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FOREWARD

The purpose of this report is fourfold:

1. To present the results of the benchmark testing of
ENDF/B-1IV in a clear and consistent fashion and to
provide documentation of the testing results at
this point in time,

2. To qualify the testing results recognizing that,
in addition to the evolution in the evaluated
data, the computational methods are also evolving.

3. To indicate those areas of basic nuclear data that
require additional evaluatioms.

4, To indicate deficiencies in current benchmark tests.

Benchmark models for data testing have been identified by CSWEG
for five areas of application: thermal reactors, fast reactors,
shielding, dosimetry and fission products. The testing results for
each of these areas are presented in Volume I, Sections II through VI.
Each of these sections was prepared as a stand-alone report, i.e., page
numbers, table and figure numbers sequence independently in each section.
A brief summary of all testing results is given in Section I.

The testing results compiled in this report were computed over a
period roughly defined by calendar year 1975. The results, especially
those for thermal and fast reactors, are thus representative of the
computational capabilities during this time. In Sections II and III,

the computational methods used by the testers are briefly described.



Volume II of ENDF-203 is comprised of two appendices. Appendix A
contains a more complete description of the reactor computational
methods used in the thermal reactor data testing and detailed compari-
sons of broad group cross sections and reaction rates for the TRX-1
benchmark. Appendix B contains a description of the computational
me;hods used by each tester and the results of fast reactor benchmark
tests. Most of the important information contained in Volume II is
summarized in Volume I. For this reason, and since Volume II is
rather voluminous, Volume II will be available only on a very limited

basis.



APPENDIX A



e

APPENDIX A

Section Contents Page
I. INTRODUCTION 2
II. CALCULATIONAL METHODS 3
III. COMPARISON OF FEWGROUP REACTICN RATES 12
° FEWGROUP STRUCTURES 5 13
° INFINITE LATTICE RESULTS (TRX-1l; B“=0) 14
° L_GROUP EDITS 15
°  SLOWING DOWN SOURCE 17
° 2.GROUP EDITS 18
° FINITE REACTOR (TRX-1; B®=57x10- -4 cm=2 ) 20
° L4_GROUP EDITS 21
° SLOWING DOWN SOURCE 23
° 2.GROUP EDITS 24
Iv. COMPARISCN OF FAST MULTIGROUP CROSS SECTIONS/6
°  FAST GROUP STRUCTURE 27
°  FAST MULTIGROUP EDITS 28
V. COMPARISON OF THERMAL MULTIGROUP CROSS
SECTIONS 93
THERMAL GROUP STRUCTURE 94

° THERMAL MULTIGROUP EDITS 95



2

INTRODUCTICN

To help resolve the origin ¢f the discrepancies among the
calculated results for thermal systems, this Appendix gives de-
scriptions of the various calculational methods, supplemental
fewgroup information for benchmark TRX-1, and edits of the fast
and thermal multigroup cross section libraries.

The fewgroup edits for TRX-1 (Section III) consist of_zeros
leakage and leakage-corrected_i-group reaction rates for 235,238y
captures and fissions; H, D, 160 ana 27a1 captures; and the slcwing
down source Q. For each energy group there are two columns in the
tables: the left column ig_the reaction rate normalized to be
consistent with a thermal 235U fission rate of unity; the right
column is the reactilon rate divided by the corresponding SRL re-
action rate. The upper energy boundaries for the 4-group structure
are 10 MeV, 67.379 keV, 3.355 keV and 0.625 eV; these are compat-
able with the MUFT S4-group structure and were selected to closely
matech the boundaries of the fast cross sections, the unresolved and
resolved regpnance regions, and the thermal cross sections in the

INDF/B-IV 239U evaluation.

In terms of the 4-group structure, the slowing down densities
out of the groups are defined as focllows:

G2

Q3 = 2144 gl T Zoml ﬁg + 23»4 z3

To test the ENDF/3 cross section processing ccdes, multigrcup
cross section edits for rggg temperafure H as bound in Hx0, D as
bound in Dy0, 190, 271, 235U and 238U are also supplied for the
MUFT group structure above 67.379 keV (Section IV). The following
gquantities are edited for each energy group:

Symbol Cross Section Tyve

el elastic scattering, barns
fe capture, varns

gf fissilon, barns

0in inelastic scattering, barns
gn,2n (n,2n), barns

b cos. scattering angle (lab.)
v neutrons/fission

X fission spectrum#

Thermal v, and the fission, capture and scattering cross sec-
tions for the THERMOS group structure are also supplied (Section V).
The 4~group reaction rate compilation for TRX-1l provide tne best
test of the cross section precessing in the resonance regions.

* 2 %; = 1, where the energy group index 1 1s summed over all
i
£roups.
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CALCULATIONAL METHCDS

Aerojet Nuclear Company (ANC)

ETOP was used to process the basic ENDF/B data into a fast
library composed of 68 quarter lethargy groups velow 10 MeV. This
library is used by PHRCG which computes the resonance self-shielding,
slowing down spectrum, performs group averaging and cutputs the
scalar cross sections and the Pp and P scatter matrix in a form
dlrocu%{ u%able by the one-dimensional multigroup Sy transpert code,
SCAMP In the case of the TRX-1 and TRX-2 calculatiocns
PHRCG wa.s essentially used as a data oroceSSLng code to punch the

irst 65 quarter letharsy 5roups onto cards for use in SCAMP input.
Vo group averaging was performed and the resonance self-shielding
calculation performed by PHRCG was overridden by an independent
calculation. PHRCG was used, however, to calculate group dependent
transport cross sections that are used by SCAMP to obtain the
leakage correction.

The resopgnce self-snielding was performed using a2 nmodification
of the RA3RBLE\S) code which Incluaas the ontions “vallﬂole in . RAZBLE
plus an unresolvea treatment similar to that used Dy HLOG—IT ) witn
the inclusion of Deppler-broadening and a Dancoff ccrrection factor

based on the methods of Gelling and Sauer.\>)

- - -~ {5
In the thermal range (0 to 2.38 eV) FLANGE II\® ) was used %o
process.the ZNDF data into a 101 group library us Vile by the
cITEZV ) thermal spectrum code. TINCITE was then usex to generate

25-group cross ssctions below 0.275 eV and the ful
ter matrix using the Heywood scatter Kernel for H,
for HoC was also used for the Zp0 molecule from O.
to provide the full scatter matrix for HsC from O

Po and Py scat-
INCITE data

g »-\Q =2y

o to z.Z0 eV¥

The 90-group libraries for TRX-1 and TRX-2 werzs ussd to cbtaln
spatially-weighted cross sections for the homogenized fuel cell
by the use of SCAMP in cylindrical geometry (assuming six angular
intervals and four Gaussian quadrature points). The core buckling
was used in the cell calculations to account for leakage in the
fast groups; leakage was set to zero In the thermal groups. The
coalescing options 1n SCAMP were used to flux weight the cross
sections over all regicns of the cell and the thermal groups col-
lapsed in energy to provide 68 group (one thermal group) homogenized
cross sections for use in the final full core SCAMP calculations

(56: P]_)'

* Nelkin kernel above 2 eV.



For the homogeneous spneres, cross sections for 1lS-energy
groups (1 thermal) were obtalned from 31 spectrum calculations
using tihe PHRCG 2 code in the fast grours and the INCITE code in
the thermal. Initial cross sections were obtained using an extra-
polaticn distance of 1.76 cm for the PNL spheres in all groups
and in the case of the ORNL spheres an extrapolation length of 5.1
cn in the fast groups and -6.2 in the thermal. Fast and thermal
bucklings were then computed with the SCAMP code and final cross
sections obtained using these bucklings.

The differesnce between the first and final SCAMP calculztions

was less than 0.000184 in kX for all cases. The SCAMP model for the
spheres 1s given below.

Width (cm)

Region Mesh PNL ORNL
1 30 15.0 30.0
2 20 R-15.0 R-30.0
No. Intervals on the Angular Half-Space €

Scattering Treatment Py

Bettis Atomic Power Lab. (BAPL)

The TRX lattices were analyzed using the RCP Monte Carlo pro-
gram with leakage corrections obtalned from homogenized, multigroup
full-core calculations. RCP described the lattice cell geometry
explicitly and neutrons were followed over the full energy range
below 10 MeV.

The EINDF/B cross sections were processed with ZTOMX and rLANZ,
which are Bettls versions of ETOG and PLANGE II, respectively.

Above 0.625 eV, smooth cross sections, including the inelastic
scattering transfer matrix, were described in the S4-group MILC
energy structure. Resonance profiles were described with 1000
equally spaced energy points in each RCP group. Smooth thermel
cross sections were described at 25 energies. The hydrogen thermal
scattgging kKernel was a 25-group Py Haywood kernel at a temperature
of 29 X.

fleutrons were started uniformly in the fuel with the U-235
fission spectrum. A total-collision estimator and neutron weights
were used so that every collision contributed to all possible
absorptions at that point. The weight contributed at a collision
to absorption of type-x was the welght carried by the incident
neutron multiplied by Zx/3+. The remainder of the neutron was
allowed to undergo one type of scattering, selected from the
appropriate cross sections, and to continus on its way.
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Leakage corrections were obtained by means of the PAX progran,
with cross sections closely matching those of the Monte Carlo. For
the two full lattices, the epithermal calculation used the MUFT
option, which treated a hcmogenized, simply-buckled lattice in the
By approximation. An "L-factor” was used to force the U-238 cap-
ture in the zero-buckling MUFT calculation to match that of RCP
above 0.625 eV. A single L-factor was applied to U-235 absorption
(fission plus capture) in a similar manner.

Thermally, a DP1 calculation was done in 25 energy groups.
Thermal disadvantage factors were used to force the zZero-buckling
thermal reaction rates to match those in the RCP calculation, and
a fast advantage factor was applied similarly to obtain the proper
U-238 fission rate.

Leakage corrections for the two-region lattices were ocbtained
with the PTMG option in PAX, which performed one-dimensional, 54
multigroup calculations in cylinder gecmetry. The calculations
were P3 epithermally and double-Pl thermally. There was one
thermal group, with constants condensed from a 25-group calcula-
tion for each homogenized core region.

In all cases, leakage correction factors for the RCP-calculated
reaction rates were obtained as the ratlio of reaction rate in the
leaking, homogenized lattice to that in the homogenized lattice
with zero-buckling.

The analysis of the ORNL spheres.employed P7TMG with 57 epi-
thermal groups and one thermal group (averaged over the asymptotic
spectrum in 25 groups). The calculation was Pz epithermally and
double P71 thermally with Marshak boundary conditions. Eilgenvalues
were converged to better than 5 x 1079,

Brookhaven National Laboratory (BNL)

The basic EINDF/B data were processed into multigr%%% Cross
sections for the integral transport theory code HAMMER\?/, i.e.,
into the 30 group THERMOS structure at thermal energies below 0.625
eV, and into the epithermal 54 group MUFT structure above this
energy. For the former the S(a,B,T) tapes containing the Haywood
scattering law for Hydrogen in HzO and Deuterium in DpO were used.
The Py and P,y scattering kernféi in the thermal group structure
were calculated by FLANGE-II, which also processed the ENDF/B-IV
thermal absorption and fission cross sections into average group
values. For nuclides other than Hydrogen, Oxygen, and Deuterium,
FLANGE-II was used to evaluate the thermal group values of ¢_ in-
cluding rescnance scattering wherever aporopriate. The gas "kernel
for Oxygen was calculated by the ccd?s%ITHE, which prepares the
thermal library for the HAMMER code.

8

t eplthermal energies ETOG-3K4) was used to prepare the
multigroup data. It was modified in accordance with the require-
ments of the lattice analysils code. The cut off between the resolved
and unresolved resonance regions was fixed for each nuclide at the
highest energy of the group belonging entirely to the resolved
regicn. In the next group, the rescnances were treated ss unre-
solved, the average rescnance parameters belng extended to the
entire group. Again, at the upper end of the unresolved resonance



region, the resonances in the group belonging partially to the
smooth cross section region were converted to equivalent smooth
cross sections. Such conversions were also made for the resolved
and unresolved p-wave resonances, and opticnally for the s-wave
resonances. Whenever resolved s-wave resonances parameters were
included in the multigroup library, their 1/v tail contributions
were added to the smooth cross sectlons throughout the resolved
resonance region, since the effective resocnance integrals, calcu-
lated in the HAMMER code, are reduced correspondingly. The (n,2n)
cross section was added twice to the inelastic scattering cross
section, and subtracted once from gy so that oy remains unchanged.
This approximation is based on the assumption that the spectrum

of the inelastically scattered neutrons is not very different from
that of the neutrons produced in the (n,2n) reaction. The weight-
ing spectrum for cross section averaging was taken to be 1/E joined
to a fission spectrum at high energies. (The breakpoint was taken
to be 67 KeV, and the temperature of the fission spectrum 1.27 MeV
corresponding to thermal fissicns in U-235). The parameter ¥, which
is half the mean square logarithmic energy increment per collision
for elastic scattering divided by the corresponding mean increment,
was replaced by half the group lethargy width for nuclides heavier
than Deuterium, to prevent spuricus oscillations in the slowing
down density in the MUFT slowing down treatment. In group inelas-
tic scattering was included in the inelastic matrix in the multi-
group data.

In the lattices which were studied unresolved s-wave average
resonance parameters were included in the multigroup library for
U-238 for resonance shielding calculations, the p-wave unresolved
resonances being converted to equivalent smooth cross sections.

For lattices of U metal rods, the p-wave shielding was calculated
separately.using an appropriately modified version of the TUZ
programnm, ) and a small correction was applied to the unresolved
resonance region calculations. TFor U-235 all unresolved resonances
were converted to equivalent smooth cross sections. In the resolved
resonance regions of U-238 and U-235,which account for most of the
resonance avsorption 1In thermal reactor lattices,the resonance
varameters and multigroup smooth absorption and fission cross sec-
tions, although avallable, were not used directly, Monte Carlo
reaction rates being entered into the lattice analysis code with
the input for each run. The U-235 fission spectrum for thermal
fissions formed the scurce for the unit cell calculations.

HAMMER, which was used to calculate the lattices, is essentially
an Integral transport code for the unit cell of the lattice; colli-
sion probabilities for isotroplc sources and transvort corrected
cross sections are used. In the HAMMER code effective resonance
integrals are calculated for each resonance separately by the
Nordhelm procedure. 9) In the BNL analyses, ncwever, the Ncrdheinm
procedure was replaced with a Monte Carlo resonance treaztment.

The method for doing this is described in reference (10). The
Monte Carlo calculations covered the energy range from 50 eV to
thermal cut off (0.625 eV), the r=action fractions being edited
and transferred to the HAMMER analysis program in the MUFT groups
covering the resolved resonance region of each nuclide.



Chalk River Nuclear Labs. (CRNL)

The TRYX and MIT l?g*ices were analyzed using the HAMMER in-
tegr?; transport code, 5 winilch utilizes the Nordheim integral treat-
ment(7) to account for resonance absorption. Leakage was calculated
using a homogenized lattice and a By approximation. An annulus
containing a heavy scatterer was used around the light water cells
for the calculations in the thermal energy range.

The ET0G-2(*) code was used to process U-235 and U-238, which
were the only cross sections taken from ENDF/B.

Electric Power Research Institute (EPRI)

The calculational procedure was similar to that used by CRNL,
but resonance reacti?g\rates for the HAMMER code wWere calculated
by the RABBLE method\2/, rather than the Nordheim treatment.

General Atomic Company (GA)

The GFEY code was used to generate SS9 group (Gam-1I (Ref. 11)
group structure] fast neutron data. The GFE:Y code is an updated
version of the GFEZ2 code descrived in Ref. 12 which will handle the
new ENDF/B-4 data formats and alsc includes more general resolved
resonance (including Adler-Adler capability) and nonelastic scat-
tering energy transfer array computational algorithms.

The GAND3 code was used to generate 134163 energy resonance
data covering tne 7102 to 2.38 eV energy range (point spacing of
85 meters/sec). The GAND3 code is an updated version of the GAND2
code described in Ref. 12, which will handle the new ENDF/B-%
formats as well as MLBW and Adler-Adler resolved resonance region
representations. The GANDI code_was also used to generate 1C1
energy [GATHER-II (Ref. 13) grid] thermal neutron data for absorber
nuclides by condensation from a 900 energy ultra-fine mesh grid
(2.3 to C.001 eV) with a Maxwellian Jjoined to 1/E at 1C kT conden-
sation spectrum.

&

The FLANGM code, a local modification of the TLAING-IT code
(Ref. &) which properly distrivutes the ultra-fine mesh normaliza-
tion integral over all flne groups rather than assigning 1t entirely
to the self-scatter fine grcup, was used to prepare 101 ensrgy
thermal neutron scattering Kernels (P~ and P for # in H-C and D
. o v LA TNTTT /T 4 > Y -vl ~ ) 4 +
in DpO from the 1965 ENDF/B scattering law data for these auclides

materials 1002 and 1004 ). Effective temperatures for use in the

"short collision time" approximation used in the FLANGH code for
incident energiles greater than 1 eV were obtalned from the work o
Koppel and Houston (Ref. 14%). TFree gas model thermal neutron scat-
tering kernels for nitrogen, oxygen, and ngU were prepared with

the WITG code (Ref. 15).

o
L

N

The cross section library was then used with the MICRCX code
(Ref. 16) to prepare 19 group cross sections for use in 42 interval
F1, Su calculations with the 1DF{ code the GAC version of the
DTF-IV code (Ref. 17).



The MICRCX calculations for the uranium and plutonium spheres
were one region modified By spectrum calculations using energy-
dependent bucklings determined by iteration between MICRCX and 1DFX
transport theory calculations. The Py, Sy transport theory lead-
ages were used to determine bucklings according to the formula

2 — ~{ \

The MICROX calculations for the HpO and Dy0 moderated lat-
tices were two space region modified Bp calculations over the 15~
MeV to 0.001-eV energy range using the bucklings given in the
benchmark specifications. Dancoff correction factors for the HpC
and DpO lattices were computed with the GADACO code (Ref. 18).

The aluminum clad was smeared into the H~Q or Dy0. The void
region in the TRX-1/2 lattices was explicitly represented in the
Dancoff correction factor calculations and smeared into the modera-
tor region in the MICRCX calculations.

In the case of the DpC moderated lattices, the reported results

were obtalned directly from the MICROX calculations. The HpG lat-
tice results were obtained from 15 group P3 Sp 10EX calculations.

Savannah River Laboratory (SRL and SRL¥)

Two sets of results (denoted SRL and SRL*) were reported by
Savannah River Laboratory.,_ For each of the calculations the module
ETOJ of the JOSHUA system(Lﬁ was used to process Si-group (54%-
MUFT, 30-THERMCS groups,) from the pointwise data. The 84-group
cross sections contalned P3 scattering for hydrogen, deuterium and
oxygen, and Py scattering for the remaining nuclides.

Both the SRL and SRL* calculations analyzed the TRX and MIT
lattices using the integral transport thecry routines employed in
the RAHAB module of the JOSHUA system. However, resonances reac-
tion rates in the SRL calculations utilized the standard Nordhein
treatment (S), whereas the SRL¥ calculations utilized a new, more
exact resonance treatment developed by D. R. Finch.® In each case
the zero leakage integral transport results were leakage corrscted
by subsequent By calculations for equlvalent spatially homecgeneous
cells.

& Resonance reaction rates are calculated by a coupled space-energy
soluticn for the fluxes through the resonance region. Fluxes are
computed at discrete energles using one-dimensional annular geometry.
Reaction rates are obtained oy numerically integrating the space and
energy dependent fluxes with the resonance component of the crcss
sections to produce thne reaction rates for fission and capture which
are passed as normalized reaction rates per unit § for each isctope,
multigroup, and reaction.

Fluxes are computed by the Ilntegral transvort eguation
PN o oy -

o I3 () £ (2) = 2. Byt (3) 8y (2) Ty
Slowing down sources (S) are computed via the integral slowing down

equation in the Py approximation, and first flight collision probabi-

lities (P) are ccmputed in cne-dimensional annular gecmetry in tas
cosine currents approximations.



The ANISKN code(go) was used to analyze the CRNL and FNL spheres
in the Sy approximation. The multigroup cross sectlons for ANISN
were corrected for resonance self-shielding using the Nordheim treat-
ment.
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A. TFour-Group Structure

Group

1

W
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10 MeV
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10 MeV
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IV. COMPARISON OF FAST MULTIGROUP CRCSS SECTICNS
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THERMAL GROUP STRUCTURE
(THERMCS GROUPS 1 - 30)

Average Weighting Uppar Average Weighting Upper
Sroup  Energy, eV Factor Erergy, ¢/  Group  Ensrgy, eV Facror Znergy, eV
1 0,0002530  0,0005060 9.0003692 15 0.0651730  0.0089334 0.0697163
2 0,0010120  0.0010120 0.,0015312 17 0.0748471  0.0104437 .ns01601
3 G.0022770  0.00151S0 0.0530922 13 0.0361213  0,0121363 0,0222964
4 0.0040480  0,002C2:0 0.0231232 i9 C.0991855  0,0140262 0,1053226
S 0.0063250  0.0023300 0,0075532 20 0.1139755  0.0155727 0,1213933
6 0.0091080 0.0030370 0,0106392 21 0.1312305 0.0180148 0,1409101
7 0.0123970  0.0035420 0.0142312 22 0.1524829  0.0236022 0.1645123
8 0.0161920  0.0040430 0.0182792 23 0.1790117  0.0296110 0,1941233
9 0.0204930  0.0045340 0,02238332 23 0.2124051  0.,0373862 0.231509%
10 0.0253000 0,00S0600 0.0273932 2 0.2546369  0,0473557 0.27563632
11 0.030€129  0.0055660 0,0334592 25 0.3081548  $.0600416 0,3333068
12 0.0364319  0.0060720 0.0395511 27 0.3753813  0,0760710 0,4143308
13 0.0427565  0.0065779 0,0461081 23 0.4618304  0,0982037 0,5111846
14 0.0495373 0.0070839 2.0531930 z 0.5702278 0.1213123 0,6324969
15 0.0563247  0.0075300 0.0827830 30 0.7066566  0.1324296 0,7849265

-
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ENDF/B-IV Fast Reactor Data Testing
E. M. Pennington, Lois E. Meyer, H. Henryson, II and R. E. Prael

Argonne National Laboratory
Argonne, Illinois 60439

CALCULATIONAL METHODS

Fast reactor data testing was carried out at Argonne National Laboratory
for eight of the benchmark assemblies specified in the November 1974 edition
of ENDF-202. These asszmblies are VERA-11A, ZPR-3-48, ZEBRA-3, ZPR-3-11,
ZPPR-2, ZPR-6-7, ZPR-6-6A and ZEBRA-2.

Multigroup cross scctions were produced by MC2-2 for each region of
each assembly as specified in the one-dimensional models. For core regions
the consistent Pl option with a search on B2 to give keff = 1 was used, while
blanket and reflector regions used the ordinary Pl option with zero buckling.
The MC2-2 library was produced by processing the original ENDF/B-IV tapes
through CRECT (when necessagy), RIGEL, ETOE-2 and MERMC2-2. The corrections
made by CRECT were those received from rhe NNCSC. RIGEL was used to comvert
the tapes to the binary alternate format required for input to ETOE-2. The
ETOE~2 code produces a binary library with eight files in the format required
by MC2-2. Libraries produced by ETOE-2 are merged by MERMC2-2 to produce
one MC2-2 library containing all of the materials required.

The fission spectra in ENDF/B usually have témperatures specified as a
function of incident neutron energy, while the MC2-2 library requires energy-
independent temperaﬁures. Thus temperatures in the MC2-2 library are given
at suitable average energies. Table I gives the temperatures for the
fissionable materials appearing in the data testing assemblies. These

temperatures refer to the LF = 7 law in ENDF/B, except for 238py and 2%2py

which have LF = 9 laws.



TABLE I. Fission Spectrum Temperatures Used in MC>-2

Material Temperature, MeV Material Temperature, MeV
238py 1.33330 234y 1.48023
233%py 1.39697 235y 1.32679
240py, 1.36847 236y 1.48023
241py 1.36435 238y 1.34748

242py 1.33974 241pg 1.37600



The multigroup cross sections produced for each assembly by MC2-2 were
input to the Sn—transport or diffusion theory modules in the ARC System in
order to calculate keff and real and adjoint fluxes. For ZEBRA-2 the trans-—
port theory code ANISN was used. The fission spectrum used in these calcula-
tions was generally that for the core of each assembly, which is an average
spectrum for the fissionable isotopes in the core. For ZPR-6-7 the fission
spectra of the individual isotopes in both core and blanket were used, and
for ZPR-6-6A both the core spectrum and the individual spectra were used

in separate problems for comparative purposes.

A Fortran editing routine was written to use the multigroup cross
sections, fluxes, and adjoint fluxes to calculate one-group cross sections
and hence reaction rate ratios at the core center, as well as to renormalize
the real and adjoint central fluxes so that ; ¢i = 100 and ; ¢; X; = 1.

i i

The real and adjoint fluxes and multigroup cross sections were also
used in ARC System perturbation modules to calculate Beff’ prompt neutron
lifetimes, inhours/%Ak/k, and central worths. For problems in which fluxes
were calculated by diffusion theory the diffusion theory perturbation module
was used. Both transport and diffusion perturbation modules were used for
comparative purposes for problems where Sn—transport theory fluxes had been
calculated. Both the delayed neutron yields and spectra involved in these
calculations were taken from the ENDF/B-IV tapes.

The ZPR-6-7 calculations for keff’ fluxes, and central reaction rate
ratios were also done using the VIM Monte Carlo code. The library was pro-

cessed from the ENDF/B-IV tapes using VIM library production routines. A

total of 120,000 histories were run in the VIM calculations.



RESULTS

Table II presents uncorrected values of keff obtained in the prescribed
diffusion or transport theory calculations along with the specified *
heterogeneity and equivalent S_ corrections leading to the corrected keff
values. For tﬁe diffusion and transport theory problems the convergence
criteria on keff were Akeff = 0.00001 and 0.00005, respectively. The
diffusion theory boundary conditions were ¢' = 0 at r = 0, and ¢' .+ (0.4692192/D)
¢ = 0 at the outer boundary of the reactor. For transport theory the boundary
conditions were reflective at r = 0 and incoming angular flux zero at the
outer boundary. The number of mesh points used were as suggested in the
specifications, and were of constant width in each region, except that the
central mesh interval was always taken one centimeter thick. The heterogeneity
and S, corrections came from the specifications except for ZYPR-2 and ZPR-6-6A.
For these assemblies no valﬁes were given in ENDF-202, and therefore values
calculated by Hardie et al at HEDL were used. Broad group structures were
as prescribed in ENDF-202, including a default "thermal" group with cross
sections based on the lowest non-thermal group. For ZPPR-2 the specifications
were lncomplete, and 34 groups of lethargy width 0.5 plus a "thermal" group
were used.

Table III presents some other quantities of interest including the MC2-2
critical core buckling, the MC2-2 bianket keff for zero buckling, and the
delayed-neutron-dependent parameters Beff’ £ (prompt neutron lifetime), and

inhours/Zak/k.



Tables II and IIT present results for ZPR-6-6A using isotope fission
spectra as well as the fission spectrum for the core, as used for the
other assemblies except ZPR-6-7. Note that the use of isotope spectra makes
little difference in the results. Also results are given for ZPR-6-6A using
two versions of 238U in addition to the standard ENDF/B-IV version. These
calculations were done because the breakdown of the single-level Breit-Wigner
formula for 238U led to a slightly negative elastic removal cross section
for group 18 in the ZPR-6-6A blanket. This in turn led to negative fluxes
in groups 19-21 it the outer part of the blanket in the diffusion theory
flux calculations. One of the versions of 238y was the same as tlL2 standard
version except that the flag in ENDF/B File 2 specifying SLBW was changed to
the MLBW flag. The other version was the same as the standard version
except that some positive smooth elastic scattering bacl ground was added in
certain energy regions in File 3 to avoid the negative elastic scattering
cross sections obtained from the SLBW resonance parameter alone. The two
versions of 238U did not produce results which differed significantly for
the parameters given in Tables II and III from those given by the standard
version.

Table IV presents central reaction rate ratios computed for the various
assemblies along with the corresponding experimental values. For assemblies
ZPR-3-48, ZPR-6-7 and ZPR-6-6A the direct computed values have been corrected
as specified in ENDF-202 to give the values in Table IV.

Central worths for all the assemblies are presented in Table V along
with experimental values. For three of the assemblies in which fluxes and
adjoint fluxes were calculafed by transport theory, central worths are given
as calculated both by transport perturbation theory and by diffusion per-

turbation theory. Otherwise diffusion perturbétion theory is used, with



the option that AD = 2} (D' - D) where D and D' are the unperturbed and
perturbed diffusion coefficients, respectively. The experimental values are
those from ENDF-202 multiplied by the ratio of inhours/%Ak/k in ENDF-202

to inhours/%Ak/k calculated here using Version-1V data including the

delayed neutron information. Since the ARC System codes calculate
perturbations as Ak/kz, the results as printed out were multiplied

by the uncorrected keff values of Table II to yield the values in Table V.
No experimental results are given for VERA-11A because ENDF-202 gives
experimental results in terms of perturbation cross sections.

In comparing the reactivity calculations of several cata testers, Kidman
noted that differences in keff could be explained in large part by
differences in the fission spectrum distribution used and the quadrature
used in the statistical integrations. These two effects have been studied
for the ZPR-6-6A benchmark assembly using the SDX code system. In Taﬁle Vi
the sensitivity of keff and spectral indices to changes in fission spectrum
and the Porter-Thomas quadrature for this assembly are presented.

Tables VII-XV present the fluxes and adjoint fluxes at the core centers
for all thc assemblies normalized such that g ¢i = 100 and E X4 ¢§ = 1.

The fission spectra for the cores, which were used in the adjoint flux

normalization, are alsoc given.



TABLE II. keff for Fast Data Testing Assemblies
Uncorrected Heterogeneity Correction Corrected
Assembly Method keff Correction Se keff
VERA-11A 88 0.98767 - -0.0024 0.9853
ZPR~3~48 Diffusion 0.97061 +0.0183 +0.0072 0.9961
ZEBRA-3 88 0.99568 - -0.001 0.9947
ZPR-3~-11 S4 1.00355 —-= ~-0.0013 1.0023
ZPPR-2 Diffusion 0.96766 +0.0175 +O.0024d 0.9876
ZPR-6-7 Diffusion 0.96646 +0.0166 +0.0018 0.9850
Monte Carlo 0.9680 +0.0166 - 0.9846
£0.0019 +0.0019
ZPR-6-6A Diffusion 0.97600 +0.0073 +0.0013° 0.9846
ZPR-6-6A Diffusion® 0.97604 +0.0073 +0.0013° 0.9846
ZPR-6-6A  Diffusion’ 0.97642 +0.0073 +0.0013° 0.9850
ZPR~-6-6A Diffusion® 0.97642 +0.0073 +0.0013% 0.9850
ZEBRA-2 S4 0.9882 - -0.0005 0.9877

a

Isotope Fission spectra
bMultilevel version of 238y
CSingle level with background version of 238y

d’eCorrections calculated by Hardie et al.

che
N1
L



TABLE III. MC2-2 and Delayed-Neutron-Dependent Parameters
Critical Blanket Inhours/
Assembly Core BZ cm~2 __keff Boss £, sec Zok/k
VERA-11A 0.015530 0.4172 0.003043 6.912 x 10-8 992.6
ZPR-3-48 0.0024039 0.3467 0.003591 - 2.609 x 10~7 919.6
ZEBRA-3 0.0084606 0.4305 0.004415 6.079 x 1078 823.2
ZPR-3-11 0.0057571 0.3490 0.007305 6.884 x 108 473.9
ZPPR-2 0.00066956d 0.2375f 0.003361 4.522 x 10~7 947.0
0.0016343% 0.23498

ZPR-6~7 0.000734b« 0.3484 0.003396 4.584 x 1077 944.3
ZPR-6-6A 0.00066816 0.3286 0.007249 5.034 x 107 435.6
ZPR-6-6A2 - - 0.007247 5.033 x 10-7 435.7
ZPR-6-6Ab 0.00066815 0.3285 0.007249 5.064 x 10~7 435.6
ZPR-6-6A° 0.00066813 0.3285 0.007249 5.067 x 1077 435.6
ZEBRA-2 0.0027612 0.4305 0.007429 2.306 x 10~7 449.2

aIsotope fission spectra

bMultilevel version of 238y

cSingle level with background version of 238y

[a

Inner core
eOuter core

£

Inner blanket

gOuter blanket
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TABLE VI. Effects of Fission Spectrum and Statistical
Quadrature on Integral Parameters for ZPR-6-6A

1)

2)

3)

4)

5)

K, ee c28/£25 £28/£25
235y chi*
Hwang Quadrature 9764 .1436 02264
1.35 MeV chi
Hwang Quadrature .9780 1434 .02306
239py chikx
Hwang Quadrature .9808 .1432 .02375
235y chi
Equal Area Quadrature 9776 1434 .02261
1.35 MeV chi
Equal Area Quadrature .9792 L1433 -.02303

*
1.32679 MeV
*k

1.39697 MeV



GROUP

—t

" VERA-11A

ICWEEF ENE
0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
0.18316D
0.11109D
0.6738CD
$.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
0.16702D
0.10130D
0.61442D
0.37267D
J0.22603D
0.0

S8 TRANSDPORT

RGY
07
07
07
07
06
76
06
06
06
05
35
05
05
ot
o4
o4
ou
o4
23
03
03
03
03
02
02
02

CHI
0.31317D-C1
0.11964D 120
0.20979D 00
0.22346D 00
0.17401D 00
N.11158Dp 00
0.63500D-01
0.33595D-01
0.170C0D~01
9.83733p-02
0.40569D-02
0.19461D-02
0.92789D-03
0.44080D-03
0.20894D-03
0.98900D-00
0.46776D-04
0.22112D-04
0.10450D-0u
0.49376D-05
0.23328D-05
0.11020D-05
0.52060D-06
0.24592n-06
0.11677D-06
0.54875D-07
0.0

TABLE VII.

SET

CHI

FLUX
0.92962D 00
0.37968D0 01
0.80937D Q1
0.11811D 02
0.12704D 02
0.12604D 02
0.11397D 02
0.952870 01
0.77749D 01
0.60606D 91
0.46550D 01
0.33265D 01
0.26371D 01
0.18363D 01
0.12054r 01
0.78822D 00
0.41641D 00
0.25900D 00
0.11011D €O
0.44238D-01
0.16209D-01
0.40578D-02
0.11134D-02
0.18374D-03
0.17794D-04
0.15716D-04
0.134238D-04

ADJCINT FLUX

0.11034D
0.10050D
0.10285D
0.983990D
0.95769D
0.,97324D
0.99838D
0.10232D
0.10519D
0.10687D
0.10720D
0.10840D
0.10705D
0.10919D
0.11227D
0.114856D
0.12037D
0.12554D
0.13477D
0.13711D
0.15051D
0,15812D
0.16881D
0.21223D
0.21377D
0.10593D
0.10593D

01
01
01
00
00
Qo0
no
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01



GROUP

WO FEWN -

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

ZPR-3-48

LOWER ENE
0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
0.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
¢.10130D
0.37267D
0.13710D
0.50435D
0.68256D
0.0

DIFFUSION THEORY

RGY
07
07
07
07
06
06
06
06
06
05
05
05
05
ou
ou
0«
o4
o4
03
03
03
03
02
02
01
00

CHI
0.30808D-01
0.11866D 00
0.20922p 00
0.22367D 00
0.17457D 00
0.11290D 00
0.63853D-01
0.33800D-01
0.17110D-01
(.84288Dp-02
0.40843D-02
0.19594D-02
0.93427D-03
0.44383D-03
0.21038D-03
0.99584D-0¢
0.47100D-04
0.22266D-0U
0.10522Dp-04
0.49719D-05
0.234839D-05
0.16339D-05
0.36460D-06
0.81355p-07
0.181530-07
0.439542D-08
0.0

TABLE VIII.

SET CHI

FLUX
0.40794D 00
0.16940D 01
0.37908D 01
0.61195D 01
0.79851D 01
0.10087D 02
0.11512D 02
0.10654D 02
0.99557D 01
0.84517D 01
0.70204D 01
0.55810D C1
0.49881D 01
0.38851D 01
0.248585p O1
0.16722p 01
0.73560D 00
0.13371D 01
0.80233D 00
0.44700D 00
0.21638D 00
0.11835D 00
0.96666D-02
0.27855D0-04
0.42635D-05
0.13204D-05
0.16767D-C7

ADJCOINT FLUX

0.12602D
0.10958D
0.10878D
0.10095D
0.91205D
0.92863D
0.90309D
0.89233D
0.88008D
0.86246D
0.839067D
0.82732D
0.82286D
0.84116D
0.87087D
6.90200D
0.93934D
0.97500D
0.10289D
0.11297D
0.11776D
0.12569D
0.18263D
0.51308D
0.14211D
0.94890D
0.3u4879D

01
01
01
01
00
00
00
00
00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
00
01
00
00



GROUP

WO & WK =

10

12
13
[RC
15
16
17
18
19
20
21
22
23
24
25
26
27

ZEBRA-3

S8 TRANSPORT

LOWER ENERGY

0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
0.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
0.16702D
0.10130D
0.61442D
0.37267D
0.22603D
0.0

07
07
07
07
06
06
06
06
06
05
05
J5
05
o4
oy
Q4
04
o4
03
23
23
03
03
02
02
02

SET

CHI
0.30225D-01
0.11752n 00
0.20856D 00
0.2239CD 00
0.17521D 00
0.11270D 00
0.64261D-01
0.34637D-01
0.17236D-01
0.84932D-02
0.41161D-02
0.19748D-02
0.94167D-03
D.44737D-03
0.21206D-03
0.10038D-03
0.47477D-04
0.22444D-04
0.10607D-04
0.50117D-05
0.23678D-05
0.11186D-05
0.52841D-06
0.24961D-9¢
0.11791D-06
0.55628D-07
0.9

TABLE IX.

CHI

FLUX
0.49046D 00
0.19310D 01
0.387271n 01
0.54517D 01
0.88918D 01
0.15185p G2
0.18045D 02
0.15463D 02
0.11761D 02
0.84525D 01
0.56544D 01
0.25685D 01
0.15237Dp 01
0.48650D 00
0.14721D 00
0.51079C-01
0.14081D-01
0.69144D-02
0.17267D-02
0.65446D-03
0.26508D-03
0.76730D-04
0.39691D-04
0.14385D-04
0.7185u4D-05
0.57163D-05
0.298930~-05

ADJOINT FLUGX

0.15878D
0.11795D
0.11531D
0.10312D
0.82566D
0.81447D
0.82235D
0.80506D
0.79105D
0.75213P
0.68609D
0.63830D
0.59475D
0.57738D
0.59317D
0.613978D
0.6939712D
0.75717D
0.87305D
0.93881D
0.10729D
0.11023D
0.10612D
0.15367D
0.16165D
0.51736D
0.51736D

01
01
01
01
00
00
00
09
00
N0
00
00
00
00
00
g0
00
00
00
00
01
01
31
31
01
00
00



GR

UP LOYER

ZPR-3-11

ENE
0.60653D
0.36788D
0.223132
0.135%4D
0.8208" 7
0.497¢87
0.301¢%D
0.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
0.167C2D
0.10130D
0.61442D
0.37267D
0.22603D
0.0

S4 TRANSPORT SET CHI

RGY
07
07
07
07
06
06
06
06
06
05
05
125
05
04
04
ou
o4
04
03
23
03
03
03
02
02
02

cHI

0.26170D-01
0.10956D 00
0.20386D 00
0.22548D 00
0.17975D 00
0.11695D 00
0.67149D-01
0.35719D-01
0.18135D-01
0.89501D-02
0.43417D-02
0.20842D-02
0.99420D-03
0.47243D-03
0.22396D-03
0.10602D~03
0.50149D-04
0.23708Dp-0u
0.11204D-04
0.52941D-05
0.25012D-05
0.11816D-05
0.55819D-06
0.26368D-06
0.12456D-06
0.58827D-07
0.0

TABLE X.

FLUX
0.37515D 00
0.15907D 01
0.33906D 01
0.49u488p 01
0.63230D 01
0.14910D 02
0.18509r 02
0.16097D 02
0.12368D 02
0.89510D 01
0.59146Dp O
0.26264Dp 01
0.14190D 01
0.39763Dp 00
0.11321D 00
0.45802L-01
0.94408D~-02
0.85453D~02
C.1567€D-02
0.50479p-03
0.14131D-03
0.96412D-04
0.34395D-04
0.16534D-04
0.82733D-05
0.28596D-05
0.17220D-05

ADJOINT FLUX

0.16298D
0.11968D
0.11640D
0.10292D
0.82277D
0.80323D
0.83537D
0.84334D
0.83758D
0.81374D
0.77105D
0,74416D
0.73169D
0.75562D
0.81249D
0.90500D
0.96629D
0.10568D
0.10146D
0.12739D
0.11868D
0.12708D
0.11514D
0.10856D
0.15856D
0.89599D
0.89599D

a1
01
01
01
00
00
00
00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
01
01
01
00
00



GROUP

OO0 F WD

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
3%
35

ZFPR-2 DIFTUSION

LOWER ENERGY

0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
0.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.123481D
0.74852D
0.45400D
0.27536D
0.16702D
0.10130D
0.61442D
0.37257D
0.22503D
0.13710D
0.83153D
0.50435D
0.30590D
0.18354D
0.11254D
0.68256D
0.41400D
0.0

07
07
07
07
06
06
06
06
06
05
05
05
05
o4
04
04
o4
o4
03
03
03
03
03
02
02
02
92
01
01
01
01
01
00
0o

CHI
0.30759D-01
0.11857D CO
0.20919D 00
0.2236SD 00
0.17462D 0O
0.11214D 00
.63877D-01
.33813D-01
.17116D-01
.84318p-02
0.40857D-02
0.19600D-02
0.93456D-03
0.44397D-03
0.21044D-03
0.99612D-0u
0.47113D-04
0.22272p-04
0.10525D-04
9.49732D-05
0.23496D-05
0.11100D-05
0.52435D-06
0.24763D-06
0.11700D-06
0.5527¢D~-07
0.261C8D-07
0.12332D-07
0.58255D-08
0.27518D-08
0.12999D-08
0.61402D~-09
0.29005D-09
0.13702D-09
0.0

OO OO

TABLE XI.

H INCIUDED

SET CHI

FLUX
0.26663D 00
0.11080D0 01
0.28354Dp 01
6.41915D 01
0.53139D 01
0.95860D 01
0.89642D 01
0.10876D 02
0.11477D 02
0.10057p 02
0.84449D 01
0.65477D 01
0.65939D 01
0.48028D 01
0.26572p 01
0.17050D 01
0.59968D 00
0.17581D 01
0.11208D 01
0.63431D 00
0.27807C 00
0.12297D 00
0.46532D-01
0.10974D-01
0.13403c-02
0.20374D-C3
0.27214D-04
0.27754D-05
0.41993D-06
0.65724D-06
0.7145609D-06
0.49556D-06
0.129370-07
0.85750D-08
0.83339p-09

ADJCINT FLUX
0.12387D 01
0.10966D 01
0.11054D 01
0.10188D 01
0.92154D 00
0.90155D 00
G.87375D 00
0.84412D 09
N.81506D 00
N.7€320D 00
0.75010D 00
0.73005D 00
0.72335D 00
0,73351D 00
0.75678D 00
0.73332D 00
2.81078D 00
0.83386D (0
0.86954D 09
0.98589D 0N
0.10179D 01
0.11069D 01
0.111970 01
0.16687D 01
0.17364D 01
0.38365D 00
0.83316D 09
0.15316D 01
0.66589D 00
0.12700D 01
0.11429D 01
0.10107D 01
0.10789Dp 00
0.17%14D 01
0.17913D 01



CORE

CINTER

GROUP LCVER ENERGY

WRJOAUNMETWN =

19

12
13
11
15
16
17
18
19
20
21
22

23

25
26
27

0.60653E
0.36788E
0.22313E
0.13534%
0.82085E
0.49787E
0.30197E
0.18316E
0.11109E
0.67380E
0.40868E
0.24788E
0.15034E
0.91188E
¢.55308E
0.33546E
0.20347E
3e123U41E
0.74852E
0.45400E
0.27536E
0.10130%
0.37267E
0.13710E
0.5043SE
0.18554E
0.0

07
07
07
07
06
06
06
06
06
05
05
05
05
04
o4
o4
o4
04
03
03
03
03
02
02
01
01

CHI
0.30759E-01
0.11856E 00
0.209178 00
0.22368E 09
0.17462E 09
0.11215E 00
0.63887E-01
0.33820E-01
0.17120E-01
0.84342E-02
0.40870E-02
0.196078-02
0.93490E-03
0.44474E~03
0.21052E-03
0.35652%-04
0.47132E-04
0.22281E-04
0.10530E-04
0.49753E-05
0.23505E-05
0.16550E-05
0.36485E-06
0.81411E-07
0.18166E-07
0.40534E-C8
0.0

TABLE XII.

DIFFUSION THZORY

FLUX
0.26597E €O
0.11049E 01
0.28339%8 01
0.41910E 01
0.53081E 01
0.95853E 01
0.89%442E 01
0.10884E 02
0.11440% 02
0.10026E C2
0.84194E 01
0.65287E 01
0.66014E 01
0.48190E 01
0.266891E 01
0.17190E 01
0.60620E 00
0.17806E 01
0.11421E 01
0.65194E8 00
0.288u46E €0
0.17797E €O
0.13620E-01
0.25460E-03
0.42892E-05
0.18079E-C5
0.336C4E-07

ZPR-6-7

ADJOINT FLUX

0.12361E
0.10952E
0.11046E
0.10186E
0.92239E
0.90256E
0.87495E
0.8U559E
0.81687E
0.78539E
0.75259E
0.73269%E
0.72613E
0.73646FE
0.75987E
0.78647E
0.81393E
0.83701E
0.87298%
0.99063%
0.10211E
0.11110E
0.16707E
0.41196E
0.13125E
0.17852T
0.19343E

01
01
01
01
00
00
00
(]
00
00
00
0o
00
00
00
00
00
00
00
00
01
01
01
00
01
G1
01



GROUP

CORE CENTER VIMN HONTE CARLO
LOYER ENERGY CHI FLOUX
0.60653E 07 0.30159E-C1 0.25432E 09
0.36788E 07 0.11612E 00 0.10743E 01
0.22313E 07 0.209122 00 0.28570E 01
0.13534E 07 0.223152 00 0.41960E 01
0.82085E 06 0.17541= 00 0.52445E 01
0.49787E 06 0.11272E 00 0.94673E 01
0.30197E 06 0.64176E-01 0.89135E 01
0.18316E 06 0.35076E-01 C.10875E 02
0.11109E 06 0.17792E-01 0.11429% C?
0.6738CE 05 0.86252E-02 0.100h3E (2
0.40868E 05 0.40584E-02 0.8U661E C1
0.24788E 05 0.19667E-02 C.65262E 01
0.15034E 05 0.77502E-03 0.66272E 01
0.91188F 04 0.52501E-03 0.48853E 01
0.553088 04 0.20000E-C3 0.26998F 01
0.33546F 04 0,50001=%-04 0.17120E 01
0.20347E 04 0.50001E-04 C.62153E 020
0.12341E 04 0.80002E-05 0.18262E 01
0.74852E 03 0.0 0.11815E 01
0.45400E 03 0.0 0.64284E 00
0.27536E 03 0.0 0.25771E 00
0.10130E 03 0.0 0.17040E 00
0.372678 02 0.0 0.10669E-01
0.13710E 02 0.9 0.11222E-03
0.50435E 91 0.0 0.¢
0.18554E 01 0.0 0.0

TABLE XIII.

ZPR-6-7

STANDARD

G.39970F
0.24000%
0.14000E
0.11000E
0.11000E
0.93000E
0.65000FE
0.53000E
0.59000E
0.65000E
0.64C00E
0.71000E
0.83000E
0.20000E
0.10000E
0.11000E
0.140C0E
0.174000E
0.179000F
0.30000E
0.43000E
0.68000E
0.25000FE
0.10000E
0.9

0.0

DIV,

01
N1
o1
01
01
00
00
00
00
00
00
00
00
00
0i
01
61
1
21
01
01
01
02
93

(%)



GR

0
1
2
3
mn
5
6
7
8

w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

ZBR-6-6A

0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
G.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.335u46D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
0.10130D
0.37267D
0.13710D
0.50435D
0.68256D
0.0

DIFFUSION THECRY

UP LOWER ENERGY

07
07
07
07
06
06
06
06
06
05
05
05
05
ou
o4
o4
o4
oy
03
03
03
03
02
02
01
00

CEI
0.25923p-01
0.10906D CC
0.20355D 00
0.22557p 00
0.18003D 00
0.11722p 00
0.67333D-01
0.35826D-01
0.18192D-01
0.89792D-02
0.43561D-02
0.20912D-02
0.99756D-03
0.47403D-03
0.22473D-03
0.10639D-03
0.5C320D-08
0.23788D-04
0.11242D-04
0.53121D-05
0.25097D-05
0.17457D-05
0.38956D-06
0.8692%D-07
0.19396D-07
0.52934c-08
0.0

TABLE XIV.

Sr™ CHI

FLUX

0.23143D 00
0.10446D 01
0.28464D 01
0.,43377D C1
0.55304D 01
0.10036D 02
0.94039D 01
0.11418D €2
0.11908D 02
0.19303Dp 02
0.85160D 01
0.64617D 01
0.63382D G1
0.44454Dp 01
0.23541D 01
0.14588D 01
0.50149D 00
0.13933D 01
0.81458D 00
0.40355D 00
0.15650D 00
0.88870D-01
0.69447D-02
0.76447D-04
0.26672D-05
0.13550D-C5
0.30707D-07

ADJOINT FLUX

0.12189D
0.10766D
0.170822D
0.10057D
0.92776D
0.92240D
0.93165D
¢.92324D
0.92333D
0.91762D
0.90878D
0.91063D
0.92415D
0.95800D
0.99782D
0.10344D
0.10522D
0.10590D
0.10692D
0.12480D
0.12173D
0.712551D
0.12703D
0.52925D
0.90842D
0.14002D
0.14001D

01
01
01
01
00
00
00
00
00
00
00
€0
00
00
o
01
01
Oi
01
01
01
01
01
0o
00
01
01



GROUP

—

ZEBRA-2

LOWER ENERGY

0.60653D
0.36788D
0.22313D
0.13534D
0.82085D
0.49787D
0.30197D
0.18316D
0.11109D
0.67380D
0.40868D
0.24788D
0.15034D
0.91188D
0.55308D
0.33546D
0.20347D
0.12341D
0.74852D
0.45400D
0.27536D
0.16702p
0.10130D
0.614u42D
0.37267D
0.22603D
0.6

07
07
07
07
06
06
06
06
06
05
05
05
05
oy
o4
04
o4
ou
03
03
03
03
03
02
02
02

S4 (ANISN) SET CHI

CHI
0.26037D-01
0.10929D 090
0.20370D 00
0.22553Dp 00
0.17990D 00
0.11709D 090
0.67246D2-01
0.35775D-01
0.18165D-01
0.89655D-02
0.43493D-02
0.2087¢9D-02
0.99598D-03
0.47327D-03
0.22437D-03
0.10622D-03
0.50239D-04
0.23750D-04
0.11224D-04
0.53036D-05
0.25057D-05
0.11837D-05
0.55919p-06
0.26415D-06
0.12478D-06
0.5872430-07
0.0

TABLE XV.

FLUX
0.38529D 090
0.1/972D 01
0.37417D 01
0.58676D 01
0.77040D 01

0.10161D 02

0.11292D G2
¢.10788D 02
0.96988D 01
0.84931D C1
0.73515D 01
£.59613D 01
c.48519D 01
0.37881D 01
0.26958D 01
0.20271D 01
0.135R88D 01
0.92286D 00
0.55000D 00
¢.31414D 00
0.17462D 00
0.89013D-01
0.44195D-01
0.21895D-01
0.10381D-01
0.39832D-02
0.49041D-02

ADJOINT FLUX

0.14465D
D.116€0D
0.11180D
0.1C007D
0.86923D
0.87017D
0.88679D
0.89199D
0.89222D
0.88853D
0.88269D
0.89026D
0.9C790D
0.94237D
0.987SCD
0.10L431D
0.10851D
0.11387D
0.11€36D
0.12887L
0.12811D
0.12771D
0.12184D
0.12771D
0.14548D
0,10229D
0.10229D

o1
01
01
01
09
00
€o
00
co
00
0o
00
00
no
oo
01
01
01
01
01
01
01
C1
01
01
21
01
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BBhJ BROOKHAVEN NATIONAL LABORATORY
ﬁg\] ASSOCIATED UNIVERSITIES, INC.. UPTON. L.I. N.Y. 11973 ’
T

NATIONAL NEUTRON CROSS SECTION CENTER TELEPHONE: (516) 345-2902, 2903, 2904

July 28, 1975

Dr. Ed Bohn

Argonne National Laboratory
9700 South Cass Avenue
Argonne, 1l1. 60439

Dear Ed:

As pointed out by R. Kidman at our recent meeting of the Fast Data
Testing Subcommittee, the differences between the HEDL and BNL calculation
of ZPR=-6-7 calculation could be due in part to modifications made in the
F-factor interpolation technique in 1DX".

I checked our version of 1DX and found that it had the orginial inter-
polation techniques described in BNWL-954., Wayne Hardie recently supplied
me with the programming modifications to up-date subroutine RCCAL2 which
calculates the F factors.

I then proceeded to calculate the ZPR-6-7 benchmark, using the new F-
factor prescription. At the same time, I calculated ZPR-6-7, using a fis-
sion spectrum for T = 1.41 MeV. (Our reported benchmarks were calculated
with composition dependent Chi values. However, since 1DX and ANISN admit
only one vector, the Chi's for the central core region were selected.).

The enclosed results indicate that the Chi difference is worth approx-
imately 0.0017Ak, as independently reported by H. Henryson at our July 15th
meeting. The F-factor modification changed k by 0.13% in ZPR-6-7. Changes
in central reactivity worths were nominal.

#* R.B, Kidman, "An Improved F-Factor Interpolation Scheme for 1DX, " TANS 18,
156, (June 1974).

Sincerely,
Phil Rose

PR:1h
Enclosure: Tabulation of Results
Distribution (external)

INFORMATION OPERATOR (516) 345-2123



Tabulation of Results

ZPR-6-7 (Direct Computed Values).

CALCULATION*
keff A B C
transport (S4&) .97384 .97513 .97680
diffusion (LDX) .97310 .97436 .97603
Central fission ratio
of(U-238)/Gf(Pu-239) .02265 .022608 .022944
Gf(U-235\/Gf(Pu-239) 1.0924 1.0913 1.0905
Central Reactivity Worths
(lO-SAk/k/mole)
Material
239Pu 47.0 46.9 46.7
235U 38.41 38.21 38.06
238U -2.71 =-2.72 -2.70
10B -32.8 -33.1 -32.9
Na -0.187 -0.180 -0.181
Ta -12.0 -12.1 -12.1
c - -0.248 -0,238 -0.238
Al -0.263 -0.260 -0.260
Fe -0.297 -0.294 -0.296
Ni -0.486 -0.479 -0.482
Cr -0.369 -0.368 -0.368
Mo -2.17 -0.219 -2.18

Experiment

1.0000%.001

.02336%2%
1.061£2%

37.6+0.40
31.10+0.47
-2.58%0.108
-29.340.63
~-0.155%0.008
-7.7390.78
-0.1454+0,0025
-0.1800+£0. 0045
-0.2368+0.0086
-0.3770+0.0108
-0,234340.0191
-1.466+0.010

* Calculation A 1DX original F-factor calculation, Composition dependent Chi.
Calculation B 1DX Modified F-factor calculation, Composition dependent Chi.
Calculation C 1DX Modified F-factor calculation, Chi for T=1.41 MeV.



B&ﬁ; BROOKHAVEN NATIONAL LABORATORY
: UI ASSOCIATED UNIVERSITIES, INC.. UPTON. L.L., N.Y. 11973
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NATIONAL NEUTRON (ROSS SECTION CENTER TELEPHONE: (516) 345-2902, 2903, 2904

August 11, 1975

Dr. Ed Bohn

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Il. 60439

Dear Ed:

Rus Kidman kindly pointed out that modifications to the F-factor
prescription in 1DX were also made in subroutine RCSTUP which computes
F-factors for temperature dependent materials. Rus supplied me with
the necessary fortran programming changes.

I repeated the ZPR~6-7 calculation, using the fully updated 1DX
code. The calculation used the composition dependent set of Chi values.
For this case 'k £g Was 0.97410, as compared to 0.97436, where only pro-
gramming modifigagions were made to subroutine RCCAL2, and as reported
to you in my letter of July 28, 1975.

Sincerely,
Phil Rose

PR:1h

Distribution

C.L, Cowan GE

R.W. Hardie HEDL

H. Henryson ANL

A, Hess GAC

R.B., Kidman LASL

R.J. LaBauve LASL

R. MacFarlane LASL

N,C, Paik WARD

E.M. Pennington ANL
R.E. Schenter HEDL
C.R., Weisbin ORNL

INFORMATION OPERATOR (516) 345-2123



Appendix - BNL Contribution to Fast Data Testing

A series of 6 fast benchmark criticals were analyzed at Brookhaven
National Laboratory using one dimensional diffusion and transport theory
for the Referential Data Testing Report. All calculations were made accord-

ing to specifications in ENDF-ZOZSl)

The basic ENDF/B-IV multigroup cross sections used for this study were
obtained from HEDL in a 42 group scheée in the RuSsian format. Table 1 pre=
sents the energy group scheme. The ETOX computer code was used to generate
the cross sections. Ten grcups cf down scatter were allowed for all isotopes.
The cross sections were processed into a binary library for 1DX using the
PUPX code.(z)

A composition dependent fission spectrum was used in all spatial calcu-
lations. The fission spectrum for each assembly was specified on the basi
of the central fuel zone composition. The composition dependent fission

source fraction in group i is given as

where

¢J= weighting flux in group j (taken from previous calculations.)
Xmi= fraction of fission source for material m and group i calculated

by ETOX‘subroutines.(3)

Table 2 lists the fission spectra for all assemblies studied.

42 group 1DX calculations were made for all benchmark assemblies. The
resultant composition dependent cross section set (self shielded and tempera-

ture dependent) generated by 1DX was collapsed into a 26 group set for effective

multiplication calculations, and as input to ANISN,

1. National Neutron Cross Section Center, 'Cross Section Evaluatica Working

Group Benchmark Specifications, " BNL 19302 (ENDF-202), Nov, 1974.

2. R.E. Schenter, Private Communication.



Table 1 shows the 26 group structure. The quadrature for the ANISN calcu-
lations was Sn with n varying between 4 and 16 for individual benchmarks.
The spatial mesh and boundary conditions for the various assemblies was as
specified in ENDF-202.

Lastly PERTID(A) calculations were made for central worths., PERTID
utilizes the angular neutron flux from forward and adjoint one dimensional

transport calculations (ANISN). : <

Fig. 1 shows a schematic diagram of the calculational procedure., Tables

3 through 6 present the benchmark results.,

3. Nuclear temperatures for these calculations were: 234U, T=1.31 MeV; 23SU,

T=1.33 MeV; 2380, T=1,31 MeV; 239Pu, T=1.40 MeV; 240Pu, T=1,.36 MeV; 241Pu, T=
1.37 MeV.

4. R. Horvitz, Intermal BNL code. (Based upon material presented in Chapter 6,
C.E. Lee, "The Discrete Sn approximation to Transport theory," La=-2595, 1962).



Fig. 1

Benchmark Computations

ETOX
Multigroup Cross Sections (42 gps)

Temperature dependent self

Shielding Factors.

| . ,

PUPX
Generalized File Manipulation

\¢

It

Fission
Source
Fraction

1DX
F-Factor interpolation
Elastic Removal Correction for
Spectral Energy Distribution
Energy Group Collapse (26 gps)

\

ANISN
Neutron Flux Solutions using
Discrete Sn approximation to
Transport theory. Adjoint
and Forward Solutious required.

PERTID
» Central Worth Calculations
Perturbation theory Solution




Table 1

Structure for 1IDX (42 gps) and ANISN (26 eps) Energy Group

HEDL 42 Gp Input Set

Group Elow(ev) Au 26 Group
1 6.065 +6 .5 1
2 3.679 +6 .5 2
3 2.231 +6 .5 3
4 1.353 +6 .5 4
5 8.208 +5 5 5
6 - 4,979 +5 .5 6
7 3.877 +5 .25
8 3.020 +5 .25 7
9 1.832 +5 .5 8

10 1.111 +5 .5 9

11 6.738 +4 .5 10

12 4,087 +4 .5 11

13 2.554 +4 47 12

14 1.989 +4 .25

15 1.503 +4 .28 13

16 9.119 +3 .5 14

17 5.531 +3 .5 15

18 3.355 +3 «5 16

19 2.840 +3 .167

20 2.404 +3 .167

21 2,035 +3 .167 17

22 1.234 +3 .5 18 |

23 7.485 +2 .5 19

24 4,540 +2 .5 20

25 2.754 +2 .5 21

25 1,670 +2 .5 22

27 1.013 +2 +5 23

28 6.144 +1 .5 24

*29 3.727 +1 .5 25

30 2.260 +1 .5

31 1.371 +1 .5

32 8.315 +0 .5

33 5.043 40 .5

34 3.059 +0 .5

35 1.855 +0 .5

36 1,125 +0 .5

37 6.826 -1 .5

38 4,140 -1 «5

39 2,511 -1 .5

40 1.523 -1 .5

41 9,237 -2 .5

- 42 Thermal 1.3 26

7.3



Tabie 2

Fission Spectra (normalized to unity) (26 Gp Scheme)

Group

b

[l §
HOWONOAOWVESWN K

DN bt fb b et et e
QWO PLN

NN
N M

NN NN
aownpWw

JEZEBEL

.033981
.11970
.20955
.22284
.17325
.11107
.063199
.033427
.016924
.008333
.004036
.001857
.001003
.000438
.000208
.000098
. 000047
.000022
.000010
.000007

VERA-1B

.027725
.10897
. 20335
.22519
.17954
.11690
.067164
.035729
.018154

.0089573
.0043440
.0019996
.0010813

.000472
.000224
.000106
.000050
. 000024
.000011
.000005

ZPR-3-48

.032989
.117957
. 208519
. 223207
.174269
.112Q18
.063851
.033804
.017126
.0084351
.0040865
.001880
.001016
.000444
.0002106
.0000994
.0000472
.0000225
.0000104
.000008

ZPR-III-6F

.027660
.10885
.20327
.22521
.17961
.11697
.06721
.035756
.018168
.0089674
.0043477
.0020013
.0010823
.000473
.000224
.000106
.000050
.000024
.000011
.000005

GODIVA

.02770
.10892
.20332
. 22519
.17957
.11693
.067185
.035738
.018164
.008961
.004346
.00200
.001082
.000472
.000224
.0001060
.000050
.000024
.000011
.000007

ZPR~6-7

.032565
117224
.208091
.22336
.174699
.112418
.064123
.033962
.017210
.0084781
.0041077
.0018900
.0010218
.0004463
.0002117
.0000999
.0000473
.0000226
.0000105
.000009




Table 3 Effective Multiplication Results - Direct Computed Values
(Sn approximation in parenthesis)
Code JEZEBEL ZPR=3-48 GODIVA ZPR-6-7 VERA-1B ZPR~111-6F
1DX .94576 .97635 .97296 .97310 .97745 . 99408
ANISN .99734(516) ~—- 1;00946(316 — .9997(s8) 1.01565(84)
Table 4 Activation Ratios at Core Center - Direct Computed Values

Type
of238U/of23SU 0.19175  }0.0330 0.16591 0.0788 0.0776
cf239Pu/Gf235U 1.392 1.379 1.245
cf233U/0f235U 1.496 1.507
o 4y 238y 4.560

£ £
0,232 /0 238y 0.2319

£ £
o 236y 235, 0.1666

£ £
o 20py/0 235y 0.5373

£ £
0. 28y/q 2%, 0.02265

f £

235
o, 3 v/0, " pu 1.0924




Material

233U

234U

235U

236U

238U

239Pu

240Pu

241Pu

242Pu

232Th
H

lﬂB

Be

12C

16o

Al
Na
Fe
Ni

Cr

Mo
Mn
Si
v

Nb

181Ta

Cu

Table 5

JEZEBEL

2585.6

1642.63

205.07
3132.2

2039.15

-129.6

-39.5

-473.2

-40.3

-14.73
-21.27
-24.44

-44.10

~-94.9

~84.7

-41.9

-212.8

(10-5 Ak/k mole at Core Center)

ZPR-3-48

101.38

-6.48
136.17
22.84
192,88

19.52

-92.85

-0.368

-0.491
-0.327
-0.978
-1.63

-1.133

-6.34
-2.53
-0.519

-33.2

GODIVA

1607.6

729.33

*'1011.13

156.88

1922.4

1211.7

-35.42

251.10

-327.6

3.516

8.31

-1.23

-8.02

-34.8

-24.8
-74.34
-17.0

ZPR-6-7

38.41

-2.71

47.0

4.14

71.45

-32.8

~0.248

-0.240

-0.263

-0.187

-0.297

-0.369

-2.17
-0.951

-12.0

Central Reactivity Worths - Direct Computed Values

VERA-1B

90.659
231.55
15.381
9.825
411,92

172.58

107.72

-260.77

6.580

3.413
5.184
2.656
-1.257

1.815

ZPR~-III-6F

61.615

151.69

3.374

271.44

114.15

~14.313

-86,247

. 0.0564

-1.246
-3.392
-1.283

-5.124
-0.7549

-20.058



Table 6

Scalar Flux at Core Center-ANISN Results
(Integral of fission source over system equals Unity).

JEZEBEL | 2 PR=3-48 GODIVA
Group Calculated Calcgl?ted i Calculated Calcgl?ted Calculated Calc§l§ted
Flux Adjoint ! Flux Adjoint Flux Adjoint
1 2.158x10™%  1.986x107* 1.709x10°°  4.080x10™%{ 8.944x10™> 7.319x107>
2 7.402 2,364 6.384 5.627 3.422x10"%  7.845
3 1.326x107>  3.523 1.544x10™°  6.344 7.015 7.393
4 1.367 2.648 2.397 5.171 9.009 6.984
5 1,492 2.499 3.052 5.132 8.951 7.402
6 1.207 2.409 4.104 4,897 7.966 - 7.428
7 8.402x10""  2.279 4.538 4,884 6.130 7.773
8 5.049 2.103 4,369 4.489 3.706 6.852
9 2.811 1.872 3.867 4. 245 1.984 7.363
10 1.431 1.705 3.396 4,09 9.784x10™°  7.291
11 6.978x10"°  1.602 2.699 3.951 4,402 7.238
12 3.106 1.580 2.219 3.795 1.727 6.581
13 1.459 1.585 2.190 3.656 7.229x10 ° 6.382
14 5.240x10°%  1.616 1.469 3,559 2.264 6.118
15 2.128 1.711 9.973x10™% 3,568 1 8.211x1077 6.101
15 8.497x10"7  1.694 5.787 3. 604 3.005 5.956
17 3,586 1.668 2.872 3,691 1.248 5,712
18 1.589 © 1.581 5.258 3.759 4.487x10™° 5,364
19 | 6.090x10™°  1.485 3,138 3.807 1.713 4.953
20 3.674 ' 1,484 1 1501 3.849 9.224x10™°  4.630
21 s.040x10" 10 1,510 7.732x1077  3.877 7.966x10" "L 4.378
22 4.872x1071Y 1,584 3.332 3.898 5.464x1071 4,424
23 2.795 1710 110 4.318 4.193x10:ij 4.615
24 9.681x10  1.743 3.023x10°  4.672 2.805x10" %7 4.741
25 5.061x10718 1.734 7.418x107°0  4.714 8.158x10" 20 4.732
26 ' 4.221x107% 2,152 3.952 5.433 2.684x10"%% 5,282
|




Table 6 (Continued)

ZPR-6-7 VERA-1B ZPR-III-GF
Calculated Calculated Calculated Calculated Calculated Calculated
Group Flux Adjoint Flux Adioint Flux Adijoint

1 3.344x1077  1.059x107°| 1.003x107° 1.684x10™>] 6.591x107° 1.089x107°
2 1.200x107%  1.302 4.028 1.795 2.693x107° 1.223
3 3.219 1.664 1.095x10™* 1,744 6.359  1.092
4 4,943 1.324 1.650 1.713 9.395 1.087
5 6.448 1.350 1.725 1.766 1.235x10™% 1.116
6 1.115x10™°  1.252 1.681 1.798 1.543 1.117
7 1.014 1. 260 1.514 1.870 1.571 1.223
8 1.374 1.127 1.315 1.738 1.202 1.043
9 1.339 1.072 1.070 1.752 7734 1.100
10 1.227 1.042 8.660x10™° 1.736 .5806 1.063
11 9.407x10%  1.011 6.791 1.722 ,3817 1.046
12 7.858 9.725x10"7 { 5.007 1.661 . 1664 .9658
13 8.738 9.406 4,355 1.602 .1290 .8916
14 5.521 9.230 2.889 1.539 2.003x10™% 8135
15 3.262 9.286 1.944 1.501 5.361x10”7 8561
16 1.882 9.487 1.267 1.450 2.047 .8360
17 7.178x1077  9.875 7.716x10™°  1.402 6.181x10™° 8464
18 2.176x107°  1.024x107%{ 3.815 1.348 1.646 .8284
19 1.379 1.059 1.699 1.287 3.782x107°  .7837
20 7.077x10"7  1.094 6.274x10" 1.219 1.081 L7419
21 ©3.235 1,126 _§ 2.290 1.138 4.512x10" 0 L6972
22 1.592 1.151 6.466x10° 1,073 1.654 .6971
23 5.586x107°  1.271 1.814 1.045 6.619x10™ "2 7639
24 1.397 1.372 5.139x107°  1.065 2.678x10" "> 8074
25 3,258x10™°  1.366 9.010x10™° 1.050 6.103x10™>° :8108
26 1.542 1.547 1.942 1.151 1.534x1071% L9966
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APPENDIX GA

DESCRIPTION OF METHODS USED IN GENERAL ATOMIC CO.
FAST BENCHMARK ANALYSES WITH ENDF/B-4

The basic data from the ENDF/B tapes are first processed by the codes
GFE4 and GAND3, GFE4 produces 99-fine-group, infinite-dilution material
cross sections on a GAM tape for the fast section of GGCSl. GAND3 uses

the ENDF/B resonance parameters to construct hyperfine-group (14,000 point)

fission and capture cross sections to write on the GAR tape for the resolved

range (to 7.5 KeV) of GGC5. 1In GGCS5, the GAR treatment solves the point-
wise slowing-down equations in a two-region-cell integral-transport
formulation to obtain 14,000-point cell fluxes which are then used to
evaluate resonance integrals over the fine-group energy intervals in the

resolved range. The GANDY section of GGCS5 uses card input unresolved-

resonance parameters to derive fine-group cross-sections in the intermediate

range. The GAR and GANDY results then are combined with the fast-region
data to obtain 99-group microscopic and macroscopic cross-sections. The
macroscopic data is used in a fine-group spectrum calculation, solving the
Po to P3 or Bl to B3 equations. The fine-group fluxes and currents thea
are used to collapse to desired broad group sets, including higher-order.

scattering matrices.

To fully account for heterogeneity effects in the benchmark-assembly
drawer cells, the two-region GGC5 results must be combined with cell-plate
flux advantage factors, as can be derived from slab calculations via
discreta-ordinate or integral-transport codes (since only the resonance-
range heterogeneity effect is obtained in the GAR sectiom). At GA, the
DTFX2 code is used, and the flux~advantage factors for the fast-range
groups are input to the GGC5 combining section to output heterogeneity-
corrected'broad-group cross-sections. For the homogeneous treatments used
in the basic benchmark tests, equal region parameters are used jin the
GGC5 problem. |



The neutronics codes used at GA for the version~4 tests include the
1-D diffusion code GAZE3, and the 2-D diffusion code ADGAUGE4 and the SN
code DTFX. Central worths were calculated from the ADGAUGE 10-group 2-D
real and adjoint fluxes using the code STOER4 and/or the fluxes output
from DTFX using the GAPER5 code., Local utility codes 1DREAP and REAP are

used to generate pointwise reaction rate profiles and ratios.

Fig. 1 is a flow chart of the analytical methods. Tables GA-1 and GA-2
give the group structures used and the analytical models. Tables GA-3

through 7 list the results of the various calculations.

Reference 6 gives further details on the methods for reactor analysis

in use at General Atomic Co.
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References on Codes and Methods

1. D. R. Mathews, P. K. Koch, J. Adir and P. Walti, "GGC5, A Computer
Program for Calculating Neutron Spectra and Group Constants,"
GA-8871 (Sept. 1971).

2. R. Archibald, K. D. Lathrop and D. Mathews, '"1DFX-A Revised Version
of the 1DF (DTF-IV) SN Transport Code,' Gulf-GA-B10820 (Sept. 1971).

3. S. R. Lenihan, "GAZE-2, A One-dimensional Multigroup Neutron Diffusion
Theory Code for the IBM~7090," GA-3152 (Aug. 1962).

4. D. Haschke and U. Nyffenegger, "The Nuclear Design Codes ADGAUGE and
STOER," EIR Bericht No. 199 (May 1971) (Federal Institute for Reactor

Research, Switzerland).

5. D. A. Sargis, '"GAPER, A Transport Perturbation Theory Program,"
GA-8667 (April 1968).

6. M. H. Merrill, "Nuclear Design Methods and Experimental Data in Use

at Gulf General Atomic," Gulf-GA-A12652 (July 1973).
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Table GA-1 - Group Structure and Fission Spectra used

in General Atomic ENDF/B-V4 Tests

ZPR3-48 Analysis Analyses for ZPPR-2, ZPR6-7 and ZPR6-6A
Group Core and ZPPR-2 and |ZPR6-6A
Boundary® |07oup Nou” | QAL || croup wo P EEST CorelCore e | Brinier

Spectrum Spectrum Spectrum Spectrum

10.00 MeV 1 2.3720-03
6.065 2 3.0986-02 1 3.3358-02 2.7293-02 2.4775-02
.679 3 1.1888-01 2 1.1888~01 | 1.0830-01 { 1.0345-01
231 4 2.0903-01 3 2.0903-01 | 2.0284~01 | 1.9970-~01
1.353 3 2.2303-01 4 2.2303-01 | 2.2528~-01 | 2.2609-01
820.8 KeV 6 1.7386-01 S 1.7386-01 | 1.8005-01 | 1.8287-01
497.9 7 1.1156-01 6 1.1156-01 1.1732-01 | 1.2005-01
302.0 8 6.3513-02 7 6.3513-01 6.7430-02 6.9309-02
183.2 9 3.3610-02 8 3.3610-02 3.5890-02 | 3.6991-02
111.1 10 1.7010-02 9 1.7010-02 1.8228-02 1.8819-02
67.38 11 8.3790-03 10 8.3790~03 8.9978-03 9.2993-03
40.87 12 4,0599-03 11 4.0599-03 4.3654-03 4,5145-03
24.79 13 1.9476-03 12 1.9476-03 | 2.0958-03 | 2.1682-C3
15.03 14 '9.2862-04 13 9.2862-04 | 9.5977-04 1.0345-03
9.119 15 4,4116-04 14 4.4116-04 | 4.7508-04 | 4.9169-04
5.531 16 2.0910-04 15 2.0910-04 2.2523-04 2.3311-04
3.355 17 9.8980-05 16 2.8980-05 1.0662-05 1.1036-04
2.055 18 4.6814-05 17 4.6814-05 5.0433-05 5.2202-05
1.234 19 2.2131-05 18 2.2131-05 2.3842-05 2.4678-05
748.5 eV 20 1.0458-05 13 1.0458-05 1.1267-05 1.1664-05
454.0 21 £.9418-06 20 4.,9418-06 5.3243-06 5.5111-06
275.4 22 2.3345-06 21 2.3345-06 2.5150-06 2;6037—06
101.3 23 1.6238-06 22 1.6238-06 1.7496-06 1.8108-06
37.27 24 3.6225-07 23 3.6225-07 3.9038-07 4.0413-07
13.71 25 8.0814-08 24 8.0814-08 8.7130-08 { 9.0051-C8
5.044 26 1.7955-08 25 1.7955-08 | 1.9380-08 2.0155-08

2.383 27 3.5401-09
1.855 26 4.0385-09 4.3422-09 4.4549-09

0.6826 28 1.3980-09
0.4139 29 1.3098-10 27 1.0306-09 1.0787-09 1.1415-09

a. Upper boundary for group 1 in all cases was 14.918 MeV

b. Underlined indices are boundaries for correspending 10-group sets
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Table GA-4 - Calculated Central Spectra from

Benchmark Analyses Using ENDF/B-4

Case ZPR-3 Assembly 48 ZPPR-2 ZPR6~7 ZPR6-6A
Code GAZE DTFX GAZE GAZE GAZE
Cell Homogeneous |Heterogeneous Homogeneous |Homogeneous Homogeneous
Group Lower E
10.00 MeV 0.0315 0.0312
6.065 0.419 0.413 0.295 0.295 0.252
3.679 1.713 1.682 1.118 1.118 1.05%
2,231 3.815 3.744 2.867 2.872 2.900
1.353 6.151 6.050 4,218 4,227 4,410
820.8  keV 8.009 7.922 5.356 5.361 5.637
579.9 10.030 9.966 - 9.495 9.507 10.059
302.0 11.546 11,490 8.899 8.899 8.387
183.2 10.619 10.562 10.799 10.780 11.417
111.1 9.990 9.874 11.280 11.270 11.861
67.38 8.524 8.502 10,259 10.235 10.640
40.87 7.257 7.236 8.940 8.924 $.0%0
24,79 5.121 5.120 5.698 5.647 5.675
15.03 5.160 5.208 6.709 6.716 6.460
9.119 3.855 3.897 4,842 4,843 4,489
5.531 2.499 2.544 2.767 2,776 2.4863
3.555 1.696 1.764 1.776 1.783 1.530
2.035 0.625 0.659 0.495 0.498 0.418 !
1.234 1.297 1.385 1.621 1.634 1.285 |
748.5 eV 0.825 0.898 1.170 1.184 0.874
454,0 0.495 0.553 0.759 0.774 0.516
275.4 G.248 0.287 0.356 0.365 0.2192
101.3 0.1474 0.1863 0.251 0.260 0.1426
37.27 1.589-02 2.461-02 0.0280 0.0293 0.0191
12,71 1.055-03 2.281-03 1.48-03 1.57-03 5.7-04
5.044 4,721-05 1.555~04 5.67-05 6.0-05 2.6-05
2.383 4,315-06 1.740-05
1.855 4,26-06 5.4-06 1.7-06
0.6826 1.509-06 5.824-06
0.4139 1.412-07 1.986-07 8.22-07 1.0-06 0.4-06
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Table GA-6:

in Benchmark Analyses Using ENDF/B-4

Summary of Core-center -Reactivity Coefficients Calculated

Benchmark ZPR-3 Assembly 48 ZPPR-2 ZPR6~7 ZPR6-6A
Flux Calculation| ADGAUGE DTFX DTFX ADGAUGE DTFX DTFX
Cell Treatment Homog. Homog. Heterog. Homog. Homog. Homog.
No. of Groups 10 29 29 10 27 27
Material Worth
107> Ak/k/mole
104 - 98.08 - 97.04 -102.26 - 24.79 - 34.82 - 27.99
c - 0.375 | - 0.359 | - 0.329 | - o0.2110 | - 0.2606 | + 0.0223
0 ~ 0.405 | - 0.362 | - 0.357 | - 0.1740
Na - 0.413 | - 0.280 | - 0.309 | - 0.1328 | - 0.1779 | - 0.0219
Al ~ 0.497 | - 0.561 | - 0.590 | - 0.1546 | - 0.2289
cr - 1.001 | - 1.075 | - 1.123 | - 0.2731| - 0.3724] - 0.2135
¥n - 3,713 | - 3.266 | - 3.618 | - 1.0545
Fe - 0.982 | - 0.969 | - 1.016 | - 0.2377 | - 0.3019 | - 0.152%
N4 ~ 1.859 | - 1.630 | - 1.636 | - 0.4315| - 0.5134| - 0.2730
Mo - 7.910 | - 7.178 | - 7.676 | - 1.6262 | - 2.290
Ta - 35.828 | - 35.756 | - 38.759 | - 9.120 | - 13.132 | - 9.589
233y 105.82 99.70 99.63 28.23 37.83 24 .68
238
U - 6677 | - 6.675 | - 7.227 | - 1.781 | - 2.860 | - 2.252
239, 142.38 136.26 135.83 34.62 47.25 33.43
2405, 23.70 22.06 20.27 2.663
2615, 52.77




Table GA-7: Summary of Adjoint-Flux Spectra Calculated at
Core Center in Benchmark Analyses with ENDF/B-4

Calculated Core-Center Adjoint Spectra, Normalized
to 1.00 for Fission-Spectrum Neutron
Group 1-D Diffusion (GAZE) Calculations, Homogeneous
Lower
Energy ZPR3-48 ZPPR-2 ZPR6-7 ZPR6-6A
10.00 MeV 1.4684
6.065 1.2587 1.2479 1.2458 1.2281
3.679 1.0913 1.0920 1.0911 1.0735
2,231 1.0830 1.1005 1.1001 1.0789
1.353 1.0070 1.0170 1.0167 1.0051
820.8 XaV 0.9117 0.9225 0.9228 0.9292
479.9 0.9113 0.9032 0.9038 0.9252
302.0 0.9067 0.8769 0.8781 0.9336
183.2 0.8962 0.8466 0.8482 ¢.9293
111.1 0.8854 0.8194 0.8217 0.9241
67.38 0.8684 0.7887 0.7915 0.9171
40.87 0.8453 0.7564 0.7597 0.9064
24.79 0.8384 0.7408 0.7446 0.9112
15.03 0.8325 0.7354 0.7394 0.9225
9.119 0.8537 0.7498 0.7542 0.9557
5.531 0.8865 0.7792 0.7841 0.9942
3.355 0.9277 0.8163 0.8214 1.0383
2.035 0.9736 0.8499 - 0.8550 1.0571
1.234 1.0012 0.8684 0.8735 1.0703
748.5 eV 1.0680 0.9153 0.9206 1.0614
454.0 1.0804 0.9476 - 0.9540 1.2006
275.4 1.1625 1.0117 1.0182 1.2009
101.3 1.1985 1.0667 1.0741 1.2088
37.27 1.5587 1.4123 1.4232 1.1855
13.71 0.7669 0.6321 0.6338 0.8071
5.044 1.4422 1.4226 1.4309 1.1407
2.383 1.3310
1.855 1.1227 1.1916 1.0522
0.6826 1.1059
0.4139 1.75%4 0.9720 0.9829 1.6224
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DESCRIPTION OF THE ANALYSIS OF BENCHMARK
CRITICAL ASSEMBLIES AS PERFORMED AT GE-FBRD

Processing of the ENDF/B-IV data involved using the 50-group generalized cross-
section library generated by the code MINX(]) as provided by Los Alamos Scientific
Laboratory and linking it to the code TDOWN-II(Z) to produce composition-dependent
and spatially-dependent group cross sections of the specified structure. The
fission spectrum for each of the benchmark assemblies was calculated by weighting
the flux averaged fission spectra for each of the isotopes in accordance with
their contribution to the total neutron source in the core (or the inner-core-zone
if more than one zone is specified). The fission spectrum fraction for coarse
group 1 is then given by

X ,m%: Yim %f,5m

E‘ME[\’]

N
%; Nm J,m f,Jm ¢J

where %; = summation over all materials in the composition,
and E: = summation over all groups.
J
Only one fission spectrum is used throughout all the regions of a given assembly.

The benchmark calculations were carried out with the code SNlD(3). SN1D is a
one-dimensional discrete ordinates transport code with a diffusion theory option.
The recommended corrections were applied to the calculated results. The central

reactivity worths were obtained using the forward and adjoint fluxes from SN1D
and the perturbation code PERT-V(4).

(1) The MINX Code, Los Alamos Scientific Laboratory, to be published.

(2) C.L. Cowan, et al., "TDOWN-II - A Code to Generate Composition and Spatially
Dependent Cross Sectlons”, GEAP-13740, August 1971.

(3) R. Protsik, et al., "SNID - - A One-Dimensional Discrete Ordinates Transport
Code with General Anisotropic Scattering, GEAO-0064 Rev. 1, May 1970.

(4) R.W. Hardie and W.W. Little, Jr., "PERT-V, A Two-Dimensional Perturbation
Code for Fast Reactor Analysis"”, BNWL-1162, September 1969.



TABLE 1

CALCULATED EIGENVALUES FOR FAST REACTOR BENCHMARKS*
USING ENDF/B-IV

Assembly ENDF?B-IV
JEZEBEL 0.9990
SNEAK-7A 0.98995
SNEAK-7B 0.98996
ZPR-3-48 0.99397
ZPR-3-56B 0.98477
IPR-6-7 0.9%092
ZPPR-2 0.9911

*Calculated eigenvalues include heterogeneity and transport
corrections as given in the CSEWG benchmark specifications.
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Installation: GE-FBRD
Code: TDOWN-II

NEUTRON SPECTRA: 7ZPR-6-7

Normalization

- flux: 1 watt/cm - height

- adjoint: Average of adjoint over
reactor is unity

SCALAR FLUX AT CORE CENTER

Calculated Measured Calculated
Group EinteV) Flux Flux Adjoint
1 1.0 +7 2.454 +3 . 4.095
2 6.065 +6 3.224 +4 4.633
3 3.679 +6 1.312 +5 6.031
4 2.231 +6 3.164 +5 4.869
5 1.353 +6 4.505 +5 5.059
6 8.208 +5 5.671 +5 4.631
7 4.979 +5 1.010 +6 4,434
8 3.020 +5 9.624 +5 3.867
9 1.832 +5 1.278 +6 3.592
10 1.111 45 1.294 +6 3.493
11 6.738 +4 1.121 +6 3.399
12 4.087 +4 9.216 +5 3.306
13 2.479 +4 6.996 +5 3.231
14 1.503 +4 7.348 +5 3.208
15 9.119 +3 5.091 +5 3.258
16 5.531 +3 2.880 +5 3.368
17 3.355 +3 1.773 +5 3.514
18 2.035 +3 6.283 +4 3.643
19 1.234 +3 1.876 +5 3.764
20 7.485 +2 1.242 +5 3.883
21 4.540 +2 6.567 +4 3.991
22 2.754 +2 2.651 +4 4.073
23 1.670 +2 1.365 +4 4.532
24 1.013 +2 4.836 +3 4.869
25 6.144 +] 1.229 +3 4.838
26 3.727 +1 2.742 +2 5.480
27 2.511 -1 1.401 +2 . 6.049
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ABSTRACT

Measured inteqral quantities such as keff’ central reaction rate
ratios, and central reactivity coefficients for 18 fast critical assem-
blies were calculated using the ENDF/B-IV cross section set. The corre-
lations between calculation and experiment using Version IV were then
compared to those obtained with earlier cross section data, specifically,

Versions I-III of ENDF/B and the Bondarenko cross section set.

In general, ENDF/B-IV was found tc do an excellent job of calculating
keff' However, discrepancies between calculation and experiment did exist
for both reaction rate ratios and reactivity coefficients. Of particular
interest, the fissile fuel central worth discrepancy for plutonium assem-

blies was found to be approximately 20 percent.



[. INTRODUCTION

The reactor designer, when presented with a new cross section set,
immediately asks "How well does it work?" To answer this guestion, the
newly released Version IV of ENDF/B was evaluated by calculating mea-
sured integral quantities for 18 fast critical assemblies. More speci-
fically, the integral quantities investigated in this study were keff’
central reaction rate ratios, and central reactivity coefficients. Also,
to determine how ENDF/B-IV compares with earlier cross section sets, keff
calculations were performed using Versions I, II, III, and the Bondarenko
cross section set. In addition, reaction rate ratios and worths were

calculated using ENDF/B-III data.



II. DESCRIPTION OF CRITICAL ASSEMBLIES

Seventeen fact critical assemblies have been designated by the Cross
Section Evaluation Working Group (CSEWG) as "Phase II Fast Reactor Data
Testing Critica]s."(l> Fourteen of these assemblies were used in this
study. In addition, four ZPR-3 assemblies of particular interest were
also included: Assemblies 49, 50, 53, and 54. A tabulation listing key
characteristics of all critical assemblies used in this study is given in
Table II.1, and a tabulation of the atom densities and both the 1-D and
2-D dimensions for these assemblies appear in Appendix A. Note that the
characteristics of the assemblies vary considerably--from 12 liters to

4000 liters in size, and from almost no fertile fuel to a fertile-to-

fissile ratio greater than eight.

The ZPR-3-48, 49, 50, 53, 54, and 56 assemblies are particularly in-
teresting because they provide the opportunity to examine a single item.
For example, Assembly 49 had a composition identical to 48, with the ex-
ception that the sodium was removed. Assembly 50 is the same as 49, except
additional carbon was added to soften the spectrum. The core compositions
of Assemblies 53 and 54 were identical, but 53 had a U-238 reflector while
54 had a predominantly iron reflector. Finally, the reflector for Assembly

56 was largely nickel.

ZPPR-2, ZPR-6-7, and ZPR-6-6A are valuable because they enable the
cross section data to be checked in an environment similar to that of a
large LMFBR. Although the fissile fuel in large LMFBR's will be plutonium,
six uranium-fueled assemblies were studied to determine if a consistent cal-

culational bias is associated with a particular fuel type.



Table II.1

Critical Assembly Characteristics

Fertile-
to- Approximate
Fissile Fissile Core Volume

Assembly Fuel Ratio (liters) Comments

VERA-T1A Pu 0.05 12 No U in the core

VERA-1B 0.08 30 Enriched U core

IPR-3-6F 1.1 50

ZEBRA-3 Pu 8.6 60 Hard spectrum

ZPR-3-12 U 3.8 100 C added to soften
spectrum

SNEAK-7A Pu 3.0% 110

ZPR-3-11 U 7.5 140

ZPR-3-54 Pu 1.6 180 Similar to Ass'y 53,
except an Fe reflector

ZPR-3-53 Pu 1.6 220 Similar to Ass'y 54,
except a U reflector

SNEAK-7B Pu 7.0 310

ZPR-3-50 Pu 4.5 340 Similar to Ass'y 49,
except additional C
added

ZPR-3-48 Pu 4.5 410 C added to soften
spectrum

ZEBRA-2 U 6.2 430

ZPR-3-49 Pu 4.5 450 Similar to Ass'y 48,
except Na removed

ZPR-3-56B Pu 4.6 610 Predominantly Ni re-
flector

ZPPR-2 Pu 6.5" 2400 Equal volume 2-zone
core, L/D & .5

IPR-6-7 Pu 6.5 3100 L/D & .9

ZPR-6-6A U 5.0 4000 L/D & .8

*Fertile-to-fissile ratio in the inner core zone,



[IT. DESCRIPTION OF PROCEDURE

The basic reactor model with which the 18 critical assemblies were
analyzed was a one-dimensional diffusion theory calculation in spherical
geometry. The excaption to this was ZPPR-2, in which case the model was a
one dimensional cylinder, Therefore, one to two dimensional, diffusion to
transport theory, and heterogeneity correction factors were applied to the
calculated keff's' In addition, 1-D to 2-D correction factors were applied
to the 1-D reactivity coefficients. A1l of the above correction factors
were determined in this study, except for the heterogeneity corrections to
keff‘ For the 14 CSEWG criticals in Reference 1, the heterogeneity correc-
tions were either provided or the calculational models had been adjusted to
account for heterogeneities. For the 4 non-CSEWG assemblies, heterogeneity
corrections obtained in an unpublished study were used. In this case, the
spatial self-shielding component, calculated using a 26-group 512 cell model
with a homogeneous 82 leakage, was added to the energy self-shielding com-
ponent calculated using the Bell approximation.

The procedure followed in this analysis is shown in Figure 3.1. First,
the ETOX code(g) was used to generate cross sections in the Bondarenko(g) for-
mat using data from the ENDF/B tapes. In these calculations, 30 groups were
generated for ENDF/B-I, 29 groups for Versions Il and III, and 42 groups for
ENDF/B-IV. The Bondarenko set was obtained from Reference 3. Using ENDF/B-III,
1Dx(i) generated resonance self-shielded crdés sections for each assembly, and
these were then collapsed to 12 energy groups for the remainder of the calcu-
lations. 1DX was next used to calculate 1-D fluxes and adjoint fluxes for

PERT-V,(E) a one- and two-dimensional perturbation theory code. Similarly,

ZDB(é) was used to calculate 2-D fluxes and adjoint fluxes. Therefore, comparing
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the keffls from 10X and 20B gives the 1-D to 2-D correction factors for
keff’ and comparing PERT-V worths using fluxes and adjoints from 1DX and
20B gives the 1-D to 2-D correction factors for the reactivity coefficients.
The difference between 1-D and 2-D central reaction rate ratios was found
to be negligible. Finally, the diffusion to transport theory correction
factors for keff were obtained by comparing the 12 group result from the
1-D Sn code DTF—IV(Z) in 58 with the 12 group result from 1DX. The correc-
tion factors to keff obtained by the above sequence using ENDF/B-III are
given in Table III.1. These were then applied to the 1-D diffusion theory
calculations for all other cross section sets. The 1-D to 2-D correction
factors to reactivity coefficients were only applied to the ENDF/B-IV

values, since worths were not calculated using the other cross section sets.

Sixty mesh intervals were used in the 1-D transport theory calculations
and eighty intervals in the 1-D diffusion calculations. The 2-D diffusion

theory mesh detail is shown in Table III.Z2,.

Group boundaries and fission spectra are given in Table III.3 for the
42 group ENDF/B-1V cross section set. The T=1,35 MeV fission spectrum was
used for U assemblies and the T=1.41 MeV spectrum was used for Pu assemblies.
The same table also gives the collapsing scheme used to generate the 12 group
set. The energy bounds for the first 25 groups of the 30 group ENDF/B-I set
and the 29 group ENDF/B-II and III sets were identical to the first 25
groups of the 42 group set. The remaining 17 groups in the 42 group set
were combined into 4 groups for the 29 group set, and into 5 groups for the
30 group set. Energy bounds and fissior spectra for the Bondarenko cross
section set are given in Reference 3. With the Bondarenko set, the fission
spectrum for v=2.4 was used for U assemblies, while the spectrum for v=3.0

was used for criticals fueled with Pu.



Table III.1

Correction Factors to kqse for Homogeneous,
One-Dimensional Diffusion Calculations

Diffusion to

Transport

Assembly 1-D to 2-D (S8) Heterogeneity
VERA-11A 0035 0472 of1)
VERA-18 0038 .0237 oM
ZPR-3-6F -.0028 0192 ofh)
7EBRA-3 -.0006 .0126 ot
ZPR-3-12 -.0009 0099 of1)
SNEAK-7A 0061 0120 -.0045(2)
ZPR-3-11 ,000] 0060 ot
ZPR-3-54 -.Ui64 .0144 0230
ZPR-3-53 -.0150 0087 .0230
SNEAK-7B .0042 0047 -.0021(2)
ZPR-3-50 -.0133 0056 0220
ZPR-3-48 -.0009 0064 0183
ZEBRA-2 -.0007 0033 ofh)
ZPR-3-49 -.0139 0068 .0158
ZPR-3-568 -.0166 0065 .0102
ZPPR-2 .0003 .0024 L0175
7PR-6-7 -.0020 .0016 - 0166
ZPR-6-6A -.0013 0013 .0073

(1) The atom densities and/or sizes were adjusted to account for
heterogeneities.

(2) Includes corrections for cylindrization, actual control rod
position, and heterogeneities.



Table III.2

Mesh Detail for 2-D Diffusion Theory Calculations

Number of Mesh Points

Assembiy in the RxZ Direction
VERA-11A 40x40
VERA-18B 40x40
ZPR-3-6F 40x40
ZEBRA-3 ' 40x40
IPR-3-12 40x40
SNEAK-7A 40x40
ZPR-3-11 40x40
IPR-3-54 50x50
ZPR-3-53 50x50
SNEAK-7B 50x50
ZPR-3-50 50x50
ZPR-3-48 50x50
ZEBRA-2 50x50
ZPR-3-49 50x50
ZPR-3-56B 50x50
ZPPR-2 90x65
LPR-6-7 70x70
ZPR-6-6A 70x70



Table III.3

Group Boundaries and Fission Spectra

Group No. Group No. Lower Energy
for 42 for 12 Boundary Fission Spectrum Fission Spectrum
Group Set Group Sei. (eV) for T = 1.35 MeV for T = 1,41 MeV
1 1 6.065+6 .0276 .0325
2 3.679+6 L1124 . 1218
3 2 2.231+6 .2056 .2109
4 1.353+6 .2250 .2230
5 3 8.208+5 .1781 L1728
6 4.979+5 L1154 . 1105
7 4 3.877+5 .0380 .0361
3 3.020+5 .0281 . 0266
9 5 1.832+5 . 0351 .0332
10 1.111+45 .0178 .0168
11 6 6.738+4 .0088 .0083
12 4.087+4 .0043 .0040
13 7 2.554+4 .0020 .0018
14 1.989+4 ‘ . 0006 . 0006
15 1.503+4 .0005 . 0004
16 8 9.119+3 . 0005 . 0004
17 5.531+3 .0002 .0002
18 9 3.355+3 . 0001 .00
19 2.840+3 .0 0
20 2.404+3 .0 0
21 2.035+3 .0 0
22 10 1.234+3 .0 0
23 7.485+2 .0 0
24 11 4,540+2 .0 0
25 2.754+2 .0 0
26 12 1.670+2 .0 0
27 1.013+2 .0 0
28 6.144+] .0 0
29 3.727+1 .0 0
30 2.260+1 .0 0
31 1.371+1 .0 0
32 8.315+0 .0 0
33 5.043+0 .0 0
34 3.059+0 .0 0
35 1.855+0 .0 0
36 1.125+0 .0 0
37 6.826-1 .0 0
38 4.140-1 .0 0
39 2.511-1 .0 0
40 1.523-1 .0 0
4] 9.237-2 .0 0
42 Thermal+ 0 0

9



IV, DISCUSSION OF ke CALCULATIONS

ff
The rasults of the keff calculations are given in Table IV.1--the
values for keff have all been corrected using the correction factors
from Table III.1. The Bondarenko set gives calculated keff's that are
much higher than the measured value of unity--about 2.7 percent on the
average. There is also a large scatter in keff’ from 1.0051 for ZEBRA-3
to 1.0452 for ZPPR-2. Therefore, a simple change in v of U-235 and Pu-239
would not remove the discrepancy. It should be mentioned that the values

for v were almost identical for all the cross section sets.

The eigenvalues calculated using ENDF/B-I represent an improvement.
A notable excepcion is ZEBRA-3, with a keff of .9526. However, ENDF/B-I
is generally better for predicting criticality than the Bondarenko set,

although there is still a considerable variation among the calculated keff's‘

ENDF/B-II, however, is another story. The calculated keff's using
ENDF/B-II are, on the average, 1ess‘than unity by more than 3 percent.
Two assemblies, ZEBRA-3 and ZPR-3-54, were ca1cu1a§ed more than 5 percent

subcritical.

The first cross section data which accurately predicted keff was ENDF/B-III
Version III does a remarkable job of predicting criticality, witn only one
assembly, ZEBRA-3, having an eigenvalue differing from unity by more than 1
percent, It is clear that ENDF/B-III was a major improvement over previous

cross section sets.

There are no major changes in the results obtained using ENDF/B-IV

insofar as keff is concerned. The calculated eigenvalues using Version 1V

10
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are slightly better than Version III, with one notable exception--ZPR-3;54.
Preliminary indications are that the problem with Assembly 54 may at least
partially originate in the cross section processing codes. More specifi-
cally, Assembly 54 has a highly concentrated iron reflector, and the iron
cross sections in ENDF/B-IV have deep minima in the total cross section.
This can cause a problem if the asymptotic l/zt flux weighting spectrum

is used in a medium consisting primarily of iron. However, it will be

shown in Section VI that the central reactivity coefficient for iron

using Version IV is more negative than with Version III. Since central
reactivity wortas for iron depend primarily on the absorption cross section,
this indicates the problem may not lie entirely with the deep minima in the
iron scattering cross section. Using the iron cross sections from ENDF/B-ITII
and all other cross sections from ENDF/B-IV in a keff calculation increased
the eigenvalue for Assembly 54 by about 2 percent. Disregarding Assembly 54
gives an average value of keff of .9993 with ENDF/B-IV, and an average

deviation from unity of .0049,

In summary, both ENDF/B-III and IV do an excellent job of calculating

keff for a set of critical assemblies whose characteristics vary considerably.

12



V. CENTRAL REACTION RATE RATIOS

Calculated and experimental central reaction rate ratios for 02'238,
O?u-239’ Ciu-240’ and 02-238 are given in Tables V.1 through V.4. The re-
action rates are a'l relative to that of fission in U235. For a few critical
assemblies, there are very large discrepancies between the experimental and
calculated values obtained using either Versions III or IV. The fact that
U- 238/ U 235 Pu 240, U-235

and o /o e are both high
suggests that part of the d1screpancy may be caused by incorrectly calcu-

?u 239/ g -235 is only about 3 percent

the C/E values for both ¢

lated spectra. The average error in o
using either cross section set. It should be noted that all averages in
this paper are cimple averages and are not weighted with the experimental

uncertainties.

It is difficult to draw firm conclusions regarding the relative perfor-
mance of Versions III and IV for calculating reaction rate ratios. However,
one conclusion that may be drawn is that the differences between III and IV
are considerably less than the differences between calculation and experi-
ment. It is possible that the discrepancy between calculation and experiment
could be reduced by a more consistent treatment of heterogeneity effects.

238 239

The ratio of the capture rate in U to the fission rate in Pu is an

important component of the breeding ratio, the other component of importance

being the captuce to fission ratio in Pu239.

U- 238/ Pu 239

Calculated and experimental
values of 9. are tabulated in Table V.5. Note that the calculated-
to-experimental value using Version IV is about 2 percent less than Version III
for most criticals. It is also interesting to note that the C/E values for

assemblies fueled with U are about 10 percent lower than for assemblies fueled

with Pu,
13



Table V.1

,U-238, U-235
f £
C/E C/E
ENDF/B-111 ENDF/B-1IV
Assembly Fuel Experimental (1-D) (1-D)
VERA-11A Pu 0.077 1.088 1.090
VERA-1B y 0.066 1.190 1.180
ZPR-3-6F 0.078 0.958 1.000
ZEBRA-3 Pu 0.0461 0.903 1.001
ZPR-3-12 U 0.047 0.982 1.060
SNEAK-TA Pu 0.0448 - 0.877 0.911
ZPR-3-11 U 0.038 0.952 1.064
ZPR-3-54 Pu 0.0254 1.152 1.176
ZPR-3-53 Pu 0.0254 1.128 1.125
SNEAK-7B Pu 0.0330 0.902 0.967
ZPR-3-50 Pu 0.0251 1.091 1.132
ZPR-3-48 Pu 0.0326 0.977 1.026
ZEBRA-2 U 0.0320 0.971 1.048
ZPR-3-49 Pu 0.0345 0.998 1.055
ZPR-3-568B Pu 0.0308 0.900 0.940
ZPPR-2 Pu 0.0201 1.014 1.053
ZPR-6-7 Py 0.0230 0.886 0.914
ZPR-6-6A U 0.0245 0.900 0.926
Average C/E 0.993 1.037
Average |C/E -1.0| 0.081 0.075

14



Table V.2

cPu—239/OU-235
f f
C/E C/E
ENDF/B-I11 ENDF/B-1V

Assembly Fuel Experimental (1-D) (1-0)
VERA-TTA Pu 1.07 1.072 1.073
VERA-18B U 1.070 1.062 1.062
ZPR-3-6F U 1.22° 1.016 1.020
ZEBRA-3 Pu 1.190 0.978 0.988
ZPR-3-12 u 1.12 0.985 0.996
SNEAK-7A Pu 1.016. 0.951 0.960
ZPR-3-1} U 1.19 0.976 0.987
ZPR-3-54 Pu 0.928 0.937 0.936
ZPR-3-53 Pu 0.928 0.933 0.928
SNEAK-7B Pu 1.012 0.973 0.985
ZPR-3-50 Pu 0.903 0.982 0.986
ZPR-3-48 Pu 0.976 0.985 0.993
ZEBRA-2 U 0.987 0.994 1.007
ZPR-3-49 Pu 0.986 0.996 1.008
Z/PR-3-568B Pu 1.028 0.936 0.944
ZPPR-2 Pu 0.937- 0.974 0.981
ZPR-6-7 Pu 0.953 - 0.955 0.961
ZPR-6-6A U -

Average C/E 0.983 0.989
Average |C/E -1.0] 0.035 0.031
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Table V.3

OPu—24O/GU-235
f f
C/E C/E
ENDF/B-111 ENDF/B-TV
Assembly Fuel Experimental (1-D) (1-D)
VERA-11A Pu 0.475 0.964 1.035
VERA-1B U 0.399 1.114 1.186
ZPR-3-6F 0.53 ' 0.914 1.005
ZEBRA-3 Pu 0.373 0.913 1.023
ZPR-3-12 U -
SNEAK-7A Pu -
IPR-3-11 U 0.34 0.951 1.065
ZPR-3-54 Pu 0.174 1.093 1.196
ZPR-3-53 Pu 0.174 1.066 1.147
SNEAK-78B Pu -
ZPR-3-50 Pu 0.159 1.192 1.3
LPR-3-48 Pu 0.243 0.942 1.040
ZEBRA-2 U 0.237 0.982 1.092
ZPR-3-49 Pu -
ZPR-3-56B Pu 0.282 0.751 0.824
ZPPR-2 Pu 0.170 0.992 1.081
ZPR-6-7 Pu -
ZPR-6-6A U -
Average C/E 0.990 1.084
Average |C/E -1.0| 0.088 0.113
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Table V.4

OU-238/0U-235
o f
C/E ’ C/E
ENDF/B-111 ENDF/B-1V
Assembly Fuel Experimental (1-D) (1-D)
VERA-TIA Pu -
VERA-18B U 0.131 0.930 0.927
ZPR-3-6F U 0.104 0.951 0.919
ZEBRA-3 Pu -
ZPR-3-12 U 0.123 0.971 0.954
SNEAK-T7A Pu 0.1376- 0.991 0.979
ZPR-3-11 U 0.112 0.976 0.949
LPR-3-54 Pu -
ZPR-3-53 Pu -
SNEAK-7B Pu 0.131 1.032 1.025
ZPR-3-50 Pu -
ZPR-3-48 Pu 0.138 0.976 0.963
ZEBRA-2 U 0.136 0.982 0.968
ZPR-3-49 Pu -
ZPR-3-568 Pu -
ZPPR-2 Pu -
ZPR-6-7 Pu 0.136 1.046 1.044
ZPR-6-6A U 0.139 1.022 1.017
Average C/E 0.988 0.974
Average |C/E -1,0] 0.032 0.043



Table V.5

0U-238/0Pu-239
o f
C/E C/E
ENDF/B-II1I ENDF/B-1V

Assembly Fuel Experimental (1-D) (1-D)
VERA-11A Pu -
VERA-TB U 0.122 0.876 0.873
LPR-3-6F U 0.085 0.936 0. 901
ZEBRA-3 Pu -
ZPR-3-12 U 0.110 0.986 0.958
SNEAK-7A Pu 0.135:2 1.048 1.026
ZPR-3-11 U 0.094 1.000 0.962
ZPR-3-54 Pu -
ZPR-3-53 Pu -
SNEAK-78B Pu 0.129 1.067 1.046
ZPR-3-50 Pu -
ZPR-3-48 Pu 0.141 0.991 0.970
ZEBRA-2 U 0.138 0.988 0.961
ZPR-3-49 Pu -
ZPR-3-56B Pu -
ZPPR-2 Pu -
IPR-6-7 Pu 0.143 1.095 1.086
ZPR-6-6A U -
Average C/E Over 0.999 0.976
A1l Assemblies
Average C/E Qver 0.957 0.831
A1l U Assemblies
Average C/E Over 1.050 1.032

A1l Pu Assemblies
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VI. CENTRAL REACTIVITY COEFFICIENTS

The discrepancy between calculated and measured small sample central
reactivity worths has received much attention in recent years. Central
reactivity coefficients for these assemblies were calculated using Versions
IIT and IV of ENDF/B. Bohn et a].(g) have collected much of the data that

exists on earlier calculations of U235, Pu239, U238 10

, and B' "~ reactivity
coefficients to determine correlations that might help isolate the sources

of the discrepancy.

The CSEWG benchmark specifications report reactivity coefficients in
units of ak/k while also providing the inhour to Ak/k conversion factors
that were used to convert the measured values. We converted the worths
back to inhours to allow a more consistent comparison to be made between
measurement and calculation, since converting to ak/k requires the use of
specific delayad neutron data. A1l delayed neutron data used in this study
were obtained from the ENDF/B-1V data tape and are given in Table VI.1,
except for the delayed fission spectrum. In this case, Sloan and Woodruff's
data were used(g) and the values are shown in Table VI.2., A two-dimensional
calculation was made for each assembly in order to obtain the value of
Seff’ the conversion factor from inhours to Ak/k, and the neutron genera-
tion time using this delayed neutron data and Version ITI cross sections.
The results are shown in Table VI.3, These conversion factors were used to
convert calculated reactivities in units of ak/k to inhours. Thus, the

conversion for all assemblies was performed in a consistent manner with the

Tatest delayed neutron data.

Reactivity coefficients using Version III and calculated in one and

two dimensions are compared with the experimental values in Tables VI.4 -
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Table VI.2

12-Group Delayed Fission Spectrum

Delayed Fission

Group* Spectrum
1 .0
2 .0100
3 L1261
4 L1224
5 .3389
6 .3343
7 .0683
8 . .0683
9 .0
10 .0
11 .0
12 .0

*For energy structure given in Table III.3.
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Table VI.3

Calculated 8

and Neutron Generation Times Using ENDF/B-TII

eff's, Inhour to Ak/k Conversion Factors,

Number Generation
6 of Inhours Time (sec)
Assembly Feff per % ak/k (x106)
VERA-T1A .003309 925.5 .0706
VERA-18 .008056 376.9 . 0988
ZPR-3-6F .007824 407.2 .0723
ZEBRA-3 .004397 837.9 L0611
ZPR-3-12 .007727 427.6 .0961
SNEAK-7A .003609 911.8 . 1657
ZPR-3-11 .007451 462.6 .0671
ZPR-3-54 .002928 968.8 .6350
ZPR-3-53 .003175 950.3 L4429
SNEAK-7B .004106 843.7 .1551
ZPR-3-50 .003550 930.1 .3340
ZPR-3-48 .003588 932.5 .2529
ZEBRA-2 .007522 442.3 . 1856
ZPR-3-49 .003612 934.4 L2267
ZPR-3-56B .003258 975.6 L4428
ZPPR-2 .003370 963.4 L4415
ZPR-6-7 .003373 . 972.5 .4781
ZPR-6-6A .007317 431.9 L4728

22



VI.12. The results of a one-dimensional calculation with Version IV and
estimated two-dimensional reactivity coefficients are also shown. The
two-dimensional values were obtained by estimating a correction factor
utilizing the 1-D and 2-D Version III results. This was accomplished with

the following relation:

WOrthIV = erthéfé X WOrthIV
2-D I11 1-D
WOrthl_D

Version IV U-235 worths (Table VI.4) show little change from Version
[II -~ the average C/E worth has decreased by less than 1 percent. Although
the average C/E for urarium fueled assemblies is very close to unity, the
fissile fuel central worth discrepancy is still apparent for Pu fueled
assemblies. Similar conclusions can be drawn from the results for Pu-239
worths (Table VI.5). Calculated to experimental values for U-238 worths
are closer to unity by more than 10 percent using Version IV (Table VI.6).
It is not clear if this is an improvement, however, because if the normali-
zation in calculating reactivity coefficients is in error by about 20 per-

cent, then the calculated U-238 worths would be too low.

The hard-to-calculate central sodium worth is still hard to calculate
(Table VI.7). Although there are some significant differences between
results with Versions III and IV, it is unclear which cross section set is

better,

Calculated reactivity worths for chromium (Table VI.8) are very high,
The calculated reactivity worths for iron (Table VI.9) increased signifi-

cantly from Version IIIl to IV. If a 20 percent error in the normalization

of worths is assumed, both the iron and nickel worths (Table VI.10) would
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improve. However, chromium would still pose a problem. B]O worths
(Table VI.11) remain unchanged and continue to be puzzling, since 810
cross sections are thought to be knan fairly accurately while calcula-
tions of 810 reactivity worths yield a C/E of about 0.95. If all the
calculated reactivity coefficients for Pu assemblies were reduced in
magnitude by about 20 percent, then the C/E for B]O would be much too low.
Finally, the tantalum worths are relatively unchanged (Table VI.12). The

10

C/E for tantalum Tjes between that of B~ and the fissile fuels.
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VII. CONCLUSIONS

Both versions III and IV of ENDF/B represent a significant improve-
ment over the Bondarenko data and earlier ENDF/B versions for criticality
predictions. For an extremely wide range of fast critical assemblies,
both sets of data compute keff with an average error of approximately
1/2 percent, which is approximately the uncertainty in the calculational

procedure.

Huwever, reaction rate ratios have significant discrepancies between

calculation anda experiment--particularly for the spectra-sensitive fertile
Pu-239

fuel fission rates. With a few notable exceptions, the calculated e /
og'235 ratios agree well with experiment., An inconsistent treatment of

cell heterogeneities may be responsible for a portion of these discrepancies.

Finally, the most notable observation to be made regarding the re-
activity coefficient calculations is that the fissile fuel central worth
discrepancy for Pu-fueled criticals still exists. Although many studies
have been performed attempting to solve this long-standing difference, it

still remains one of the most puzzling problems in reactor physics.
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APPENDIX A
CRITICAL ASSEMBLY ATOM DENSITIES AND DIMENSIONS

One-dimensional and two-dimensional specifications for each critical
assembly are given in Table A-1. A1l 2-D models are cylinders, while
all but one of the 1-D models are spheres. The single exception was
ZPPR-2, where the 1-D model was represented by an infinite cylinder

with a buckling of 5.92 x 10”% em™2,

Dimensions and atom densities for
the 14 CSEWG criticals are all based on data from Reference 1. A few |
minor simplifications were made to some of the models. For the most part,
however, the published CSEWG specifications were used, - Specifications for
the 4 non-CSEWG criticals (ZPR-3-49, -50, -53, and -54) were obtained from
a 1970 unpublished document for which the data was gathered from ANL

monthly reports.
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(Cont'd.)

TABLE A-1

For 1-D

For 2-D Model

Model

ZPR-6-6A

Cylinder Cylinder

Spherical Inner Quter Spherical Radial Axial
Material Core Core Core Reflector Reflector Reflector
U-234 .000011 .000011 . 0000004 0000004
U-235 .001153 .001153 .001149 .0000856 .0000866 .0000836
U=-236 .0000056 .0000056 .0000020 .0000020
U-238 .0058176 005801 .005784 .0395508 .04006 .038650
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
(o] «01390 .01390 .01474 .0000230 .000022 .000026
[od
Na .0092904 .0092904 .009202
Al
Cr 002842 .002842 . 002841 001247 .001172 .001378
Fe 013431 .01342 .01399 .0044669 .004197 .004931
Ni .001291 .001291 .001264 .0005407 .0005082 .0005977
Mo 000011 .000011 .0000034 .000004
Mn .000221 .000221 .000222 .0000960 .0000897 .000107
Cu
Nb
Si
H
Mg
Ga
Sn
Pb
Ti
v
Am—-241
Radial Distance 24,34 91.34 119.95 91.34
from Core Axis
to Outer Zone
Boundary (cm)
Axial Distance 76,28 76.28 110.50 110.50

from Core Mid-
plane to Quter
Zone Boundary (cm)

Distance from 95.67
Core Center to

Outer Zone

Boundary (cm)

4]

129.48
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LASL PROCEDURY "AND RESULTS
R. B. Kidman, R. J. Barrett, R. J. LaBauve, W. B. Wilson

(a3

Figure I is a diagram of the procedure and codes used at LASL to perform
the benchmark calculations. Some of the important MINX input options chosen
are as follows: Fractional resonance reconstruction error < 0.0l1, Fractional
linearization error < 0.01, Fractional doppler thinning error < 0.005, Frac-
tional adaptive integration error < 0.001, Maxwellian temperature = 0.025 eV,
Maxwellian-1/E breakpoint energy = 0.1 eV, Fission spectrum temperature = 1.4
MeV, 1/E- Fission breakpoint energy = 0.8208 MeV. The transport cross sectiom

provided to DIF is calculated with 1DX in the following manner:

= - +
Gtr Feoe(l ue) ngf * chc * O'in
Finally, all DTF runs were run in 516 angular quadrature.

All benchmark specifications were taken from ENDF-202. The group energies

and CHI vectors used in our calculations are shown in Table I. The CHI vectors

were generated from a simple fissicn spectrum shape with nuclear temperatures of

O = 1.41 MeV (for a Pu-239 system) and @ = 1.35 MeV (for a U-235 system).

Our calculated eigenvalues, central spectral indices, and central spectra
are shown in Tables II-IV, respectively.

We also made a study to determine the sensitivity of the calculated keff
and spectral indices of Jezebel and Godiva to Legendre order and Sn quadrature.
The group structure was half-lethargy widths from 10 MeV, and the weighting
function used in the MINX runs were those previously calculated for Jezebel
and Godiva using earlier versions of ENDF/B.

To determine the effects of quadrature, the infinitely diluté P-5 cross
sections generated from MINX were used in several DIF-IV rums feor quadratures
of S-4, $-8, $-16, S-32, and S-44 for the two assemblies. Results are given
in Table V. HNote from this table that the correction for keff from S-15 to
§-© is-0.0021 for Jezebel and -0.0017 for Godiva. Also note that the correc-
tions for the calculated spectral indices are negligible for both assemblies.

Series ¢f calculations were also made to determine the effects of the
accuracy of represeﬁting anisotfopy of the scattering cross sections. DTF-1IV
problems were run with the cross sectien tables truncated at P-0, P-1, P-2,

P-3, and P-4 and quadrature $-16. In addition the Bell, Hansen, Sandmeier

1 . . . .
treatment was used to combine two higher order tables into a single table.

-tAL
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The results were treated as half-orders, e.g., combining the P-2 and P-3 tables
was considered to be P-2.5. The results of these calculations for both assem
blies are given in Table VI.

Cross sections formed by combining the P-0 and P-1 tables (P-0.5) are
usually referred to as 'single table, transport corrected'. Results given in
Table VI indicate that the correction from P-0.5 to P—= is -0.0032 for keff
for Jezebel and -0.0030 for Godiva. WMNote that values of keff quoted above
for transport corrected cross sections obtained via 1DX are somewhat different
from those in Table VI. This is due to the corrections for self-shielding of
the cross sections in the 1DX code.' Also, a more detailed group structure
(50 gps vs 26 gps) was used in 1DX.

In an interlaboratory comparison such as this different arbitrary choices

in procedura by each lab, can lead to significant differences in the final results.

Tables VII and VIII show an after-the-fact attempt to remove thése arbitrary
differences and introduce a modicum of uniformity to the calculation and results
of benchmarks ZPR-6-7 and ZPR-6-6A, respectively. It appears that this exercise
brings a majority of the labs into closer agreement.

Table IX shows the effect of the new ANL Porter Thomas Integration Scheme
on the central spectral indices of ZPR-6-7 and ZPR-6-6A. The effects are rather
small. The "old scheme'" results of Table IX are different from Table III be~
cause the latter use cross sections from MINX while the former use cross sections

from ETOX.

REFERENCES

1. G. I. Bell, G. E. Hansen, and H. A. Sandmeier, "Multitable Treatments of
Anisotropic Scattering in Sy Multigroup Tramsport Calculations," Nuec. Seci.
Eng. 28, 376-383 (1567).
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GROUP

=
QU NITNH WN -

11
12
13
16
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
s
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

GROUP BOUNDARIES(EV)

1,00E+07
6.07E+06
3.68E+06
2.23E+06
1.35E+06
B.21E+0S
4,9RE+05
3.88E+05
3.02E+05
2.35E+05
1.83E+05
1.43E+05
1.11E+0S
B8.65E+04
6.T4E+04
5.25E+04
4.,09E+04
3.18E+04
2.48E+04
1.93E+04
1.50E+04
1.17E+04
9.12€+03
7.10E+03
5.53E+03
4.31E+03
3.35E+03
2.61E+03
2.03E+03
1.58€+03
1.23E+03
9.61E+02
T.49E+02
5083E*02
4.54E+02
3.S54E+02
2.75E+02
l1.67E+02
1.01E+02
6o 145*01
3.73E+01
2.26E+01
1.37€+01
8.32E+00
S.04E+00
3006E’00
1.86E+00
1.13E+00
6.83E+01]
l.00E=~05

2.00E+07
1.00E+07
6.07E+06
3.68E+06
2.23E+06
1.35E+06
8.21E+05
4.,98E+05
3.88E+0S
3.02E+05
2.35E+05
1.83E+05
1.43E+05
1.11E+05
B.65E+04
6.74E+04
5.25E+04
4,09E+04
3.18E+04
2.48E+04
1.93E+04
1.50E+04
1.17E+04
9,12E+03
7.10E+03
5.53E+03
4,31E+03
3.35E+03
2.61E*03
2.03E+03
1.58E+03
1.23E+03
9.,61E+02
7.49E+02
S.83E+02
4.,54E02
3.54E+¢02
2.75E+02
1.67E+02
1.01E+02
6e14E+01
3.73E+01
2.26E+01
1.37E+01
8.32E+00
S.04E+00
3.06E400
1.86E+00
1.13E+00
6.83E-01

TABLE 1

DELU
«692
«500
+500
«500
«500
«500
+500
«250
«250
250
«250
«250
250
250
«250
«250
250
«250
«250
«250
«250
«250
«250
«250
«250
250
«250
«250
«250
«250
«250
«250
«250
«250
«250
+250
«250
«500
«500
«500
+500
+500
+500
«500
«500
«500
+500
«500
«500
11.31

CHI(EM=1.41)
2+66500E~03
3.23930E-02
1.21445E-01
2.10381E-01
222367E-01
1.72323E-01
1.10173E-01
3.60350E£-02
2+65500E~02
1.92630E=02
1.38100E~02
5.80900E-03
6.91600E~03
4.84900E~03
3.38500E-03
2+35500£-03
1.63400E-03
1.13100€£~03
7.82000E-04
5.40000E-04
3.72000E-04
2e57000E-04
1.77000E-04
1.22000E-04
8.40000£~-05
5.80000€E-05
4.00000€~0S
2+.70000E-05
1.90000E~05
1.30000£-05
9.00000E-06
6.00000E-06
4.00000E=-06
3.00000E=-06
2+.00000E-06
1.00000E-06
1.00000E-06
1.00000E-06
0.

0.

0.

0.

0.

0.

O

0.

0.

0.

0.

0.

CHI (EM=1.35)
1.98200E-03
2.75000E-02
1.12174E-01
2.05204E-01
2.24516E-01
1.77776E-01
1.15178E-01
3.79300E-02
2.80330E-02
2.03880E-02
1.46440E-02
1.04160E-02
7.35300E-03
5.16000E~-03
3.60500E-03
2.50900E-03
1.74100E-03
1.20600E£-03
8.34000E-04
5.76000E-04
3.97000E~04
2.74000E-04
1.89000E~04
1.30000E~04
8.90000E-0S
6.10000E-05
4.20000E~05
2.90000E~-05
2.00000E-05
1.40000E-05
9.00000E-06
6.00000E-06
4.00000E~06
3.00000E-06
2.00000E-06
1.00000E-06
1.00000E-06
1.00000E~-06
1.00000E~06
O

0.

0.

0.

O

0.

0.

0.

0.

0.

0.



TABLE II

UNCORRECTED EIGENVALUES

Benchmark Keff
Jezebel
(DTF Sl6) 1.00093
Vera-11A
(DTF 516) .99310
Godiva
(DTF 516) 1.01201
ZPR-3-11
(DTF 516) 1.01493
ZPR-6-7
(1DX) .97257
ZPR-6-6A
(1DX) .98730
TABLE III
CENTRAL SPECTRAL INDICES (C/E)
RATIO JEZEBEL VERA-11A GODIVA ZPR-3-11 ZPR—6—7* ZPR—6—6§
(DTF) (DTF) (DTF) (DTF) (1DX) (1DX)
0238f/U23Sf . 9485 1.1527 1.0680 1.0537 -9349
U233f/U235f . 9286 .9962 .9244 .9984
Pu239f/U23Sf .9363 1.0851 .9704 .9851
Np237f/U235f L9448 1.1809 1.0545
Pu240f/U235f 1.0894 1.0579
Aul97g/U235f .8590
U234f/U238f .9041
U238g/U238f .9371
Th232f/U238f .9909
U234f/U235f 1.0438
U236,./U235; 7874
U238g/U235f .9679 1.0213
U238g/Pu239f 1.0753
U238f/Pu239f .9692
U235f/Pu239f 1.0327

*
Used the ENDF 202 correction factors to convert the heterogenous experimental
value to a homogenous value to compare with the calculated values.
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GROUP NO,

JEZEBEL
1.70150€-05
2.04163E-04
T45678E-04
1.32194E-03
1.55436E~03
1.47518BE=-03
1.19264E-03
4.60082E-04
3.67750E-04
2.84451E~04
2+14840E-04
1.6150CE-04
1.21782E=04
8+91159E-~05
5.94606E-05
3.73523E-05
2.56431E-05
1.58773E~05
1.00299E-05
6.39185E~-06
4+34953E-06
2.91130E~06
1.83659E~-06
1.21762E=-06
8.07222E=-07
5.33367E-07
3.,42073E-07
2.06191E-07
1.46147E-07
3.85720E~08
6+42435E~-08
3.81452E-08
2+61069E~-08
2.03447E-08
1.00699E-08
6.05277E-09
4.45635E-09
3.40233E~09
2.24879E-11
7.83236E~14
4.15629€-16
3.46409E~18
9.35802E-21
2+463528E-23
9.79761E~-26
5.92856E~28
2.60901E~-30
4.57251€E~-33
3.36135E-36
1.10867E-39

TABLE IV
CENTRAL FLUX

VERA-11A
1.84111E-06
1.59075E-05
9.13610E-05
2.00525€E~04
2.73615E-04
297105E-04
2.91610E-04
1.37856E-04
1.28782E-04
1.16376E-04
1.04318E~04
9439558E~05
8.36577E=~05
7.35063E-05
6.51740€£~-05
5.72859€~05
5402488E=-05
4415249E-05
3.53230E-05
3.29118E-05
2.73837E-05
2.28105E-05
1.84652E-05
1.51648E-05
1.24856E-05
9.78132E-06
7.68398E-06
550035E-06
3.93616E-06
2+98745E-06
2409708E-06
1432407E-06
B.66716E-07
S.64486E-07
2457527E-07
1.91378E-07
1.04261E-07
7.25979E-08
1.98949E-08
3.45084E-09
6e31364E-10
2.63198E-10
3.82991€E-11
6.12460E-12
1.48173E-12
5.85387E~-13
1.78333E~13
2.10983E~14
8,33237E-16
1.12483E~17

GODIVA
6.37473E-06
8.79482E~05
6.88208E-04
8.80475E-04
8483493E-04
7 86296E-04
3¢33754E=04
2.77606E-04
2+14961E=04
1.61793E-04
1.19292E~04
8.72419€-05
6+.23868E~05
4.10728E-05
2+50146E-05
1.71787E-05
9.75708E~06
S5+44551E-06
3.79212E=06
2.06252E-06
1.23832E-06
7+43912E-07
4473960E=-07
2.81194E-07
1.75872E~-07
1.07972E-07
6+81824E~08
4.32487E-08
2.66053E-08
1.66778E-08
9.87233E-09
6.48062E~09
4.29199E-09
2.78320E-09
1.40159E-09
1.34804E~-09
1.09433E-09
1.20731E-09
8.40889E~12
2¢44133E~14
8.07590E~-17
2490392E~19
6+88584E-22
2.62930E~24
1.57086E~26
Be+45460E~-29
3¢34114E~31
5.33676E~34
3.22295E~-37



GROUP NO,

|
S OVDNIIUIEH WN

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
40
41
42
43
44
45
46
47
48
49
50

ZPR-3-11
1.89556E~07
2+51097€E~-06
1.03889E=-05
2.17869E~-0S
3.14694E~-05
5.37152E-05
9.58191E~-05
5.64524E=-05
5+89407E~05
S+43694E~-05
4.74241E=-05
4.12897E-05S
3.49627E-05
3.22363E-05
2.73232E-0S
2¢19176E-05
1.76704E=0S
9.85325€E~06
6.19483E-06
S5.39783E=-06
2+.80097E~06
1.48580€E=-06
7.82504E~-07
3.5883%E-07
2+78464E-07
1.44621E-07
Be79478E~08
2+42998E-08
8.30758E~-09
1.15959E-08
5.07398E-09
1042982E’09
9.01796E=-19
4.55158E~190
2.60134E-1¢
9.35759E-11
TeT74540E~-11
1.36913E-19
8.00211E~-11
3.33215€-12
7.78339E~14
1.94058E=-15
3.63487E=-17
7.23531E~-19
Be62169E-21
3.71706E=22
2.16579E=23
8.86259E~25
l1.64461E~26
9.53956E~29

TABLE IV (CONT.)
CENTRAL FLUX

ZPR=6-7

e 26691E-07
«31455E=-06
.13605E-05
«32741E-05
+48T704E-05
«69809E-05
«11342E-04
«42875E-05
«62587E~0S
«68342E-05
«65730E~05
«68617E-05
«66441E-05
«650S16E=05S
«60047E-0S
«49S514E~-05
«50107E-05
«40456E~-05
«34747E-05
«44556E-05
«34051E-05
«30327E-05
«24165E~-05
«16168E~05
«15325E~-05
«11991E-05
«690T1E~06
«15892E~-06
«52132E-06
«10110E-05
«10309E=~05
e 13646E-06
«58401E-06
«44176E-06
«28822E~-06
«19602E-06
«11297E-06
«1481GE-06
«51250E=-07
«12645E-07
«28256E-08
«11963E-08
«17260E~09
038818E‘10
«45938E-11
«24150€~11
«12890E-11
«20922E-12
+99625E~-14
«34182E~-15

ZPR=6-6A

«16228E~-07
«21521E~-06
+10177E~-05S
«25995E-05
+3977SE-0S
«57477E-05
+93888E~05
«35626E~-05
«52029E-05
«56722E-05
«S4440E~-05
¢56601E-05
»54539E-05
«49372E-05
+48673E-05
039904E-05
«40045E-05
+32068E-0S
«27233E-05
«34411E-05
«25934E~05
«22649E~05S
«17628E-05
«11597E~-0S
«10722E-905
«82459%E-06
+46590E-06
«1069SE-06
+34964E-06
+65457E=-06
«633S6E-06
«43259E-06
«32560E-06
«21771E-06
«13915E~06
«85104E-07
«48517E-07
«5S53T4E~-07
«54899E~08
«12649E=-08
«24114E~09
+40411E-10
«7T1776E-11
«85918E=-12
«28070E~-12
e11924E-12
«38491E~-13
«63563E~14
«32705E~-15



QUADRATURE
S-4
5-8
S-16
S=-32
S-44

FXPERIMENT

NUADRATURE
S=4
5-8
S-16
5=32
S=44

EXPERIMENMT

EFFECT OF S=-N QUADRATURE ON INTEGRAL PARAMETERS.

KEFF
1.02555
0.99629
0.99210
0.59010
0.95002

1.000
+0R=-.003

KEFF
1.04450
1.00722
1.00347
1.00186
1.00182

1.000
*OR“QGO3

RESULTS FOR JEZEBEL

4QF /25F
1.3976
1.3950
1.3946
1.3945
1.3945

l1.49
’OR‘.03

RESULT

49F /25F
1.3856
1.3811
1.3805
1.3803
1.3803

lea2
+0R=-402

TABLE V

28F /25F
0.1967
0.1918
0.1904
0.1908
0.1908

0.205
+0R=-,008

S FOR GODIvaA .

28F/25F
0.,1740
0.1663
0.1652
0.1649
0.1649

0.156
"OR‘.OOS

24F /28F
444460
445746
445947
446015
446011

5400
*OR-.ZO

28C/28F
0.4151
0.4426
0.4468
0.4481
0.4481

0.47
"OR'.OE



TABLE VI
EFFECT OF LEGENDRE ORDER ON INTEGRAL QUANTITIES,

RESULTS FOR JEZEBEL

LEGENDRE
ORDER KEFF 49F /25F 28F /25F
P=-0 1.07996 1.3958 0.1523
P=-1 0.98623 1.3933 0.1889
P=1e5 0.99198 1.3943 0.1907
pP=-2 0.99222 1.3946 0.1910
P=2.5 0.99203 1.3944 0.1907
pP=3 0.59203 1.3943 0.190S
P=3.5 0.99203 1.3943 0.1907
P-4 0.99210 1.3946 0.1914
P-4,5 0.95206 1.3945 0.1908
P=5 0.99210 1.39456 0.1910
EXPERIMENT 1.000 1.49 0.205
+0R=-.003 +0R=-.03 +0R=-,008
RESULTS FOR GODIVA
LEGENDRE
ORDER KEFF 49F /25F 28F /25F 24F /28F 28C/28F
P=-0 - 1.11203 1.3820 0.1668 4.5650 0.4398
P-0.5 1.00649 1.3804 0.1648 4.6044 0.4484
P=2 1.00348 1.3803 0.1650 4+.5994 0.4478
P-2.5 1.00335 1.3802 0.1648 4.6027 0.4485
P-3 1.00336 1.3801 0.1646 4.6061 0.4493
P=3.5 1.00335 1.3802 0.1647 4.6032 0.4486
P=4 1.00348 1.3805 0.1653 445929 0+4465
P=4.5 1.00341 1.3803 0.1649 4+.6005 0.4480
P=5 1.00347 1.3805 0.1652 445947 0.4468
FXPERIMENT 1.000 1.42 0.156 5.0 0647

+OR=,003 +OR=-,02 +OR=,005 +0R=,02 +0R=,02
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TABLE IX

EFFECT OF NEW PORTER THOMAS INTEGRATION SCHEME

Central Spectral Indicies (C/E*)

ZPR-6~7 0ld Scheme New Scheme
U2388/Pu239f 1.0878 1.0948
U238f/Pu239f 0.9601 0.9642
UZ3Sf/Pu239f 1.0410 1.0411
ZPR~-6-6A

0238f/U235f 0.9308 0.9349
U238g/U235f 1.0243 1.0293

%
Used the ENDF 202 correction factors to convert the heterogeneous
experimental values to homogeneous values to compare with the cal-
culated values.
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Appendix

, A-1

Analysis Results

(50-group MINX library generated at LASL, 171-group MINX library generated at
ORNL, diffusion calculations performed with SPHINX)

50~Group 171-Group

ZPR-6/7
keff uncorrected 0.9711 0.9701
keff corrected 0.9895 0.9885
49f£/25¢ 0.9109%* 0.9044%*
C/E “9£/25¢ 0.966 0.960
28g/25¢ 0.02050*  0.02026%
C/E 28£/25¢ 0.931 0.921
28¢/25¢ 0.1376 0.1360
C/E 28¢/25¢ 1.043 1.030
ZPR-6/6A b
K ce uncorrected 0.9864 0.9900
keff corrected 0.9950 0.9986
28gy25¢ 0.02203% 0.02213%*
C/E 28g/25¢ 0.914 0.918
ZPR-3/11
keff uncorrected 1.0028 1.0013
keff corrected 1.0095 1.0080
285/25¢ 0.03947 0.03857
C/E 28g/25¢ 1.039 1.015
ZPR-3/56B _
keff uncorrected 0.9839 0.9829
keff corrected 1.0016 1.0006
49g/25¢ 0.9779 0.9703
C/E 49£/25¢ 0.951 0.944
28g/25¢ 0.02950 0.02926

*These ratios are heterogeneity corrected as per ENDF-202.



A-2

Note that these new numbers reflect the calculation of 04 o = (XIog1)/Au rather
than as previously reported (Od,e =01 ~ og;g). The difference between these
methods of calculation is significant (0.9711 vs 0.9688 respectively for
ZPR-6/7 in 50 groups).

Tables for mesh spacings, fission fractions, and group structure are
enclosed. For the MINX generation, we employed the following

Tolerances for 171-Group ORNL Library Generation

Reconstruction .005
Linearization .01 .
Thinning .005
Integration .001

Tolerances for 50-Group LASL Library Generation
A
£

v
Reconstruction .01
Linearization .01
Thinning .005
Integration .001

The ORNL MINX 17l1-group library gave a consistent and independent check
on the LASL 50-group numbers which many testers employed.

Going from the oldest LASL 50-group tape, to the one received July 11
resulted in a 0.2% increase in k_.. XPR-6/7) . .



i Revised tape

Oldest tape

MINX 50 MINX 171 { MINX 50
GROUP LASL GROUP ORNL GROUP LASL
BINX BINX
LINX LINX LINX
SPHINX SPHINX ~ SPHINX" SPHINX
(NO ELASTIC (INCLUDE ELASTIC (NO ELASTIC (INCLUDING ELASTIC
REMOVAL) REMOVAL REMOVAL) REMOVAL)
Q
ks 0.978 0.967 0.970 0.971
ZPR-6/7

Fig. A.l1. Fast Reactor Data Testing Calculational Techniques



Analyze components of
problem uncertainty based
upon differential data

CINDERELLA

MINX, PUFF!

COPPELIA

SPHINX
ANISN
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ANISN
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V)

DISECT

SWANLAKE
SOURCE
}

Fig. A.2.
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K4

Pseudo composition-independent
multigroup cross sections and
covariance matrices

Problem—dependent self-shielding
space~energy collapse

Discrete-~ordinates flux calculation

Generalized Source Calculation
computation of sensitivity profiles

Calculational Technique for Fast Reactor

Sensitivity Analysis
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JEZEBEL Mesh Points and 126 Group Fission Fractions

Table A.9.

Mesh Points

We used 40 equally-spaced mesh intervals as specified in ENDF 202.

Fission Fractions
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GODIVA Mesh Points and 126 Group Fission Fractions

Table A.10.

Mesh Points

We used 40 equally-spaced mesh intervals as specified in ENDF 202.

Fission Fractions
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171-Group Structure

Table A.11l.
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126-Group Structure

Table A.12.
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ARD ENDF/B-IV DATA TESTING RESULTS
; BY .
A. Bortz and N. C. Paik
Westinghouse Advanced Reactors Division

General

ARD has performed analyses of CSEWG benchmark critical assemblies
JEZEBEL, ZEBRA-3, ZPR-6-6A, ZPR-6-7, and ZPPR-2 using ENDF/B-IV data.
Two different cross-section libraries were used, a 50 group library with
a (1) code at LASL, and a 42

group library with PO scattering components produced by the ETOX(Z) code
3)

P3 scéttering components produced by the MINX

{
at HEDL. The analyses were performed using the SPHINX'™’/ code and homo-
geneous models of the benchmarks as specified in ENDF-202, Edition 2
(except for JEZEBEL which was modeled according to the original CSEWG
description).

Calculational Method

Figure 1 is a flow diagram of the SPHINX calculations. Each calcu-
lation consisted of a resonance self-shielded cross section calculation
followed by a one-dimensional diffusion theory or transport theory cal-
cuiatica of keff’ fluxes and collaosed cross sechions {wiich are reaction

rates when the collapse is to a single group).

In the Resonance Module of SPHINX, there are two methods of treating

the elastic scattering cross sections. The first method is identical to
the treatment of the TDX(4)

code, one of the precursors of SPHINA. In that

case, the elastic in-group scattering and first downscattering cross sections

are computed by:

el el
= * A
°g,9+1 ~ g XIg/elg
el el el

= a0

9,9 g T 9,g+1



where

czjgl = elastic scattering cross section from group g to group g].
o;l = total elastic scattering cross section in group g.

. XIg = average lethargy increment per elastic scatter in group g.
AUg = lethargy width of group g.

The second method is simply to use the elastic scattering matrix. ATl
results reported here, except those for JEZEBEL, use the first method.

This method has the advantage that the results can be compared to XSRES/
1DX(4) or XSRES/ANISN(S) calculations, which should give identical results
to SPHINX resonance/diffusion or rescnance/transport calculations, re-
spectively. It alsc facilitates comparisons of SPHINX calculations using
MINX data sets (which have elastic scattering matrices) and those using

E1UX data sets (wnich do not). ARD has tound that the first method produces
keff values about 0.2% higher than the second method, using the 50 group
MINX library.

Comparison of the Two Libraries

There are significant differences between the two cross section
libraries, as is apparent from Table 1, which compares eigenvalues com-
puted by SPHINX using the two cross section libraries. To investigate
the differences, ARD collapsed the two libraries in CCCC format(G) to a
common 23 group structure using the MINX auxiliary code CINX(7). The

(6) files were compared,

239

principal cross sections on the collapsed ISOTXS
and significant differences in Pu239 and U238
cross sections were found. These differences are presented in Tables 2
and 3.

capture and Pu fission



Results

The diffusion and transport modules of the SPHINX code require a
fission fraction vector (chi) on the ISOTXS file. For JEZEBEL, ZEBRA-3,
ZPR-6-7, and ZPPR-2, ARD used a chi vector which was based on a 30 group chi
vector for a typical plutonium reactor. For ZPR-6-86A, an assembly dependent
30 group chi vector was used. These chis were calculated assuming a nuclear
temperature of 1.42 MeV for Pu239, 1.34 MeV for U238 and 1.22  MeV for U235;
To go from 30 group chis to 42 or 50 group chis, some of the 30 group chis
had to be divided into more than one group. The division was performed in
such a way as to produce an exponential decrease in chi (except for JEZEBEL
and ZPR-6-6A, for which the division was into equal parts). Tables 4 througn
8 1ist the 50 group chis used in the computation of JEZEBEL, ZEBRA-3, ZPR-6-6A,
ZPR-6-7, and ZPPR-2. These tables also list the computed central flux spec-
tra for these assemblies.

Calculated integral parameters are listed in Tables 1 (keff) and 9
(central reaction rate ratios). The central reaction rates were caiculated
in SPHINX by collapsing the cross sections to a single group, using the
fluxes at core center.

Material worth calcylations for 7PR-6-7 have been performed using the
MINX library. The calculations were performed as follows. The library.
was converted to ETOX format and used in XSRES/10X reguiar and adjeint cal-
culations of ZPR-6-7 cross sections and fluxes. The calculated fluxes and
cross sections were then used as input to the perturbation theory code
PERT-V(8). The results of a one-dimensional calculation of material worths
at core center are shown in Table 10. For Fe, Ni, Cr, U-235, U-238 and Pu-235,
the worths differ by 0-3% from the results of a similar calculation at
HEDL( 9) which used the 42 group ETOX ENDF/B-IV library. The sodium worths
differ by 6% in the two calculations, the calculation with the MINX data
predicting the greater worth.

Supplementary Results

The XSRES/1DX calculation of ZPR-6-7 yielded the same eigenvalue and
central reaction rate ratios as in the SPHINX Resonance/Diffusion calcu-
lation as shown in Tables 1 and 9, Since XSRES in the 1DX code is the



precursor of the SPHINX Resonance Module and 1DX is the precursor of the
SPHINX diffusion module, this agreement is to be expected.

In addition to 5C group calculations of CSEWG benchmarks, ARD has
performed 240 group SPHINX calculations of a 5 isotope, two zone, spherical
reactor model using MINX produced ENDF/B-IV cross sections for 016, Na23,
Fe, U238, and Pu239. The results of the eigenvalue calculation are in good
agreement with a 50 group calculation of the same model.

I
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'TABLE 2

COMPARISON OF MINX AND ETOX DATA

For U238 anp puZ3® capTURE cross secTIons(@)
_ , V a_(barns) ; O'C(ETOX)-GC(MINX
Isotope Energy Range ETOX é MINX' : o (MINK)
U-238 40.9 - 67.4 keV . 0.33000 0.32453 7
24.8(°) _ 40,9 kev' © " 0.425%0 0.41007 3.9
- 3.35 - 5.53 keV 1.0384 1.0630 -2.3
o -~ 2,04 - 3,35 keV 1.3493 1.4146 -4.6
1.23 - 2.04 keV 1.7525 1.7765 -1.3
II.L\
PU-233 24,800 | 40,5 kev 5.45550 0.45157 .z
15.0 - 24.8(°) wey  0.70904 0.72338 5.0
9.12 - 15.0 ke¥  0.98830 1.0054 1.7

\ .
(a) Differences greater than 1% are presented here, -

(b) This is MINX energy boundary. The energy boundary for ETCX data was 25.5 keV.



TABLE 3

COMPARISON OF PU-239 FISSION CROSS SECTIONS ON
- ENDF/B-IV LIBRARIES PROCESSED BY ETOX AND MINX(a)

ETOX-MINX ..,

Energy Range ETOX MINX NI )
821 keV - 1.35 MeV 1.7486 1.7494 -0.27
26.8) - 40.9 kev 1.6191 1.6213 -0.14
150 - 24.8) ey 1.7230 1.7299 -0.40
9.12 - 15.0 keV 1.8673 1.8704 -0.17
3.35 - 5.53 keV 2.5950 2.5773 +0.69
2.03 - 3.35 keV ©3.4410 3.4199 +0.62
1.23 - 2.03 keV 4.2679 4.2564 +0.27
749 eV - 1.23 keV 6.4519 6.4419 +0.16
454 eV - 749 eV 9.8929 9.8737 O +0.19
275 - 454 eV 10.617 10.662 -0.42

(a) Diffarences greater than 0.1% are presented here.

(b) This is MINX energy boundary. The energy boundary for ETOX data
was 25.5 keV.



TABLE 4

GROUP STRUCTURE, FISSION FRACTIONS, AND CENTRAL FLUXES
CSEWG BENCHMARK ASSEMBLY JEZEBEL

Group Minimum Energy Fission Fraction Fractiornal Flux at Core Center

- 19.64 Mev } -

1 10.00 4.00 x 1073 3.05 x 1073

2 6.065 .03244 .0245

3 3.679 J2175 .0893

4 2,231 .21095 . .1572

5 1,353 .22301 .1836

6 ) 820.8 KeV 17277 1754

7 ‘ 497.9 .11045 .1423

8 387.7 .03613 .0554

9 302.0 .02662 .0444

10 235.2 .01658 .0317

N 183.2 .01658 .0288

12 142.6 .00838 .0182

13 1.4 .00838 .0158
14 86.52 ... 00413 _ 9.62 x 1073
15 67.38 .00413 7.99 x 1073
16 52.48 .00200 4.69 x 1073
17 40.87 .00200 3.91 x 1073
18 31.83 9.20 x 10°* 2.23 x 1073
19 24.79 9.20 x 10_* 1.76 x 1073
20 19.30 5.66 x 10°* 1.08 x 1073
21 15.03 4,28 x 107* 7.61 x 107%
22 11.71 2.17 x 10°* 4,37 x 1074

3 3.119 2.17 x 107 3.33 x 10Tt
24 7.102 -~ 1.03 x 107 1.80.x 1G°%
25 5.531 1.03 x 107% 1.42 x 1074
26 4,307 4.88 x 10°° 7.24 x 103
27 3.355 4.88 x 107° : 5.56 x 10_°
28 2.613 2.31 x 1078 2.56 x 1075
29 2.035 2.31 x 10°°% 2.41 x 1073
30 1.585 1.08 x 1075 1.22 x 1075
31 1.234 1.08 x 1075 1.03 x 105
32 961.1 eV 5.30 x 1076 4.64 x 1078
33 748.5 5.30 x 1078 4.29 x 1075
34 582.9 2.43 x 10°° 1.94 x 1078
35 454.0 . 2.43 x 1078 1.67 x 1078
36 353.6 1.15 x 1076 - 1.11 x 1078
37 275.4 1.15 x 1076" 7.80 x 1077
38 167.0 6.10 x 1077 4.06 x 1077
39 101.3 6.10 x 1077 - 2.78 x 10”7
40 61.44 6.10 x 1077 1.23 x 107
41 37.27 6.50 x 1078 1.99 x 1078
42 22.60 6.50 x 1078 3.83 x 1078
43 13.71 6.50 x 1078 1.38 x 1078
44 8.315 3.80 x 107° 8.07 x 1010
45 5.043 3.80 x 107° 1.20 x 107°
46 3.059 3.80 x 1079 1.72 x 102
47 1.855 3.80 x 1079 1.18 x 10°
48 1.125 3.80 x 107° 4,21 x 10_1°¢
49 0.6176 3.80 x 1079 1.37 x 10_1°
50 0.251 0.0 ©3.21 x 167



TABLE 5

GROUP STRUCTURE, FISSICN FRACTIONS, AND CENTRAL FLUXES
CSEWG BENCHMARK ASSEMBLY ZEBRA-3

Group Minimum Energy Fission Fraction Fractional Flux at Core Center

- 19.64 MeV - -

1 10,00 4.00 x 1075 _ 6.87 x 10°°
2 6.065 .03244 5.35 x 1073
3 3.679 12175 .0203

4 2,231 .21095 . .0402

5 1,353 .22301 .0562

6 820.8 KeV 17277 .0913

7 . 497.9 .11045 1517

8 387.7 .03613 .0831

9 302.0 .02662 - .0921

10 235.2 .01934 . .0820

11 183.2 .01382 .0638

12~ 142.6 .00978 .0577

13 1114 .00698 .0563

14 86.52 ..«00482 : .0448

15 67.38 .00344 S . .0451

16 52.48 .00233 . .0294

17 40,87 .00167 .0245

18 - 31.83 .00107  _ .0155

19 ' 24.79 7.70 x 107% .0161 -
20 19.30 5.66 x 107" 8.66 x 10_3
21 15.03 4,28 x 107" 4,28 x ?0_3
22 11.71 2.53 x 10°% 2.85 x 1073
23 9.119 1.81 x 107" 1.64 x 1573
24 7,102 1.20 x 10 ® 2.7 A e
25 5.531 8.60 x 1073 6.15 x 107
26 4,307 5.69 x 103 3.53 x 107%
27 3.355 4.07 x 1073 2.10 x 107"
28 2.613 2.7 x 1073 7.16 x 1075
29 2.035 1.92 x 1073 4,80 x 1073
30 . 1.585 1.26 x 1073 1.92° x 1073
31 1.234 9.00 x 1078 9,80 x 1078
32 961.1 eV 6.18 x 10°8 6.40 x 10°°
33 748.5 4.42 x 105 3.34 x 1078
34 582.9 . 2.84 x 106 1.68 x 1076
35 454 .0 2,02 x 1078 9,17 x 1077
36 353.6 1.34 x 10°° - 6.71 x 1077
37 275.4 9,60 x 1077 4,52 x 1077
38 T 167.0 6,10 x 1077 2.62 x 1077
39 101.3 6.10 x 1077 8.70 x 1078
40 61.44 6.10 x 1077 "7.93 x 1078
47 37.27 6.50 x 1078 1.05 x 1078
42 22.60 6.50 x 1078 1.42 x 1078
43 13.71 6.50 x 1078 3.14 x 1072
a4 8.315 3.80 x 107° 8.30 x 10:10
45 5.043 3.80 x 107° 2.44 x 10710
46 3.059 3.80 x 10°° 1.26 x 107°
47 1.855 3.80 x 1077 1.19 x 1072
48 1.125 3.80 x 107° 4,39 x 10710
49 0.6176 3.80 x 1072 1.29 x 10_15
50 0.2511 0.0 3.61 x 1012



TABLE 6

GROUP STRUCTURE, FISSIOM FRACTIONS, AND CENTRAL FLUXES
CSEWG BENCHMARK ASSEMBLY ZPR-6-6A

Group Minimum Energy Fission Fraction Fractional Flux at Core Lenter
- 19.64 MeV ) -
1 10.00 3.00 x 1073 2.64 x 107°
2 6.065 .0242 2.08 x 1073
3 3.679 .10805 .0104
4 2.231 .20298 .0270
5 1,353 .22578 .0427
6 . 820.8 KeV .18054 .0569
7 497.9 11773 .0953
8 387.7 .03890 .0370
9 302.0 .02879 .0539
10 235.2 .01802 .0593
n 183.2 .01802 .0581
12 142.6 .00916 .0604
13 111.1 .00916 .0585
14 86.52 .....00452 .0531
15 67.38 .00452 0522
16 52.48 . .00219 .0433
17 - 40,87 .00219 .0429
18 31.83 7.77 x 107¢ .0348
19 24,79 7.77 x 107% .0298
20 19.30 7.77 x 107% .0375
21 15.03 7.77 x 1074 .0284
22 11.71 2.39 x 107 .0248
2 s.11¢ 2.3% y 1074 .01s4
24 7.102 1.13 x 107 .0128
25 5.531 1.13 x 107% .0118
26 4,307 5.36 x 1075 9,16 x 1073
27 3.355 5.36 x 1075 5.11 x 1073
28 2.613 2.53 x 1075 1.18 x 1073
29 2.035 2.53 x 1075 3.86 x 1073
30 1.585 1.19 x 1075 7.20 x 1073
31 : 1.234 1.19 x 1075 6.94 x 1073
32 961.1 eV 5,78 x 1076 4,75 x 1073
33 748.5 5.78 x 1076 3,56 x 1073
34 582.9 2.67 x 1078 2.37 x 1073
35 454 .0 2,67 x 1078 1.51 x 1073
36 353.6 T 1.26 x 1076 9,22 x 10°*
37 275.4 © 1,26 x 1078 5.30 x 10_*
38 o 167.0 6.75 x 1077 5.96 x 107*
39 101.3 6.75 x 1077 1.92 x 10°°¢
40 61.44 ‘ 6.75 x 10°7 6.02 x 107°
41 37.27 7.11 x 1078 1.41 x 1073
42 22.60 7.11 x 1078 2.76 x 1078
43 13.71 7.11 x 1078 4,84 x 107
44 8.315 4.14 x 107° 9.08 x 1078
45 5.043 4.14 x 107° 1.32 x 1078
46 3.059 4.14 x 1072 8.00 x 1072
47 1.855 4.14 x 1073 7.17 % 1672
48 1.125 4,14 x 10_° 4,76 x 107°
49 0.6176 4,14 x 1078 1.87 x 10°°
50 0.2511 0.0 6,39 x 10719



TABLE 7

GROUP STRUCTURE, FISSION FRACTIONS, AMD CENTRAL FLUXES
CSEWG BENCHMARK ASSEMBLY ZPR-6-7 -

Group Minimum Energy Fission Fraction Fractional Flux at Core Center

- 19.64 MeV _ -

1 10,00 4.00 x 105 3.41 x 1078

2 6.065 .03244 2.63 x 1073

3 3.679 «12175 . ' .0i15

4 2,231 .21095 .0275

5 1,353 .22301 .0416

6 N 820.8 KeV - 17277 ~.0548

7 497.9 .11045 .0910

8 387.7 .03613 .0353

9 302.0 .02662 .0512

10 235.2 .01634 .0569

1 183.2 .01382 .0555

12 142.6 .00978 : .0581

13 111.1 .00698 .0564

14 86.52 L .-<00482 .0516

15 67.38 .00344 .0509

16 52.48 .00233 .0425

17 40.87 .00167 .0425

18 31.83 .00107 .0348

19 24.79 7.70 x 10_% .0300

20 19.30 5.66 x 10_* .0385

21 15.03 4,28 x 10°* .0295

22 11.71 2.53 x 107" .0263

22 0.110 1.8 x 107 0218

24 7.162 1.20 x 10_* 0

25 5.531 8.60 x 1073 .0133

26 4.307 5.69 x 1075 .0105

27 3.355 4,07 x 1075 5,99 x 1073
28 2.613 2.7 x 1075 1.38 x 1073
29 2.035 1.92 x 10_° 4.55 x 1073
30 1.585 » 1.26 x 10_° 8.79 x 1072
31 1.234 9.00 x 10°% 8.94 x 1073
32 961.1 &V 6.18 x 1076 6.40 x 1073
33 748.5 4.42 x 1076 5.07 x 1073
34 582.9 2.84 x 10°¢€ 3.83 x 1073
35 454.0 . - 2.02 x 1078 2.50 x 1073
36 353.6 < 1.3 x 1073 - 1.70 x 1073
37 | 275.4 . 9.60 x 1077 9.95 x 107"
38 o 167.0 6.10 x 1077 1.29 x 1073
39 101.3 6.10 x 1077 4.54 x 107"
40 61.44 6.10 x 1077 “1.13 x 107%
41 37.27 6.50 x 1078 2.54 x 1075
42 22.60 6.50 x 10783 1.09 x 1073
43 13.71 6.50 x 10°8 1.62 x 1078
44 8.315 3.80 x 1073 3.62 x 1077
45 5.043 3.80 x 1079 4.61 x 1078
46 3.059 3.80 x 10°° 2.96 x 1078
47 1.855 3.80 x 1072 2.10 x 108
48 1.125 3.80 x 107° 4.78 x 1073
49 0.6176 ‘ 3.80 x 1072 5,31 x 1019
50 0.2511 0.0 3.58 x 10710



TABLE 8

GROUP STRUCTURE, FISSION FRACTIONS, AND CENTRAL FLUXES
CSEWG BENCHMARK ASSEMBLY ZPPR-2

Group Minimum Energy Fission Fraction Fractional Flux at Core Center
- 19.64 MeV _ - .
1 10,00 4.00 x 1075 3.42 x 1078
2 6.065 .03244 2.64 x 1073
3 3.679 12175 -.0115
4 2.231 .21095 0275
5 1,353 .22301 .0416
6 820.8 KeV 17277 .0553
7 497.9 11045 .0915
8 387.7 .03613 .0354
9 302.0 .02662 .0513

10 235.2 .01934 0571

11 183.2 .01382 .0556

12 - 142.6 .00978 .0583

13 1111 .00698 L0565

14 86.52 . .-«00482 .0518

15° 67.38 .00344 - ' 051

16 52.48 .00233 ‘ .0426

17 - 40.87 .00167 .0426

18 31.83 .00i07 .0348

15 24.79 7.70 x 10_* .0300

20 19.30 5.66 x 10_" .0383

21 15.03 4,28 x ]0_“ .0294

22 11.71 2.53 x 10°# .0262

22 a.11a 1,81 v 10~ 0200

24 7.102 1.20 x 1 :“ - U147

25 5.531 8.60 X 10_? 0132

26 4,307 5.69 x 1073 .0104

27 3.355 4,07 x 1075 5.91 x 1073
28 2.613 2.7 x 1073 1.36 x 1073
29 2.035 1.92 x 107° 4.45 x 1073
30 1.585 : 1.26 x 10°° 8.65 x 1073
31 1.234 ' 9.00 x 1078 8.79 x 1073
32 - 0 961.1 eV 6.18 x 1076 6.21 x 1073
33 : 748.5 4.42 x 10_° 4,90 x 1073
34 582.9 2.84 x 10_5 3.68 x 1073
35 454.0 . 2,02 x 10_° 2.38 x 1073
36 353.6 : 1.34 x 108 - 1.61 x 1073
37 _ 275.4 ©9.60 x 1077 9.16 x 107%
38 o 167.0 6.10 x 10:7 1.15 x 1073
39 101.3 6.10 x 1077 3.73 x 1074
40 61.44 6.10 x 1077 1 8.37 x 1073
41 37.27 6.50 x 10_8 1.83 x 1075
42 22.60 6.50 x 1078 7.29 x 1078
43 13.71 6.50 x 1078 8.60 x 1077
44 8.315 3.80 x 1078 1.93 x 1077
45 5.043 3.80 x 1 :9 2.14 x 1073
46 3.059 3.80 X 10_9 1.69 x 10783
47 1.855 3.80 x 1072 1.29 x 1078
48 1.125 3.80 x 107° 3.46 x 10 3.
49 0.6175 3.80 x 1072 4,70 x 10_10
50 0.251 0.0 3.53 x 10710
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TABLE 10

ONE-DIMENSIONAL CENTRAL WORTH CALCULATIONS USING ENDF/B-IV DATA
CSEWG BENCHMARK CRITICAL ASSEMBLY ZPR-6-7

Central Worths (In-hourﬁ/kg)(a)

Material MINX Data ' ETOX Data 'Experiment
Calculation Calculation
Pu-239 192.4 192.3 158
U-235 160.0 159.5 133
u-233 -10.88 | -11.07 -10.9
Na-23 - 8.24 - 7.75 - 6.8
Fe » - 5.23 - 5.17 - 4.3
Cr - 6.88 - 6.67 - 4.5
Ni - 8.08 - 8.31 - 6.5
(a) A conversion factor of 972.5 In-hours = 1% ak/k, as cited in

Reference 9, is used. Reference 9 is also the source of the
calculated ETOX results and the experimental values.



FIGURE 1

FLOW DIAGRAM GF ARD CALCULATIONS

Input: Cross Sections, Description of Model,
Fission Spectrum, Execution Control Data

i

RESONANCE SELF-SHIELDING and TEMPERATURE
INTERPOLATION MODULE

SELF~SHIELDED
CROSS

SECTIONS
(Microscopic)

DIFFUSION THEQORY MODULE
including elastic removal
calculation and space~
energy ccllapse.

——ir]

TRANSPORT THEOQRY MODULE
including space-energy
collapse.

Output: keff, Fluxes, Collapsed Cross Sections
(Microscopic and Macroscopic), Reaction Rates

PERT-V Perturbation Theory Code

!

Material Worths









