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NRSC: Neutron Resonance Spectrum Calculation System

Version 2001.0

by

Francisco Leszczynski
ABSTRACT
The NRSC neutron resonance spectrum calculation system is a code package for producing fine and broad multigroup neutron spectra and related quantities on the resonance energy region, from pre-processed evaluated nuclear data in the ENDF format, on homogeneous mixtures of resonance and no-resonance isotopes and cylindricized  pin cells of nuclear reactors.
I. INTRODUCTION 

The NRSC neutron resonance spectrum calculation system is a code package for producing fine and broad multigroup neutron spectra and related quantities on the resonance energy region. A very fine constant lethargy mesh is used for this purpose. The slowing-down equation is calculated on millions of energy points. The needed cross sections are prepared from evaluated nuclear data in the ENDF format (Ref.1), pre-processed with NJOY code (RECENT, BROADR, UNRESR/PURR modules) (Ref.2) or Cullen’s programs (LINEAR, RECONR, SIGMA1) (Ref.3), up to the desired temperatures for Doppler broadening process. Two geometry options are implemented up to day on the system: homogeneous mixtures of resonance and no-resonance isotopes and cylindricized pin cells of nuclear reactors. Clusters of rods and plate geometry will be added on future versions of the system.
The calculated spectra are used for producing integrated quantities involving cross sections of resonance isotopes. The integration can be done on a user defined energy mesh. The NRSC system can be used for different purposes. Some of the applications of NRSC system are:

· Production of Resonance Integrals vs. Background Cross Sections of mixtures with a resonance isotope and hydrogen, on broad energy groups for testing other methods and for introducing on WIMSD type Libraries (Refs.4,7).

· Computation of Lambda factors of intermediate resonances on the formalism of WIMSD resonance treatment, for preparation of WIMSD Libraries (Refs.5,8,10).

· Generation of effective multigroup cross sections of resonance isotopes on cylindricized reactor pin-cells, for spatial regions and averaged over spatial zones, for testing more approximated resonance treatments (Refs.5,7).

· Research on test of new resonance treatment methods.

· Other applications where detailed spectrum calculations on the resonance energy region are needed.

A. The Programs of NRSC

The NRSC system consists of a set of separate computer programs, each performing a well-defined task. They are linked one to another by input and output files and a few user input instructions.

GEXSCO prepares the cross section libraries of resonance isotopes on a very fine constant lethargy mesh, needed by RMET21 program.
RMET21 performs the main task of the system: the calculation of neutron spectra on the resonance energy region for homogeneous mixtures and cylindricized pin-cells.
ALAMBDA calculates the intermediate lambda factors needed by WIMSD type libraries, from the results of RMET21.

WLUTIL performs several auxiliary operations on WIMSD libraries, such as the extraction of resonance data for comparisons with RMET21 results, and introduction on the libraries of lambda factors and resonance integrals calculated with NRSC system.
A brief explanation of the methods used in these programs and instructions on how to use them are given in subsequent sections of this manual.
B. Data Flow in NRSC

The programs of NRSC are linked in a fixed form to calculate parameters for various applications. The following summary illustrates the general flow of data in the system. At the end of this section, it is included a table with the input and output files of NRSC system.

GEXSCO reads an ENDF tape in ASCII format, that must be the output of BROADR or UNRESR or PURR-NJOY modules, or the output of SIGMA1 Cullen’s program, for one resonance isotope at the desired temperature. The cross sections are interpolated to fill an user input lethargy mesh. The resulting cross sections, ready to be used by RMET21 program, are written onto a file named XS1 in binary form, to reduce disk storage requirements.

RMET21 reads the XS1 resonance cross section data prepared by GEXSCO, and user input from a file named RMET21.DAT, with options and additional data needed for the spectrum calculation and integrations for each particular case. If there are more than one resonance isotope in the problem, XS1, XS2, XS3 ... files must be present, one for each resonance isotope. If desired, an additional file named RI.DAT can be added to one RMET21 calculation, with reference resonance integrals vs. background cross sections for comparing the RMET21 results with the reference data. This comparison is only available when the user requests on the input data the calculation of resonance integrals for homogeneous mixtures of one resonance isotope with hydrogen. The results are written out on a file named RMET21.OUT. Additional special files are output on some options. If resonance integrals are requested, a file RI.OUT is produced with the results ready to be used as input of WLUTIL or ALAMBDA programs. If lambda calculation is chosen, the file ABSXS is generated with information needed by ALAMBDA program. If desired, an additional file is written, FIS7.OUT, with energies, cross sections and fluxes on intermediate energy points, that can be plotted with an auxiliary plotter program.

ALAMBDA reads RI.OUT and ABSXS files, generated on two previous runs of RMET21 program, and calculates the lambda factors for one isotope X according to the input of ABSXS. The output is written out on a file ALAMBDA.OUT.

WLUTIL reads RI.OUT files generated with RMET21, or lambda factors input on WLUTIL.DAT file, and introduces them into an input WIMSD formatted library (WIMS1.LIB). The modified library is output with the name WIMS2.LIB. Other option generate RI.DAT files from resonance integrals of WIMS1.LIB library, to be used by RMET21 program for comparisons with calculated values. Options for checking RI data in function of XSb and temperature are included also. The results of these checks are recorded on WLUTIL.OUT file.

	INPUT files


	PROGRAM
	OUTPUT files

	
gexsco.dat

XS.ASC


	GEXSCO
	gexsco.out

XS1

	
rmet21.dat

XS1,XS2,...

(RI.DAT)


	RMET21
	rmet21.out

(RI.OUT)

(ABSXS)

(FIS7.OUT)



	
RI.OUT

ABSXS


	ALAMBDA
	alambda.out

	wlutil.dat

WIMS1.LIB

RI.OUT


	WLUTIL
	(WIMS2.LIB)

(RI.DAT)

(WLUTIL.OUT)


Input and Output Files in NRSC System
* file names between () means optional files

C. Computer Implementation

NRSC is written in simple FORTRAN-77. The only features that are machine dependent are the timer and dater, that are easily changed for a special machine. Input write and output read formats and entries are easy.

The RMET21 program makes use of the variable dimensioning method, with only one array with fixed dimension. The other programs use fixed dimensions for all arrays, that are suitable for managing standard WIMSD libraries and energy groups. If there is a need of changing them, it can be easily done.
D. Validation

The NRSC system has been validated with several benchmark comparisons and experimental results. They are included on References 5-8. Some of these validations are:

· Resonance absorption integrals for U-238 in several lattices of metal and UO2 fuel rods and different moderators. Comparison with Monte-Carlo results (32 pin cell cases). The differences are, in a great number of cases, within the statistical errors of Monte-Carlo results (Ref.5).

· Spatial distribution of resonance capture across an uranium metal rod in an hexagonal light water moderated lattice. Comparison with Monte-Carlo and experimental results. There are not important differences between RMET21, Monte-Carlo and experimental results (Ref.5).

· Lambda factors calculated with NRSC system (RMET21-ALAMBDA programs) compared with values included on the standard WIMSD libraries. The values are rather similar (Refs.6,8).  

· Effective group absorption cross sections of U-235 and U-238 for the 13 resonance groups of WIMSD standard library, for TRX and BAPL benchmark lattices, with resonance integrals vs. background cross sections obtained with Bondarenko and Flux Calculator methods of NJOY-GROUPR code vs. RMET21 calculations. The results show the limitations of the Bondarenko method and the coincidence of values between Flux Calculator and RMET21. Comparison of cpu time of each method suggests that the best solution is the use of RMET21 program (Ref.7).

E. Test Problems

A set of test problems is included on the NRSC package. They act as examples in helping new users to operate the code system. Brief description of the current set of test problems follow. See the NRSCREAD.TXT file included on the package for details of how to run the tests.

Test 1: Resonance Integrals vs. Background Cross Section (XSb) output from WIMS1.LIB test WIMS-D library, for U-235 (RI2235.DAT) and U-238 (RI8238.DAT).

NRSC program: WLUTIL-Option 2. 

Test 2: Resonance Integrals vs. Background Cross Section calculation, for U-235 mixed with H, on the 13 WIMSD-Standard resonance energy groups, and 10 XSb values, at a temperature of 293 K. Input cross sections pre-processed with NJOY-RECONR, BROADR and UNRESR modules, and processed with GEXSCO program (step 1), on a lethargy mesh of 8000000 intervals. Output written on RMET21.OUT and RI.OUT files. Input file RI2235.DAT (generated on Test1), with reference resonance integrals from WIMS1.LIB WIMSD test library is included, for comparing the RMET21 results with the WIMSD library values.

NRSC programs: GEXSCO and RMET21. 

Test 3: Resonance Integrals vs. Background Cross Section calculation, for U-238 mixed with H, on the 13 WIMSD-Standard resonance energy groups, and 10 XSb values, at a temperature of 293 K. Input cross sections pre-processed with NJOY-RECONR, BROADR and UNRESR modules, and processed with GEXSCO program (step 1), on a lethargy mesh of 8000000 intervals. Output written on RMET21.OUT and RI.OUT files. Input file RI8238.DAT (generated on Test1), with reference resonance integrals from WIMS1.LIB WIMSD test library is included, for comparing the RMET21 results with the WIMSD library values.

NRSC programs: GEXSCO and RMET21. 

Test 4: Lambda calculation for: Al in clad of UO2-Al-H2O cells, O in UO2 fuel, Fe in clad of UO2-Stainless Steel-H2O cells, and Zr in clad of UO2-Zr-H2O cells, on the 13 WIMSD resonance energy groups, and averaged values. Temperature = 293 K. Input cross sections for U-238 generated with GEXSCO program (step 1), on a lethargy mesh of 8000000 intervals.

NRSC programs: GEXSCO, RMET21 and ALAMBDA. 

Test 5: Change old lambda values of WIMS1.lib test WIMS-D library with new lambda values calculated on Test 4. Output on WIMS2.LIB test WIMS-D library.

NRSC program: WLUTIL-Option 1. 

Test 6: Check of RI vs.XSb values generated on Tests 2 and 3. Output (check results) on WLUTIL.OUT.

NRSC program: WLUTIL-Option 4. 

Test 7: Change old RI vs.XSb values of WIMS1.lib test WIMS-D library with new values, for U-235 and U-238, and check. Output on WIMS2.LIB test WIMS-D library.

NRSC program: WLUTIL-Option 3. 

Test 8: Check and correct of RI vs. XSb values for all resonance isotopes included on WIMS1.lib test WIMS-D library. Output (check results) on WLUTIL.OUT.

NRSC program: WLUTIL-Option 5. 

Test 9: Absorption and fission cross section calculation for U-235 and absorption cross section calculation for U-238 in TRX1 cylindricized cell of Umet-Al-H2O (Ref.9), on the 10 last standard-WIMSD resonance energy groups, for several spatial regions and averaged fuel zone. Temperature=293 K. Input cross sections generated with GEXSCO program (step 1), on a lethargy mesh of 7000000 intervals. 
NRSC programs: GEXSCO and RMET21. 

Test 10: Absorption and fission cross section  calculation for U-235 and absorption cross sections calculation for U-238 in BAPL1 cylindricized cell of UO2-Al-H2O (Ref.9), on the 10 last WIMSD resonance energy groups, for several spatial regions and averaged fuel zone. Temperature=293 K. Input cross sections from Test 9.

NRSC program: RMET21. 

II. GEXSCO

The GEXSCO program is used for generating the resonance cross section files needed by the RMET21 program for calculations of spectra on the resonance energy region.  The output is written as a binary (XS1) file with all the cross-sections on a constant lethargy grid. 

A. ENDF/B Input Cross Sections

The input cross-section file (XS.ASC), used by GEXSCO, is a formatted endf/b file, output from one of the following programs: NJOY-BROADR or UNRESR/PURR module or Cullen’s SIGMA1 program. Then, a pre-processing step is needed previously to the use of GEXSCO, for generating this file at the desired precision and temperature.
B. Method

GEXSCO first reads the options and parameters from the user input file GEXSCO.DAT (the main parameters are: minimum and maximum energies, number of lethargy intervals between these energies, and XSb’s required for generating mean-XS’s on the unresolved energy region). Then, reads the following input data from XS.ASC file: (option: MF2-MT252-unresloved energy data), MF3-MT1 (total), MF3-MT2 (scattering), and MF3-MT18 (fission) energy-cross-section pairs (resolved region). The last values (fission) are processed if they are requested by the user on the input file only. Then, an interpolation process is followed, taken into account that input cross-sections are in a linear-linear interpolable squeme. The output values are the absorption, scattering and fission resonance cross sections. The absorption cross-sections are calculated by GEXSCO as the difference of the total and scattering cross-sections. The output file is written in binary blocks with the number of values by block requested by the user.

C. Input/Output Units

--- input ---                                                  

 file        contents                                           

 GEXSCO.DAT  user input file                                    

 XS.ASC      cross sections input of the resonant 

             isotope (formatted output of Cullen-

             SIGMA1 code or NJOY-BROADR or 

             UNRESR/PURR)                                                                                        

--- output ---                                      

 file        contents                            

 GEXSCO.OUT  control output file                           

 XS1         cross sections output of the resonant

             isotope (for input to RMET21 program)                     

--- auxiliary files ---                         

 XAUX1,XAUX2,XAUX3 These files must are deleted 

                   after finish each GEXSCO run                              

D. User Input

The input instructions are given in the code as comment cards at the beginning of the source code. The GEXSCO instructions are reproduced here for the convenience of the reader.

*---input specifications in file GEXSCO.DAT----------------------*

*                                                                *

* card 1 (format:4I7)                                            *

*    npft     total number of lethargy points                    *

*    ni       # of lethargy points on each intermediate group    *

*    ifisio   fission option                                     *

*               0  no include fission cross sections             *

*               1  include fission cross sections                *

*    nunres   unresonance option                                 * 

*               0  no include unresr cross sections              * 

*               1  include unresr cross sections                 * 

*                  (for nunres XSb's)                            * 

*                                                                *

* card 2 (format:2F11.0)                                         *

*    emin     min energy (eV)                                    *

*    emax     max energy (eV)                                    *

*                                                                *

* card 3 (format:F11.0)                                          * 

*    temp     temperature (K)                                    * 

*             (data for this temp must be on XS.ASC input file)  * 

*                                                                * 

*if nunres (card 1) >0:                                          * 

* card 4 (format:6E12.5)                                         * 

*    xsb(i),i=1,nunres   XSb's from unresr (barns)               * 

*                              in ascending order                * 

*                                                                *

****************************************************************** 
A first sample input (Test3-Step1) for processing U-238 from output of NJOY-BROADR tape XS.ASC follows:
8000000 100000      0      0

 4.00000000 9999.999   

 293.0   

8000000 lethargy intervals are requested. 100000 on the first line means that the output values will be written in blocks containing cross sections for 100000 lethargy intervals each block. The first 0 means that no-fission cross sections will be written, because these cross sections are not important for U-238 on the resonance region. The last 0 on the first line means that no unresolved values are included on XS.ASC, because U-238 have resolved resonances up to 10 KeV. The minimum and maximum energies for which cross sections are output are 4.0 eV and 9999.999 eV respectively. The desired temperature is 293.0 (data for this temperature must be present on XS.ASC file).

A second sample input (Test2-Step1) for processing U-235 from output of NJOY-UNRESR tape XS.ASC follows:
8000000 100000      1     10

 4.00000000 9999.999      

  293.0

 2.00000E+02 5.00000E+02 8.00000E+02 1.20000E+03 1.80000E+03 2.80000E+03

 4.50000E+03 8.00000E+03 3.00000E+04 1.00000E+10 
8000000 lethargy intervals are requested. 100000 on the first line means that the output values will be written in blocks containing cross sections for 100000 lethargy intervals each block. The 1 means that fission cross sections will be written, because these cross sections are important for U-235 on the resonance region. The 10 on the first line means that unresolved values are included on XS.ASC, because U-235 have resolved resonances up to 2.25 KeV only. The minimum and maximum energies for which cross sections are output are 4.0 eV and 9999.999 eV respectively. The desired temperature is 293.0 (data for this temperature must be present on XS.ASC file). The lass two lines are the 10 XSb for which the cross sections will be output on XS1 file (data for these XSb must be present on MF2, MT252 XS.ASC file).
E. Output

The main output is the file XS1, with the cross sections ready to use on RMET21 program. On the GEXSCO.OUT file, a control output information is given. 
First, the interpreted input data are given. Then, the calculated lethargy width of each fine group is written. Finally, the number of points founds on the input cross section tape are written, for the processed cross sections.

III. RMET21

The RMET21 program is the main component of the NRSC system. It calculates the spectrum or spectra of the system described by the user on the input file. These spectra are used for output the quantities requested by the user according to the options of the program. Different output files are written for each option, to facilitate the transfer of data between the programs of the NRSC system.

A. Method

The theory and methods implemented on RMET21 are included on ANNEX (and Ref.5). The main task of the program is the solution of the slowing-down equation for homogeneous mixtures of resonance isotopes and moderators (or other no-resonance materials), and, in the case of cylindricized pin-cells, the solution of the transport equation with the collision probability method and response fluxes. The energy range is constrained to the resonance region of the main resonance isotopes (between 1 eV and 10 keV approximately), where the approximations included on the method of slowing down solution are valid. In the user input description (Section C below), the different options included on RMET21 are clarified.
B. Input/Output Units

--- input ---                                               

 file        contents 

 RMET21.DAT  main input file                                    

 XS1:        output of GEXSCO program for the 

             resonant isotope (and XS2,XS3,...if 

             more than one resonance isotope is 

             present in the problem)        

 RI.DAT:     reference resonance integrals 

             (optional)

              Format: equal to output RI.OUT file                

                                                                    --- output ---

 file        contents                            

 RMET21.OUT  main output file  

 RI.OUT      # of broad group, XSb, absRI/du, 

                                    nu*fisRI/du,

                                    xsa,xsf,xss

             (XSb: background cross section,                    

              absRI/du,nu*fisRI/du: WIMSD type 

              resonance integrals,

              xsa,xsf,xss: absorption, fission and 

              scattering cross sections)

 FIS7.OUT    intermediate energy,                               

             total cross section of spatial region

             1, mean integrated flux on each  

             spatial region

 ABSXS       broad group absorption cross sections

             (input for ALAMBDA program)         

C. User Input

The input instructions are given in the code as comment cards at the beginning of the source code. The RMET21 instructions are reproduced here for the convenience of the reader.

*---input specifications (free format) in file RMET21.DAT--------*  

*  

·                                                               *

* card 1                                                         *  

*    nprob    number of problems                                 *  

* card 2                                                         *  

*    tit      descriptive character string (80 char max)         *  

* card 3                                                         *  

*    iopg     geometry option                                    *  

*               0  homogeneous                                   *

*               1  pin cell                                      *

*                                                                * 

*    --- cards 4-7: homogeneous options (iopg=0 only) ---        *  

*                                                                * 

* card 4                                                         *  

*    iopo     type of output                                     *  

*               0  cross sections                                *

*               1  resonance integrals                           *

*               2  lambda factor                                 *

*    iunres   unresolved option                                  *

*               0  no unresolved data                            *

*               1  read unresolved data                          *

* card 5 (iopo=1,2 only)                                         *

*    iopb     type of XSb input                                  *

*               0  read atomic densities                         *

*               1  read XSb                                      *

* card 6 (iopo=2 only)                                           *

*    iopd     variable density option                            *

*               0  variable h  density                           *

*               1  variable x density                            *

* card 7 (iopo=1 only)                                           *

*    iopc     comparison with reference table option             *

*               0  no                                            *

*               1  yes                                           *

*    ----------------------------------------------------        *

* card 8                                                         *

*    ngg      number of broad energy groups                      *

*    niso     total number of isotopes                           *

*    isres    total number of resonant isotopes                  *

*    ngi      number of intermediate energy groups               *

* card 9 (iopg=0 and iopo=0,1 only)                              *

*    anufis(ig),i=1,ngg                                          *     

*             nu of fisil resonant isotope                       *

*              (=0.0 for all groups: no fisil isotope)           *

* card 10 (iopg=0 and iopo=1,2 only)                             *

*    alambda  lambda factor of resonant isotope                  *

* card 11 (iopg=1 only)                                          *

*    nmat     number of materials                                *

*    nreg     number of regions                                  *

*    nz       number of zones                                    *

*    ismax    maximum number of isotopes per material            *

*    nirmax   maximum number of resonant isotopes per material   *

*                                                                *

* card 12                                                        *

*    isma(i)  number of isotopes on material i                   *

* card 13                                                        *

*    id(i,j)  identifiers k of isotopes j (see cards 16-20)      *

*             (j=1,isma(i))                                      *

* card 14                                                        *

*    dn(i,j)  atomic densities of isotopes j (j=1,isma(i))       *

* card 15                                                        *

*    temp(i)  temperature (k) of material i                      *

*                                                                *

*  repeat cards 12-15 for i=1,nmat                               *

*                                                                *

* card 16                                                        *

*    simbo(k) symbol of isotope k (4 char max)                   *

* card 17                                                        *

*    c(k)     atomic mass in unit of neutron mass of isotope k   *

* card 18                                                        *

*    nres(k)  resonant isotope specification for k               *

*               0  no                                            *

*               1  yes                                           *

* card 19                                                        *

*    xsp(k)   potential cross section (barns) of isotope k       *

* card 20 (nres(k)=0 only)                                       *

*    xsa(k)   2200 m/sec-absorption cross section (barns) for k  *

*             (if k is a resonant isotope, put 0.0)              *

*    xsf(k)   2200 m/sec-fission cross section (barns) for k     *

*             (if k is a resonant isotope, put 0.0)              *

*                                                                *

*  repeat cards 16-20 for k=1,niso                               *

*                                                                *

*    --- cards 21-23: pin cell data (iopg=1 only) ---            *

*                                                                *

* card 21                                                        *

*    matr(l)  identifier i (see cards 12-15) of the material of  *

*             each region l from inner to outer regions          *

*             (l=1,nreg)                                         *

* card 22                                                        *

*    r(l)     radius (cm) of each region l (l=1,nreg)            *

*             from inner to outer regions                        *

* card 23                                                        *

*    nrz(m)   number of regions on each zone m (m=1,nz)          *

*             from inner to outer zones                          *

*    ----------------------------------------------------        *

* card 24                                                        *

*    ebg(ig)  energy (eV) of the lower boundaries of each        *

*             output broad energy group from high to low values  *

*             (ig=1,ngg)                                         *

* card 25                                                        *

*    iopf     option of record intermediate fluxes               *

*               0  no record                                     *

*               1  record intermediate fluxes on FIS7.OUT        *

* card 26                                                        *

*    ncases   number of cases to be run with data of above       *

*             cards 1-26, changing atomic densities only         *

*                                                                *

*    --- cards 27a-28a (ncases.gt.1 and iopo=0,1 only) ---       *

*                                                                *

* card 27a                                                       *

*    dn(i,j)  atomic densities of isotopes j (j=1,isma(i))       *

* card 28a                                                       *

*    temp(i)  temperature (k) of material i                      *

*  repeat cards 27a,28a for i=1,nmat                             *

*    ----------------------------------------------------        *

* card 27b (iopg=0, ncases.gt.1 and iopo=2 only)                 *

*    deltad   increment of the atomic density or XSb of the      *

*             isotope with variable density                      *

*                                                                *

*  repeat cards 27a,28a or 27b for n=2,ncases                    *

*                                                                *

*  repeat cards 2-28 for ie=2,nprob                              *

*                                                                *

*                                                                *

******************************************************************

A first example of input (Test3-Step2), for calculation of absorption resonance integrals of U-238 for the 13 WIMSD standard library resonance energy groups for 10 background cross sections follows:
    1

 RI VS.XSb - U238 - T=293 K -G 15-27 WIMS-ST (+1 EXTRA)

    0

    1  0

    1    

    1

    14     2     1  100000

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.0            

  0.2

    2

    1      2

  1.0   12.2342

  293.0

U238

 236.006

    1   

 12.23420

H    

 0.99917

    0 

 20.181

  0.0   0.0

 9118.0 5530.0 3519.1 2239.45 1425.1 906.989 367.262 148.728 75.5014 

 48.052 27.70 15.968 9.877 4.0

    0

   10

  1.0   30.2342 

  293.0

  1.0   54.2342

  293.0

  1.0   66.2342

  293.0

  1.0   142.2342

  293.0

  1.0   262.2342

  293.0

  1.0   1002.230 

  293.0

  1.0   3602.230 

  293.0

  1.0   20002.22 

  293.0

  1.0   1.0E+10 

  293.0
It is an homogeneous calculation. Then, iopg (card 3-line 3) is 0. The requested output is: resonance integrals vs. background cross sections. Then, iopo (card 4-line 4) is 1. No unresolved resonance cross sections are given. Then, inures=0 (card 4-line 4). The background cross sections are given in place of the atomic densities. Then, iopb (card 5-line 5) is 1. Comparison of RMET21 results with reference values (given on a RI.DAT file) is requested. Then, iopc (card 7-line 6) is 1. In line 7 (card 8) are given: the number of broad energy groups (14- the 13 WIMSD resonance groups + one extra group at the top of the energy range), the total number of isotopes (2:U-238 and H), the total number of resonance isotopes (1:U-238) and the total number of intermediate energy groups (100000- the same of GEXSCO input of XS1 cross section data). Then follows a 14 lines with 0.0 (card 9- not necessary for U-238 “nu” values for each broad group, because no fission resonance integral is calculated), the reference value of lambda for U-238 (0.2), for calculation of atomic densities from background cross sections. Then, cards 12-15 are given, with number of isotopes (2), identifiers (1 2), the values (1.0 12.2342) that means that the first background cross section is 12.2342 in this case, and temperature (293.0) in K. The next lines are cards 16-20 for U-238 and H: symbol of the isotope, atomic mass in neutron units, 1 for U-238 (resonance isotope) and 0 for H (not-resonance isotope), potential cross section, and, for H, 2200 m/sec absorption and fission cross sections (0.0 and 0.0 in this case). Then, the lower energy boundaries of the broad groups are given (card 24). Card 26 is 10 (10 background cross sections) and finally, the values of the 9 remaining cross sections are given, followed by the reference temperature (cards 27a-28a).

A second example of input (Test4-Step2.1), for calculation of absorption resonance cross sections of U-238 for the 13 WIMSD standard library resonance energy groups on a mixture of U-238, H and O (on UO2), for preparation of data for calculation of lambda factor of O in UO2 with ALAMBDA program, follows:
    1

 LAMBDA X = O - U238 - T=293 K -G 15-27 WIMS                   

    0

    2  0

    0

    0    

    14     3     1  100000

  0.2

    3

    1    2       3

   1.0  0.6095  2.0

  293.0

U238

 236.006

    1   

 12.23420

H    

 0.99917

    0 

 20.181

  0.0   0.0

O   

 15.853

    0 

  3.888

  0.0   0.0

 9118.0 5530.0 3519.1 2239.45 1425.1 906.989 367.262 148.728 75.5014 

 48.052 27.70 15.968 9.877 4.0

   0

   5

  0.6095

  0.6095

  0.6095

  0.6095
Here, the main differences with the first example are on: card 4 (iopo=2- that is the option for lambda factor calculation), card 5 (iopb=0-read atomic densities), card 6 included (iopd=0-hydrogen density variable), cards 12-15 and 16-20-data for Oxygen are added, and cards 27b are used for 4 additional calculations with increments of H density of 0.6095, once at a time.

 The last example of input (Test10), for calculation of absorption and fission resonance cross sections of U-235, and absorption resonance cross sections of U-238, for the last 10 WIMSD standard library resonance energy groups on a cylindricized pin-cell (BAPL1), follows:
    1

 TEST BAPL1 UO2/Al/H2O 293 K  WIMS GRS.18-27 +1 extra

    1                                                              

    11     5    2  100000     

    4    9    4    3    2

    3

    1    2    3

 3.11200E-04 2.31270E-02 4.69460E-02 

 2.93000E+02

    1

    3

 1.00000E-08 

 2.93000E+02

    1

    4

 6.02500E-02 

 2.93000E+02

    2

    3    5

 3.33800E-02 6.67600E-02 

 2.93000E+02

U235

 2.33025E+02

 1

 1.280E+01

U238

 2.360E+02

 1

2 1.05990E+01

O   

 1.59905E+01

 0

 3.88830

 0.0         0.0        

Al  

 2.69818E+01

 0

 1.98059

 0.0         0.0     

H   

 1.007830

 0

 2.0280E+01

 0.3326      0.0       

    1  1  1  2  3  3  4  4  4

 0.3175 0.4175 0.4864 0.5042 0.5342 0.5753 0.6542 0.7442 0.8179

    3    1    2    3

 2.23945E+03 1.42510E+03 9.06898E+02 3.67262E+02 1.48728E+02 7.55014E+01 

 4.80520E+01 2.77000E+01 1.59680E+01 9.87700E+00 4.00000E+00                    

    0

    1
This is one heterogeneous problem. Then, iopg=1 (card 3). Cross sections are requested. Then, iopo=0 (card 4). Card 11 is included, with: the number of materials in the problem (nmat=4: UO2, gas gap, Al, H2O), the total number of spatial regions (nreg=9), the number of spatial zones (nz=4), the maximum number of isotopes on one material (ismax=3:UO2, with U-235,U-238 and O), and the maximum number of resonance isotopes (nirmax=2:U235 and U-238). Cards 21-23 are included with: the identifiers of the materials of each region, the external radius(cm) of each region, and the number of regions in each zone, from inner to outer positions.

D. Output

The main sections of the output on RMET21.OUT for the first example given above are:

RMET21 OUTPUT

INPUT DATA

NUMBER OF CASES :    1

CASE :    1

TITLE:

 RI VS.XSb - U238 ENDF/B-VI - T=293 K -G 15-27 WIMS                             

GEOMETRY: HOMOGENEOUS MIXTURE

REQUEST: XS AND RI CALCULATION

OPTION1: READ XSb

OPTION3: COMPARISON OF CALCULATED RI WITH REFERENCE

NUMBER OF BROAD GROUPS=   14

TOTAL NUMBER OF ISOTOPES=    2

NUMBER OF RESONANT ISOTOPES=    1

NUMBER OF INTERMEDIATE GROUPS=    100000

MEAN nu OF RESONANT ISOTOPE= 0.0000000

lambda OF RESONANT ISOTOPE= 0.2000000

MATERIAL DATA

 MATERIAL=    1

  # OF ISOTOPES=    2

  ISOTOPES

   1   2

  ATOMIC DENSITIES

 1.00000E+00 1.22340E+01

  TEMPERATURE=   300.000

ISOTOPIC DATA

 ISOTOPE=    1

  SYMBOL= U238

  (ATOMIC MASS)/(NEUTRON MASS)=  236.00600

  RESONANT ISOTOPE

  POTENTIAL XS=  1.05990E+01

 ISOTOPE=    2

  SYMBOL= H   

  (ATOMIC MASS)/(NEUTRON MASS)=    0.99917

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  2.01810E+01

  2200-ABSORPTION XS=  0.00000E+00

  2200-FISSION XS=  0.00000E+00

LOW BOUNDARY ENERGIES(eV) OF BROAD GROUPS

 9.11800E+03 5.53000E+03 3.51910E+03 2.23945E+03 1.42510E+03 9.06989E+02

 3.67262E+02 1.48728E+02 7.55014E+01 4.80520E+01 2.77000E+01 1.59680E+01

 9.87700E+00 4.00000E+00

NUMBER OF CASES WITH DIFFERENT ATOMIC DENSITIES=   10

********************************************************

GENERAL DATA FROM RESONANT XS FILES:

 TOTAL ENERGY FINE GROUPS=   8000000

 LETHARGY WIDTH OF FINE GROUPS= 9.78005739E-07

 MAX.ENERGY= 9.99999900E+03

********************************************************

PRELIMINARY CALCULATIONS

 NUMBER OF FINE GROUPS FOR EACH BROAD GROUP

   94411    511308    462147    462139    462153    462028    924386    924285

  693214    462030    563240    563234    491182    924243
  FINAL NUMBER OF FINE ENERGY GROUPS=   8000000

  LETHARGY WIDTH OF INTERMEDIATE GROUPS 7.82404591E-05

  LETHARGY WIDTHS OF BROAD GROUPS

 9.23344998E-02 5.00062158E-01 4.51982418E-01 4.51974594E-01 4.51988286E-01

 4.51866036E-01 9.04054813E-01 9.03956034E-01 6.77967270E-01 4.51867992E-01

 5.50851952E-01 5.50846084E-01 4.80378815E-01 9.03914958E-01

   NUMBER OF FINE GROUPS ON EACH INTERMEDIATE GROUP=        80

GENERAL ARRAY A()

AVAILABLE MEMORY = 5000000

 REQUIRED =  500185

 NOT USED DIMENSION OF A() = 4499815

********************************************************

 CASE    1 (WITH ATOMIC DENSITIES GIVEN ABOVE

  CALCULATED ATOMIC DENSITY= 5.01174E-01

--------------------------------------------------------

--------------------------------------------------------

      *******************

      *                 *

      *   R M E T 2 1   *

      *                 *

      *******************

      AUTHOR: FRANCISCO LESZCZYNSKI

      CENTRO ATOMICO BARILOCHE-CNEA-ARGENTINA

      FIRST VERSION: FEBRUARY 1985

      LAST VERSION:  MARCH 1999

  RI VS.XSb - U238 ENDF/B-VI - T=293 K -G 15-27 WIMS

--------------------------------------------------------

 TEMPERATURE : 300.000 K

 Resonance Integrals Calculation

 WIMS Method

 GRO CASE ISO     XSB         IA         DIA          IF               IS

    1   1U238 1.22340E+01 5.19386E-01-7.49640E+00 0.00000E+00      1.13522E+01

    2   1U238 1.22340E+01 5.61466E-01-1.84095E-03 0.00000E+00      1.20189E+01

..............................................................................

   13   1U238 1.22340E+01 4.43718E-01-2.20534E-03 0.00000E+00      8.34059E+00

   14   1U238 1.22340E+01 3.07511E+00 9.81310E-01 0.00000E+00      6.99744E+00

 CASE    2

MATERIAL DATA

 MATERIAL=    1

  # OF ISOTOPES=    2

  ISOTOPES

   1   2

  ATOMIC DENSITIES

 1.00000E+00 3.02340E+01

  TEMPERATURE=   300.000

********************************************************

  CALCULATED ATOMIC DENSITY= 1.39310E+00

    1   2U238 3.02340E+01 5.58403E-01-5.47356E-01 0.00000E+00      1.19477E+01

..............................................................................

..............................................................................

CASE   10

MATERIAL DATA

 MATERIAL=    1

  # OF ISOTOPES=    2

  ISOTOPES

   1   2

  ATOMIC DENSITIES

 1.00000E+00 1.00000E+10

  TEMPERATURE=   300.000

********************************************************

  CALCULATED ATOMIC DENSITY= 4.95516E+08

    1  10U238 1.00000E+10 6.19682E-01 1.03666E+01 0.00000E+00      1.30467E+01

    2  10U238 1.00000E+10 7.72283E-01-5.95094E-02 0.00000E+00      1.50929E+01

..............................................................................

   13  10U238 1.00000E+10 4.85134E-01 1.39199E-01 0.00000E+00      8.66607E+00

   14  10U238 1.00000E+10 1.43551E+02 4.86668E-04 0.00000E+00      1.81222E+01

First, the interpreted input data are given. Then, below the title PRELIMINARY CALCULATIONS are written: the number of fine groups for each broad group, the final number of fine energy groups, the lethargy width of intermediate groups, the lethargy widths of broad groups, and the number of fine groups on each intermediate group. After that, the available and required memory of the general array A() is given. Finally, for each input case (i.e. for each background cross section), the results of calculated resonance integrals are tabulated, from high to low energy: Number of group, case, isotope, background cross section, Absorption Resonance Integral, difference (in %) with reference values (if given), Fission resonance integrals (if requested), and Scattering resonance integrals.

On a separate file, RI.OUT, the results are repeated on a format ready to be used by ALAMBDA or WLUTIL programs.

The main sections of the output on RMET21.OUT for the second example given above are:
RMET21 OUTPUT

INPUT DATA

NUMBER OF CASES :    1

CASE :    1

TITLE:

 LAMBDA X = O - U238 ENDF/B-VI - T=293 K -G 15-27 WIMS                          

GEOMETRY: HOMOGENEOUS MIXTURE

REQUEST: LAMBDA CALCULATION

OPTION1: READ Nx-XSb CALCULATED

OPTION2: Nh VARIABLE-Nx FIXED

NUMBER OF BROAD GROUPS=   14

TOTAL NUMBER OF ISOTOPES=    3

NUMBER OF RESONANT ISOTOPES=    1

NUMBER OF INTERMEDIATE GROUPS=    100000

lambda OF RESONANT ISOTOPE= 0.2000000

MATERIAL DATA

 MATERIAL=    1

  # OF ISOTOPES=    3

  ISOTOPES

   1   2   3

  ATOMIC DENSITIES

 1.00000E+00 6.09500E-01 2.00000E+00

  TEMPERATURE=   293.000

ISOTOPIC DATA

 ISOTOPE=    1

  SYMBOL= U238

  (ATOMIC MASS)/(NEUTRON MASS)=  236.00600

  RESONANT ISOTOPE

  POTENTIAL XS=  1.05990E+01

 ISOTOPE=    2

  SYMBOL= H   

  (ATOMIC MASS)/(NEUTRON MASS)=    0.99917

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  2.01810E+01

  2200-ABSORPTION XS=  0.00000E+00

  2200-FISSION XS=  0.00000E+00

 ISOTOPE=    3

  SYMBOL= O   

  (ATOMIC MASS)/(NEUTRON MASS)=   15.85300

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  3.88800E+00

  2200-ABSORPTION XS=  0.00000E+00

  2200-FISSION XS=  0.00000E+00

LOW BOUNDARY ENERGIES(eV) OF BROAD GROUPS

 9.11800E+03 5.53000E+03 3.51910E+03 2.23945E+03 1.42510E+03 9.06989E+02

 3.67262E+02 1.48728E+02 7.55014E+01 4.80520E+01 2.77000E+01 1.59680E+01

 9.87700E+00 4.00000E+00

NUMBER OF CASES WITH DIFFERENT ATOMIC DENSITIES=    5

********************************************************

GENERAL DATA FROM RESONANT XS FILES:

 TOTAL ENERGY FINE GROUPS=   8000000

 LETHARGY WIDTH OF FINE GROUPS= 9.78005739E-07

 MAX.ENERGY= 9.99999900E+03

********************************************************

PRELIMINARY CALCULATIONS

 NUMBER OF FINE GROUPS FOR EACH BROAD GROUP

     94411    511308    462147    462139    462153    462028    924386    924285

    693214    462030    563240    563234    491182    924243

  FINAL NUMBER OF FINE ENERGY GROUPS=   8000000

  LETHARGY WIDTH OF INTERMEDIATE GROUPS 7.82404591E-05

  LETHARGY WIDTHS OF BROAD GROUPS

 9.23344998E-02 5.00062158E-01 4.51982418E-01 4.51974594E-01 4.51988286E-01

 4.51866036E-01 9.04054813E-01 9.03956034E-01 6.77967270E-01 4.51867992E-01

 5.50851952E-01 5.50846084E-01 4.80378815E-01 9.03914958E-01

   NUMBER OF FINE GROUPS ON EACH INTERMEDIATE GROUP=        80

GENERAL ARRAY A()

AVAILABLE MEMORY = 5000000

 REQUIRED =  600223

 NOT USED DIMENSION OF A() = 4399777

********************************************************

 CASE    1 (WITH ATOMIC DENSITIES GIVEN ABOVE

--------------------------------------------------------

--------------------------------------------------------

      *******************

      *                 *

      *   R M E T 2 1   *

      *                 *

      *******************

      AUTHOR: FRANCISCO LESZCZYNSKI

      CENTRO ATOMICO BARILOCHE-CNEA-ARGENTINA

      FIRST VERSION: FEBRUARY 1985

      LAST VERSION:  MARCH 1999

  LAMBDA X = O - U238 ENDF/B-VI - T=293 K -G 15-27 WIMS                          

--------------------------------------------------------

 TEMPERATURE : 293.000 K

 LAMBDA FACTOR CALCULATION

GROUP   DNH      XSA

    1 6.09500E-01 5.60008E-01

    2 6.09500E-01 6.24432E-01

..............................................................................

   13 6.09500E-01 4.70795E-01

   14 6.09500E-01 5.27533E+00

 CASE    2

  DELTA Nh= 6.09500E-01

  CALCULATED NEW ATOMIC DENSITY= 1.21900E+00

********************************************************

    1 1.21900E+00 5.72551E-01

..............................................................................

..............................................................................

CASE    5

  DELTA Nh= 6.09500E-01

  CALCULATED NEW ATOMIC DENSITY= 3.04750E+00

********************************************************

    1 3.04750E+00 5.90174E-01

    2 3.04750E+00 6.92578E-01

..............................................................................

   13 3.04750E+00 4.79343E-01

   14 3.04750E+00 9.32250E+00

First, the interpreted input data are given. Then, below the title PRELIMINARY CALCULATIONS are written the values commented on the first example After that, the available and required memory of the general array A() is given. Finally, for each input case (i.e. for each dilution), the results of calculated resonance absorption cross section of the resonance isotope are tabulated, from high to low energy: Number of group, atomic density of H, and the calculated absorption cross section of the resonance isotope.

On a separate file, ABSXS, the results are repeated on a format ready to be used by the program ALAMBDA.

The main sections of the output on RMET21.OUT for the last example given above are: 

RMET21 OUTPUT

INPUT DATA

NUMBER OF CASES :    1

CASE :    1

TITLE:

 TEST BAPL1 UO2/Al/H2O 293 K  WIMS GRS.18-27 +1 extra                           

GEOMETRY: PIN CELL

NUMBER OF BROAD GROUPS=   11

TOTAL NUMBER OF ISOTOPES=    5

NUMBER OF RESONANT ISOTOPES=    2

NUMBER OF INTERMEDIATE GROUPS=    100000

MEAN nu OF RESONANT ISOTOPE= 2.4380000

NUMBER OF MATERIALS=    4

NUMBER OF REGIONS=    9

NUMBER OF ZONES=    4

MAX.NUMBER OF ISOTOPES IN A MATERIAL=    3

MAX.NUMBER OF RESONANT ISOTOPES IN A MATERIAL=    2

MATERIAL DATA

 MATERIAL=    1

  # OF ISOTOPES=    3

  ISOTOPES

   1   2   3

  ATOMIC DENSITIES

 3.11200E-04 2.31270E-02 4.69460E-02

  TEMPERATURE=   293.000

 MATERIAL=    2

  # OF ISOTOPES=    1

  ISOTOPES

   3

  ATOMIC DENSITIES

 1.00000E-08

  TEMPERATURE=   293.000

 MATERIAL=    3

  # OF ISOTOPES=    1

  ISOTOPES

   4

  ATOMIC DENSITIES

 6.02500E-02

  TEMPERATURE=   293.000

 MATERIAL=    4

  # OF ISOTOPES=    2

  ISOTOPES

   3   5

  ATOMIC DENSITIES

 3.33800E-02 6.67600E-02

  TEMPERATURE=   293.000

ISOTOPIC DATA

 ISOTOPE=    1

  SYMBOL= U235

  (ATOMIC MASS)/(NEUTRON MASS)=  233.02500

  RESONANT ISOTOPE

  POTENTIAL XS=  1.28000E+01

 ISOTOPE=    2

  SYMBOL= U238

  (ATOMIC MASS)/(NEUTRON MASS)=  236.00000

  RESONANT ISOTOPE

  POTENTIAL XS=  2.00000E+00

 ISOTOPE=    3

  SYMBOL= O   

  (ATOMIC MASS)/(NEUTRON MASS)=   15.99050

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  3.88830E+00

  2200-ABSORPTION XS=  0.00000E+00

  2200-FISSION XS=  0.00000E+00

 ISOTOPE=    4

  SYMBOL= Al  

  (ATOMIC MASS)/(NEUTRON MASS)=   26.98180

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  1.98059E+00

  2200-ABSORPTION XS=  0.00000E+00

  2200-FISSION XS=  0.00000E+00

 ISOTOPE=    5

  SYMBOL= H   

  (ATOMIC MASS)/(NEUTRON MASS)=    1.00783

  NO-RESONANT ISOTOPE

  POTENTIAL XS=  2.02800E+01

  2200-ABSORPTION XS=  3.32600E-01

  2200-FISSION XS=  0.00000E+00

REGIONS AND ZONES

 MATERIAL OF EACH REGION

   1   1   1   2   3   3   4   4   4

 EXTERNAL RADIUS(CM) OF EACH REGION

 3.17500E-01 4.17500E-01 4.86400E-01 5.04200E-01 5.34200E-01 

 5.75300E-01 6.54200E-01 7.44200E-01 8.17900E-01

 # DE REGIONS IN EACH ZONE

   3   1   2   3

LOW BOUNDARY ENERGIES(eV) OF BROAD GROUPS

 2.23945E+03 1.42510E+03 9.06898E+02 3.67262E+02 1.48728E+02 

 7.55014E+01 4.80520E+01 2.77000E+01 1.59680E+01 9.87700E+00 

 4.00000E+00

NUMBER OF CASES WITH DIFFERENT ATOMIC DENSITIES=    1

********************************************************

GENERAL DATA FROM RESONANT XS FILES:

 TOTAL ENERGY FINE GROUPS=   7000000

 LETHARGY WIDTH OF FINE GROUPS= 9.04627305E-07

 MAX.ENERGY= 2.25000000E+03

********************************************************

PRELIMINARY CALCULATIONS

 NUMBER OF FINE GROUPS FOR EACH BROAD GROUP

      5195    499640    499617    999256    999258    749444    499506 

    608927    608921    531023    999213

  FINAL NUMBER OF FINE ENERGY GROUPS=   7000000

  LETHARGY WIDTH OF INTERMEDIATE GROUPS 6.33239113E-05

  LETHARGY WIDTHS OF BROAD GROUPS

 4.69953885E-03 4.51987987E-01 4.51967180E-01 9.03954262E-01 

 9.03956071E-01 6.77967506E-01 4.51866767E-01 5.50851991E-01 

 5.50846563E-01 4.80377905E-01 9.03915363E-01

   NUMBER OF FINE GROUPS ON EACH INTERMEDIATE GROUP=        70

VOLUMES OF REGIONS

REGION    RADIUS(CM)  VOLUME[PI*(R(I)**2)]

   1     3.17500E-01   3.16692E-01

   2     4.17500E-01   2.30907E-01

   3     4.86400E-01   1.95654E-01

   4     5.04200E-01   5.53947E-02

   5     5.34200E-01   9.78669E-02

   6     5.75300E-01   1.43258E-01

   7     6.54200E-01   3.04758E-01

   8     7.44200E-01   3.95388E-01

   9     8.17900E-01   3.61681E-01

TOTAL=---------------- 2.10160E+00

GENERAL ARRAY A()

AVAILABLE MEMORY = 5000000

 REQUIRED = 3300978

 NOT USED DIMENSION OF A() = 1699022

********************************************************

 CASE    1 (WITH ATOMIC DENSITIES GIVEN ABOVE

--------------------------------------------------------

--------------------------------------------------------

      *******************

      *                 *

      *   R M E T 2 1   *

      *                 *

      *******************

      AUTHOR: FRANCISCO LESZCZYNSKI

      CENTRO ATOMICO BARILOCHE-CNEA-ARGENTINA

      FIRST VERSION: FEBRUARY 1985

      LAST VERSION:  MARCH 1999

  TEST BAPL1 UO2/Al/H2O 293 K  WIMS GRS.18-27 +1 extra                           

--------------------------------------------------------

 Cilindricized Cell

  GRO REG ZON  ISO     XSA         XSF         XSS         XSR         

    1   1   1 U235 2.07305E-03 1.51632E-03 4.35230E-03 3.75481E-03

    1   1   1 U235 6.66147E+00 4.87248E+00 1.39855E+01 1.20656E+01

    1   1   1 U238 5.50226E-03 0.00000E+00 2.35378E-01 2.03427E-01

    1   1   1 U238 2.37915E-01 0.00000E+00 1.01776E+01 8.79607E+00

    1   1   1 O    0.00000E+00 0.00000E+00 1.82540E-01 1.80604E-01

    1   1   1 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84705E+00

    1   1   1 TOT  7.57531E-03 1.51632E-03 4.22270E-01 3.87785E-01                                     

    1   2   1 U235 2.07326E-03 1.51649E-03 4.35236E-03 3.75500E-03

    1   2   1 U235 6.66215E+00 4.87304E+00 1.39857E+01 1.20662E+01

    1   2   1 U238 5.50890E-03 0.00000E+00 2.35382E-01 2.03437E-01

    1   2   1 U238 2.38202E-01 0.00000E+00 1.01778E+01 8.79652E+00

    1   2   1 O    0.00000E+00 0.00000E+00 1.82540E-01 1.80604E-01

    1   2   1 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84706E+00

    1   2   1 TOT  7.58216E-03 1.51649E-03 4.22274E-01 3.87796E-01                                     

    1   3   1 U235 2.07348E-03 1.51667E-03 4.35244E-03 3.75520E-03

    1   3   1 U235 6.66285E+00 4.87363E+00 1.39860E+01 1.20668E+01

    1   3   1 U238 5.51584E-03 0.00000E+00 2.35387E-01 2.03448E-01

    1   3   1 U238 2.38502E-01 0.00000E+00 1.01780E+01 8.79701E+00

    1   3   1 O    0.00000E+00 0.00000E+00 1.82540E-01 1.80604E-01

    1   3   1 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84707E+00

    1   3   1 TOT  7.58932E-03 1.51667E-03 4.22279E-01 3.87808E-01                                    

    1 TOT   1 U235 2.07323E-03 1.51647E-03 4.35235E-03 3.75498E-03

    1 TOT   1 U235 6.66205E+00 4.87296E+00 1.39857E+01 1.20661E+01

    1 TOT   1 U238 5.50796E-03 0.00000E+00 2.35381E-01 2.03436E-01

    1 TOT   1 U238 2.38162E-01 0.00000E+00 1.01778E+01 8.79646E+00

    1 TOT   1 O    0.00000E+00 0.00000E+00 1.82540E-01 1.80604E-01

    1 TOT   1 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84706E+00

    1 TOT   1 TOT  7.58119E-03 1.51647E-03 4.22274E-01 3.87795E-01                                     

    1   1   2 O    0.00000E+00 0.00000E+00 3.88830E-08 3.84707E-08

    1   1   2 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84707E+00

    1   1   2 TOT  0.00000E+00 0.00000E+00 3.88830E-08 3.84707E-08                                     

    1 TOT   2 O    0.00000E+00 0.00000E+00 3.88830E-08 3.84707E-08

    1 TOT   2 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84707E+00

    1 TOT   2 TOT  0.00000E+00 0.00000E+00 3.88830E-08 3.84707E-08                                     

    1   1   3 Al   0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01

    1   1   3 Al   0.00000E+00 0.00000E+00 1.98059E+00 1.94683E+00

    1   1   3 TOT  0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01                                     

    1   2   3 Al   0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01

    1   2   3 Al   0.00000E+00 0.00000E+00 1.98059E+00 1.94684E+00

    1   2   3 TOT  0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01                                     

    1 TOT   3 Al   0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01

    1 TOT   3 Al   0.00000E+00 0.00000E+00 1.98059E+00 1.94684E+00

    1 TOT   3 TOT  0.00000E+00 0.00000E+00 1.19331E-01 1.17297E-01                                     

    1   1   4 O    0.00000E+00 0.00000E+00 1.29791E-01 1.28416E-01

    1   1   4 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84708E+00

    1   1   4 H    7.46285E-05 0.00000E+00 1.35389E+00 1.35071E+00

    1   1   4 H    1.11786E-03 0.00000E+00 2.02800E+01 2.02324E+01

    1   1   4 TOT  7.46285E-05 0.00000E+00 1.48368E+00 1.47913E+00                                     

    1   2   4 O    0.00000E+00 0.00000E+00 1.29791E-01 1.28416E-01

    1   2   4 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84708E+00

    1   2   4 H    7.46285E-05 0.00000E+00 1.35389E+00 1.35071E+00

    1   2   4 H    1.11786E-03 0.00000E+00 2.02800E+01 2.02324E+01

    1   2   4 TOT  7.46285E-05 0.00000E+00 1.48368E+00 1.47913E+00                                     

    1   3   4 O    0.00000E+00 0.00000E+00 1.29791E-01 1.28416E-01

    1   3   4 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84708E+00

    1   3   4 H    7.46285E-05 0.00000E+00 1.35389E+00 1.35071E+00

    1   3   4 H    1.11786E-03 0.00000E+00 2.02800E+01 2.02324E+01

    1   3   4 TOT  7.46285E-05 0.00000E+00 1.48368E+00 1.47913E+00                                     

    1 TOT   4 O    0.00000E+00 0.00000E+00 1.29791E-01 1.28416E-01

    1 TOT   4 O    0.00000E+00 0.00000E+00 3.88830E+00 3.84708E+00

    1 TOT   4 H    7.46285E-05 0.00000E+00 1.35389E+00 1.35071E+00

    1 TOT   4 H    1.11786E-03 0.00000E+00 2.02800E+01 2.02324E+01

    1 TOT   4 TOT  7.46285E-05 0.00000E+00 1.48368E+00 1.47913E+00                                     

    1 CELL    U235 7.04872E-04 5.15579E-04 1.47974E-03 1.27664E-03

    1 CELL    U238 1.87264E-03 0.00000E+00 8.00267E-02 6.91655E-02

    1 CELL    O    0.00000E+00 0.00000E+00 1.29370E-01 1.27998E-01

    1 CELL    Al   0.00000E+00 0.00000E+00 1.37530E-02 1.35186E-02

    1 CELL    H    3.87017E-05 0.00000E+00 7.02117E-01 7.00468E-01

    1 CELL    TOT  2.61621E-03 5.15579E-04 9.26747E-01 9.12427E-01                                     

......................................................................

......................................................................

   11   1   1 U235 2.11313E-02 1.26546E-02 3.60363E-03 4.00095E-05

   11   1   1 U235 6.79028E+01 4.06638E+01 1.15798E+01 1.28565E-01

   11   1   1 U238 1.22327E-01 0.00000E+00 2.15373E-01 2.03893E-03

   11   1   1 U238 5.28935E+00 0.00000E+00 9.31263E+00 8.81622E-02

......................................................................

   11   2   1 U235 2.14758E-02 1.27418E-02 3.60534E-03 3.93630E-05

   11   2   1 U235 6.90097E+01 4.09441E+01 1.15853E+01 1.26488E-01

   11   2   1 U238 1.43283E-01 0.00000E+00 2.16552E-01 2.00579E-03

   11   2   1 U238 6.19549E+00 0.00000E+00 9.36360E+00 8.67292E-02

......................................................................

   11   3   1 U235 2.18047E-02 1.27941E-02 3.60845E-03 3.85325E-05

   11   3   1 U235 7.00665E+01 4.11122E+01 1.15953E+01 1.23819E-01

   11   3   1 U238 2.91701E-01 0.00000E+00 2.25990E-01 1.96244E-03

   11   3   1 U238 1.26130E+01 0.00000E+00 9.77171E+00 8.48550E-02

......................................................................

   11 TOT   1 U235 2.14203E-02 1.27194E-02 3.60546E-03 3.94096E-05

   11 TOT   1 U235 6.88313E+01 4.08720E+01 1.15857E+01 1.26638E-01

   11 TOT   1 U238 1.74572E-01 0.00000E+00 2.18606E-01 2.00797E-03

   11 TOT   1 U238 7.54839E+00 0.00000E+00 9.45242E+00 8.68235E-02

......................................................................

   11 CELL    U235 7.09508E-03 4.21306E-03 1.19424E-03 1.30537E-05

   11 CELL    U238 5.78236E-02 0.00000E+00 7.24092E-02 6.65102E-04

   11 CELL    O    0.00000E+00 0.00000E+00 1.28809E-01 1.81302E-02

   11 CELL    Al   0.00000E+00 0.00000E+00 1.38374E-02 1.15438E-03

   11 CELL    H    1.44319E-02 0.00000E+00 7.12936E-01 4.66552E-01

   11 CELL    TOT  7.93506E-02 4.21306E-03 9.29186E-01 4.86515E-01                                     
First, the interpreted input data are given. In this case, a more extensive list is given, by material, spatial regions and spatial zones. Then, below the title PRELIMINARY CALCULATIONS are written the values commented on the first example. Then, a tabulation of radius and volumes of each region is given. After that, the available and required memory of the general array A() is included. Finally, the results of calculated resonance absorption, fission, and removal cross section of each isotope are tabulated, from high to low energy in 9 columns: Number of group, region, zone, isotope, and the calculated absorption, fission and removal cross sections. The output of these parameters is organised as follow for each broad energy group: first, for each region of each zone, then, totals over the zone, and finally, for the cell. For each isotope, two lines are given: the first line contains the macroscopic cross sections. The second line contains the microscopic cross sections. Then, it is easy for the user to compare the corresponding values with the results obtained by other methods, such as the WIMSD resonance treatment (microscopic effective resonance cross sections).

In any case, if the option of output fluxes for intermediate groups is on, a file FIS7.OUT is generated with these values. 

IV. ALAMBDA

The ALAMBDA program allows calculations of the intermediate resonance lambda factor for one isotope X, on the formalism of WIMSD resonance treatment method. The program uses the effective multigroup absorption cross sections of one resonance isotope on a mixture with H and the isotope of interest, calculated on a previous step by RMET21 program with the lambda option (ABSXS file). Besides these data, a tabulation of resonance integrals vs. background cross sections on the same energy group than the absorption cross sections is needed (RI.OUT file). These values can be obtained with RMET21 also, with the option of calculation of resonance integrals vs. background cross sections for a mixture of one resonance isotope and H. No other user input is needed. The results are written on a file ALAMBDA.OUT, that contains the calculated lambda factors for each energy group and average. These values can be input to a WIMSD library using WLUTIL program.

A. Method

The theory and methods implemented on ALAMBDA program are described on ANNEX II and Refs.6,10. The main task of the program is the interpolation of absorption cross sections given for the resonance isotope on one dilution of the included isotopes, with a table constructed with the values or resonance integrals given on file RI.OUT. Then, once the corresponding value of the background cross section of the particular mixture is known, the lambda of the isotope is obtained.
B. Input/Output Units

Input files: ABSXS  (output of RMET21 calculation

                     with lambda option with X 

                     isotope)

             RI.OUT (output of RMET21 calculation

                     with RI vs. XSb option for 10 

                     XSb's)


Output file: ALAMBDA.OUT (main output)

Auxiliary generated file: XAVXB (inverted order of 

                                 RI.OUT content)

---------------------------------------------------------------------

              INPUT ON ABSXS (output of RMET21 with lambda  option):

                         ---------------------------------------------

                           Reg.1 (A80)   : Title

                           Reg.2 (2I5)   : NGG number of energy groups

                                           NX  number of cases 

                                               (with diff.densities)

                           Reg.3 (6E12.5)    : (EGG(I),I=1,NG) 

                                               lethargy widths of 

                                               energy groups 

                                               (from high to low 

                                                energy)

                           Reg.4 (4E12.5):     PXU xs-pot reso isotope

                                               PXH xs-pot H

                                               PXX xs-pot X

                                               ALU lambda of resonance

                                                             isotope

                           Reg.5 (2E12.5):     DNH atomic density of H

                                               DNX atomic density of X

                          NGG values (I=1,NGG): 

                          --------------------

                           Reg.6I (E12.5): XSa-I output of RMET21 with 

                                           isotope X)

                         ---------------------------------------------

C. Output
The main parts of the output on ALAMBDA.OUT for the test4.1 given on the package are given below:

 LAMBDA X = O - U238 - T=293 K -G 15-27 WIMS

 NO.OF GROUPS=    14 NO.OF DENSITIES =     5

 LETHARGY WIDTHS OF GROUPS:

 0.92334E-01 0.50006E+00 0.45198E+00 0.45198E+00 

 0.45199E+00 0.45187E+00 0.90406E+00 0.90396E+00 

 0.67797E+00 0.45187E+00 0.55085E+00 0.55085E+00

 0.48038E+00 0.90392E+00

 XSpots.:Res.Isot.=  0.10599E+02 - H=  0.20181E+02 - X=  0.38880E+01

 LAMBDA res.isot.=  0.20000E+00

 CASE =     1

 ATOMIC DENS.: H=  0.60950E+00 X=  0.20000E+01

 RESULTS FOR EACH GROUP

 GROUP   2 XSA =  6.24432E-01 LAMBDA =  1.00538E+00

 GROUP   3 XSA =  6.71749E-01 LAMBDA =  1.00538E+00

 ..........................................................

 GROUP  13 XSA =  4.70795E-01 LAMBDA =  1.48485E+00

 GROUP  14 XSA =  5.27533E+00 LAMBDA =  8.74703E-01

 AVERAGED RESULT (OVER THE GROUPS)

     XSA =  1.65842E+00 LAMBDA =  9.67904E-01

 CASE =     2

 ATOMIC DENS.: H=  0.12190E+01 X=  0.20000E+01

 RESULTS FOR EACH GROUP

 GROUP   2 XSA =  6.51693E-01 LAMBDA =  1.00480E+00

...........................................................

...........................................................

 CASE =     5

 ATOMIC DENS.: H=  0.30475E+01 X=  0.20000E+01

 RESULTS FOR EACH GROUP

 GROUP   2 XSA =  6.92578E-01 LAMBDA =  1.07563E+00

 GROUP   3 XSA =  7.67132E-01 LAMBDA =  1.05709E+00

...........................................................

 GROUP  13 XSA =  4.79343E-01 LAMBDA =  1.26205E+00

 GROUP  14 XSA =  9.32250E+00 LAMBDA =  9.08364E-01

 AVERAGED RESULT (OVER THE GROUPS)

     XSA =  2.82749E+00 LAMBDA =  9.61420E-01

First, the interpreted input data included on the ABSXS file are given: title of the case, number of groups, number of densities, lethargy widths, and the potential cross sections of the resonance isotope, H and the isotope X. Then, for each case (for each dilution), the results are given after the atomic densities of H and X. The input absorption cross section followed by the output lambda factors for each group are written. At the end of each case, the averaged result of absorption cross section and lambda factor (over the groups) are written.
V. WLUTIL

The WLUTIL program is a necessary tool for input and output resonance parameters from/to WIMSD libraries. The program reads an input WIMSD library (WIMS1.LIB file) and, according to the chosen option, included on WLUTIL.DAT file and RIi.OUT files (i:material number on WIMS1.LIB), it writes a new WIMSD library (WIMS2.LIB file) or files with resonance integrals from the input library (RIi.DAT files (i:material number on WIMS1.LIB).

A. Options

OPTION 1: GENERATES A NEW WIMS LIBRARY WITH NEW LAMBDA 

          FACTORS FOR ONE OR MORE ISOTOPES FROM INPUT 

          (ON WLUTIL.DAT)

OPTION 2: GENERATES OUTPUT (ON RIi.DAT) FROM WIMS LIBRARY 

          DATA OF RI VS.XSb FOR ONE OR MORE RESONANT 

          ISOTOPES AND CHECK IT

          (i:WIMS ID OF EACH ISOTOPE)

OPTION 3: GENERATES A NEW WIMS LIBRARY WITH ALL DATA OF RI 

          VS.XSb FOR ONE OR MORE RESONANT ISOTOPES REPLACED 

          FROM INPUT (ON RIi.OUT) 

          (i:WIMS ID OF EACH ISOTOPE-4 DIGITS)

          WITH OPTION FOR CORRECTING DATA 

OPTION 4: CHECK RI VS.XSb 

          (FOR ONE OR MORE RESONANT ISOTOPES FROM INPUT 

           ON RIi.OUT)             

          (i:WIMS ID OF EACH ISOTOPE-4 DIGITS)

OPTION 5: CORRECT RI VS.XSb (ALL DATA) OF ONE WIMS-D 

          LIBRARY

B. Input/Output Units

Input files: WLUTIL.DAT  input data 

             WIMS1.LIB (INPUT WIMS LIBRARY in ASCII – 

                        WILLIE format-Ref.11) 

  options 3,4: RIi.OUT (RI vs XSb-RMET21 output format,

                        a set of data for each temperature,

                        for all the resonance groups, 

                        one file for each resonance 

                        isotope i)

Output files: 

  options 1,3,5: WIMS2.LIB (OUTPUT WIMS LIBRARY in ASCII,

                            WILLIE format)

  option 2:      RIi.DAT (RI vs XSb for each isotope i)

  options 2-5:   WLUTIL.OUT (Check results)

C. User Input

The input instructions are given in the code as comment cards at the beginning of the source code. The WLUTIL instructions are reproduced here for the convenience of the reader.

INPUT data:

-----------------------------------------------------------
card 1 (I5): ioptio  = 1 -> option 1 (replace lambdas);

                     = 2 -> option 2 (extract RIvs.XSb);

                     = 3 -> option 3 (replace RI vs.XSb)

                     = 4 -> option 4 (check RI vs.XSb)

                     = 5 -> option 5 (correct RI vs.XSb)

if ioptio < 5:

card 2 (I5): niss (=# of isotopes to be processed)

card 3 (F10.5): dref = Max.% of difference for checking RI 

                       on Temp and XSb 

if ioptio=1:

GENERATES A NEW WIMS LIBRARY WITH NEW LAMBDA FACTORS FOR ONE OR MORE ISOTOPES FROM INPUT (ON WLUTIL.DAT)

card 4 (I5):    idss(i) -> WIMS identifier of isotope

card 5 (F11.0): alss(i) -> new lambda for isotope

Repeat cards 4,5 for the niss isotopes

if ioptio=2:

GENERATES OUTPUT (ON RIi.DAT) FROM WIMS LIBRARY DATA OF

RI VS.XSb FOR ONE OR MORE RESONANT ISOTOPES AND CHECK IT

card 4 (I5): idss(i) -> WIMS identifier of isotope(integer)

card 5 (I5): iesnof(i) (=0->no fission data;

                        =1->fission resonances included)

card 6 (I5):  iextra(i) (=0-> add first extra group data on 

                              RIi.DAT;

                         =1-> no)

Repeat cards 4-6 for the niss isotopes

if ioptio=3 or 4:

OPT.3: GENERATES A NEW WIMS LIBRARY WITH ALL DATA OF RI 

       VS.XSb FOR ONE OR MORE RESONANT ISOTOPES REPLACED 

       FROM INPUT (ON RIi.OUT)

OPT.4: CHECK RI VS.XSb FOR ONE OR MORE RESONANT ISOTOPES 

       FROM INPUT (ON RIi.OUT)

card 4 (I5): idss(i) -> WIMS identifier of isotope(integer)

card 5 (3I5):numtem(i) -> number of temperatures

             numxsb(i) -> number of XSb

             iesnof(i) (=0->no fission data;

                        =1->fission resonances included)

card 6 (6E12.5):treso(i,j),j=1,numtem(i) -> temperatures(K)

card 7 (I5):    iextra(i) (=0-> skip first extra group data 

                                on RIi.OUT;

                           =1-> no)

Repeat cards 4-7 for the niss isotopes

if ioptio=3:

card 8 (I5):    icorre (=0-> correct RI vs.XSb;

                        =1-> no)
A sample input of option 1 (Test 5), for replacing lambda factors of four isotopes (O, Al, Fe and Zr) on a WIMS library follows:

    1

    4

   0.00001

 6016

 0.958

   27

 0.803

 2056

 0.512

   91

 0.371

         A sample input of option 2 (Test 1), for extract resonance integrals from a WIMS library for U-235 and U-238 follows:

    2

    2

   0.00001

 2235

    1

    0

 8238

    0

    0

A sample input of option 3 (Test 7), for replacing resonance integrals of U-235 and U-238 on a WIMS library follows:

    3

    2

   0.00001

 2235

    4   10    1

 3.00000E+02 6.00000E+02 9.00000E+02 1.1000E+03

    0

 8238

    4   10    0

 3.00000E+02 6.00000E+02 9.00000E+02 1.1000E+03

    0

    0
A sample input of option 4 (Test 6), for checking resonance integrals of U-235 and U-238 on RIi.OUT files follows:

    4

    2

   0.00001

 2235

    4   10    1

 3.00000E+02 6.00000E+02 9.00000E+02 1.10000e+03

    0

 8238

    4   10    0

 3.00000E+02 6.00000E+02 9.00000E+02 1.10000e+03

    0

Finally, a sample input of option 5 (Test 8), for correcting resonance integrals of all resonance isotopes  on a WIMS library follows:

    5
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ANNEX  I

RMET21: THEORY AND METHODS

1. INTRODUCTION

    The resonance problem for nuclear reactor calculations and its present status, have been described in detail (e.g. Rothenstein et al., 1982). Several codes have been developed to deal with the problem of energy details, but in general, these are only for simple geometries, such as cylindricized pin cells. To date 2-D geometries, such as clusters of rods, are treated in detail with Monte-Carlo codes only. It is known that these type of codes present statistical problems and the calculations are very expensive because of the computer time needed.

RMET21 code is for homogeneous cases and cyljndricized pin cells. 

    The method adopted was the integral form of the transport equation with first-flight collision probabilities. The entire geometric part of the problem is contained in the computation of these quantities.

   The computer development, which reduced the time of calculations and increased the fast memory and disk requirements, enabled some methods used in the past for very few groups only, to be applied to codes with a fine energy mesh. Special care had to be taken in the organization of the program and in the implementation of acceleration techniques.

    The advances in computer technology made possible also the use of preprocessed cross-section tables, from basic nuclear evaluated libraries, such as ENDF /B. Data of this type were used as input cross-sections for the codes described here.
2. THEORY

    Basically, the problem is to find the angle integrated neutron flux in the resonance region. For this purpose, the multigroup and multi-region form of the integral transport equation is used:

jg jg Vj = i Qig Pijg                                                 (1)      
where:

ig = macroscopic total cross section of thc ith region.

ig = volume-averaged flux in the ith  region.

Vi  = volume of the ith  region.

Qig = volume averaged slowing-down source in the ith region.
 Pijg = first-flight collision probability. i.e. the probability that a neutron uniformly   

             born in a region ”i”  has its first collision in region  “j”.

   The Pijg satisfy the  reciprocity relation :

ig Vig Pijg = jg Vj Pjig                                                  (2)
The basic approximations necessary in obtaining equation (1) are as fo1lows.

Isotropic scattering in the laboratory system. The validity of this approximation particularly on the slowing-down region. and its possible correction. by means of the mean cosine of the. scattering angle in the laboratory system (transport correction). were discussed by Wi1liams (1966). More recently, the effect of anisotropic scattering in the resonance region was investigated for Rothenstein et al. (1982) and Meftah and Karam (1984). Briefly, it is concluded that the anisotropic scattering effect is not of first order for resonance calculations.

A flat source and flat flux in each ith region at all energies. This approximation has a second-order effect in the results, as shown by several investigators (e.g. Berg, 1964). Nevertheless, this effect can be minimized if a detailed spatial sub-division is made.

   The approximations restrained to the slowing-down resonance energy region, from about 10 keV to about l eV are:

(a) there are no direct fission neutrons, 

(b) there is no up-scattering.

2.1. The slowing-down source calculation

    The source Qig  in equation (1) can be written as:

 Qigsigg ig +Sig                                                             (3)

where:

   sigg  = macroscopic self-scattering cross-section of the ith region.

       Sig  = volume-averaged source from the other groups g' (g' < g),
    Sig  =g’ si,g’->g ig’
The lethargy variable u = ln (Emax/E) is used, with Emax as the maximum energy in the calculation. A group “g” will have a lethargy width ug = ug-1 - ug. To find Sig, a constant value of ug is used for all the groups “g” which is very narrow with respect to the maximum lethargy gained per col1ision with the heaviest nuclide present in the system. This lethargy interval is denoted by uf.
Then, it is possible to find the very practical algorithm for Sig (Kier and Robba, 1967):

Sig =  exp(-uf) Si,g-1 + 

k sik,g-1Piki,g-1 – 

         exp(-uf)(k sik,g-Nk-1PNk,ki,g-Nk-1 )                                     (4)
where:

sik,g = macroscopic total scattering cross section of the “k” nuclide of the ith region,

Pnk      = probability that a neutron traverses “n” energy groups after a collision with the 

               isotope “k” ( n = 1,…, Nk ),
Nk      = integer part of k/uf, where k is the maximum lethargy gained per collision 

              with the  isotope k: k = ln(1/k ); k = (Ak – 1)2/( Ak+1) 2, where Ak is the 

              mass of the isotope “k”, in units of the neutron mass.

    It follows that the source Sig can be calculated from its value and the scattering rate into the groups g-1, and g - Nk - 1. The third term on the right hand side of equation (4) can be taken as an average over some fine groups, reducing in this way the storage requirements.

   To calculate the sources Sig given by expression (4), there are two options for the initial condition in energy:

(1) to give an external initial source for each spatial region “i” assuming flux equal to 

         zero for u < 0,

   (2) to assume 1/E flux for E > E0 [  (u) = 1 for u  < 0].

    The approximations involved in expression (4) are:

(a) inelastic scattering can be neglected at the resonance energies under consideration        

      and a constant value of the potential scattering cross-section can be assumed to be 

      adequate. Inelastic scattering plays an important role in the loss of neutron energy 

      only for energies above 0.1 MeV. Potential scattering is practically constant in the 

      resonance range considered,

(b) elastic and isotropic scattering in the center of mass system,

(c) the flux and the cross-sections are constant within each group “g”. In practice the

     flux and cross-sections can be considered as equal to the point values at uf+uf /2.

Within these assumptions, sigg in equation (3) can be expressed as :

sigg = k sik,gP0k ,                                                       (5)
where P0k is the self-scattering probability, i.e. that a neutron remains in the same group after a collision with the isotope "k"

                                          (ug+ug (u
                 P0k =A |              |  exp(u’-u)du’du = A{uf +exp(-uf)-1},                      (5a)

                                          (ug        (ug
where A = 1/{(1-k)uf }.

   Besides, the Pnk  (n=1,Nk) in equation (4) are:

                                (ug+ug ( ug -(n-1)uf 
           Pnk =A |              |  exp(u’-u)du’du = Aexp{-(n-1)uf }{1-exp(-uf)}2            (5b)

                                (ug        (ug -nuf
    For Pnk, another approximation was made in the evaluation of the integrals, because they were taken to include the entire range of g' and g, without taking into account the restriction imposed by k (see Fig.1). It can be seen that the overestimate made for 

g' = g - Nk  is partially compensated by the neglect of the contribution of the group 

g' = g-( Nk +1).
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Fig.1. Source calculation: integration restrictions for  PNk ,k and PNk+1,k.

2.2. The method for calculating the collision probabilities Pijg in the RMET21  code

    The probabilities Pijg , in equation (1) are given by: 

                                                              (       (  
                       Pijg = (ig/Vi)|       | exp[-g(R)]/(4R2)dr’dr,                                     (6)

                                                               (Vi (Vj
where R=|r-r’| and g(R) is the distance (in m.f.p.) between r’and r.

  The Carlvik's method (Carlvik, 1965) is used for the calculation of the. probabilities Pijg., in cylindrical geometry, i.e. invariant in one cartesian direction.

In this method, the Bickley functions Kin(x) are used (Bickley and Nyler, 1935).

It can be shown that the probability that a neutron born in a vertical line source, travels a distance x ( in m.f.p.) in horizontal projection is : n() = Ki2().

   In Fig. 2 it was drawn as a section with two regions “i” and “j”. The probability that a neutron that was born in Vi along the line ”x” (defined by the angle  and ordinate y), suffers its first collision in Vj is, normalizing to a neutron density 1/x and using the properties of the Kin functions:

   Pijg (y,) = (1/ig xi )[ Ki3(ijg)- Ki3(ijg ig)- Ki3(ijgjg)+ Ki3(ijgigjg)]              (7)
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Fig.2. Carlvik’s scheme for first-flight collision probability calculations

   For obtaining Pijg it is necessary to multiply expression (7) by the volume element  xdy/V, and by d/2, and integrating over all the values y and between  ymin, ymax and min,maxcorresponding to the regions i and j . For j ≠ i:

                                  (         (  
Pijg =(1/2ig Vi )| dy  |d [ Ki3(ijg)- Ki3(ijg ig)- Ki3(ijgjg)+ Ki3(ijgigjg)]       (8a)

                                  (y (
and for the self-collision probability(j = i):

                                                                          (         (  
                 Pijg =(1/2ig Vi){1-(1/2)| dy  |d [ Ki3(0)- Ki3(ig)]}                              (8b)

                                                                         (y  (

   For the computation of the Pijg -equations (8a,b), only one new approximation is necessary in the method to integrate the variable y (and the variable in case of a cluster). The quantity Pijg is defined as:

                                                Pijg =ig Pijg.                                                                       (9)
   From the reciprocity relation (2), it follows that Pijg=Pjig. Then, the Pijg are calculated in place of Pijg.

   In annular geometry (RMET21 code) , a Gauss-Jacobi integration formula is used for unit cylindicized cell with any number of concentrical annular regions. Details of the method are found in Carlvik (1965).

   For the evaluation of (8a,b), a “black” boundary of the unit cell is assumed, because no incoming neutrons are taken into account. Usually the “white” boundary condition is appropriate for these types of calculations. It is necessary to correct these expressions (named PBijg) to derive the corresponding values for “white” boundaries (named PWijg). The correction used in our codes is based on the cosine current approximation. It holds for a great variety of cases. This correction is deduced from the fact that, for a “white” boundary, it is necessary to add to PBijg the contributions of probabilities coorresponding to 1, 2, 3,… reflexions at the boundary (s). This is (subscript g is suppressed in the following expressions)

             PWij = PBij + Pis Psj + Pis Pss Psj + Pis P2ss Psj +… = PBij + Pis P sj /(1- Pss),      (10)

where:

      Pis = probability that a neutron born in a region i will reach the boundary s of the 

               cell; Pis = 1 - j PBij,

      Psj = probability that a neutron that enter de cell with a cosine distribution  will have

               its first collision in region j. It can be seen, by using the definition of cosine 

               current, that, Psj = (4/s)Vj j Pjs,
      Pss = probability that a neutron that enter de cell with a cosine distribution, escapes     

               through s without collision into the cell; Pss = 1 - Psj.

   The corresponding correction for Pij is found by multiplying both sides of equation (10) for Vj  and using the expressions of Pis, Psj and Pss:

                                           PWij = PBij + Ri Rj / R                                                         (11)

where

Ri = Vii - j Vjj PBij  and   R = i Ri

2.2.3. Further acceleration procedures 

An essential feature of the method for the calculation of the slowing-down source (Section 2.1) is that the width of all the fine energy groups must be a fixed value equal to uf.

Taking into account the slow variation of the cross-sections between the resonances and the sensitivity of the Pij values to this variation, the following approximation is introduced as one option:

          if max(gj /g’j )≤ F, for g > g', Pijg is not calculated or interpolated. 

For this group the value taken is the last one previously calculated (for g' < g). 

   F is an externa1ly fixed factor, chosen after a detailed study of the sensitivity. Usually, F = 0.999 gives good results, with a noticeable reduction in the number or Pijg, calculations, depending on the resonance isotopes included in the problem and their concentrations. The same method is implemented for the flux calculation, using the same or one different factor F.

2.3 The ftux calculation

    To calculate the neutron flux in the resonance region, the system of equation (1) is solved. Taking into account the expression (3) for the source Qig and the definition (9) or Pijg, one can write:

jg jgisigg/ig Pijg ig =i Sig /ig,                                    (12)

Once the Pijg and Sig are calculated, the system (12) is solved by Gaussian elimination.

2.4 The cross-section treatment
    The required basic microscopic cross-sections, for each isotope k in each energy group g are : akg,fkg and skg, where the basic data source for these cross-sections is one of the available evaluated data files (such as ENDF/B). NJOY system (RECONR, BROADR, and UNRESR modules) are used to handle these data, post-processed with NRSC-GEXSCO program.

ANNEX  II

ALAMBDA: THE METHOD

1. INTRODUCTION

    The multigroup resonance treatment methods based on equivalence theorems, as it is the method included in WIMS-D4 program, requires a ‘lambda-factor’ for each isotope included on the materials of the cell.

    The values of these parameters must be included on the multigroup libraries. 

    The objective of this work was the development of the capacity for calculating the lambda factors from any set of basic nuclear data file, following the WIMS-D4 formalism of resonance treatment.

    In Section 2, the method for obtaining the lambda factor is resumed. In Section 2, a description of the first steps of the method is described. 

2. THE METHOD

    The resonance treatment in WIMS is based on the  equivalence theorem-respect to the flux form- between an homogeneous mixture of a resonance isotope and hydrogen and the fuel flux of an heterogeneous cell. 

    The theoretical details of resonance treatment of the WIMS method are not included here. Its can be found elsewhere.

    The ‘dilution’ cross section (b) is the nexus between the homogeneous and heterogeneous systems . 

    For the homogeneous system, 

b,hom = r*pr + Nh*ph/Nr,                                     (1)

where pr, ph are the potential scattering cross section of the resonance isotope and hydrogen, respectively, and Nr, Nh are the respective atomic densities. r is the lambda factor for the resonance isotope (by convention, the lambda factor of hydrogen is 1.0).

   For the heterogeneous system, 

b,het = rpr + i(Ni*i*pi/Nr) + e                                         (2)

where pi are the potential scattering cross section of the non-resonance isotopes i present on the fuel, Ni are the respective atomic densities, e is  the heterogeneous correction and i is the lambda factor of the isotope i.

    All the problem can be resumed in finding the e correction for the particular case. This correction is obtained from geometric characteristics of the particular cell. Then, with the tabulated values of ipi (on the multigroup library), the b,het is found, and, with the tabulated values of RIx vs.b,hom (on the multigroup library), the rx,het can be found. Here RIx is the multigroup Resonance Integral (divided by group lethargy width) for the reaction x (absorption, fission).

    Besides, a correction is made to the transport cross section of the regions near the fuel zone that takes into account the flux perturbation on these regions doubt to the resonance self-shielding of the materials in the fuel. For this correction, lambda factors for the isotopes in the materials of these regions are used too.

    When a new multigroup library is generated, the calculation of  RIx vs.b,hom is a rather easy task, but the calculation of  i requires a special method that is resumed on the following paragraphs.

    The general idea is to find an equivalence  between a mixture of the main resonance isotope with hydrogen, and a mixture of the resonance isotope, the i-isotope for which its i is required, and a proportion of hydrogen that represent the e part of a typical b,het (plus the contribution to j(Nj*j*pj/Nr)  from the other no-resonance j isotopes). Then, once the equivalent b,hom is found, i can be calculated by solving the equation b,hom =b,het :

i=[b,hom - Nh*ph/Nr-r*pr)]/(Ni*pi/Nr).                      (3)

   This expression is valid group by group i.e. the I found is i,g, a value for each energy group g, because the equivalence between the two mixtures is found for comparisons of the group absorption cross section calculated with a detailed-in energy-computation of the flux spectrum for the two mixtures. 

   The value of r is fixed to an approximated  value of 0.2.

   The method includes the following steps :

1)  computation of RIa,g vs. b,hom for the mixtures of the resonance absorber and hydrogen only, with the program RMET21, that calculates the resonance flux with details in energy. This step is part of the procedure for preparing the tables of multigroup resonance integrals vs. dilution, included on the corresponding section of the multigroup library, for the resonance isotope fixed as reference on the lambda factor calculation (normally U238). Then, it is not necessary to repeat this step specifically for lambda calculations ;

2)  from the values calculated on step 1), preparation of a table of multigroup absorption cross sections vs. dilution, with the inverse of the expression used for calculating the RI’s:

arg = RIarg*b,hom/(b,hom -RIarg) ;

3)  computation of arg on a mixture of the resonance absorber, hydrogen, and the isotope i, with a program that calculates the resonance flux with details in energy (the same program RMET21 used on step1)). The hydrogen atomic density input on this calculation corresponds to a value that approaches the numerical value of  the dilution cross section to the one of a typical heterogeneous cell ;

4)  search of b,hom, from interpolation on the values included in the table prepared on step 2) corresponding to the absorption cross section calculated on step 3) ;

5)  application of the expression (3) for obtaining the i,g.

The implementation of steps 4) and 5) are included on a computational program  ALAMBDA.

The resulting lambda values calculated with the method resumed above can be included onto the multigroup libraries.

     In practice, a different simplified method is used with a further step implemented on the same program ALAMBDA, for obtaining a global (1-group) lambda, constant for all the energy groups, that is the final value included in the multigroup library for the isotope i. This step is made because the averaged character on the estimation of  lambda parameters, as needed on the WIMS formalism,  suggests an approach of this type. This step is implemented as follows :

a)  calculation of the integrated (over all resonance groups) values of RIar vs. b,hom from the sum of partial RI’s calculated in step 1 ), by weighting with lethargy;

b)  steps 4) and 5), but applied over the integrated values or RIa and absorption cross section, and not group by group.

    Other approach that can be proved to be sufficient for practical purposes consists in following the method described above only for some selected isotopes. The values adopted for all the other isotopes included in the library are found for a visual or calculated interpolation on the curve of i vs. Ai, where Ai is the atomic mass of the isotope i.

    Usually, the resonance isotope for which these calculations are made is U238 because it is the most important isotope from the point of view of resonance effects on cell calculations. If a particular cell contains, as the main resonance isotope, other nuclide with very different resonance distribution respect to U238, a different set of lambda factors must be obtained for this type of cell.
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