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Abstract 

For the validation of the evaluated nuclear data file JEF-1 in thermal reactor 

applications, especially beginning-of-life criticality calculations, a number of 

CSEWG thermal reactor benchmarks, 'high conversion' benchmarks, and critical 

experiment benchmarks for plutonium recycle in LWRs have been selected. These 

benchmarks cover light and heavy water moderated uranium metal, uranium oxide, 

and uranium-plutonium oxide lattices as well as homogeneous solutions of uranyl- 

and plutonium nitrate. In addition, for testing capture cross-sections of acti- 

nides, comparisons between calculated and experimental reaction rate ratios 

measured at the SHERWOOD assembly in the pool reactor MELUSINE (GRENOBLE-FRANCE) 

have been performed. Further, neutron thermalization benchmarks were chosen to 

validate JEF-1 scattering law data and thermal absorption cross-sections. 

For the generation of multigroup cross-section libraries based on JEF-1 data the 

NJOY nuclear data processing system was used. The calculation of spectral weigh- 

ted group-constants, critical parameters, and lattice cell reaction rate ratios 

have been performed using the IKE-RSYST/CGM program system. The effective multi- 

plication factors (keff ) of the different assemblies are calculated solving the 

lo-neutron transport equation by means of the SN-method (program ANISN). 

Most of the JEF-1 results show an excellent agreement with corresponding experi- 

mental values (fast advantage and thermal disadvantage factors, cell reaction 

rate ratios, keff ). For some assemblies, especially homogeneous plutonium solu- 

tions, the calculated values disagree with the experimental values by the same 

order as it is the case for ENDF/B-IV and V, respectively. For light water mode- 

rated uranium lattices, for which ENDF/B-IV data underestimate keff remarkably, 

JEF-1 results show a good agreement with experiments and are comparable with 

those from ENDF/B-V. 
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1 Introduction 

The accurate determination of the reactivity of systems containing fissionable 

nuclides is important for both operating conditions of a power plant and criti- 

cality safety in the fuel cycle. The calculation of integral parameters such as 

multiplication factor, critical boron concentration, lattice cell reaction ra- 

tes, advantage/disadvantage factors etc. is a complex procedure which requires 

appropriate basic nuclear cross-sections and adequate treatment of resonance 

absorption and thermal scattering. For validating calculation methods and nu- 

clear data a large number of experimental values from 'clean' and well documen- 

ted critical experiments (benchmarks) and operating power plants are available. 

To test the nuclear data contained in evaluated data files for thermal reactor 

applications it is important that the compositions and geometries of the con- 

sidered benchmarks should be as simple as possible, so that difficulties of core 

representation do not undermine the comparison with experiment. 

The main task of this work is to validate data from the Joint Evaluated File 

JEF-1 /l, 2/ for thermal reactors by calculating benchmark assemblies containing 

different fuels (U, Pu, mixed oxide) and moderators (H,O, D,O) and comparing 

with measured integral parameters such as keff, lattice cell reaction rate ra- 

tios and advantage/disadvantage factors. The Joint Evaluated File JEF-1 is the 

result of a scientific cooperation between laboratories in Austria, France, F.R. 

Germany, Italy, Japan, Netherlands, Sweden, Switzerland, United Kingdom and 

the NEA Data Bank. 

Furthermore, it is desirable to have a comparison with results from other eva- 

luated data files. Therefore, in addition results from benchmark calculations 

with ENDF/B-IV and ENDF/B-V /3/ are given too. 

For the generation of pointwise and multigroup cross-section data based on eva- 

luated data libraries in ENDF/B format the NJOY nuclear data processing system 

/4/ is an adequate tool which enables to calculate data for arbitrary energy 

structures, temperatures and weighting functions. 

For most of the applications in the field of thermal reactors it is not necessa- 

ry to start every problem from the evaluated data library using NJOY. From our 

experience multigroup libraries with about 100 groups for the fast and epither- 

ma1 energy range, 8500 groups for the resolved resonance region and 151 groups 

for the thermal energy range are an adequate basis for epithermal and thermal 
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systems. From these libraries problem-dependent broad group cross-sections for 

the transport calculations can be generated by calculating a fine group cell 

spectrum for an idealized cell and using this spectrum as weighting function for 

collapsing to broad groups. For these spectral calculations the program system 

RSYST/CGM was used /5/. The solution of the transport equation for the simpli - 

fied assemblies were performed with the lD-SN-program ANISN /6/. 

For the validation of basic nuclear data and data processing systems the CSEWG 

thermal reactor benchmarks /7/ and ‘high conversion ’ benchmarks /8/ cover a wide 

range of light water moderated homogeneous and heterogeneous systems with ura- 

nium or plutonium as fuel. These benchmarks have been analyzed with JEF-1 data 

and the results are discussed in this report. 
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2 Scope of Benchlarks 

For the validation of the Joint Evaluated File JEF-1 data several neutron ther- 

malization benchmarks and critical assemblies summarized in Table 2.1 were ana- 

lysed. Most of these (experimental) benchmarks have been published in the CSEWG 

Benchmark Specification ENDF-202 /7/. The nuclides appearing in these benchmark 

calculations are listed in Table 2.2. 

2.1 Neutron Thermalization Benchmarks 

To validate the (JEF-l/NJOY) multigroup neutron cross-sections and scattering 

matrices for the thermal energy range comparisons of calculated and measured 

neutron spectra have been performed. Corresponding experiments are described in 

I9 - II/. They are essentially infinite medium neutron spectra measurements in 

homogeneous mixtures of moderators (H,O, D,O) and absorbers at different tempe- 

ratures. They provide useful checks for neutron scattering law data. 

2.2 Thermal Reactor Benchmarks 

2.2.1 U-2356H,O Systems 

. ORNL-1, 2, 3, 4, 10 

Five unreflected spheres of U-235 (as uranyl nitrate) in H,O are considered, 

three of them poisoned with boron. Critical compositions and volumes are 

specified. These assemblies are primarily sensitive to H,O scattering data, 

the thermal capture cross-sections of U-235 and hydrogen, the U-235 thermal 

fission cross-section and the average number of neutrons per fission /7/. 

2.2.2 Low Enriched Uranium-H,0 Systems 

0 TRX-1, 2, 3, 4 

These are H,O-moderated, fully reflected simple assemblies operated at room 

temperature. The fuel rods consist of uranium metal (enriched to 1.3 % U-235) 



Table 2.1: Selected thermal reactor benchmarks and experiments for validation of JEF-1 data 

Assembly Moderation 

ratio 

Comments 

ORNL- 1 

-2 

-3 

-4 

-10 

NH'NU-235 
1378 

1177 

1033 

972 

1835 

Ref. /7/; highly enriched (94 wtX1 homo- 

geneous uranyl nitrate solutions (unre- 

flected spheres, partly poisoned with 

B-10). 

Measured parameters: keff. 

TRX-1 

-2 

-3 

-4 

V 
modtVfuel 

2.35 

4.02 

1.00 

8.11 

Ref. /7/; 1.3 wtX U-235 enriched latti- 

ces with metallic fuel (fully reflected). 

Fuel rod diameter 0.983 cm, aluminium 

clad. 

Measured parameters: advantage + disadvan- 

tage factors, cell reaction rate ratios, 

k 
eff' 

BAPL-UO,-1 1.43 

-2 1.78 

-3 2.40 

Ref. 171: 1.31 wtX U-235 enriched lattices 

with oxide fuel (fully reflected). fuel 

rod diameter 0.9728 cm, aluminium clad. 

Measured parameters: disadvantage factors, 

cell reaction rate ratios, keff. 

HIC-UO,- 3 1.37 Ref. 181; 3.04 wt% enriched UO, pellets of 

-10 0.96 0.935 cm diameter in aluminium tubes with 

-11 0.76 various water-to-fuel volume ratios (fully 

-13 0.43 reflected) 

Measured parameters: keff. 

SHERWOOD Ref. /12/; actinides capture cross- 

(Grenoble] sections measurements in PWR spectrum. 

- 

- 

Assembly Moderation 

ratio 

Comments 

PNL- 1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-12 

- Inf. Med. 

PNL-30 

-31 

-32 

-33 

-34 

-35 

MIT-l 

-2 

-3 

NH'NP" 
668 

125 

1154 

873 

554 

125 

980 

758 

1067 

3695 

V 
mod"fue1 

1.194 

1.194 “) 

2.524 

2.524 *) 

3.640 

3.640 *) 

V 
mod'Vfuel 

20.765 

25.897 

34.608 

Ref. /7/; critical spheres of plutonium 

nitrate solutions (PNL-7 and PNL-12 water 

reflected), up to 4.6 atom X Pu-240. 

Measured parameters: keff. 

Infinite critical solution of Pu-239 in 

Hz0 

Ref. /7, 13, 14/; clean critical experi- 

ment benchmarks for plutonium recycle in 

LWR's. Six lattices with UO,-2 wt% PUO, 

(8 % Pu-240), Zircaloy-2 clad. 

*) boron poisoned 

Measured parameters: keff. 

Ref. 17, 31; O,O-moderated lattices of 

natural uranium rods with diameters of 

2.565 cm in a triangular lattice pattern. 

Measured parameters: cell reaction rate 

ratios, keff. 

I 
P 

I 



Table 2.2: Nuclides used in benchmark calculations for validation of JEF-1 

Isotope 

H 

II 

B-10 

N-14 

O-16 

Al-27 

Fe 

Zr 

Dy-164 

Lu-176 

U-234 

U-235 

U-236 

U-238 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Am-241 

Am-243 

MAT Thermal 

4011 

4001 

4012 

4002 

4050 

4074 

4066 

4137 

4260 

4409 

4664 

4716 

4924 

4925 

4926 

4928 

4948 

4949 

4940 

4941 

4942 

4951 

4954 

+ 

+ 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

U- 
nitrate 

ORNL 

Pu- 
nitrate 

PNL 

Type of Benchmark 

uo,- 
lattices 
BAPL-UO, 

HI-C 

U-metal MOX 
lattices lattices 

TRX PNL 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

D,O- 
lattices 

MIT 

SHERWOOD- 
experiment 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

ul 

I 
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cladded in aluminium. They are 48 inches long and 0.387 inch in diameter and 

are arranged in triangular lattices. TRX-1 and TRX-2 are uniform lattices 

with moderator/fuel volume ratios of 2.35 and 4.02, respectively. TRX-3 and 

TRX-4 are two-region assemblies in which the test lattice is surrounded by a 

driver of UO, rods. The moderator/fuel volume ratios are 1.00 and 8.11 re- 

spectively. 

The following integral parameters are measured at the center of each lattice: 

the epithermal/thermal ratio of U-238 capture (p’*) and U-235 fission (625), 

the ratio of U-238 capture to U-235 fission (C*), and the ratio of U-238 

fission to U-235 fission (62e). Also measured are axial bucklings for all 

lattices and radial bucklings for the uniform lattices. 

The experiments at the TRX assemblies allow to test the U-235 resonance fis- 

sion integral and thermal fission cross-section. They also test U-238 shiel- 

ded resonance capture and the thermal capture cross-section, the U-238 fast 

fission cross-section, U-238 inelastic scattering, and the U-235 fission 

spectrum. 

0 BAPL-UO,-1, 2, 3 

These are H,O-moderated, fully reflected simple assemblies operated at room 

temperature. The fuel rods are of high-density UO, (1,3 % U-235) cladded in 

aluminium. They are 48 inches long and 0.383 inch in diameter, arranged in 

triangular lattices with moderator/fuel volume ratios of 1.43, 1.78 and 2.40 

respectively. 

Integral parameter and B2 measurements similar to those for the TRX assem- 

blies are available. The cross-section sensitivities are comparable to the 

TRX experiments, but they are more representative to LWR-fuel. 

l HI-C UO,-3, 10, 11, 13 

The HI-C-assemblies /8/ allow.the study of reactor systems having tight lat- 

tices. Reactors with high conversion ratios become increasingly important in 

the utilization of nuclear energy. The high-conversion experiments extended 

the range of H-to-U-238 atom ratios from 5 to as low as 0.5. This corresponds 
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to water-to-fuel volume ratios ranging from 1.7 to 0.16. For the test of 

JEF-1 data four cores with Al-cladding and H-to-U-238 atom ratios from 4.15 

to 1.32 have been selected. 

l SHERWOOD assembly 

The SHERWOOD assembly /12/ consists of a 5 x 5 square lattice of typical PWR 

fuel rods (from a 17x17 assembly). This system was irradiated in the pool 

reactor MELUSINE (Grenoble, France). The SHERWOOD experiment is useful for 

the validation of actinides capture cross-sections in a PWR neutron spectrum 

at operating temperatures. 

2.2.3 Pu-H,O Systems 

0 PNL-1 through 8 and 12 

These are nine homogeneous aqueous plutonium nitrate assemblies with hydro- 

gen/Pu-239 ratios ranging from 131 to 1204. The last three assemblies are 

reflected ones. Experimental values for critical volumes and compositions are 

available. In addition, an infinite homogeneous critical solution of Pu-239 

in water is considered. The PNL-assemblies are generally useful for testing 

H,O scattering data, cross-sections for resonance and thermal fission of 

Pu-239 and the Pu-239 fission spectrum. 

2.2.4 UO,-PuO,-H,O.Systems 

0 PNL-30 through 35 

These H,O moderated mixed oxide lattices are fueled by compacted particles of 

UO,-2wt% PUO, with 8 % Pu-240. The fuel rods are zircalloy cladded and 

arranged in a square lattice. Critical configurations are specified for three 

lattice spacings with borated and unborated moderator. 

The lattices are useful for testing the U-235 and Pu-239 neutron cross-sec- 

tions and fission spectra as well as the cross-sections of U-238, Pu-240 and 

water. 
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2.2.5 U-235-U-238-D,O Systems 

. MIT-1 through 3 

The MIT-l, 2 and 3 benchmarks consist of D,O-moderated lattices of natural 

uranium rods with diameters of 2.565 cm arranged in a triangular lattice 

pattern. The associated lattice spacings are 11.43, 12.70 and 14.605 cm. 

Measured lattice parameters include B2, p2e, 625, 62a, and C*. 

These lattices are useful for testing D,O cross-section data and cross-sec- 

tions for thermal and epithermal U-235 fission, thermal and epithermal U-238 

neutron capture, and U-238 fast fission. 
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3 Method of Calculations 

The calculation of parameters measured in the benchmark-experiments is divided 

into three parts: 

0 Generation of multigroup cross-section libraries for the fast, resonance and 

thermal energy range for the nuclides given in Table 2.2. 

0 Spectral calculations for generation of weighted broad group cross-sections. 

l Transport calculations for determination of keff, reaction rate ratios etc. 

For the generation of multigroup cross-section libraries the NJOY nuclear data 

processing system /4/ was used. These libraries are the data base for the spec- 

tral code RSYST/CGM described in section 3.2. 

The selected benchmarks can be calculated with sufficient accuracy by means of 

the lD-SN- method using broad group cross-sections from CGM. The main details of 

the transport calculations are described in section 3.3. 

3.1 Generation of Problem-Independent Multicroup Cross-Sections 

The CGM library consists of three separate sections: 

0 the 'thermal' library for the energy range from 10m5 to 3.059 eV with 151 

9row a 

0 the 'fast' library for the fast and epithermal energy range from 0.414 eV 

to 14.98 MeV with 100 groups in GAM-II structure, 

0 the 'resonance' library for the resonance region from 0.876 eV to 4.3 keV 

with 8500 groups. 

They differ in contents and format although the basic data source and processing 

methods were identical. 

The cutoff-energy between thermal and epithermal/fast energy range can be chosen 

before running the spectral module CGM. 
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Many of the NJOY processing methods /4/ used to prepare the CGM libraries apply 

to all cross-section processing problems. The following discussion will concen- 

trate on those particular methods of most interest for thermal reactor problems. 

The processing path through the modules of NJOY is shown in Fig. 3.1. 

The RECONR module reconstructs resonance representations and interpolation laws 

given in ENDF-5 format so as to obtain a pointwise JEF-1 tape (PENDF) where all 

cross-sections are represented within specified tolerances by tables with linear 

interpolation. The PENDF tape is written in a format similar to the original 

ENDF format. In the BROADR module, the cross-sections are Doppler broadened and 

thinned. The UNRESR module is used when self-shielded average cross-sections for 

the unresolved energy region are required, and the THERMR module is used to 

compute energy-to-energy thermal scattering kernels and the thermal elastic 

scattering cross- sections (if any). The latter two NJOY modules add their re- 

sults to the PENDF tape using non-standard formats in ENDF File 2 and File 6, 

respectively. The final product of this process is a PENDF tape containing 

pointwise versions of the cross-sections required for the thermal reactor libra- 

ries. The tolerance used for reconstructing the resonance cross sections and for 

Doppler-broadening was 0.1 percent. 

The GROUPR module is used to obtain multigroup averages. Because each of the 

three libraries has different group structure and weighting requirements, three 

separate passes through GROUPR are required. However, only a single PENDF tape 

had to be prepared. 

For the smooth component of the weighting function in the narrow resonance 

approximation (NR) the following form was used: 

W(E) = ‘Thermal’ + l/E + ‘Fission’ 

where ‘Thermal’ and ‘Fission’ stand for Maxwellian spectrum and for fission 

spectrum, respectively. 

The final step is to transform the multigroup cross-sections into the RSYST/CGM 

format. 

a Thermal Library 

The CGM thermal library contains fission and absorption cross-sections, PL 

scattering matrices (i.e., group-to-group cross-sections) and fission yield (3). 

A transport cross-section is included for later use in calculating diffusion 

coefficients. 
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Fig. 3.1: Generation of multigroup cross-section libraries for calculation of 

thermal fission systems 
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The scattering matrices for all nuclides but ‘H(H,O)’ (that is, hydrogen bound 

in water) and ‘D(D,O)l were computed with the free gas model. The above two were 

computed using scattering law data from JEF-1. The total cross-section and the 

P, matrix were used to compute a detailed transport cross-section for the libra- 

ry to take into account an energy-dependent i. 

Cross-sections and matrices were computed using the group structure of Table 

A.1 given in Appendix. The weighting function used was a hardened Maxwellian 

spectrum below 100 meV. 

l Fast Library 

The fast (or ‘epithermal’) calculation in CGM requires fission and/or absorption 

cross-sections, fission spectra and fission yield (i), PL scattering matrices 

(composed of up to P, elastic, inelastic, n,2n etc.) and shielded cross sections 

for fission and/or absorption, and scattering are given for several values of 

temperature and ‘background cross-section’ o 
0’ 

The group structure used for this library is the GAM-II structure given in 

Table A.2 in the Appendix. The smooth component of the weighting function is 

assumed to be composed of l/E and a fission spectrum with the cut-off energy at 

0.82 MeV. 

The fast library includes steady-state fission spectra for all fissionable iso- 

tapes. 

l Resonance Library 

This library contains temperature dependent ultrafine group cross-sections for 

fission and/or absorption, and elastic scattering in the resonance region, main- 

ly for U and Pu isotopes. In addition, for the main resonance absorber U-238 

group data for different a0 -values have been calculated. This allows a detailed 

spectrum calculation taking into account interference and self-shielding 

effects. For more details see section 3.2. 

The 8500 energy groups are equidistant in lethargy with Au = 0.001 and span the 

energy range from 0.876 eV up to 4.307 keV (corresponding to the GAM-II energy 

group structure). 
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3.2 Generating of Problem-dependent Broad Group Data 

For the transport calculations, carried out mainly by the 1D SN-method, the 

number of energy groups must be reduced from 100/8500/151 to 30-60 groups for 

the whole energy range. All weighting spectra for collapsing multigroup data 

were calculated by means of the RSYST/CGM program. A flow chart of the main 

parts of CGM is shown in Fig. 3.2. RSYST is a general module system for computer 

aided calculations and CGM is the cross-section generation (spectral calculation 

and broad-group collapsing) module of RSYST. CGM is based on a combination of 

the first collision probability method and the BN-theory. In addition, in the 

fast and resonance energy range the NR-approximation is used as weighting func- 

tion for the multigroup (100 and 8500) libraries. 

As an example, the representation of the absorption cross-section of the impor- 

tant nuclide U-238 in the fast and epithermal energy range is shown in Fig. 3.3 

(below 4 keV only the data of the 8500 group library are drawn). A comparison of 

these multigroup cross-sections (U-238 absorption) for two different NR-weight- 

ing functions (50 barn and infinite as background cross-section o,, respecti- 

vely) is shown in Fig. 3.4. Differences of more than 30 96 were found in the fine 

group cross-sections (even in the hyper-fine 8500 group library). 

By an interpolation in respect to the correct background cross-section of every 

wow, especially for the main resonance absorber U-238, this effect will be 

taken into account by CGM. The effect becomes important, if the spectrum will be 

hardened (e.g. in the case of tight lattices as for the high conversion-'HIC'- 

experiments). 

In CGM the first collision theory is used for the isotropic one-dimensional 

spectral calculation. A variable number of mesh intervals in fast, resonance, 

and thermal energy ranges allows to achieve desired optimum accuracies in each 

energy range according to the nature of the problem. In the resolved resonance 

region the one-dimensional calculations are carried out for an ultrafine group 

structure (8500 groups). In addition to the treatment of a general cell (with 

any number of mesh intervals) a very efficient P-region option is also available 

for the resonance calculations. 



- 14 - 

LIBRARIES FOR THE 

EPITHERMAL 

ENERGY RANGE 

100 GROUPS 

I 

RESONANCE 

ENERGY RANGE 

8500 GROUPS 

ENERGY RANGE 

151 GROUPS 

I 
* ti 

G,- 
FIRST COLLISION THEORY 
FOR SEVERAL MATERIAL 

INTERPOLATION ZONES 

) 4 
MODIFICATION OF COLLAPSING TO THE 
THE XS IN THE + FAST ENERGY GROUP 

RESONANCE RANGE STRUCTURE 

d ‘I 
HETEROG./HOMOG. HETEROG./HOMOG. 

CALCULATIONS CALCULATION 
OF FAST NEUTRON OF FLUX SPECTRA 

SPECTRA 

+ 
COLLAPSING TO COUPLING OF THE FAST/ 
BROAD GROUP THERMAL ENERGY RANGE 

STRUCTURES FOR * COLLAPSING TO THERMAL 
THE FAST GROUPS BROAD GROUP STRUCTURE 

1 

MULTIGROUP 
XS LIBRARY 

Fig. 3.2: The RSYST/CGM module for cross-section processing for thermal reactor 

calculations 
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As mentioned above in the unresolved (and also resolved) resonance region a 

weighting function based on the NR-approximation is used for the generation of 

multigroup cross-sections (100 group and 8500 group libraries). The weighting 

function is defined by following expression: 

O(E) = S(E) 
No(ot+oo) 9 

where S(E) is a weak energy dependent function (e.g. fission spectrum in fast 

and l/E in slowing down energy 

NO 

otW 

0 
0 

= + (C oi N. t oe) 

1-F 
i*Ot ' 

0 =- 
e i 

C 

i 

range 1, 

the nuclide density of the resonance absorber 

for which the spectrum is calculated, 

total cross section of resonance absorber, 

background cross-section, 

escape cross-section for heterogeneous case, 

Dancoff-factor, 

mean chord length of the lattice. 

Cross sections of the resonance nuclides are tabulated for a number of values 

of the background cross sections (oo). The energy dependent background cross 

sections for each nuclide are then evaluated according to the problem. The 

effects of the cell heterogeneity and interaction between absorber lumps are 

also taken into account by adding the escape cross section to the o. value for 

each nuclide. The cross sections are then interpolated for each nuclide accor- 

ding to its background oo. 

For the analysis of the benchmark problems mentioned in this report, the cut-off 

energy between the resonance and thermal regions was taken to be 3.059 eV. No 

upscattering was considered above this energy. The temperature dependence of the 

cross sections above cut-off energy was taken into account, however. The reso- 

nances of certain isotopes lying below the cut-off energy were supposed to be 

covered adequately by the relative small width of thermal groups in this 

region. 
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After the one-dimensional spectral calculations the cross sections for the cell 

are homogenized and B n calculations are performed for the homogeneous cell 

to take into account the leakage. Then the cross sections of the individual 

nuclides as well as for the cell can be collapsed to any desired broad group 

structure. The zonal and cell reaction rates are evaluated too. The broad group 

cross sections are then used for the one-dimensional transport calculation. For 

illustration of the resonance treatment in CGM the neutron flux spectra in fuel 

and moderator of a typical PWR-lattice calculated for the 8500 group library are 

shown in Figs. 3.5 and 3.6, respectively. Using these spectra, a high degree of 

accuracy for the calculated resonance integral of U-238 can be achieved. 

As an example, the broad group microscopic absorption cross-section is plotted 

in Fig. 3.7 for both the TRX-1 and BAPL-UO,-3 lattice. The water/fuel volume 

ratios of these lattices are identical, however the TRX-fuel has a much higher 

uranium density (metallic fuel) than the BAPL-UO, fuel, with the consequence of 

smaller broad group cross sections (here 60 groups) in the resolved resonance 

region of U-238. 

After these explanations one can summarize the main features of CGM: 

CGM uses three multigroup libraries for fast, resonance and thermal range. 

The group numbers and structures of these libraries are not fixed. 

The cross sections in the libraries are given for several temperatures and 

- in the fast and resonance range - different ao-values. 

CGM interpolates for actual temperatures and o. -values (for important reso- 

nance absorbers). 

CGM performs spectral calculations for all energy ranges by means of a first 

collision method for lD-lattice geometry, using an arbitrary number of meshes 

for fuel, cladding and moderator (for heterogeneous cases). 

There is a fast Z-region option for the treatment of resonance energy range. 

The leakage is taken into account by performing BN calculations (N = O-3) 

using appropriate bucklings and homogenized cross-sections (from the lD- 

calculations). 

CGM generates broad group cross sections for transport- and diffusion calcu- 

lations. 

CGM calculates k 
infinity 

and reaction rates for the broad groups as well as 

for one and two groups. 
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3.3 Transport Calculations 

The criticality calculations for the different benchmark assemblies have been 

performed using the 1-D SN-transport code ANISN /6/. In the transverse direction 

the experimental bucklings were used to take into account the axial leakage (for 

cases with cylindrical geometry). 

The basic libraries were collapsed by means of CGM to 60 broad groups covering 

the energy range from 0.00001 eV to 15 MeV. For some assemblies the number of 

broad groups was lower (e.g., 30 groups for HI-C). 

The transport calculations were mainly performed in S,/P, approximation. This is 

an adequate assumption because in a former study /15/ we found nearly the same 

results for S,/P,- and S,,/P,-calculations. For the D,O and ORNL-benchmarks 

S,/P,-calculations were used to achieve sufficient agreement to experimental 

k eff. The weakly absorbing D,O systems are thought to be sensitive with respect 

to energy dependent bucklings, as it is the case for the neutron thermalization 

benchmarks. 

Generally, the calculated keff are sensitive to the used fission spectra. For 

uranium or plutonium systems the deviation may be about Ak = 0.002. Therefore, 

for all benchmarks with several fissionable nuclides fission rate weighted fis- 

sion spectra were generated. 
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4 Results for the Selected Benchmarks 

For all in Table 2.1 listed thermal reactor benchmarks as well as for different 

neutron thermalization benchmarks results of JEF-3 - RSYST/CGM calculations will 

be presented in this chapter. The JEF-1 results will be compared with experimen- 

tal values and - if available - with corresponding values calculated from other 

institutions using ENDF/B-IV and -V. 

4.1 Neutron Thermalization Benchmarks 

For the test of the thermal scattering law data thermal neutron spectra for 

different compositions and temperatures have been calculated solving the B,- 

equations for 151 groups below 3.059 eV based on the JEF-1 scattering law data 

/16/. The calculated spectra are presented in Figs. 4.1 through 4.5. 

Fig. 4.1 shows the neutron spectrum in pure light water at room temperature. 

This benchmark provides the most sensitive test of the JEF-1 scattering law data 

since no additional absorber will harden the spectrum. Fig. 4.2 shows the infi- 

nite medium neutron spectrum for a plutonium nitrate solution with 197.9 g Pu/l. 

Figs. 4.3 and 4.4 show infinite medium neutron spectra in borated water at room 

temperature and 316 C respectively. The analysed borated systems and the Pu- 

system validate the combination of both absorber data and scattering law data 

for the important temperature range of light water. 

Comparing experimental results and theory, the overall agreement for H,O-modera- 

tor is very satisfactory. Generally, the calculated spectra are within the quo- 

ted accuracy of measurement in the important energy range. 

Fig. 4.5 shows the neutron spectrum in borated D,O at room temperature. The 

agreement of theory and measurement is as excellent as it is for light water. 

However, the more important test for non-borated D,O could not be carried out 

due to lack of experimental data. 
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4.2 Thermal Reactor Benchmarks 

For each of the analysed systems JEF-1 results are presented together with re- 

sults of ENDF/B (version IV and/or V) essentially from /3/ and results of IKE 

calculations with ENDF/B data as well as the corresponding experimental values. 

The definitions of cell reaction rate ratios measured at several experiments are 

given in Table 4.1. 

Table 4.1: Definitions of cell reaction rate ratio parameters 

Parameter Definition 

P 28 epithermal/thermal U-238 captures 

625 

620 

CX 

6 49 

e25 
49 

epithermal/thermal U-235 fissions 

U-238 fissions / U-235 fissions 

U-238 captures / U-235 fissions 

epithermal/thermal Pu-239 fissions 

U-235 fissions / Pu-239 fissions 

- 
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4.2.1 Homogeneous U-235/H,O Assemblies 

The CSEWG benchmarks (ORNL-1 through 4 and 10) were analysed by the RSYST/CGM 

program system for both, JEF-1 and ENDF/B data. Calculated keff results are 

given in Tab. 4.2. In this table average values of results of different institu- 

tions for ENDF/B-IV and for ENDF/B-V are given too. The JEF-1 results ((keff>, 

averaged over all ORNL assemblies, is 0.9996 f 0.0015) agree well with the ex- 

perimental values as it is the case for ENDF/B-IV (<keff> = 0.9985 f 0.0017) and 

ENDF/B-V (‘keff> = 1.0002 f 0.0023). The average (corrected) experimental <keff> 

is 0.9990 f 0.0005. The JEF-1 results were obtained by a 60 groups calculation 

in S,/P,-approximation. The corresponding RSYST/CGM calculations based on 

ENDF/B-IV, -V were performed with S,/P, and 18 groups. The JEF-1 results are 

consistent to the ENDF/B-V results /3/. An overview of calculated and measured 

k eff-values versus the H/U-235 atomic ratio is represented in Fig. 4.6. All 

results (JEF-1 and ENDF/B) show a good agreement with the experiment. For com- 

pleteness the benchmarks for homogeneous uranyl nitrate solutions should be 

extended to assemblies with higher and lower H/U-235 ratios as it has been done 

in /3/ for ENDF/B-V (e. g. Gwin-Magnuson criticals). 

4.2.2 TRX Assemblies 1 through 4 

The TRX-benchmarks are very sensitive to the treatment of the resolved resonance 

region. For the TRX-1 and TRX-2 experiments keff and the lattice cell reaction 

rate ratios P**, 625, C* and 62e as well as fast advantage factors and thermal 

activation disadvantage factors were measured. TRX-3 and TRX-4 are two-zone 

cores with a tight (Vmod/Vfuel = 1) and a wide (Vmod/Vfuel = 8) lattice sur- 

rounded by a driver zone with a UO, lattice. 
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Table 4.2: Calculated keff for U-235-H,O benchmarks 

1 .UlO 

1 .OOB 

1.006 

1 .ou4 

k 
wl .ou2 
L 

1 .ooo 

.996 

.996 

Assembly H/U-235 

I.D. Ratio 

ORNL- 1 1378 

ORNL- 2 1177 

ORNL- 3 1033 

ORNL- 4 972 

ORNL-10 1835 

ENDF/B-IV,V JEF-1 ENDF/B-IV ENDF/B-V 

RSYST/CGM RSYSTICGM ref. /3/ (ENDF-311) 

1.0018 1.0013 1.0005+0.0014 1.0025f0.0019 

1.0009 1.0015 1.0006f0.0009 1 .OOZOkO. 0023 

0.9985 0.9985 0.9970+0.0015 0.9972-+0.0022 

1 .OOOl 0.9997 0.9982+0.0013 1.0016+0.0022 

0.9987 0.9986 0.9964+0.0022 0.9977+0.0020 

ORNL-4 -3 -2 -1 -10 

.99 
r- 00 

8 JEF-1 

0 ENOF/B-IV 

El ENDF/B-V 

A ENDF/B-IV .-V 

0 EXPERIHENT 

- 
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ATOMIC RATIO H/U-235 

Fig. 4.6: keff versus the H/U-235 atomic ratio for homogeneous 

U-235-H,O benchmarks (ORNL) 



- 28 - 

Results from RSYST/CGM calculations based on JEF-1 together with ENDF/B-IV and 

ENDF/B-V results from Ref. /3/ are given in Table 4.3 for TRX-1 and Table 4.4 

for TRX-2, respectively. These assemblies were calculated by a fine discretiza- 

tion for the space-dependent spectral calculation and an appropriate weighting 

function (NR-approximation) for multigroup data in the unresolved/resolved re- 

sonance range of u-238. Thus a fairly good agreement between calculated and 

measured keff -values and reaction rate ratios could be achieved. The values are 

very close to those calculated with ENDF/B-V. A remarkable improvement of the 

epi thermal /thermal U-238 capture ratio and keff could be found compared to the 

ENDF/B-IV calculations. In addition, for TRX-1 and TRX-2 cell fast advantage 

factors calculated by JEF-1 and ENDF/B-IV /17/ are listed in Table 4.5. For both 

the U-238-fission and the Al(n,a)-reaction calculation and measurement agree 

within the experimental uncertainty. Thermal activation disadvantage factors for 

the nuclides U-235, Dy-164 and Lu-176 are listed in Table 4.6. The JEF-1 results 

(but also ENDF/B-IV) agree well with corresponding measurements. 

For the TRX-3 and TRX-4 benchmarks the results of integral parameters based on 

JEF-1 and taken from ref. /la, 19/ are listed in Table 4.7 and 4.8, respective- 

ly. As in the case for TRX-1 and -2 the JEF-1 epithermal/thermal U-238 capture 

ratio and keff agree remarkably better to the experimental values than corre- 

sponding ENDF/B-IV results (no ENDF/B-V results were found for these bench- 

marks). Regarding the calculated k effvalues for TRX-1 through -4 (Fig. 4.7) 

together with the corresponding epithermal/thermal U-238 capture ratio (p’*, 

Fig. 4.8) we can summarize as follows: 

. k eff’ averaged over TRX-1 through TRX-4 from calculations based on different 

evaluated nuclear data libraries: 

- JEF-1 : <keff> = 0.9981 f 0.0021 

- ENDF/B-V : ckeff> = 0.9973 f 0.0016 (averaged only over TRX-1 and -2) 

- ENDF/B-IV : <keff> = 0.9914 +, 0.0029. 

It is evident, that JEF-1 and ENDF/B-V data lead to a comparable accuracy in 

calculating keff for TRX-lattices. Regarding Fig. 4.8 one can see that p2* 

increases strongly if the lattice becomes tighter. However, the discrepancies 

of measured and calculated p2e -values have a maximum (see C/E in Fig. 4.8) at 

the volume ratio Vmod/Vfuel = 2.35 (TRX-1). It may be that some errors in 

resolved and unresolved resonance range will be compensated. 
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Table 4.3: Integral parameters for TRX-1 

Calculation 

Parameter 

P 28 

6 25 

6 28 

C* 

k eff 

Experiment 

1.320 kO.021 

0.0987+0.0010 

0.0946+0.0041 

0.797 f0.008 

1.0000 

JEF-1 ENDF/B-IV ENDF/B-V 

RSYST/CGM ref. /3/ (ENDF-311) 

1.3569 1.382 kO.006 1.359 

0.0992 0.0994+0.ooo5 0.1003 

0.1001 0.0955fO.0006 0.0989 

0.7984 0.806 kO.002 0.798 

0.9960 0.9876+0.0032 0.9561 

Table 4.4: Integral parameters for TRX-2 

Calculation 

Parameter Experiment JEF-1 ENDF/B-IV ENDF/B-V 

RSYST/CGM ref. /3/ (ENDF-311) 

P 20 0.837 20.016 0.8374 0.863 20.005 -r----- 0.846 

6 25 0.0614f0.0008 0.0608 0.0609+0.0003 0.0614 

6 28 0.0693+0.0035 0.0714 0.0676+0.0003 0.0699 

C* 0.647 kO.006 0.6393 0.647 20.002 0.642 

k 
eff 

l.oooo 0.9973 0.9935+0.0031 0.99a4 

---. .-.-__- -.-~ 
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Table 4.5: Cell fast advantage factors for TRX-1 and TRX-2 

Reaction Lattice Experiment 

U-238- 

fission 

Al(n,a) 

TRX-1 

TRX-2 

TAX-1 

TRX-2 

1.145+0.028 

1.23 20.03 

1.21 kO.04 

JEF-1 

CGM 

1.126 

1.215 

1.104 

i. 176 

ENDF/B-IV 

RSYSTl /17/ 

1.130 

1.216 

1.10 1 

1.171 

Table 4.6: Thermal activation disadvantage factors for TRX-1 and TRX-2 

Nuclide 

U-235 

Dy-164 TRX-1 1.302+0.013 1.310 1.3oi? 

Lu-176 TRX-1 1.200+0.011 1.195 1.182 

Lattice Experiment JEF-1 ENDF/B-IV 

CGM RSYSTl 1171 

TRX-1 1.317+0.013 1.313 1.302 

TRX-2 1.378tO.013 1.367 1.365 

TRX-2 1.360+0.008 1.364 1.361 

TRX-2 1.236tO.011 1.232 1.221 
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Table 4.7: Integral parameters for TRX-3 

Calculation 

Parameter 

P 28 

6 15 

6 ae 

CR 

k 
eff 

Experiment 

3.03 f 0.05 

0.231 f 0.003 

0.167 f 0.008 

1.255 st 0.011 

1.0 

JEF-1 ENDF/B-IV 

RSYST/CGM ref. /la, 191 

3.013 3.07 

0.236 0.235 

0.1725 0.174 

1.2402 1.252 

1 .OOlO 0.9908+0.0039 

Table 4.8: Integral parameters for TRX-4 

Parameter Experiment 

P aa 

6 25 

6 28 

C* 

k 
eff 

0.481 A 0.011 

0.0358* 0.0005 

0.0482f: 0.0020 

0.531 f 0.004 

1.0 

T 
JEF-1 

RSYST/CGM 

0.4760 

0.0344 

0.0473 

0.5244 

0.9979 

Calculation 

ENDF/B-IV 

ref. /Ia, 19/ 

0.491 

0.0345 

0.0467 

0.527 

0.9937+0.0053 
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0 ENDF/B-IV underpredicts k eff and overpredicts epithermal U-238 capture. 

0 For TRX-1 the JEF-1 and ENDF/B-V results for the epithermal/thermal U-238 cap- 

ture ratio overpredict the experimental values, so that keff for TRX-1 is 

not as accurate as for TRX-2 through TRX-4. Results for TRX-3 and TRX-4, how- 

ever, are influenced from the UO, driver lattice; the agreement with experi- 

mental values may be due to the general good agreement of theory and experi- 

ment for UO,-lattices (see also results for BAPL-UO, and HI-C benchmarks). 
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Fig. 4.7: keff for the uranium metal lattices TRX-1 through -4 
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4.2.3 BAPL-UO,-Benchmarks 1, 2, and 3 

For the BAPL-UO,-1, -2, and -3 benchmarks integral parameters as described for 

TRX are measured, Fast advantage factors, however, are not available. 

Tables 4.9 through 4.12 contain RSYST/CGM results based on JEF-1 and 

ENDF/B-IV/-V together with published results /3, 20/ based on ENDF/B-IV and 

ENDF/B-V. The RSYST/CGM calculations based on JEF-1 agree very well with the 

measured integral parameters except the epithermal/thermal U-238 capture ratio 

for BAPL-UO,-2. The average keff -values for the three benchmarks and different 

evaluated data libraries are: 

JEF-1: tk 
eff' 

= 0.9996 f 0.0007 

ENDF/B-V: <keff> = 1.0036 f 0.0008 

ENDF/B-IV: <keff> = 0.9929 f 0.0013 

The RSYST/CGM-results based on ENDF/B-IV,-V (data partly from ENDF/B-IV and - if 

available - from ENDF/B-V) are not as accurate as JEF-1. These calculations, 

however, were performed using a non-exactly interpolated o,-value for U-238 in 

the NR-weigthing function. 

The ENDF/B-IV values are too low as in the case of TRX. This corresponds ob- 

viously to the too high epithermal/thermal U-238 capture ratios (see Tables 4.9 

through 4.11). The calculated U-235 thermal activation disadvantage factors 

(Table 4.12) for JEF-1 (and ENDF/B-IV) agree sufficiently well with measured 

values. 
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Table 4.9: Integral parameters for BAPL-UO,-1 

Parameter 

6 IS 

6 I. 

C* 

k 
eff 

E. 

1 

0 

0 

1 
- 

xperiment 

.39 HI.01 

.084 So.002 

.078 iO.004 0.0775 

.OOCKktO.ooO65 1.0050 

l- 

Calculation 

ENDF/B-IV,V JEF-1 

RSYST/CGM RSYSTJCGM 

1.4196 

0.0841 

0.8130 

l.coOl 

Table 4.10: Integral parameters for BAPL-UO,-2 

ENDF/B-IV ENDF/B-V 

ref. 13, 201 

1.447 

0.0841 

0.0738 

0.822 

0.9914*0.0021 

1.414 

0.0840 

0.0782 

0.810 

Calculation 

Parameter Experiment ENDF/B-IV,V JEF-1 ENDF/B-IV ENDF/B-V 

RSYST/CGM RSYST/CGM ref. 13, 201 

P ae 1.12 fO.O1 1.1771 1.195 1.173 

6 ZI 0.068 f0.001 0.0685 0.0683 0.0680 

6 ae 0.070 io.004 0.0668 0.0633 0.0653 

C* 0.7393 0.745 0.738 

k eff 
1.0000~0.00062 0.9978 0.9999 0.9932~0.0006 1.0033i0.0003 
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Table 4.11: Integral parameters for BAPL-UO,-3 

Calculation 

Parameter Experiment ENDF/B-IV,V JEF-1 ENDF!B-IV ENDFIB-V 

RSYST/CGM RSYST/CGM ref. 13, 201 

P 20 0.906 iO.010 0.9201 0.944 0.914 

6 PI 0.052 M.001 0.0526 0.0523 0.0525 

6 ae 0.057 fo.003 0.0549 0.0518 0.0533 

CR 0.6591 0.667 0.656 

k 
eff 

1 .ooKJio.ooo5 0.9974 0.9988 0.9940~0.0015 1.0045t0.0014 

Table 4.12: U-235 thermal activation disadvantage factors 

for the BAPL-UO, assemblies 

Assembly Assembly Experiment Experiment 

BAPL-UO,-1 BAPL-UO,-1 1.10 1.10 f f 0.01 0.01 

-2 -2 1.13 1.13 f f 0.01 0.01 

-3 -3 1.13 1.13 f f 0.01 0.01 

JEF-1 JEF-1 ENDF/B-IV ENDF/B-IV 

(CGM) (CGM) (RSYSTl) (RSYSTl) /17/ /17/ 

1.0974 1.0974 

1.1051 1.1051 1.14 1.14 

1.1163 1.1163 
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4.2.4 HI-C-Benchmarks-3, 10, 11, and 13 

For the considered HI-C assemblies results for the effective multiplication 

factor keff are given in Table 4.13. RSYST/CGM-results based on JEF-1 and some 

results from Ref. /20/ and /21/ for comparison are listed in these figures. The 

JEF-1 results agree well with the experiment (average keff:1.0004 f 0.0010) and 

have no significant deviation, even if the H/U-238 ratio changes remarkably from 

4.15 to 1.32. However, the agreement could only be reached by using correct 

weighted cross-sections in the resonance and fast energy region (a,-interpola- 

tion and multi-zone model for resonance calculation). The ENDF/B-V results from 

Ref. /20/ show a stronger deviation between the different benchmarks (average 

value 1.0012 f 0.0040, averaged over HI-C-lo, -11 and -13). This may be influen- 

ced by the spectral calculation methods rather than by the ENDF/B-V-data, how- 

ever. 

The strong differences in the neutron spectra between HI-C-3 and HI-C-13 are 

shown in Fig. 4.9. It is obvious, that the spectral calculations for the lattice 

cell must be performed very carefully not only in the thermal and resolved 

energy range but also in the range of the unresolved resonances (above 4 keV) . 

In RSYST/CGM this is realized using the NR-approximation with a heterogeneity 

correction for the lattice. 

4.2.5 SHERWOOD Assembly Capture Reaction Rates for Actinides 

The actinide reaction rates measured in the SHERWOOD assembly (5 x 5 PWR fuel 

rods of a typical PWR 17 x 17 assembly) were transposed and corrected for the 

case of an infinite lattice of this fuel type /12/. An exact definition of the 

infinite lattice which should represent a typical PWR reactor, however, was not 

given, so that the calculated values based on JEF-1 may not be quite representa- 

tive. The calculated and measured data are listed in Table 4.14. Nevertheless, 

it can be seen that the agreement of experiment and calculation is rather good 

for U-238, Pu-239 and Pu-240. For Pu-241, Pu-242, Am-241 and Am-243 deviations 

up to 14 % were found, which cannot be explained by a possible incorrect de- 

scription of the PWR-lattice alone. The reaction rates presented in Table 4.14 

are normalized to the fission rate of U-235. The average of the calculated and 

measured reaction rate ratios (C/E) is 0.976 f 0.072. 
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Table 4.13: Calculated keff for HI-C benchmark experiments 

Assembly Assembly H/U-230 H/U-230 JEF-1 JEF-1 KfK KfK ENDFIB-V ENDFIB-V 

ref. 1211 ref. 1211 ref. 1201 ref. 1201 

HIC- 3 HIC- 3 4.15 4.15 1.0015 1.0015 

HIC-10 HIC-10 2.91 2.91 0.9999 0.9999 0.9968+0.0152 0.9968+0.0152 1.0041 1.0041 

HIC-11 HIC-11 2.29 2.29 1 .OOlO 1 .OOlO 1.0029 1.0029 

HIC-13 HIC-13 1.32 1.32 0.9994 0.9994 0.9966 0.9966 

II 1 III I III I III IIll 1 III I III Il[l l Ill I ill 

HIC-13 
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Fig. 4.9: Comparison of cell-spectra for a wide (HI-C-3) and tight lattice (HI-C-13) 
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Table 4.14: Capture reaction rates for actinides measured in SHERWOOD assembly 

/12/ (irradiated in MELUSINE reactor Grenoble/France) normalized to 

the fission rate of U-235 

Reaction Rate Experiment Calculation 

JEF-1 

C/E 

U-235 Absorption 1.233 f0.017 1.224 0.993 

U-235 Capture 0.233 +0.003 0.224 0.961 

U-238 Capture 0.01917+0.00014 0.0199 1.037 

Pu-239 Capture 1.508 fO.O1O 1.484 0.984 

Pu-240 Capture 5.1 kO.075 5.228 1.025 

Pu-241 Capture 1.022 kO.029 0.919 0.900 

Pu-242 Capture 0.604 f0.016 0.661 1.094 

Am-241 Capture 3.185 iO.065 2.762 0.867 

Am-243 Capture 1.248 20.025 1.148 0.920 
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4.2.6 Summary for Uranium Lattices 

For the different low enriched uranium/uranium oxide lattices analysed with data 

based on JEF-1 the percentage deviation of calculated and measured integral 

parameters are listed in Table 4.15. The largest deviation in keff was found for 

TRX-1 (-0.40 %). For the uranium oxide lattices the agreement of all analysed 

cores was better than 0.2 '16. 

For the following assemblies reaction rate ratios as pze, 625, 62a and C* (mea- 

sured only for the TRX- and BAPL-benchmarks) show deviations larger than the 

experimental uncertainty: 

- TRX-1: P'~, 628 

- TRX-2: C* 

- TRX-3: 625, C* 

- TRX-4: 625, C* 

- BAPL-UO,-1, -2, and -3: Pan (BAPL-UO,-2: > 5 X) 

The multiplication factors keff based on JEF-1 are plotted in Fig. 4.10 for all 

uranium lattice benchmarks as a function of the moderator/fuel volume ratio. It 

seems that there is a slight tendency for higher keff-values at lower modera- 

tor/fuel volume ratios. The small number of different experiments analysed here, 

however, cannot give a representative picture. 
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Fig. 4.10: keff for uranium lattice benchmarks calculated with JEF-1 
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Table 4.15: Percentage deviation of JEF-1 results from experiment 

for uranium benchmarks 

HI-C-3 

HI-C-10 

HI-C-11 

HI-C-13 

Parameter 

/ 
k 

eff 

Assembly 

TRX-1 2.80 0.51 5.81 

(1.59) * (1.01) * (4.33) * 

TRX-2 0.05 -0.98 3.03 

(1.91) * (1.30) * (5.05) * 

TRX-3 -0.56 2.16 3.29 

(1.65) * (1.30) * (4.79) * 

TRX-4 -1.04 -3.91 -1.87 

(2.29) * (1.40) * (4.15) * 

EAPL-UO,-1 2.13 0.12 -0.64 

(0.72) * (2.38) * (5.13) * 

BAPL-UO,-2 5.10 0.74 -4.57 

(0.89) * (1.47) * (5.71) * 

BAPL-UO,-3 1.56 1.15 -3.68 

(1.10) * (1.92) * (5.26) * 

-0.40 

-0.27 

0.10 

-0.21 

0.01 

(0.07) * 

-0.01 

(0.06) * 

-0.12 

(0.05) * 

0.15 

0.01 

0.10 

0.01 

* experimental uncertainty 
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4.2.7 Homogeneous Pu-H,O-Systems 

l Infinite Solution 

For an infinite homogeneous critical solution of Pu-239 in water /14/ with an 

H/Pu atom ratio of 3694.5 the JEF-1 result for kaD was 0.9957. For comparison, 

the average koD based on ENDF/B-IV is 0.9942+0.0004 (average of different calcu- 

lations), and 0.9999+0.0014 for ENDF/B-V (LANL-calculations). The ENDF/B-results 

are given in ENDF-311 /3/. The JEF-1 result for km lies 0.42 X lower than the 

corresponding ENDF/B-V result from LANL. A reason may be that for Pu-239 the 

average number of neutrons per thermal fission (3) is higher in ENDF/B-V than in 

JEF-1. Taking into account for JEF-1 the modified energy dependent J for Pu-239 

given in /22/ km becomes 0.9970 which lies just within the 2o-b:unds of the 

LANL/ENDF/B-V calculation. But also the modified 3 is smaller than that from 

ENDF/B-V. If the fission yield 5 from ENDF/B-V (which is constant in the thermal 

and epithermal energy range) is used instead of that from JEF-1 the average kOD 

for the critical solution is 1.0021. 

l PNL-1 throuqh 8, and 12 

For the analysed homogeneous Pu-H,O assemblies the calculated keff are given 

in Table 4.16 and plotted in Fig. 4.11 where our results with JEF-1 and 

ENDF/B-IV,-V data are compared with those from /3/ for ENDF/B-IV and -V. 

The agreement of calculations for PNL-1 through 8 and 12 with the corresponding 

experimental values is relatively poor, the only exception is PNL-3. For the 

bare spheres (PNL-1 through 6) it seems that the agreement with the experiment 

is better for high H/Pu ratios. For a reflected sphere (PNL-12) with about the 

same high H/Pu ratio than PNL-3, however, the calculated k 
eff 

is too high again 

(> 1 %). Generally, for the PNL-benchmarks the JEF-1 results are comparable to 

those from ENDF/B-V. The average of the keff values for the nine assemblies 

from calculations based on following data libraries are: 

JEF-1 : ck 
eff' 

= 1.0123 + 0.0066, 

ENDF/B-IV, V : <keff> = 1.0111 f 0.0072 (results of calculations at IKE), 

ENDF/B-IV : ck 
eff' = 1.0142 + 0.0066 (ref. /3/), 

ENDF/B-V : tk 
eff' = 1.0115 f 0.0063 (ref. /3/). 

Since all data from different sources yielded nearly the same discrepancies it 

is thought that not only data uncertainties but also systematic errors in the 

benchmark specifications are the cause of deviations between experiment and 

calculation f3, 231. 
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Table 4.16: Calculated keff for Pu-H,O benchmark experiments 

Assembly Ii / Pu ENDF/B-IV,V JEF-1 ENDF/B-IV ENDFIB-V 

I.D. Ratio RSYST/CGM RSYST/CGM ref. /3/ (ENDF-311) 

l- 

PNL- 1 668 1.0162 1.0176 1.0215*0.0039 1.0211*0.0021 

PNL- 2 125 1.0103 1.0167 1.0185~0.0082 

PNL- 3 1154 0.9961 0.9978 1.0002~0.0024 1.0003iO.0023 

PNL- 4 873 1.0039 1.0060 1.0089~0.0026 1.0072iO.0023 

PNL- 5 554 1.0093 1.0117 1.0147*0.0044 1.0110~0.0024 

PNL- 6 125 1.0130 1.0165 1.0137kO.0032 1.0097iO.0030 

PNL- 7 980 1.0174 1.0126 1.0141*0.0034 1.0151*0.0035 

PNL- 8 758 I .0161 1.0175 

1.0139 

1.0210*0.0029 1.0162iO.0038 

PNL-12 1067 1.0175 1.0156f0.0045 1.0110~0.0032 
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Fig. 4.11: keff versus the H/Pu atomic ratio for homogeneous Pu-H,O benchmarks (PNL) 
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4.2.8 Mixed Oxide Benchmarks (PNL-30 throuqh 35) 

Results for the considered mixed oxide UO,-PuO, benchmarks are listed in Table 

4.17 for keff and in Table 4.18 for km and calculated lattice cell reaction rate 

ratios. The overall agreement of experimental keff with results from JEF-1 data 

is satisfying and is comparable to the ENDF/B-V results /3, 24/. This also holds 

for the calculated integral parameters of Table 4.18, where the maximum devia- 

tion of the results based on JEF-l- and on ENDF/B is less than 0.8 % for km and 

a few percent for cell reaction rate ratios (the greatest deviation was found 

for 628). 

The calculated values of keff are plotted in Fig. 4.12. As for the uranium lat- 

tices, the values based on ENDF/B-IV are lower than the corresponding values 

based on ENDF/B-V and JEF-1, respectively. For non-poisoned systems it seems 

that the calculated keff -values increase for higher moderator to fuel volume 

ratios. For poisoned systems a maximum between VH O/Vfuel = 2.50 and 3.00 

is observed (see Fig. 4.12) for JEF-1. However, there2are too few values to see 

a clear tendency. 
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Fig. 4.12: keff for the CSEWG mixed U-Pu-oxide benchmarks 

(U0,+2wt% PuO,; 8 % Pu-240) * boron poisoned 
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Table 4.17: keff for the mixed U-Pu-oxide benchmarks PNL-30 through 35 

(UO,-2 wt% PuO,; 8 % Pu-240) 

Lattice 

PNL-30 

PNL-31 

PNL-32 

PNL-33 

PNL-34 

PNL-35 

Pitch 

(cm) 

1.778 1.194 

2.209 2.524 

2.514 3.640 

Water/Fuel 

Volume 

Ratio 

Critical 

No. of 

Rods 

Boron 

Concen- 

tration 

(WPPm BI 

JEF-1 

(RSYSTI 

CM) 

ENDF/B-IV ENDFIB-V 

ref. /3/ ref. 13, 241 

469 1.7i.l 0.9982 0.9927*0.0022 0.9986io.001~ 

761 680.9k2 1.0019 0.9957*o.oo21 1.0057~0.0012 

195 0.9&l 1 .Do39 l.OOO9~O.OO46 

761 lOBO.4*2 1.0073 i.oo22~o.oo2a 

161 1.6f.l 1.0058 l.OO25f0.0053 

689 767.2*2 1 .oo40 l.OO26iO.OO32 

Table 4.18: Comparison of calculated benchmark lattice parameters 

for some mixed oxide assemblies 

Lattice Data file km P ?B 

PNL-31 JEF-1 1.2453 5.3468 .3237 .5073 

ENDF/B-V * 1.25344 5.201 .322 .479 

PNL-33 JEF-1 1.1719 2.6461 .153a .3101 

ENDF/B-V * 1.17872 2.602 .155 .29a 

PNL-35 JEF-1 1.1467 1.8324 .1054 .2399 

ENDFIB-V * 1.15508 1.800 .106 ,231 

* results taken from 1251 

3.3379 .i5aa 

3.262 .156 

2.1592 .0860 .2217 

2.131 .0851 .220 

1.7373 .0627 .23OD 

1.717 .0620 .228 

.2lla 

.211 
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4.2.9 D,O Benchmarks MIT-l, 2, and 3 

The lattice cell calculations for these benchmarks were performed with the 

system RSYST/CGM generating 60 energy group cross-sections for ANISN. Results 

for integral parameters (p'", 625, gag, C*) and keff for an experimental buck- 

ling 6; are given in the Tables 4.19 through 4.21 for MIT-l, 2 and 3. 

k eff based on JEF-1 and ENDF/B-IV are shown in Fig. 4.13 too. 

The cell reaction rate ratios agree fairly well with the experimental values and 

seem to be better than results using ENDF/B-IV /18, 26/. Results based from 

ENDF/B-V are not known for these assemblies. There may be some doubt, if it is 

possible to get correct critical parameters using a simple energy-independent 

buckling for the cell-calculations. 

The analysis of MIT-l through 3 can be regarded only as a first step, for three 

experiments cannot give a reliable validation for D,O-systems. 
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Fig. 4.13: keff for the CSEWG heavy water benchmarks MIT-l, 2, 3 
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Table 4.19: Integral parameters for the D,O benchmark MIT-l 

Calculation 

Parameter Experiment JEF-1 ENDF/B-IV 

CGM ref. 118, 261 

P *a .502 f .OlO 0.5162 0.51323 

625 .0469 f .0019 0.0473 0.04291 

628 .osaa f .0030 0.0607 0.061535 

CR 1.017 & .023 0.9914 0.96084 

k 
eff 

1.0 .9931 0.990af0.0004 
(at given B;) 

Table 4.20: Integral parameters for the D,O benchmark MIT-Z 

Calculation 

Parameter Experiment JEF-1 ENDF/B-IV 

CGM ref. 118, 261 

P 28 .400 f .004 .4291 .42262 

6*5 .0335 f .003 .0390 .038874 

628 .05a7 f .0030 .0597 .06001 

CR .948 f .020 .9394 .90830 

k eff 1.0 .9926 .9894i .0004 

(at given Bg) 
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Table 4.21: Integral parameters for the D,O benchmark MIT-3 

Parameter Experiment 

P 20 

625 

620 

CR 

k 
eff 

(at given 8;) 

.313 f .005 

.0265 f .OOll 

.0575 f .0030 

.859 f .016 

1.0 

Calculation 

JEF-1 ENDF/B-IV 

CGM ref. /la, 261 

.3375 .32372 

.0304 .029824 

.0585 .057826 

.8843 .85018 

.9929 .9915+ .0009 
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5 Conclusions 

The excellent agreement of experimental and calculated parameters for different 

benchmark systems containing homogeneous solutions of U- and Pu-nitrate, hetero- 

geneous assemblies of metallic uranium, uranium dioxide, mixed oxide, and heavy 

water moderated benchmarks demonstrate that calculations based on JEF-1 data are 

very reliable for thermal reactor applications. 

As ENDF/B-V, for some assemblies JEF-1 data overpredict slightly the measured 

epithermal neutron capture in U-238 (see Fig. 4.8). This also holds for the 

ratio U-238 fissions/U-235 fissions (62*). This may be influenced by an over- 

estimation of the U-238 fast fissions and/or by underestimated U-235 fissions. 

For all benchmarks, the choice of the fission spectra proved sensitive to the 

calculated parameters (e.g., Ak 6 0.002 for uranium systems). The finite homo- 

geneous Pu-systems show a deviation from up to 1.3 % against measurements which 

cannot be explained satisfactorily. 

For further validation of the JEF-1 evaluated nuclear data file the list of 

benchmarks should be extended. For example, graphite moderated assemblies, ThO,- 

systems or UO, benchmarks enriched at up to 3 - 4 % are of some interest. 
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Appendix 

Table A.l: 151-group structure used for the thermal library (energies in eV) 

Group lower bound 

1 2.97000E+OO 
2 2.63OOOE+OO 
3 2.71GOGE+OG 
4 2.5700GE+OG 
5 2045000E+OG 
6 2.41000E+OO 
7 2.3824OE*00 
a 2,35GOOE*OO 
9 203200CE*00 

10 tr31000E+OG 
11 2.25000E+OG 
12 2.1600GE+OG 
13 2.15000E+OG 
14 2.06000E+OO 
15 2.05GOOE+OO 
16 2.00500E+OO 
17 lr96~00E+OG 
18 1.925OGE+OG 
19 1.88500E+OG 
20 1.8554OE*03 
21 1.82500E400 
22 lr78500E+OcJ 
23 1.75500E+03 
24 lr72616E+OG 
25 lr68500E*OO 
26 lr6550GE+OO 
27 lr62500E+OG 
28 1.59500E+00 
29 lr55500E403 
30 lr52500E+OO 
31 lr49500E+OG 
32 1.4574BE+OD 
33 1.42500E+OO 
34 1.40000E+0G 
35 1.37500E+ 00 
36 lr34500E+00 
37 i.3079AE400 
38 1.2650GE+OO 
39 1.23500E+OO 
40 l.l9SOOE+00 
41 l.l6645E+OO 
42 1.14000E*OO 
43 l.l2540E*OO 
44 l.i1500E+03 
45 l.O9&73E*OD 
46 1.08500E*00 
47 l.O7222E+OO 
48 1.0623oE~OO 
49 l.O5254E+OO 
50 l.O427?E+OO 

upper bound 

3.05900E*OO 
2.97000E+OO 
2.63000E+OO 
2.71000E+OO 
2.57000E+OG 
2.45OOOE+OG 
2.41DOOE+OG 
2,38240E+OU 
2.35GOOE+OG 
2.32OOOE+O~ 
2,31000E+OO 
2.25000E+00 
2.16GOOE+OO 
2.15GOOE*OO 
2.06000E+OO 
2.05000E+OO 
2.00500E+OO 
1.96500E+OG 
lr92500E+OG 
1.88500E+OG 
l.d5540E+OG 
lr825OOE+00 
lr785OOE+OU 
1.75500E+OC 
1,72616E+OO 
1.68500E+OO 
l.a5500E+OG 
lr62SOOE+OG 
1.59500E+OO 
1.55500E400 
l.S25OOE+00 
l.Q9500E+OO 
1.45740E+00 
l.CZSOOE+OG 
1.4OOOOE*OO 
1.37500E400 
1.34500E*OO 
lr30791E*OO 
l.Z6500E+OO 
1.23500E+OO 
1.19500E~OO 
l.l6645E+OO 
lr1400OE+OO 
A.l254OE+OO 
1.11500E400 
l.O9d73E+00 
l.O8500E+00 
l.O7222E+OO 
l.O6236E+OG 
l.O5254E*03 

- 

group width 

8.90000E-02 
1.4O#OOE-01 
l.ZOGOOE-01 
1. BOOOOE-01 
A.ZOdOOE-01 
4.00OOGE-Of 
2.76000E-02 
3.24301E-02 
3.00300E-02 
9.99999E-03 
5.99999E-02 
8.99999E-02 
9.99999E-03 
9.00002E-02 
9*99999E-03 
4.49998E-02 
4.00001E-02 
4.0000lE-02 
4.00OOOE-02 
2.9600GE-02 
3.03999E-02 
4oOOGOlE-02 
3. GOGOOE-02 
2. &8399E-02 
4. IlbOiE-02 
3.00000E-02 
3. GOOOCIE-02 
3.00000E-02 
Q.OOOOlE-02 
3.00GOuE-02 
3.0030GE-02 
3.7520AE-02 
3.248036-02 
2. SOOOUE-02 
2. SOOOOE-02 
3.00000E-02 
3.70901E-02 
4,29100E-02 
3.00000E-02 
4.00GOOE-02 
2. ESSOOE-02 
Z.bGSOOE-02 
1.46000E-02 
l.O3999E-02 
1.62700E-02 
1.37299E-02 
1.27801E-02 
9. d5992E-03 
9. t)ZOlGE-03 
9.76992E-03 

mid-point energy 

3.01450E+OO 
2.9OGOOE*OO 
2.77000E+OO 
2.64OOOE+OO 
2.51OOGE*OG 
2.43000E+OO 
2.39620E+OG 
2.3662GE+OO 
2.33500E+OO 
2.31500E*OO 
2.28000E+OO 
2.20500E+OG 
2.15500E+OO 
Z.lOSOOE+OO 
L.G5500E+OO 
Z.O2750E+OO 
1.98503E+OO 
1.9450GE*OO 
i .90500E+OO 
1.87G2GE+OO 
lr64020E+OO 
1.&0500E+00 
1.7750GE+OO 
lr74358E*OG 
lr7055BE+OG 
1.67GOOE+OO 
1.6400GE+OG 
l.a100GE*OO 
1.57500E+OO 
1.54GOOE+OG 
1.5130GE+OO 
1.47624E+OG 
lr44124E+OG 
1.41250E+OO 
lr38750E+OO 
1.3600GE+00 
1.32645E+OG 
lr28646E+OO 
lr25GOGE+OO 
1.21500E+OO 
l.l8073E+OO 
l.l5323E+OG 
1.13270E+OO 
1.1202GE+00 
l.l06B7E+OO 
1.09187E*00 
l.O7861E+OG 
l.O6729E+OO 
1.05745E+OG 
l.O4765E*OG 



Table A.l: (continued) 

Group lower bound 

51 1.02SOOE.00 
52 1.0137CE+OO 
53 9.95000E-01 
S4 9,85OOOE-01 
55 9.65000E-01 
56 9rS0700E-01 
57 9.35000E-01 
58 9.15000E-01 
59 8.95000E-01 
60 8.76420E-01 
41 8.65000E-01 
62 8.45000E-01 
63 6.2 SOOOE-01 
64 8.05000E-01 
65 7.82110E-01 
66 7.65000E-01 
67 7.45000E-01 
68 7.25000E-01 
69 7.05000E-01 
70 6.65000E-01 
71 6.65000E-01 
72 6.45000E-01 
73 6.24930E-01 
74 a.O5000E-01 
75 5.95000E-DA 
76 S.d5003E-01 
77 5175000E-01 
78 S.60000E-01 
79 S.45000E-01 
80 5.35000E-01 
81 5.2500aE-01 
82 5.15000E-01 
63 5.03260E-01 
84 4.90000E-01 
85 4.75000E-01 
86 4.5500OE-01 
67 4.35000E-01 
88 4.17040E-OA 
69 C.O5000E-01 
90 3.90000E-01 
91 3.75000E-01 
92 3.65000E-01 
93 3.57680E-01 
94 3.450CK~E-01 
95 3.3500OE-01 
96 3.2064OE-DI 
97 3.15OOOE-DA 
98 3.01130E-01 
99 2.90750E-Oi 

100 2178865E-Dl 

upper bound 

1.04277E*OO 
l.O2500E+DO 
l.O1374E+OO 
90 35000E-01 
9.8500OE-01 
9.65000E-01 
9.50700E-01 
9.35000E-01 
9.15GOOE-01 
8.9500OE-01 
&3.7642OE-DA 
8.a5OOOE-01 
8.4SOOOE-01 
8.25000E-01 
8.05000E-01 
7rStflOE-01 
7oa500OE-01 
7.4SOOOE-01 
7.25OOOE-01 
7.05000E-01 
6.85OOOE-01 
6.65000E-01 
6.45000E-01 
6.2493OE-01 
6.05000E-01 
S.9500OE-01 
5.850006-01 
S.75ODOE-01 
S.4OOOOE-01 
5.45OOOE-01 
S.35OOOE-DA 
5.25OOOE-01 
5.15OOOE-01 
5.0326OE-DA 
4.90000E-01 
4.75OOOE-01 
4.55000E-01 
4.350OOE-01 
4.1704OE-DA 
4.05000E-01 
3.9OOOOE-01 
3.75000E-01 
3.65000E-01 
3.57680E-01 
3.450OGE-01 
3.3500OE-01 
3rL0640E-01 
3.15000E-DA 
3001130E-01 
2.90750E-01 

group width 

1.77701E-02 
1.1260OE-02 
1.87399E-02 
9.99999E-03 
Z.OOODOE-62 
1.43ODOE-02 
1.570DOE-02 
2.00000E-Oi 
2.OOOOOE-02 
1.85800E-02 
i.l420OE-02 
Z.OOODOE-02 
2.0OOOOE-02 
2.OOOOOE-02 
2.28900E-02 
1.711DOE-G2 
2.003OOE-02 
2.000OOE-02 
Z.OOOOOE-02 
2.000OOE-02 
2.000OOE-02 
Z.OOOOOE-02 
2.00700E-02 
1.993OOE-02 
9.3999YE-03 
i.OOOOlE-02 
9.99999E-03 
1. SOOOOE-02 
l.SOOOOE-02 
9.99999E-03 
1.00001E-02 
9.99999E-03 
l.l7400E-02 
1.32600E-02 
1. SDOOOE-02 
2.0000OE-02 
2.000DOE-02 
1.796DOE-02 
l.ZO‘rDOE-02 
1. SODOOE-02 
1.5DODOE-02 
9.99999E-03 
7.32002E-03 
1.26dDOE-02 
9.99999E-03 
1.436OGE-02 
5.04000E-03 
1.387DOE-02 
l.O3600E-02 
l.l8850E-02 

mid-point enerclY 

l.O3389E+OO 
l.O1937E+DO 
l.O0437E+OD 
9.9000OE-01 
9.75OOOE-01 
9.57850E-01 
9.42650E-01 
9.25000E-01 
9.05GOOE-01 
8.85710E-01 
8.70710E-01 
8.55000E-01 
8.350OOE-01 
8,15000E-01 
7.93555E-01 
7.7355SE-01 
7.S50OOE-01 
7.35000E-01 
7.15000E-01 
6.9500OE-01 
6.75OOOE-01 
6055000E-0 1 
6.34965E-01 
6.14965E-01 
6.00000E-01 
5.30000E-01 
5.8OOOOE-01 
5.675OOE-D 1 
5.5250DE-01 
5.40ODOE-01 
5.3OOOOE-01 
S.ZOOOOE-01 
5.0913OE-01 
4.9663OE-01 
4.6250OE-01 
4.65OOGE-0 1 
4.45003E-01 
4.26023E-01 
G.ilOZOE-01 
3.9750tlE-01 
3.825DOE-01 
3.7000OE-01 
3.6134GE-01 
3.51340E-01 
3.400OOE-01 
3.2782OE-01 
3.17&20E-0 1 
3.06065E-01 
2.95940E-01 
Z.d4dOBE-01 



Table A.l: (continued) 

Group lower bound 

101 2.70530E-01 
102 2.65000E-01 
103 2.51040E-01 
104 2.45000E-01 
105 2.35000E-01 
106 2.2770OE-01 
107 2.20000E-01 
108 2110000E-01 
109 Z.OSOOOE-01 
110 1.95000E-01 
111 1.844COE-01 
112 1.75000E-OA 
113 1.65000E-01 
114 1.55000E-01 
115 lr45730E-01 
116 1.35000E-01 
117 1.2500GE-01 
118 1.1500OE-01 
119 1.11570E-Oi 
120 1.03000E-01 
121 9.50000E-02 
122 8.7SOOOE-02 
123 d.A9723E-02 
124 ?.7500GE-02 
125 7.25000E-02 
126 6,75000E-O2 
127 6.2500CE-OL 
128 5.950WE-02 
129 S.b9250E-02 
130 S.25000E-02 
131 4.75000E-02 
132 4.27570E-02 
133 4.05000E-02 
134 3.75000E-02 
135 3.45000E-02 
136 3,06130E-02 
137 L.ao000E-OL 
138 2.55000E-02 
139 2.25000E-02 
140 2,04930E-02 
141 1.75000E-02 
142 l.‘t5000E-02 
143 A.23970E-02 
144 1.05000E-02 
145 a.OOOOOE-03 
146 6.32500E-03 
lrr7 4.05000E-03 
148 2.27700E-03 
149 l.O5000E-03 
150 2.53000E-04 
151 l.OOOOOE-05 

upper bound 

2*78865E-01 
2.70530E-01 
2.65000E-01 
2.51040E-01 
2.QSOOOE-01 
2.35300E-01 
2.27700E-OA 
Z.ZOOOOE-01 
2,10000E-01 
2.05000E-01 
1.95000E-01 
l.tI4440E-01 
1.75000E-01 
lraSOOOE-OS 
1.55000E-DA 
i .45730E-01 
A.35dOOE-01 
1.2500GE-OA 
l.l5000E-01 
l.l1570E-01 
l.O3000E-01 
9.5OOOOE-02 
8.75000E-02 
B.l9720E-02 
7.75000E-02 
7.25000E-02 
6.750OOE-02 
6.25000E-02 
5*950OOE-02 
5.69250E-02 
5.2500GE-02 
4.75000E-02 
4,27570E-02 
C.O5000E-02 
3.75000E-02 
3.+500GE-02 
3.06130E-02 
Z.dOOOOE-02 
2.55000E-02 
2.25000E-02 
2104930E-02 
1.75000E-02 
l.+5000E-02 
1.23970E-02 
A.O5000E-02 
8.00000E-03 
6.32500E-03 
4.05000E-03 
2.27700E-03 
l.OSOOOE-03 
2.53000E-04 

group width mid-point energy 

d. 33502E-03 
5.5300CiE-03 
A. 3960CE-02 
6.04001E-03 
l.OOoOOE-02 
7.30000E-03 
7.70000E-03 
A.OOOOOE-02 
5.00000E-03 
1,00003E-02 
A.O5600E-02 
9.44000E-03 
9.999’99E-03 
i.OOOOOE-02 
9.27000E-03 
l.G7303E-02 
A. 00003E-02 
A.OOOOOE-02 
3.43000E-03 
8.57000E-03 
a.OOOOoE-03 
?.50000E-03 
5.52 aOOE-03 
4.47200E-G3 
5.00000E-03 
5.00000E-03 
5.00000E-03 
3.00000E-03 
2.57500E-03 
4.425OOE-03 
5.GOOOOE-03 
4.74300E-03 
2.25700E-03 
3.00000E-03 
3.00000E-03 
3.88?00E-03 
2.613OOE-03 
2.50000E-03 
3.00003E-03 
2.00700E-03 
2.99300E-03 
3.00000E-03 
2. AOjOOE-03 
A. 89700E-03 
2.50000E-03 
A.67500E-03 
2.27500E-03 
A. 77300E-03 
A. 22700E-03 
7,97000E-04 
2.43000E-04 

2.74698E-01 
2.67765E-01 
2.58020E-01 
2.48020E-01 
2.40000E-01 
2.31350E-01 
2.23850E-01 
2.15000E-01 
2.07500E-01 
2 .OOOOOE-0 1 
l.a972OE-01 
1.79720E-01 
1.7C000E-01 
1.60000E-01 
1.50365E-0 1 
l.c0365E-01 
A.30000E-01 
1.20000E-0 1 
1.132a5E-01 
1.07285E-01 
9.90000E-02 
9.125OOF-02 
6.47360E-02 
7.97360E-02 
7.50000E-02 
7.00000E-02 
6.50COOE-02 
6.10300E-02 
5.82125E-02 
5.47125E-02 
5.00000E-02 
4r51285E-02 
4.16285E-02 
3.90000E-O2 
3.6000GE-02 
3.25565E-02 
2.93065E-02 
2.67SOOE-02 
2.4000UE-02 
2.14965E-02 
l.a996SE-02 
l.a0003E-02 
1.3448SE-02 
l.l4485E-02 
9.25000E-D3 
7.16250E-03 
S.A8750E-03 
3.16350E-03 
1.66350E-03 
a.S1500E-04 
1.315OOE-04 



Table A.2: loo-group structure used for the fast/epithermal library 
(Structure equivalent to GAM-II) 

Group 

1 
2 
3 
4 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 
38 
39 
4c 
41 
42 
43 
44 
4s 
46 
47 
48 
49 
SC 

Energy Interval 
WI 

1.34986E*07 
1.22140E+07 
1.10517E+07 
l.COOOOE+07 
9.04837E+06 
8.18731E+06 
7.40818E+06 
6.7032OE+06 
6.0653lE+06 
5.48f?lZE+06 
4.96585E+06 
4.49329E+06 
4.06570E+06 
3.67879E+06 
3.3287lE+06 
3.01194E*06 
2.72532E*06 
2.46597E+C6 
2.23130E+06 
2.01897E*06 
1.82684E+06 
1.65299E+06 
1.49569E+06 
1.35335E+06 
lr22456E+06 
lr10803E+06 
l.O0259E+06 
9.07180E+05 
8.20850E+05 
7.42736E*OS 
6r72055E+05 
6.0810lE+05 
5.50232E+05 
4.97871E+OS 
4.50492E+05 
4.0762.2E+05 
3.68832E+05 
3.33733E+05 
3.01974~+C5 
2.73237E+05 
2.47235E+05 
2.23738E+05 
2.02419E+05 
1.83156E+05 
1.65727E+OS 
1.49956E*05 
1.35686Ee05 
1.22773E+05 
i.11090E*05 

1.49183E+07 
1.349866+07 
1.22 140E+07 
l.l0517E+07 
1.00000E*07 
9.04e37E+06 
8.1873lE+06 
7.40818E*06 
6r70320E+06 
6rObS31E+06 
5.48812E+06 
4.96585E+06 
4.493296+06 
4.06570E+06 
3.67679E+06 
3.32871E+06 
3.01194E+G6 
2.72532E+06 
2.46597E+06 
2*2313OE+C6 
2.01897E+06 
1.82684E+06 
1.65299E+O6 
1.43569E+06 
1.35335E+06 
1.22456E+06 
l.l0803E*06 
i.O0259E+06 
9.07180E+G5 
8.20850E+G5 
7.42736E+@5 
6.72055E+05 
6.08lOiE+G5 
5.50232E+05 
4,9787lE+O5 
4.50492E+05 
4.07622E+05 
3.68832E+05 
3.33733E+05 
3.01974E+05 
2.73237E*05 
2.47235E+OS 
2.23708E+05 
2.02419E+05 
lr83156E+05 
1.65727E+05 
1.49956E+05 
lr35636f+05 
1.22773"+05 

8.65170E+04 l.ll090E+05 

Lethargy Interval 

-0.300 -0.4OG c.100 
-0.200 -0.300 0.100 
-0.100 -0.200 0.100 

0.000 -0.100 0.100 
0.100 c.000 0.100 
0.200 0.100 0.100 
0.303 0.200 0.100 
0.4CO c.3oc c.103 
0.500 c.400 C.lCO 
O.bC3 0.5co c.103 
0.700 0.600 O.lOc! 
0.800 0.7oc OIlOC 
0.900 0.800 o.ics 
1.000 0.900 0.100 
1.100 1.000 0.100 
1.200 1.100 0.100 
1.3oc 1.2GO O.lCC 
1.400 A.300 c.100 
l.SOc) 1.400 0.1cc) 
1.6CO 1.5oc c. LOO 
1.7CO 1.600 0.100 
1.800 1.70@ O.lOcl 
1.9OO 1.800 0.100 
2.OOG 1.9CG C.100 
2.100 2.OCO 0.100 
2.2co 2.lOC 0.100 
2.300 2.200 0.100 
2.400 2.300 0.100 
2.500 2.400 0.100 
2.600 2.500 0.100 
2.700 2.600 C.lCG 
2.800 2.700 c.ioc 
2.900 2.800 O.lOG 
3.000 2.900 0.100 
3.100 3.000 c.ico 
3.200 3.100 O.lCO 
3.300 3.200 0.100 
3.400 3.300 O.lO@ 
3.500 3.400 0.100 
3.600 3.500 c.100 
3.700 3.603 0.100 
3.800 3.700 c. 100 
3.900 3.800 c.100 
4.OOC 3.900 O.lCr) 
4.100 4.000 0.103 
4.200 4.100 0.100 
4.300 4.200 O.lCO 
4.400 4.300 0.100 
4.500 4.400 0.100 
4.750 4.500 0.25C 

Lethargy 
Width 



Table A.2: (continued) 

Group 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
47 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
74 
80 
81 
82 
83 
84 
85 
86 
87 
88 
69 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 

Energy Interval 
WI 

6,73795E+O4 8.65170E+04 
5.24752E+04 6.73795E+04 
4.08677E+04 5.24752E+G4 
3.18278E+04 4,08677E+C4 
2.47875E+04 3r18278E+04 
1.9304SE404 2.47875E+04 
1.50344E+C4 1.93045E+O4 
l.l7088E+04 lr50344E+04 
9.11882E+03 lr1?088E+04 
7.10174E+03 9.11882E+C?3 
5.530a4E+03 7,10174E+03 
4.30742E+03 5,53084E+03 
3.35463E+03 4.30742E+03 
2.61259E+03 3.35463E+03 
2.03466E+03 2.41259E+03 
1.584blE+03 2.03468E+03 
lr23410E+03 lr5846lE+C3 
9rb1117E+02 1.234lgE+C3 
7.48518E+02 9.61117E+02 
5.82947f+02 7.48518E+O2 
4.53993E+02 5.82947E+02 
3r53575E+OZ 4r53999E+C2 
2.75365E+02 3.53575E+02 
2.14454E+O2 2.75365E+02 
lr67017E+02 2.14454E+02 
1.30073E+C2 lr67017E+OZ 
l.O13@1E+OZ 1.30073E+02 
7.88932E+Ol l.O1301E+OZ 
6r14421E+Ol 7r88932E+Ol 
4.78512E+01 6.14421E+Ol 
3.72665E+Ol 4.78512E+Ol 
2.90232E*Ol 3.72665E+Ol 
2,26033!i+ol 2.90232E+Ol 
1.76035E+Ol 2.26033E+Gl 
1.37096E401 lr76035E+Ol 
1,06770E+Ol 1.37096E+ol 
8,31529E+OO l.O6770E+Ol 
6.47595E+OO 8.31529E+OO 
5.04348E+OO 6.47595E+OO 
3.92786E+00 5.04348E+OO 
3rO5902E+OO 3.92786E+OO 
2.38237E+00 3.05902E+OO 
l.a5539E+00 2.38237E+oo 
lr44498E+OO 1.85539E+OO 
l.l2535E+OO 1.44498E+OO 
8.764256-01 1.125355+00 
6.82560E-01 8.76425E-01 
5.31578E-01 6.82560E-01 
4.13994E-01 5.31578E-01 
l.SOOOOE-05 4.13994E-01 

Lethargy Interval Lethargy 
Width 

5.000 4.750 0.250 
5.250 5.000 0.250 
5.530 5.250 0.250 
5.750 5.500 0.250 
6.CO3 5.750 0.250 
6.250 6.000 0.250 
6.500 6.250 0.250 
6.750 6.500 0.250 
7.300 6.750 0.253 
7.25C 7.000 0.250 
7.500 7.250 0.250 
7.753 7.500 0.250 
a.oco 7.750 0.250 
8.253 8.000 0.250 
8.500 8.250 0.253 
8.750 8.500 0.250 
9.000 8.750 0.2sc 
9.250 9.occ 0.250 
9.5oc 9.250 0.250 
9.75c 9.500 0.250 

10.3co 9.750 0.250 
1@.25G lO.OOG 0.250 
10.500 10.250 0.250 
10.750 lO.SGO C.250 
11.300 10.750 0.250 
11.250 ll.rjOG 3.250 
11.500 11.25c 0.250 
11.750 11.500 0.259 
12.coc 11.752 0.25c 
12.250 12 .OOG 0.250 
12.500 12.250 0.250 
12.750 12.5oc 9.250 
13.ooc 12.75C 0.25c 
13.250 13.GOG 0.250 
13.500 13.250 3.250 
13.750 13.500 0.250 
14.000 13.750 0.250 
14.2 50 14.ooc 0.250 
14.500 14.250 0.250 
14.750 14.50C 0.250 
15.oco 14.750 0.250 
15.250 15.00G 0.250 
15.500 15.250 0.25c 
15.750 15.500 C.250 
15.000 15.750 0.250 
lS.250 16.030 0.250 
16.500 16.250 0.253 
16.750 16.500 0.250 
17.cIoc 16.75C 0.253 
27.531 17.000 10.631 


