using the computer code SAMMY. A total of 769 resonances, including the external levels, were used.  At the time the evaluation was performed, the resonance-parameter covariance matrix was generated; however, this matrix is no longer available.  Therefore, the retroactive approach was used to generate RPCM. Each resonance of 233U in the Reich-Moore formalism is described by five parameters (the resonance energy Er, the gamma width Г, the neutron width Гn, and the two fission widths Гf1 and Гf2), for a total of 3845 parameters.  The large number of resonance parameters leads to two major issues when generating a resonance covariance: (a) the computer memory required to process the data and (b) the data storage for the resulting covariance file.  The former has been addressed by using an in-house computer with 32 gigabytes of memory.  To address the latter issue, a methodology to convert FILE32 into FILE33 representation was developed at ORNL [6].  The FILE33, the CSCM representation, is intended to characterize the variances of the cross sections within a specified energy region, and the correlation between cross sections of adjacent energy regions.  The choice of CSCM over the RPCM is expected to lead to a reduction in computer storage.  To illustrate the use of the FILE33 representation for 233U, the covariance matrix using the LCOMP = 1 for FILE32 required a file of 100 megabytes.  Conversion of the 233U covariance matrix into the FILE33 format requires only 3 megabytes.  In the conversion of FILE32 to FILE33 329 energy boundaries were used.  The remarkable reduction in the storage space permits the processing of SAMMY-generated covariance data and the subsequent generation of covariance matrices for groupwise cross sections using processing codes.

Twenty-eight energy groups of the SCALE 44-group structure are in the energy region below 600 eV.  The correlation matrix for the group fission cross section is shown in Fig. 2.  Below 1 eV the group fission cross sections are highly correlated.
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Fig. 2.  Group cross section correlations for the fission cross section.

C. Covariance Evaluations for 235U

A Reich-Moore resonance evaluation for 235U has been performed in the energy range 0 to 2250 eV using the computer code SAMMY [7].  A total of 3193 resonances, including the external levels, were used.  Since the RPCM generated no longer existed, the retroactive approach was used [8].  Each resonance of 235U in the Reich-Moore formalism is described by five parameters (the resonance energy Er, the gamma width Г, the neutron width Гn, and the two fission widths Гf1 and Гf2), for a total of 15965 parameters.  The large number of resonance parameters leads to major issues regarding data storage for the covariance file.  The required storage for the 235U RPCM in the ENDF/B format is 1.76 Gigabytes.  The computer code PUFF-IV was used to process the 235U evaluation in the ENDF/B format.  Changes were made to the PUFF-IV code to reduce the processing time of the covariance data.  A great reduction in processing time was achieved. Computation of the CSCM was optimized by utilizing Basic Linear Algebra Subprograms (BLAS) to perform matrices multiplications [9].  This optimization was crucial for computation of CSCM for actinides on energy grids with many points, since multiplication of very large matrices is required in this case.  The CPU time used to compute CSCM for 235U on a 238-group energy grid decreased from more than a month to only 16 hours of CPU time after the optimization.  To alleviate the need for a huge amount of computer storage for the 235U RPCM in the ENDF FILE32 representation, the FILE33 was used.  The size of the ENDF library using the FILE33 representation is reduced to about 30 megabytes; that is, it is 57 times smaller than that using FILE32.  The number of energy boundaries needed in the conversion of FILE32 to FILE33 was 522.
The capture cross section covariance data processed with PUFF-IV code in the 44-group structure are shown in Fig. 3. The average uncertainty in the capture cross section as displayed in Fig. 3 is about 1% in the resolved resonance energy region (energies smaller than 2250 eV) and 10% above the resonance region.  The covariance evaluations above 2250 eV and for the number of neutrons per fission (ν-bar) were done at Los Alamos National Laboratory [10].
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Fig. 3. Correlation matrixes for the 235U capture cross section in the 44-neutron energy group structure.

D. Covariance Evaluations for 238U

A detailed description of the cross section evaluation for 238U can be found in Ref. 11.  The 238U resonance parameters are available in the ENDF/B-VII library.  The evaluation resulted in 3312 resonances in the energy range from 0 to 20 keV, 22 negative-energy resonances, and 9 resonances above 20 keV—for a total of 3343 resonances.  Because the fission cross section is negligible below 20 keV, each resonance of 238U in the Reich-Moore formalism can be described by only three parameters: the resonance energy Er, the gamma width Г, and the neutron width Γn.  The evaluation was performed in the energy range from 0 to 20 keV using the computer code SAMMY including corrections for experimental conditions (Doppler and resolution broadening, multiple scattering corrections, backgrounds, etc.).  The experimental uncertainties are incorporated directly into the evaluation process in order to propagate those uncertainties into the resonance parameter results.  Uncertainties treated during the 238U evaluation process included statistical and systematic uncertainties for each of the differential data sets plus the quoted uncertainties for the resonance integral and thermal cross section.  The result of the present evaluation is a complete RPCM associated with the set of parameters obtained in Ref. 11.  In that work, the SAMMY fits of the experimental data were performed in partial energy ranges; therefore, only partial covariance matrices were obtained.  In the present work, a sequential SAMMY fitting of the experimental data was performed in the entire energy range 0 to 20 keV by varying all the parameters of the 3343 resonances (10,029 parameters).  The final 238U evaluation converted into the FILE32 ENDF format is a file 800 megabytes in size.  The covariance data was processed with the PUFF-IV.  Results from PUFF-IV were cross-checked with results obtained from a similar calculation by SAMMY; no major differences were found. Capture cross section correlations for the 44-neutron energy groups calculated with the ERRORJ [12] code are shown in Fig. 4.  Uncertainties in the capture cross section in the resonance region (up to 20 keV) range from 1 to 15%.  Above 20 keV the uncertainty can be as high as 25%.
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Fig. 4.  Correlation matrixes for the 238U capture cross section in the 44-neutron energy group structure.

The RPCM FILE32 representation was converted into the FILE33 representation.  In the FILE33 representation the CSCM requires only 200 kilobytes of computer storage.  In the conversion of FILE32 to FILE33 535 energy boundaries were used.  The CSCM was processed with the PUFF-IV code with results comparable to the FILE32 representation.
E. Covariance Evaluations for 239Pu

A resolved resonance evaluation of the 239Pu cross sections was done with the code SAMMY in the energy region 0 to 2500 eV [13].  The evaluation of the RPCM was done with a single SAMMY run including all the experimental data.  The experimental database contains data in partial energy ranges. Since there is no data set covering the entire energy range of the resonances, the RPCM was derived based on “experimental” fission and capture cross sections generated in the energy range 0 to 2500 eV from the resonance parameters with resolution at least equivalent to the experimental resolution.  The final covariance in the FILE32 representation is a file of 2.5 megabytes.  The RPCM was converted into the FILE33 CSCM, which led to a file of 140 kilobytes.  The number of energy boundaries needed in the conversion of FILE32 to FILE33 was 318. The PUFF code processed the 239Pu covariance in the 44-group structure.  The capture cross section correlations are shown in Fig. 5.  The covariance evaluation above 2500 keV was done at LANL [10].  In the resonance region the uncertainty in the capture cross section varies between 2 and 10%, whereas above the resonance region it can be as high as 40 %.  The covariance data was used in benchmark calculation as shown in Ref. [14]. 
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Fig. 5.  Correlation matrixes for the 239Pu capture cross section in the 44-neutron energy group structure.

IV. Conclusions

Covariance data for 232Th, 233U, 235U, 238U, and 239Pu in the resonance region were generated at ORNL with the computer code SAMMY.  ORNL has developed alternatives to address concerns with the size of the covariance data.  The large size of the covariance matrix will not be a problem since the options of translating the ENDF covariance from the FILE32 into the FILE33 or compact representation (LCOMP = 2) leads to a great reduction in computer storage without loosing the features inherent in the FILE32.  While computer speed and storage have constantly been improving, it is worthwhile to have small sized data evaluations.  The evaluations are stored in nuclear data banks and are retrieved by users worldwide who may have limited network and processing capabilities to download and process the data.  The covariance data have been processed with the PUFF-IV code to obtain group cross section uncertainty data on any user-defined neutron group structure.  In particular, the calculations presented here are for the 44-group structure of the SCALE system.  The covariance data were used in sensitivity calculations to assess the uncertainty in multiplication factors (keff) for thermal, intermediate-energy, and fast-energy benchmark systems.
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