Al-AEC-MEMO-12915

THE EVALUATION OF SEVERAL ENDF/B
NUCLIDE CROSS-SECTIONS
BY A MONTE CARLO TECHNIQUE

C. L. DUNFORD
H. ALTER

LEGAL NOTICE—

I1in report waw prupared as an acount of Government sponsored work Neither the United
Stats nor the Commission noT am persen i (g on beball of the Commisston

o ‘Makes any w ranty ¥ representation (xpressed T implied with respect 10 the accu
FE comptletenctrs 0 uselulness of the information contained in this report oF that the use
of any informati 1 apparatu’ method or process disclosed in this report may not infringe

¢ Tl ately owned Tights or
§oag . 8 b te wwres to the use of of f r lamages resulting from the
wac of 1oy taf T T ¢ apparits method or process disclosed In this report
A used in (te above  peFd ) acting on behall of the Commisston {ncludes any em

plc ¢ cremntra b Af Je o nissmon or employee of such contractor 1o the extent that
oo boempl ee 1 et th Commission or employee of such contractor prepares
Jisse minates 1 provides ac c8d w any information pursuant 1o s employment or contract
\ with the Commiss n ¢ his emil . ment with such contractor

- - —

Atomics International
North American Rockwell

PO Box 309
Canoga Park, Califormia 91304

CONTRACT: AT(04-3)-701
ISSUED: JANUARY 15, 1970

DISTRIBUTION Ck Lo DU

O R )

MLN L Lo UNLIMITED

\

<



http://lt.ii

DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.






11,
111,
Iv.

CONTENTS

Abstract. . . .. v v e v a0 et e e s e e e e e e e e e e e e e e e e

Introduction ............. e s e s e e s s s s s e e e e e e e e e

Method of Analysis. . v . s v v v v i v v v o v 0 v s e b e e e e e e e e

Results .. .... .o e e e e et e e e e e e e e e

Conclusions ... .ot v it oo v e e et e e e e e e e e e
TABLES

TYCHE-III and -IV Calculations for Neutron Age and Higher

Moments in Light Water o o v o o ¢ v v v o 6 0 o v ot o o ot oo o s o s s

Monte Carlo Calculations vs Measured Values for Neutron Age
and Higher Moments in Water . .., .. c ¢ oo oo e e e .

Monte Carlo Calculations vs Measured Values for Neutron Age

and Higher Moments in Heavy Water (99.75%) « « ¢ v v v v v v v v v o s

Monte Carlo Calculations vs Measured Values for Neutron Age

and Higher Moments in Graphite. . « & v v ¢ v v e o e v v v 0 0 00 0 v e

Monte Carlo Calculations vs Measured Values for Neutron Age

and Higher Moments in Al/HZO (M/W = 1,000) «vveeeunn . e e

Monte Carlo Calculations vs Measured Values for Neutron Age

and Higher Moments in Fe/HZO (M/W =1.737) « s v v .. e e e e e e

Monte Carlo Calculations vs Measured Values for Neutron Age

and Higher Moments in Zr/HZO (M/W = 1,200) . .. .. e e e e e
Comparison of Results, ENDF/B vs AIENDF vs Experiment . ...

AI-AEC-MEMO-12915
3

Page

11
27

10
11
12
12
13
13

14
15




—

[N RS TR AT 1 RN - UL R o S

Comparison
Comparison
Comparison
Comparison
Comparison
Comparison
Comparison
Comparison
Comparison

Comparison

FIGURES

Page
of Hydrogen Elastic-Scattering Cross-~Section . . ... . 16
of Deuterium Elastic-Scattering Cross-Section .. ... 17
of Deuterium (n,2n) Cross-Section . . ... .. .. .. ... 18
of Carbon Total Cross=-Section .. ... .. ...... ... 19
of Carbon Total Cross-Section .. ... ........... 20
of Carbon Inelastic-Scattering Cross-Section. .. .. .. 21
of Oxygen Elastic-Scattering Cross=-Section. .. ... .. 22
of Oxygen Elastic-Scattering Cross-Section. . ... ... 23
of Oxygen Inelastic-Scattering Cross-Section. . .. ... 24
of Oxygen (n,a) Cross=-Section. . . . .. ... ... 25

AI-AEC-MEMO-12915
4



ABSTRACT

The Monte Carlo code TYCHE IV has been used to calculate
with a high degree of convergence the second, fourth, and sixth
spatial moments of the slowing-down density distribution at the
indium resonance energy, for neutrons originating from a fission
source at a point in infinitely extended light water, heavy water,
graphite, aluminum/water, iron/water and zirconium/water
moderators, These calculations, the results of which are com-
pared with integral experiments, were done in support of the
Phase-~II data testing effort for the ENDF/B neutron cross-section

files,
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|. INTRODUCTION

TYCHE IV(l) is an infinite-medium slowing-down Monte Carlo program
(written in Fortran IV for the IBM 360/50) which computes the first three mom-
ents of the neutron slowing-down density distribution. The moments are cal-

(2)

culated by means of recursion relations developed by Cohen.

In the calculation of neutron slowing-down, the azimuthal scattering angle
is an 'ignorable'' coordinate in the sense that it does not appear in the descrip-
tion of the kinematics of a collision, Thus if we are interested in the moments
rather than the precise details of the neutron slowing-down density distribution,
it is possible to average each collision over the azimuthal angle and thus reduce
the number of variables, Integration over path length is also easily carried out,
and it is thus possible to obtain the age and higher moments of the neutron spatial
distribution from a calculation which is essentially space-independent and which
uses the Monte Carlo method only to follow the neutron history in energy and
angle. Loss of neutrons by absorption is represented by reducing weights rather
than by stochastic termination of neutron histories. Inelastic scattering is
treated by the evaporation model, with the angular distribution isotropic in the

center of mass,

The theoretical calculations of the neutron age and the higher moments in
the moderating materials of interest were carried out in support of the ENDF/B
Phase-II data testing effort. Results of these calculations are compared with

experiment and the adequacy of the neutron cross-section data discussed.
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II. METHOD OF ANALYSIS

As an aid to the Phase-II data testing for the ENDF/B data files, the Monte
Carlo code TYCHE III(3) was converted, improved, made operational on the
IBM 360/50, and christened TYCHE IV, Several areas of the program were
improved. One such area deals with the method used in treating differential
elastic-scattering data to determine the degree of anisotropy in neutron elastic
collisions. Instead of generating and storing coefficients of a power series re-
lating the cosine of the scattering angle, u, to the cumulative probability distri-
bution, £, the latter is stored at 21 equally spaced intervals in u( Ap = 0.1) for
each energy. Another improvement, a method allowing "naive' random-number
correlation, was added to assure that each neutron history will start with the
same random number, given identical initial random numbers. Thus differences
between results for two cases may be determined more accurately with fewer

histories.

A translator program TYCHEB(I) was written to prepare ENDF/B cross-
section data for use with TYCHE IV, The data translated consist of the energy
and the total elastic and inelastic cross-sections for each isotope desired; the
energy mesh for a given set of nuclides, i.e. hydrogen, oxygen, and iron, for
calculations in iron/water mixtures was obtained by merging the individual
ENDF /B total cross-section energy grids for the nuclides in that set. The
energy interval is from 1,0 ev to 10,0 Mev, and up to three ENDF /B data tapes

may be used,

For further assurance that results calculated by TYCHE IIl and IV were
indeed repetitive, a cross-section library based on the hydrogen and oxygen
cross-section data used to originally evaluate the neutron age in light water was
prepared for TYCHE IV, and the neutron age and higher moments were recal-

culated. The satisfactory agreement between calculations is shown in Table 1,

The TYCHE III(4) results are based on 80,000 neutron histories while only
40,000 were sampled by TYCHE IV. The Cranberg fission spectrum is defined
by:
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f(E) = 0.453 exp (#Ef,s)sinh (2. 29E)1/2 ’

where

(E) = calculated mean fission energy, and

{N) = mean number of collisions to indium resonance.

TABLE 1

TYCHE-III AND -IV CALCULATIONS FOR NEUTRON AGE
AND HIGHER MOMENTS IN LIGHT WATER

Density: 3.344 x 1022 molecules/cc

¥ M‘i M‘é’
2 46 8_ 6 CEx | (ND
{cm™) (107cm ™) (107cm ") (Mev)
TYCHE 1l 26.07 = 0.09 9.55 £ 0.11 1.71 £ 0.03 1.985 15.7
TYCHE IV 26,06 £ 0.13 9.66 + 0.13 1.72 + 0.05 1.979 15.7
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1. RESULTS

TYCHE -IV cross-section libraries were prepared for hydrogen, deuterium,
carbon, oxygen, aluminum, iron, and zirconium. Differential elastic-scatter-
ing data for all nuclides were taken from the ENDF/B. Following the prepa-
ration of data libraries, Monte Carlo calculations for the neutron age and higher
moments to indium resonance energy were carried out in light water, heavy
water, graphite, and in metal/water mixtures of aluminum, iron, and zirco-
nium. The calculations are based on sample sizes of 40,000 neutron histories
and are believed to be adequately converged. The calculated results are com-

pared with experiments in Tables 2 through 7.

The agreement between the calculated and measured values of the neutron
age for light water leads one to conclude that the ENDF/B evaluations for hydro-
gen and oxygen are satisfactory; however, the discrepancy between the mea-
sured and computed higher moments for light water (Table 7) suggests that the
cross-section data may not be totally satisfactory. The hydrogen cross-sections
are known to be quite accurate; thus the oxygen data appear suspect. Since the
higher moments generally reflect effects of high-energy neutrons,(s) we suggest

that (1) the oxygen cross-section data above 1-Mev be re-evaluated and (2) the

angular distribution data for oxygen be re-examined.

TABLE 2

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN WATER

Density: 3.44 x IO22 molecules/cc

® ® o
i 2 1;44 4 15;/16 6
(cm™) (10" cm ™) (107cm ™)
Calculation 26.06 % 0.13 9.66 % 0.13 1.72 + 0.05
Experiment 26.46 = 0.32 9.34 £ 0.50 1.37 £ 0.20

*See Reference 5
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TABLE 3

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN

HEAVY WATER (99.75%)

Density (in atoms/cc):

D = 6.604 x 10°°
22
H=10.017 x 10
22
0O =3.309x 10
T(’D M(‘f M(g
2 5 4 9 .6
{cm™) (107cm ™) (107 cm ™)
Calculation 117.6 £ 0.2 10.03 %= 0.05 2.45 + 0.03
Experiment* 111 £ 1 - -
ExperirnentJr 109 £ 3 - -
*See Reference 6
tSee Reference 7
TABLE 4

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN GRAPHITE

Density: 8.023 x 1022 atoms/cc

¢ Mﬁf M(g

(cmz) (106cm4) (lolocmé)
Calculation 295.6 £ 0.5 6.098 £ 0.03 3.556 = 0.05
Experiment. 307.8 2.0 6.577 3.843
Experiment-r 310.6 £ 3.0 6.89 4.4
Experiment§ 312.6 £ 0.5 6.87 4.3

*See Reference 8
TSee Reference 9
§See Reference 10
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TABLE 5

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN Al/HZO

(M/W = 1.000)

Density (in atoms/cc):

Al = 3.026 x 10%2
H=3.337 x 1022
22
O =1.668 x 10
1] © ©
i i, 50 6
(cm™) (107cm ™) (107cm ™)
Calculation 56.7 £ 0.2 3.28 £ 0.03 7.32 £ 0.17
Experiment 59.6 + 0.9 3.71 £ 0.07 8.83 £ 0.23
*See Reference 11
TABLE 6

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN Fe/HZO

(M/W = 1.737)

Density (in atoms/cc):

Fe = 5.281 x 10%%

H = 2.437 x 10°°

22

O =1.219 x 10
T(’o Mf M(g

(cmz) (105cm4) (108cm6)
Calculation 45.6 % 0.1 1.87 + 0.01 2.48 £ 0.03
Experiment 46.4 % 0.5 2.00 % 0.03 2.90  0.08

*See Reference 12
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TABLE 7

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR
NEUTRON AGE AND HIGHER MOMENTS IN Zr/HZO

(M/W = 1.200)

Density (in atoms/cc):

Zr = 2.359 x lO22
22
H = 3.281 x 10
0= 1.514 x 10%2
70 M? MO
2 5% 4 8 6 ¢
(cm™) (107cm ") (107cm™)
Calculation 47.1 % 0.2 2.24 % 0.02 4.0 + 0.1
Experiment 49.7 £ 0.9 2.71 % 0.07 5.6+ 0.4

*See Reference 13

From the lack of agreement between the measured and calculated moments

for heavy water and graphite we conclude that the neutron cross-~-section data

for elastic scattering in deuterium and carbon are unsatisfactory and should be

re-evaluated.

It is more difficult to assess the adequacy of the ENDF/B metal-nuclide

neutron cross-section data.

Measurements for the neutron age and the higher

moments in such homogeneous moderators as HZO’ DZO’ and C were relatively

clean in the sense that the systems were essentially infinite, and corrections

for neutron-streaming effects were not necessary.

For the metal/water mea-

surements the experimental systems were not homogeneous. For such systems

(

Palmedo

14) has demonstrated that the slowing-down distributions produce sig-

nificantly different results due to geometric anisotropies as compared to the

homogeneous moderators.

Homogeneous calculations for such heterogeneous

experimental systems tend to underestimate measured-moment values. This

is apparently confirmed by the results in Tables 5, 6, and 7. We simply state

that the cross-section data for iron, aluminum, and zirconium are not above

suspicion. Other types of data-testing are required to better resolve the ade-

quacy of these data.
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The evaluation of the ENDF/B cross-section data for hydrogen, deuterium,
carbon, and oxygen was extended as follows: graphical comparisons for the
several cross-sections per nuclide were prepared (Figures 1 through 10) with
the ENDF/B data compared to the AIENDF data originally used to analyze the
For deuterium and carbon (Figures 2 through 6)

For ENDF/B deuterium

neutron-age measurements,
the graphs quickly picked out the areas of difference.
the elastic-scattering cross-section is generally lower than the AIENDF data
over the greater portion of the energy range of interest; for carbon the ENDF/B
data are generally higher than the AIENDF data over the greater portion of the
energy range of interest. Minor differences exist in the two data sets for oxy-
gen above 1 Mev. The effects of these differences are illustrated in Table 8.
The same sets of angular data needed to express the elastic-scattering anisot-

ropy were used for each of the calculations.

TABLE 8

COMPARISON OF RESULTS, ENDF/B vs
AIENDF vs EXPERIMENT

©
T © ©
2 MYy Mg
(cm™)

H,O (10% cm?) (108 cm®)
ENDF/B 26.1 9.66 1.72
Experiment 26.5 9.34 1.37
AIENDF 26.1 9.55 1.71

D,0 (10° cm?) (107 cm®)
ENDF/B 117.6 10.0 2.45

) 111
Experiment 109 - -
AIENDF 106.6 8.3 1.86

c (10% cm?) (1019 cm?)
ENDF/B 295.6 6.10 3.56
Experiment 307.8 6.58 3.84
AIENDF 307.4 6.59 4,01
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IV. CONCLUSIONS

The applicability of the Monte Carlo code TYCHE IV to aid in the Phase-II
data testing of the ENDF /B data files has been demonstrated., Comparison of
calculated quantities with measured values reveals that the ENDF/B data for
hydrogen and oxygen are probably satisfactory; that the elastic-scattering data
for deuterium and carbon are unsatisfactory; and that determination of the validity
and adequacy of the data files for aluminum, iron, and zirconium is dependent on
forms of testing other than those reported here. It is recommended that the data

files for deuterium and carbon be re-examined,
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