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ABSTRACT 

The Monte Carlo code TYCHE IV has been used to calculate 

with a high degree of convergence the second, fourth, and sixth 

spat ial moments of the slowing-down density distr ibution at the 

indium resonance energy, for neutrons originating from a fission 

source at a point in infinitely extended light water , heavy water , 

graphite , a luminum/wate r , i ron /wa te r and z i rconium/water 

m o d e r a t o r s . These calculat ions, the resul ts of which are com­

pared with in tegra l exper iments , were done in support of the 

Phase - I I data test ing effort for the ENDF/B neutron c ros s - sec t ion 

fi les. 
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I. INTRODUCTION 

TYCHE IV is an infinite-medium slowing-down Monte Carlo program 

(written in F o r t r a n IV for the IBM 360/50) which computes the f irs t three mom­

ents of the neutron slowing-down density distr ibution. The moments a re ca l -
(2) culated by means of r ecur s ion re la t ions developed by Cohen. 

In the calculation of neutron slowing-down, the azimuthal scat ter ing angle 

is an " ignorable" coordinate in the sense that it does not appear in the d e s c r i p ­

tion of the kinematics of a collision. Thus if we a re in teres ted in the moments 

ra ther than the p rec i se details of the neutron slowing-down density distribution, 

it is possible to average each coll ision over the azimuthal angle and thus reduce 

the nunnber of va r i ab les . Integration over path length is also easily ca r r i ed out, 

and i t is thus possible to obtain the age and higher moments of the neutron spat ial 

distr ibution from a calculation which is essent ia l ly space-independent and which 

uses the Monte Carlo method only to follow the neutron his tory in energy and 

angle. Loss of neutrons by absorption is represented by reducing weights ra ther 

than by s tochast ic terminat ion of neutron h i s to r i e s . Inelastic scat ter ing is 

t r ea ted by the evaporation model, with the angular distr ibution isotropic in the 

center of m a s s . 

The theore t ica l calculations of the neutron age and the higher moments in 

the modera t ing m a t e r i a l s of in te res t were ca r r i ed out in support of the ENDF/B 

Phase - I I data tes t ing effort. Resul ts of these calculations a r e compared with 

exper iment and the adequacy of the neutron c ro s s - s ec t i on data discussed. 
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II. METHOD OF ANALYSIS 

As an aid to the Phase - I I data test ing for the ENDF/B data files, the Monte 
(3) Carlo code TYCHE III was converted, improved, made operat ional on the 

IBM 360/50, and chr is tened TYCHE IV. Several a r eas of the p rogram were 

improved. One such a r ea deals with the method used in t reat ing differential 

e l a s t i c - sca t t e r ing data to de termine the degree of anisotropy in neutron elast ic 

col l is ions. Instead of generating and storing coefficients of a power s e r i e s r e ­

lating the cosine of the sca t te r ing angle, yx, to the cumulative probabili ty dis t r i ­

bution, C, the la t ter is s tored at 21 equally spaced intervals in ^ ( A ^ = 0.1) for 

each energy. Another improvement , a method allowing "naive" random-number 

cor re la t ion , was added to a s s u r e that each neutron his tory will s ta r t with the 

same random number , given identical ini t ial random numbers . Thus differences 

between resu l t s for two cases may be determined more accurate ly with fewer 

h i s to r i e s . 

A t r ans l a to r p rogram TYCHEB was wri t ten to p repare ENDF/B c r o s s -

section data for use with TYCHE IV. The data t rans la ted consist of the energy 

and the total elast ic and inelast ic c ro s s - s ec t i ons for each isotope desired; the 

energy mesh for a given set of nucl ides, i. e. hydrogen, oxygen, and iron, for 

calculations in i ron /wa te r mix tures was obtained by merging the individual 

ENDF/B total c r o s s - s e c t i o n energy grids for the nuclides in that set. The 

energy in terval is from 1.0 ev to 10.0 Mev, and up to three ENDF/B data tapes 

may be used. 

Fo r further a s su rance that r esu l t s calculated by TYCHE III and IV were 

indeed repet i t ive , a c r o s s - s e c t i o n l ib ra ry based on the hydrogen and oxygen 

c r o s s - s e c t i o n data used to original ly evaluate the neutron age in light water was 

p repa red for TYCHE IV, and the neutron age and higher moments were r e c a l ­

culated. The sat isfactory agreement between calculations is shown in Table 1. 

(4) The TYCHE III resu l t s a r e based on 80,000 neutron h is tor ies while only 

40,000 were sampled by TYCHE IV. The Cranberg fission spect rum is defined 

by: 
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f(E) = 0.453 exp l - Q ^ j s i n h (2. 29E)^/^ 

where 
<̂ E> = calculated mean fission energy, and 

<N^ = mean number of coll isions to indium resonance . 

TABLE 1 
TYCHE-III AND -IV CALCULATIONS FOR NEUTRON AGE 

AND HIGHER MOMENTS IN LIGHT WATER 
22 Density: 3.344 x 10 molecu le s / cc 

(cm ) 

M^ 

(lO'^cm^) 

M^ 

(lO^cm^) 
<E> 

(Mev) 
<N> 

TYCHE III 

TYCHE IV 

26.07 ± 0.09 

26.06 ± 0.13 

9.55 ± 0.11 

9.66 ± 0.13 

1.71 ± 0.03 

1.72 ± 0.05 

1.985 

1.979 

15.7 

15.7 
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III. RESULTS 

TYCHE-IV c r o s s - s e c t i o n l i b r a r i e s were p repared for hydrogen, deuter ium, 

carbon, oxygen, aluminum, iron, and z i rconium. Differential e l a s t i c - s c a t t e r ­

ing data for all nuclides were taken from the ENDF/B. Following the p r e p a ­

ration of data l i b r a r i e s , Monte Car lo calculations for the neutron age and higher 

moments to indium resonance energy were ca r r i ed out in light water , heavy 

water , graphite , and in m e t a l / w a t e r mix tures of aluminum, iron, and z i r c o ­

nium. The calculations a re based on sample sizes of 40,000 neutron h i s tor ies 

and a r e believed to be adequately converged. The calculated resu l t s a re com­

pared with exper iments 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 sat isfactory; however, the discrepancy between the m e a ­

sured and computed higher moments for light water (Table 7) suggests that the 

c ro s s - s ec t i on data may not be totally sat isfactory. The hydrogen c ros s - sec t ions 

are known to be quite accura te ; thus the oxygen data appear suspect . Since the 
(5) 

higher moments genera l ly reflect effects of high-energy neutrons,^ -we suggest 

that (1) the oxygen c r o s s - s e c t i o n data above 1-Mev be re-evaluated and (2) the 

angular distr ibution 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 10 molecu les /cc 

Calculation 

Exper iment 

(cm^) 

26.06 ± 0.13 

26.46 ± 0.32 

MJ 
4 4 (10 cm^) 

9.66 ± 0.13 

9.34 ± 0.50 

Mg 
( lO^cm^ 

1.72 ± 0.05 

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 a t o m s / c c ) : 

D = 6.604 X 10^^ 

H = 0.017 X 10^^ 

O = 3.309 X 10^^ 

Calculation 

Exper iment 

Exper iment 

(cm ) 

117.6 ± 0.2 

111 ± 1 

109 ± 3 

M^ 
5 4 (10 cm ) 

10.03 ± 0.05 

-

-

(lO^cm^) 

2.45 ± 0.03 

-

-

*See Reference 6 
tSee Reference 7 

TABLE 4 

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

22 Density: 8.023 x 10 a t o m s / c c 

Calculation 

Exper iment 

Exper iment 

Exper iment 

(cm^) 

295.6 ± 0.5 

307.8 ± 2.0 

310.6 ± 3.0 

312.6 ± 0.5 

Mf 
(lO^cm^) 

6.098 ± 0.03 

6.577 

6.89 

6.87 

/,r^lO 6, (10 cm ) 

3.556 ± 0.05 

3.843 

4.4 

4 .3 

*See Reference 8 
tSee Reference 9 
§See Reference 10 

AI-AEC-MEMO-12915 
12 



T A B L E 5 

M O N T E C A R L O CALCULATIONS vs MEASURED VALUES F O R 
NEUTRON AGE AND HIGHER MOMENTS IN A l / H ^ O 

( M / W = 1.000) 

D e n s i t y (in a t o m s / c c ) : 

Al = 3.026 X 10^^ 

H = 3.337 X 10^^ 

O - 1.668 X 10^^ 

/ 2. ( cm ) 

MJ 
5 4 (10 c m ) 

^ 6 
( lO^cm^) 

C a l c u l a t i o n 

E x p e r i m e n t 

56.7 ± 0.2 

59.6 ± 0.9 

3.28 ± 0.03 

3.71 ± 0.07 

7.32 ± 0.17 

8.83 ± 0.23 

i'See R e f e r e n c e 11 

T A B L E 6 

M O N T E CARLO CALCULATIONS vs MEASURED VALUES FOR 
NEUTRON AGE AND HIGHER MOMENTS IN F e / H 2 0 

( M / W = 1.737) 

D e n s i t y (in a t o m s / c c ) : 

F e = 5.281 X 10^^ 

H - 2.437 X 10^^ 

O = 1.219 X 10^^ 

C a l c u l a t i o n 

* 
E x p e r i m e n t 

/ 2. ( c m ) 

45 .6 ± 0.1 

46 .4 ± 0.5 

MJ 
5 4 

( lO^cm^) 

1.87 ± 0.01 

2.00 ± 0.03 

( lO^cm^) 

2.48 ± 0.03 

2.90 ± 0.08 

*See R e f e r e n c e 12 
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TABLE 7 

MONTE CARLO CALCULATIONS vs MEASURED VALUES FOR 
NEUTRON AGE AND HIGHER MOMENTS IN Z r / H 2 0 

(M/W = 1.200) 

Density (in a toms /cc ) : 

Z r = 2.359 x 10^^ 

H = 3.281 x 10^^ 

O = 1.514 x 10^^ 

Calculation 

Exper iment 

T ^ 

(cm^) 

47.1 ± 0.2 

49.7 ± 0.9 

M^ 
5 4 (10 cm ) 

2.24 ± 0.02 

2.71 ± 0.07 

^ 6 
(lO^cm^) 

4.0 ± 0.1 

5.6 ± 0.4 

*See Reference 13 

F r o m the lack of agreement between the measured and calculated moments 

for heavy water and graphite we conclude that the neutron c r o s s - s e c t i o n data 

for e las t ic scat ter ing in deuter ium and carbon a re unsat isfactory and should be 

re -evaluated. 

It is more difficult to a s s e s s the adequacy of the ENDF/B metal-nucl ide 

neutron c ro s s - s ec t i on data. Measurements for the neutron age and the higher 

moments in such homogeneous mode ra to r s as H O , D O , and C w^ere relat ively 

clean in the sense that the sys tems were essent ia l ly infinite, and correc t ions 

for neu t ron-s t reaming effects were not neces sa ry . For the me ta l /wa t e r m e a ­

surements the exper imenta l sys tems were not homogeneous. For such sys tems 
(14) Pa lmedo has demonst ra ted that the slow^ing-down distr ibut ions produce s ig ­

nificantly different resu l t s due to geometr ic anisotropics as compared to the 

homogeneous m o d e r a t o r s . Homogeneous calculations for such heterogeneous 

exper imental sys tems tend to underes t imate measu red -momen t values . This 

is apparently confirmed by the resu l t s in Tables 5, 6, and 7. We simply state 

that the c ro s s - s ec t i on data for iron, aluminum, and zi rconium a re not above 

suspicion. Other types of data- tes t ing a re required to bet ter resolve the ade ­

quacy of these data. 
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The e v a l u a t i o n of the E N D F / B c r o s s - s e c t i o n da ta for h y d r o g e n , d e u t e r i u m , 

c a r b o n , and oxygen w a s ex t ended as fo l lows : g r a p h i c a l c o m p a r i s o n s for the 

s e v e r a l c r o s s - s e c t i o n s p e r nuc l ide w e r e p r e p a r e d ( F i g u r e s 1 t h rough 10) wi th 

the E N D F / B da t a c o m p a r e d to the A I E N D F da t a o r i g i n a l l y u s e d to ana lyze the 

n e u t r o n - a g e m e a s u r e m e n t s . F o r d e u t e r i u m and c a r b o n ( F i g u r e s 2 t h rough 6) 

the g r a p h s qu ick ly p icked out the a r e a s of d i f f e r e n c e . F o r E N D F / B d e u t e r i u m 

the e l a s t i c - s c a t t e r i n g c r o s s - s e c t i o n is g e n e r a l l y l ower than the AIENDF da ta 

o v e r the g r e a t e r p o r t i o n of the e n e r g y r a n g e of i n t e r e s t ; for c a r b o n the E N D F / B 

d a t a a r e g e n e r a l l y h i g h e r t h a n the A I E N D F d a t a o v e r the g r e a t e r p o r t i o n of the 

e n e r g y r a n g e of i n t e r e s t . M i n o r d i f f e r e n c e s ex i s t in the two da ta s e t s for o x y ­

gen above 1 M e v . The ef fec ts of t h e s e d i f f e r e n c e s a r e i l l u s t r a t e d in Tab le 8. 

The s a m e s e t s of a n g u l a r da t a n e e d e d to e x p r e s s the e l a s t i c - s c a t t e r i n g a n i s o t ­

ropy w e r e u s e d for e a c h of the c a l c u l a t i o n s . 

T A B L E 8 

COMPARISON O F R E S U L T S , E N D F / B vs 
A I E N D F vs E X P E R I M E N T 

H^O 

E N D F / B 

E x p e r i m e n t 

A I E N D F 

D^O 

E N D F / B 

E x p e r i m e n t 

A I E N D F 

C 

E N D F / B 

E x p e r i m e n t 

A I E N D F 

/ 2, (cm ) 

26.1 

26.5 

26.1 

117.6 

111 
109 

106.6 

295.6 

307.8 

307.4 

M ^ 

(10^ c m ^ ) 

9.66 

9.34 

9.55 

5 4 
(10^ c m ) 

10.0 

8.3 
(10^ c m ^ ) 

6.10 

6.58 

6.59 

< 

(10^ c m ^ ) 

1.72 

1.37 

1.71 

(10*^ c m ^ ) 

2.45 

1.86 

/ I A I O 6, (10 c m ) 

3.56 

3.84 

4.01 
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IV. CONCLUSIONS 

The applicability of the Monte Car lo code TYCHE TV to aid in the Phase - I I 

data tes t ing of the ENDF/B data files has been demonstrated. Comparison of 

calculated quantities with measu red values reveals that the ENDF/B data for 

hydrogen and oxygen a r e probably sat isfactory; that the e las t i c - sca t t e r ing data 

for deuter ium and carbon a r e unsat isfactory; and that determinat ion of the validity 

and adequacy of the data files for aluminum, iron, and zirconium is dependent on 

forms of tes t ing other than those repor ted he re . It is recommended that the data 

files for deuter ium and carbon be re -examined . 

AI-AEC-MEMO-12915 
27 



REFERENCES 

1. C. L. Dunford and R. S. Hubner, "TYCHE IV and Auxil iary P r o g r a m s for 
the IBM System 360," AI-AEC-TDR-12828 (1969) 

2. E. R. Cohen, "Monte Car lo Slowing Down Moments ," NAA-TDR-5618 (I960) 

3. R. A. Blaine, "TYCHE III, Improvements to the TYCHE Moments Code and 
Operating Instruct ions for TYCHE III," NAA-SR-MEMO-9802 (June 1964) 

4. H, Al te r , "Age of F i ss ion Neutrons to Ir idium Resonance Energy in Water 
and Zi rconium-Water Mixtures , P a r t II, Theory ," NSE_23, 264-271 
(1965) 

5. R. K. Pascha l l , "The Age of F i s s ion Neutrons to Indium Resonance Energy 
in Water , " NSE 2,0, 436-444 (1964) 

6. R. N. Olcott, "Homogeneous Heavy Water Moderated Cr i t i ca l A s s e m b l i e s , " 
NSE r, 327-341 (1956) 

7. J. W. Wade, "Neutron Age in Mixtures of D-O and H-O," NSE j4, 12-24, 
(1958) ^ ^ 

8. R. W. Campbell et al , "The Age of F i s s ion Neutrons to Indium-Resonance 
Energy in Graphi te ," NSE 20, 445-454 (1964) 

9. J. E. Hill et al , "Slowing Down of F i s s ion Neutrons in Graphi te ," ORNL 187 
(1949) 

10. J. M. Hendrie et al , "Slowing Down and Diffusion Lengths of Neutrons in 
Graphi te-Bismuth Sys t ems , " Prog , in Nuc. Energy, Ser ies 1, Vol ^ (1959) 

11. R. K. Pascha l l , "The Age of F i s s ion Neutrons to Indium Resonance Energy 
in Aluminum-Water Mix tures , " NSE 26, 73-79 (1966) 

12. R, K. Pascha l l , "The Age of F i ss ion Neutrons to Indium Resonance Energy 
in I ron-Water Mix tu res , " J. Nucl. Energy, 2^, 25-35 (1966) 

13. R. K. Pascha l l , "The Age of F i s s ion Neutrons to Indium Resonance Energy 
in Zi rconium-Water Mix tures , " NSE _23, 256 (1965) 

14. P . F . Pa lmedo , "Anisotropic Neutron Slowing Down in Aluminum-Water 
Mix tu res , " NSE 32, 302 (1968) 

AI-AEC-MEMO-12915 
28 


