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ABSTRACT 

Multiple temperature THERMOS multigroup cross 
sections were generated from the ENDF/B thermal 
neutron scattering data for light and heavy water, 
graphite, zirconium hydride, polyethylene, beryl
lium and beryllium oxide, benzene, and uranium 
dioxide using the FLANGE II processing code. No 
maj or inconsistencies were uncovered in the TIIEru-10S 
cross sections, which were tested by comparisons 
with literature values of the total neutron cross 
section (oT), the average cosine of the scattering 
angle (V), and the thermal diffusion parameters 
(Do and C). 
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INTRODUCTION 

Integral tests of the thermal neutron scattering data for 
Version II ENDF/B moderators were made to verify that the Version 
II moderator data are free of gross errors and that FLANGE II, 1 

the processing code for converting the pointwise ENDF/B data to 
mul tigroup form, is working properly. Another obj ecti ve was to 
evaluate the overall quality of the data, but because of limited 
scope, the present study serves only as a starting point for such 
an evaluation. 

In the testing procedure, the pointwise ENDF/B data were cast 
into the THERMOS energy group structure (Table I) with the 
FLANGE II code; such measurable quantities as the total neutron 
cross section (OT) , the average cosine of the scattering angle 
(~), the diffusion constant (Do), and the diffusion cooling 
coefficient (e) were calculated; the calculations were scanned 
for inconsistencies, and,where possible, the calculations were 
compared with measured values. 

TABLE I 

THERMOS Group Structure 

Average Weighting Upper Average Weighting Upper 
Group EnerStz eV Factor Enerl1t I eV Group Ener5!t I eV Factor Ener2X, eV 

0.0002530 0.0005060 0.0005692 16 0.0651730 0.0089334 0.0697163 
0.0010120 0,0010120 0.0015812 17 0.0748471 0.0104437 0.0801601 

3 0.0022770 0.0015180 0.0030992 18 0.0861214 0.0121363 0.0922964 
4 0.0040480 0.0020240 0.0051232 19 0,0991855 0.0140262 0.1063226 
5 0.0063250 0.0025300 0.0076532 20 0.1139759 0.0155727 0.1218953 
6 0.0091080 0,0030370 0.0106892 21 0.1312305 0.0190148 0.1409101 
7 0,0123970 0.0035420 0,0142312 22 0,1524829 0.0236022 0.1645123 
8 0,0161920 0.0040480 0.0182792 23 0.1790117 0.0296110 0.1941233 

" 0.0204930 0.0045540 0.0228332 24 0.2124051 0.0373862 0.2315095 
10 0.0253000 0.0050600 0.0278932 25 0.2546369 0.0473557 0.2788652 
11 0.0306129 0.0055660 0.0334592 26 0.3081548 0.0600416 0.3389068 
12 0.0364319 0.0060720 0.0395311 27 0.3759819 0.0760740 0.4149808 
13 0.0427568 0.0065779 0.0461091 28 0,4618304 0.0962037 0.5111846 
14 0.0493878 0.0070839 0.0531930 29 0.5702278 0.1213123 0.6324969 
15 0,0569247 0,0075900 0,0607830 30 0.7066566 0,1524296 0.7849265 

The THERMOS group structure was chosen more for its famil-
iarity to a wide range of cross section users than its ability 
to represent the cross section for each material. The THERMOS 
energy mesh is too coarse for moderators with strong elastic 
components (e.g., graphite); several peaks in the energy transfer 
cross section may be included in a single THERMOS group for such 
moderators. The refinement of choosing an optimum group struc
ture for each moderator was beyond the scope of the present study. 
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SUMMARY 

The ENDF!B kernels for HzO, based on the Haywood frequency 
spectrum,z appear to reproduce experimental scattering data more 
accurately than the Nelkin kernel. 3 The ENDF/B kernels for DzO 
appear very satisfactory, providing accuracies comparable to the 
Honeck model;' each of these DzO models is limited in accuracy 
by the use of the incoherent approximation. The ENDF/B data for 
HzO and DzO yield a weaker temperature dependence for the dif
fusion constant than that obtained with Radkowsky's method. s 

The ENDF/B data for graphite give a precise representation 
of the highly structured scattering cross section and yield 
diffusion parameters similar to those obtained from the Parks 
kernel. G 

At room temperature the ENDF/B kernels for zirconium hydride, 
beryllium, beryllium oxide, benzene, and uranium dioxide all 
appear satisfactory. The accuracy of the ENDF/B data at higher 
temperatures is less certain due to the scarcity of experimental 
data. 
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DISCUSSION 

KERNEL GENERATION 

THERMOS scattering kernels were generated for all the 
moderators listed in Table II using the FLANGE II code distributed 
from the Argonne Code Center in June 1969. This is an earlier 
version of the code described in Reference 1 and does not contain 
any short collision-time methods for extending the S(a,B,T) data 
beyond its tabulated range. Inelastic scattering, Ginelas, is 
represented by the thermal neutron scattering law S(a,B,T), i.e., 

G. I (E - >E',IJ,T) Ine as 
NoGb (E')~ -6/2 
41TT T e S(a,B,T) 

where 

E incident neutron energy 

L' secondary neutron energy 

IJ cosine of the scattering angle 

T moderator temperature 

No molecular density 

Gb bound atom scattering cross section 

i3 E)/(kT) 

A atomic mass of molecule 

k Boltzmann's constant 

Table II also lists the ENDF/B tape labels and the type of data 
available on the tapes, i.e., whether scattering law data, 
Legendre moments for elastic scattering, or neutron capture cross 
sections are available. 
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TABLE II 

Data Available for Each Moderator 

ENDFiB Tape 
Material MATa ZAb Label S(cx,a,T) at c d 

elast ~ 

Zr 
H 

a. 

b. 

c. 

d. 

H2O 1002 100.0 6007 x x 

D20 1004 ]01.0 6007 x x 

(C 2 H.l x lOll 205.0 7005 x x 

Be ]064 4009.0 5005 x x x 

C 1065 6000.0 7005 x x x 

CoHo 1095 106.0 9001 x x x 

in ZrHx 1096 203.0 8503 x x x 

in ZrHx 1097 230.0 8503 x x x 

U02 1098 207.0 9501 x x 

BeO 1099 200.0 900] x x x 

MAT is the unique ENDF/B code number used to identify J 

specific cross section evaluation for a given material 
(Refe rence 1). 

ZA is the ENDF/B code number for designating materials 
(Reference 1). 

a'l = legendre moment for elasti~ scattering 
"'e ast 

Oy = radiative capture cross section. 

Because the ENDF/B 2200 m/sec neutron capture cross sections 
for these moderators have not been widely distributed, these are 
listed in Table III. The capture cross sections follow aI/IE 
energy dependence based on these values. For convenience, the 
THERMOS kernels have been made into a two-volume library on mag
netic tape from which data can be printed and/or punched using a 
specially prepared retrieval routine. Group-structure information 
for the kernels is included in each volume of the library, which, 
together with the retrieval routine, is available from the 
Argonne Code Center. The input for the retrieval routine and the 
structure of the library are described in the Appendix. 
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TABLE III 

2200 m/sec Capture Cross Sections for Moderators 

Material MAT 0";1. at 0.0253 eV 

H2O 1002 664.0 mb 

D20 1004 0.92 mb 

(C2H4)x 1011 667.4 mb 

Be 1064 10.0 mb 

C 1065 3.4 mb 

C6Hs 1095 2.0124 b 

Zr in ZrHx 1096 185.0 mba 

H in ZrHx 1097 332.0 mba 

BeO 1099 10.0 mb 

a. millibarns/atom; other cross sections are 
mill ibarns/molecule, except CsHs_ 

In generating the scattering kernels, the following principles 
were employed: 

• Inelastic Legendre cross sections were obtained by 
accurate numerical integration of the S(a,B,T) data. 

• Group-averaged elastic Legendre cross sections were 
computed when data existed in ENDF/B Files 3 and 4. 

• Kernels were normalized to the exact total Legendre 
scattering cross section defined as the sum of the 
elastic and inelastic components. 

The indices used to specify the FLANGE Il options are shown in 
l'able IV (see Ref. I for notation). 
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TABLE IV 

Input Options Used in Generating Kernels 

Mater i a 1 MAT LELAS LPELAS LTSL 

H2O 1002 0 0 4 

0.0 1004 0 0 4 

(C 2H,)x 1011 0 0 4 

Be 1064 2 5 

C 1065 1 -2 5 

CSH6 1095 1 -2 5 

Zr in ZrHx 1096 -2 5 

H in ZrHx 1097 -2 5 

U02 1098 -2 5 

BeD 1099 1 -2 5 

The following indices were the same for 
all kernels except material 1098 (for 
1098, the indices with asterisks (,' ) 
were zero} : 

* LABS 1 *LPABS = -2 

LPOO 0 LPFP 0 

LFISS 0 LPFISS 0 

*LTOT 2 * LPTOT -1 

LDIEL = 3 LPINEL -1 

LSCAT 2 LPSC -1 

LPTR -2 LPTSL 2 
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CALCULATING Do AND C 

The diffusion parameters Do and C for the THERMOS scattering 
kernels were obtained using the PIOLE code (Proper Integration 
of the Diffusion Length Equation). PIOLE is a thoroughly tested 
in-house code which computes the inverse diffusion length, K, of 
the diffusion length experiment. In PIDLE, it is assumed the 
spatial dependence of the flux in slab geometry can be represented 
by a single Fourier component 

¢(z,E,W) ~ ¢(E,W) -KZ 
e (1) 

wllere z, 1:, and ~ represent the position, energy, and direction 
coordinates. 

The energy-angle variation, ¢(E,W), is obtained from the 
eigenvalue equation, 

f
l 

= d)1 
(00 

J dE' Ls (E'+E,wo)¢(E',)1') - Is (E)¢(E,)1) 

- I o 

which is analyzed in a straightforward way using the spherical 
harmonics method outlined by Honeck. 7 In the above equation, 
Ia and Is are the absorption and scattering cross sections, 

Ls (I" -+ [,)10) is the scattering kernel, and )10 is the cosine of the 

angle of scatter. The mathematical relationship between the 
static and pulsed neutron experiments is used to derive Do and C. 

For the present study, the total absorption cross section of 
the system (moderator plus added absorber) was assumed to vary 
inversely with neutron speed. Anisotropy in the scattering kernel 
was represented by a P3 Legendre expansion. For each moderator, 
K was computed for eleven different absorption cross sections, 
A ~ La (kT), where kT = thermal energy. ,The eigenvalues were then 
fitted to a three-term series in A, 

(3) 

where the expansion coefficients, a, were determined by conven
tional least squares analysis. Generally, the eleven values of 
A were chosen to be equally spaced over an interval symmetric with 
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respect to the orlgln. However, some exceptions to this practice 
will be noted in subsequent sections. Following the theorems of 
Corngold,S the limits of the interval were always chosen small 
enough to ensure physically meaningful eigenvalues. Whereas the 
positive segment of the interval corresponds to different poison 
concentrations in the moderator for the diffusion length experi
ment, the negative segment can be identified with the pulsed 
neutron experiment through the relations 

-voA +-+ A - "0 ( 4a) 

(4b) 

The symbol Vo is the speed of a neutron at thermal energy kT, 
B2 is the geometric buckling of the pulsed neutron experiment, 
A is the decay constant, and Ao is the absorption probability, 
v2a(E). The diffusion parameters Do and C, which are usually 
associated with the pulsed neutron experiment, and the expansion 

A = Ao + DoB2 _ CB 4 

were then computed using the relations 

Do 

These relations have been derived by Honeck 7 by combining 
Equations 3 through 5. 

RESULTS 

(5) 

( 6a) 

(6b) 

This section outlines the results of the data testing for 
the materials in Table II. Only the graphs for aT an~ ~ versus 
energy at 296°K have been included here since they are generally 
indicative of the quality of the data at other temperatures. To 
display all the structure of the total cross section for moderators 
with strong elastk scattering components (graphite, zirconium 
hydride, beryllium, and beryllium oxide), the elastic scattering 
component was obtained directly from the ENDF/B pointwise data, 
and only the absorption and smooth inelastic scattering cross 
sections were taken from the 3D-group FLANGE IT output. In con
trast, some of the structure of W for these moderators is not 
evident in the graphs, since for simplicity both the elastic and 
inelastic contributions were obtained from the FLANGE II output. 
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Water 

Scattering kernels were tested 
each of the following temperatures: 
600°, 800°, and 10000K. 

and found satisfactory at 
296°, 350°, 400°, 450°, 500°, 

Excellent agreement between the 30-group FLANGE II output at 
296°K and the total neutron cross section measurements of Russell, 
et al. 9 is shown in Figure 1. For ~ at 296°K (Figure 2), the 
ENDF/B values are consistently higher than those obtained by 
Beyster,!O but lower than those obtained by Nelkin.3 Thus, the 
[NOF/B data based on Haywood's frequency spectrum 2 is expected to 
yield smaller values for the thermal diffusion constant Do than 
that from the Nelkin model. Table V compares the results of the 
present PIDLE calculations to calculations by Honeck 7 using the 
Nelkin model and also to some experimental determinations. 
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TABLE V 

Diffusion Parameters for H2 0 
(p = 1.0 g/cm 3

) 

~ Do! 10 4 cm 2 /seca 

296 3.49 

350 4.07 

400 4.60 

450 5.10 

500 5.60 

600 6.56 

800 8.35 

1000 10 .02 

296 3.75 

296 3.585 ±O.Ol 

296 3.57 ±O.O4 

296 3.562 ±0.023 

c! la' cm4/ser;; 

3.37 

3.88 

4.27 

4.71 

5.09 

5.8S 

7.25 

S.3S 

3.13 

2.90 ±O.35 

3.31 ±O .15 

2.80 ±O.26 

a. In all tables, the number is to be multiplied by the 
power of ten indicated in the column heading. 
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The ENDF/B data yields a weaker temperature dependence for 
Do (Figure 3) than that derived from Reference 5. In making this 
comparison, Do for the Radkowsky method was computed using the 
empirical formula in Reference 14. 
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Heavy Water 

THERMOS scattering kernels were generated and tested for the 
same temperatures as those of water kernels. When integral 
parameters were tested, minor differences between these values and 
experimental values were found, but these can be attributed to 
the incoherent approximation which was used to generate the 
S(a,6,T) data. For example, most of the discrepancy between the 
FLANGE II values and the experimental values for W, shown in 
Figure 4, can be attributed to coherent scattering, which is not 
accounted for in the present ENOF/B model for 0 2 0. In Figure 5, 
the agreement is quite good between the FLANGE II values and the 
experimental values of 0T at 296°K due to the fortuitous can
cellation of the interference scattering effects. Table VI shows 
that the diffusion parameters Do and C are in reasonable agreement 
with experiment. Honeck's calculations using his incoherent 
scattering model,,7 appear in somewhat better agreement with 
experiment. 
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TABLE VI 

Diffusion Parameters for D,O 
(p = 1.1054 g/cm') 

~ DOt 10 5 cm 2/sec 

296 1.9S 

350 2.23 

400 2.43 

450 2.62 

500 2.S1 

600 3.16 

SOD 3. SO 

1000 4.36 

296 2.07 

296 2.08 ±0.05 

296 2.09 ±0.02 

297 2.045 ±0.044 

296 2.00 ±0.01 
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6.03 

6.30 

• 6.55 

6.77 

7.21 

7.94 

S.42 

5.13 

3.72 ±0.50 

6.6 ±0.3 

4.706 ±0.3S1 

5.25 ±0.25 

-
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Figure 6 compares the temperature dependence of Do calculated 
from ENDF/B data with the empirical formula in Refere~ce 14, 
Baumann's!4 formula was obtained using Radkowsky's methodS for 
determining the transport cross section as modified by Spielberg,20 
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Graphite 

Scattering kernels were tested and found satisfactory at 
each of the following temperatures: 296°, 400°, 500°,600°, 700 0

, 

800 0
, 1000°, 1200°, 1600°, and 2000 0 K. 

Figure 7 indicates that the ENDF/B data for 296°K yield a 
total cross section which is in excellent agreement with the 
experimental data of Walton 21 above the Bragg peak at 0.002 eV. 
Below 0.002 eV, the ENDF/B data falls sOIHeW;la"c below the room 
temperature measurements reported in Reference 16. (Walton's 
measurements appear to be too high below the Bragg peak.J Only the 
30 group"averaged values from the FLANGE II output were used in 
plotting ~; hence, the lack of resolution is seen in Figure 8. 
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The PIOLE results for the diffusion parameters Do and C in 
Equation 5 are tabulated in Table VII. These parameters corr('
spond to a least squares fit of A versus 82 over the buckling 
interval 0.0 < 82 < 0.001 cm- 2

• In spite of differences in the 
buckling intervals used in tIle various least squares analyses,22 
the ENDF/B results at 296°K are in good agreement (Table VII) 
with the calculations of Honeck 7 who used the Parks kernel,6 and 
the experimental determination of Starr and Price. 23 The DJIlP/B 
results are also in good agreement with the experimental determi
nations of Takahashi and Sumita,"4 who used the sinusoidally 
modulated neutron source technique 2

• over the frequency range 
0.0 to 1.89 rads/sec. The ENOF/B data yield a minimum scatter-
ing cross section of 0.36 barn at 0.00065 eV. Hence, in accord
ance with Corngold's theorems,' the ENDF/8 scattering cross 
section implies that pulsed neutron experiments for room tempera
ture graphite with p = 1.6 g/cm 3 cannot give meaningful values 
for A - Ao above 1030 sec-I. Based on Equation 5 and the ENOF/B 
diffusion parameters in Table VII, this limit corresponds to a 
buckling of 0.005 cm- 2

, i.e., ENOF/B implies that meaningful 
decay constants cannot be obtained outside the buckling range 
0.0 < 82 < 0.005 cm- 2

• No attempt was made, therefore, to extend 
the ENDF/B calculations for Do and C to the larger buck lings 
studied by both Honeck 7 and Starr and Price. 23 
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TABLE VI! 

Diffusion Parameters for Graphite 
(p = 1.6 g/cm') 

62 Interval, 
Method cm- 2 

~ O,.!I 10' cm 2 /sec C I 10' ern . /' '':.. 

ENDF/6 Data 0.0<82 <0.001 296 2.18 24.6 

400 2.51 25.7 

500 2.82 22.9 

600 3.10 21.2 

700 3.37 21.1 

800 3.61 20.4 

1000 4.03 18.5 

1200 4.42 17.6 

1600 4.95 14.9 

2000 5.40 13 .6 

Reference 7 0.0<8 2<0.015 296 2.18 24.6 

Reference 23 0.0076< 
82<0.0189 296 2.14 ±0.01 39 ±3 

Reference 24 296 2.16 ±0.O2 28 ±3 

Zirconium Hydride 

In the present study, THERMOS scattering kernels for Zr and 
II as bound in ZrHx were generated from ENDF/B Tape 8503 at the 
following temperatures: 296°, 400°, 500°, 600°, 700°, 800°, 
1000°, and 1200 0 K. The integral tests revealed no major deficien
cies in these kernels.' 

The total cross section for ZrHl.85 at 296°K is shown in 
Figure 9, where excellent agreement is seen between the FLANGE II 
output and the experimental determinations. The data of Reference 
26 was chosen over that of Reference 27 above 0.02 eV because the 
latter exhibited anamolies which could be due to the presence of 
room return neutrons. 

-, An earlier E~DF/B distribution of scattering law data CTape 
8501) contained an error in the 600 0 K data for Zr as bound in 
Z rllx . 
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Figure 10 shows that the agreement between FLANGE II and the 
experimental determination of ~ at 296°K is not very satisfactory. 
The disparity in the oscillatory region above 0.08 eV is most 
likely due to the simple frequency spectrum used to generate the 
pointwise ENDF/B data, rather than to errors in the conversion of 
the ENDF/B data to multigroup form or to deficiencies in the experi-

.. 28) mental data. (See, for example, the data presented by W Glaser. 

Table VIII indicates that the diffusion parameters obtained 
using ENDF/B data are in good agreement with those computed by 
Reichardt using his Gaussian model,'9 and also with those deter
mined experimentally by Meadows and Whalen. 3o The striking 
difference between the ZrH!.7 diffusion parameters of the Reichardt 
study and those of the Meadows and Whalen study (Figure 11) is 
caused by the different buckling intervals analyzed in these 
investigations. Whereas the use of Equation 5 to determine Do and 
C in the pulsed neutron experiment assumes that (A - Ao)/B' varies 
linearly with buckling, the PIDLE results using ENDF/B cross 
sections demonstrate that (A - Ao)/B' for ZrHl.7 has a pronounced 
nonlinear dependence on buckling in the range 0.0 < B' < 0.10 cm-' 
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TABLE VIII 

Diffusion Parameters for ZrH, 
(p = 5.61 g/cm') 

B' Interval ~ DQ! 10' cm 2 /sec 

-O.Ol<~a<O.Ol cm- 1 296 3.38 

400 4.72 

500 5.89 

600 6.90 

700 7.86 

800 8.68 

1000 10.1 

1200 11.3 

0.0<8'<0.03 cm- 2 296 6.21 

296 6.39 

0.03<8 2<0.11 cm~2 296 5.75 

296 5.79 ±0.32 

3.48 g/cm' 

~ 2 7 ~ 

C 10' 
c~4/sec 

5.21 

4.00 

2.94 

2.40 

1.70 

1.35 

0.962 

0.768 

31. 3 

34.6 

15.2 

21.2 ±3.5 

1.0 



u 
CI> 

~ 
N 
E 
u 

~ , 
o 

6.2 

5.8 

5.4 

5.0 

4.6 

0.0 < 82 < 0.03 em 
Do = 6.21 x 104 em2/see 
C = 3.13 x 105 em4/see 

PIDLE Caleulat,ons 

Linear Least Squares 
Fit Using Eq. 5 Over 
Indicated 8 2 Interval 

4.2L-____ ~~------J--------L-------L------~~~ 
o 0.02 0.04 0.06 

FIGURE 11 

Polyethylene 

0.08 0.10 

82• cm-2 

Dependency of (A-Ao)/B 2 on Geometric Buckling 
Calculated with ENDF/B Cross Sections for 
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THERMOS scattering kernels were tested and found to be satis
factory at 296° and 350 0 K. The FLANGE II results for 0T at 296°K, 
in Figure 12, are in good agreement with Armstrong's experimental 
f · d' 31 In Ings. 

The FLANGE II values for W (Figure 13) are consistently 
higher than the experimental determinations. 32 
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The calculated diffusion parameters (Table IX) are in excel
lent agreement with experiment. 

TABLE IX 

Diffusion Parameters for Polyethylene 

(p 0.918 g/cm') 

Method 

ENDF/B Data 

Reference 33 

296 

350 

296 

Beryllium and Beryllium Oxide 

2.61 

3.11 

2.65 ±0.06 

0.264 

0.337 

0.300 ±0.08 

Scattering kernels were tested and found satisfactory at 
each of the following temperatures: 296°, 400°, 500°, 600°, 700 0

, 

800°, 1000°, and 1200 0 K. The ENDF/B pointwise data for the toeal 
cross section of beryllium at 296°K are in excellent agreement 
with the measurements reported in Reference 16 (Figure 14). 
Similarly, the ENDF/B data for 0T at 296°K for beryllium oxide are 
in excellent agreement with the 1947 measurements of Fermi, et al. 34 

(Figure IS). The group-averaged FLANGE II output for iJ for beryl
lium and beryllium oxide at 296°K are shown in Figures 16 and 17; 
no experimental determinations were found in the literature. 
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The diffusion parameters obtained from the ENOF/8 data for 
beryllium and beryllium oxide are compared to some experimental 
determinations in Tables X and XI. The PIOLE (ENOF/B) results 
for the room temperature diffusion constants are in excellent 
agreement with experiment. The large differences between the 
ENOF/B and experimental values for C in these tables may arise 
from the different buckling intervals used in the analyses. This 
possibility could not be adequately tested in the present calcu
lations since the validity of the asymptotic flux assumption in 
PIDLE is questionable for the relatively large buck lings of the 
experiments. For room temperature beryllium and beryllium oxide, 
typical neutron mean free paths below the Bragg cutoffs, 0.006 
and 0.004 eV, respectively, are in the range 15-20 cm. Because 
PIOLE uses a single Fourier component to represent the spatial 
dependence, calculations should be limited to systems having 
thicknesses greater than 2 mean free paths (-34 em), i.e., svstems 
with 

B2< (31[4) 2 ~ .0085 cm 2 

In Figure 18, for example, the PIOLE results for A - Ao for 
beryllium at 296°K are in excellent agreement wi th the measurements 
of Andrews 3

' for 82 <0.008 cm- 2
, but the agreement deteriorates 

as the buckling increases. 

TABLE X 

Di ffus i on Parameters for Bery1lium 

(p = 1.84 g/cm 3
) 

Method 8' Interval ~Dol 10 5 cm2 /sec 
C, 10 5 

cm 4 jsec 

ENDF/B Data -O.OOI<~a<O.OOI cm- 1 296 1.27 18.3 

400 1. 34 1.96 

500 1.47 1.18 

600 1.60 1.15 

700 1. 73 1.19 

800 1. 84 1.22 

1000 2.06 1.26 

1200 2.25 1.29 

Reference 35 0.003<B'<0.075 cm- 2 296 1.235 ±0.013 2.80 ±O.3 

Reference 36 0.008<8'<0.072 cm- 2 296 1. 25 ±0.06 1.40 ±1.0 

Reference 37 0.003<B'<0.041 cm- 2 296 1.24 :!:O.O4 3.90 ±O.8 
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Method 

TABLE XI 

Diffusion Parameters for Beryllium Oxide 
(p = 3.0 g/cm') 

Do 10 5 

8' Int~rval ~ cm~/sec 
C, 10 5 

emit/sec 

ENDFjB Data -O.OOl<L:a<O.OOl cm- 1 296 1.27 48.7 

400 1.39 5.09 

500 1.54 2.69 

600 1.69 2.39 

700 1. 82 2.32 

800 1.95 2.28 

1000 2.19 2.21 

1200 2.39 2.12 

Reference 38 0.02<S2<0.04 cm- 2 296 1.18 ±O.O2 3.85 .to.OB 

Reference 39 0.0028<8 2 <0.0245 cm- 2 296 1.33 .to.Ol 4.87 ±O.58 

10,000,------,-----,---------,-----, 

'~ 1000 
~ 

____ ~o~o~ ~m!!- _________ _ 

,,-
/" .... 
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100L-____ ~~----J-----~~---~~ 
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82, cm-2 

FIGURE 18 A-A o as a Function of B2 for Beryllium at 296°K 
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Benzene 

THERMOS scattering kernels were generated, tested, and found 
satisfactory at the following temperatures: 296°, 350°, 400°, 
450°, 500°,600°,800°, and 10000K. Figure 19 displays good agree
ment between the FLANGE II output for aT at 296°K and the measure
ments by Sprevak, et al. 4o The ENDF/B data is systematically 
lower than the measurements, but the differences are less than 2% 
of the total cross section. In contrast, the FLANGE II output 
yields values for ~ which appear systematically higher than the 
measurements of Sprevak, et al. (Figure 20). These small dif
ferences serve to explain part of the 7% differences observed in 
Table XII between the ENDF/B diffusion constant at 296°K and the 
experimental determination by Kuchle and Kussmaul,41 but the 
magnitude of this difference between the ENDF/B and measured 
diffusion constants is surprising. 

I I I 
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FIGURE 19 Total Neutron Cross Section for Benzene at 296°K 
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TABLE XII 

Diffusion Parameters for Benzene 

(p = 0.874 9/cm 3 ) 

Method L....:!5. Do. 10" cm 2 /sec C, 10" emit/sec 

ENDF/B Data 296 5.26 1.95 

350 6.53 2.49 

400 7.03 2.33 

450 7.84 2.44 

500 9.11 2.88 

600 10.1 2.66 

800 13.6 3.30 

1000 15.2 3.04 

Reference 41 296 4.85 ±O.OS 1.33 ±O.24 
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Uranium Dioxide 

THERMOS scattering kernels were generated at 296°,400°, 500°, 
600°, 700°, 800°, 1000°, and l2000K. For all these temperatures, 
no unusual behavior was detected when the scattering cross section 
and iT were plotted as a function of energy. The plots for room 
temperatures are shown in Figures 21 and 22. In contrast to the 
Bragg peaks traditionally observed in U0 2 transmission measurements 
(e.g., the analysis of Verdaguer, et al. 42

), Figure 21 displays a 
smooth scattering cross section at thermal energies because in 
ENDF/B,elastic scattering has been computed in the incoherent 
approximation. No calculations of the diffusion parameters have 
been performed due to the sensitivity which such calculations have 
on the 235U content. 
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FIGURE 21 Scattering Cross Section for Uranium Dioxide at 296°K 
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APPENDIX 

SCATTERING KERNEL LIBRARY AND RETRIEVAL ROUTINE 

The scattering kernels generated to test the S(a,B,T) data 
on ENDF/B were made into a two-volume library on magnetic tape, 
and a retrieval routine was written to print and/or punch selected 
data from either volume. Group structure data for the kernels 
are included in each volume of the library. These kernel librar
ies and retrieval routines are available from the Argonne Code 
Center. 

The retrieval routine provided with the tape library calls 
for one card of input for each kernel to be printed and/or punched. 
The format is as follows: 

Mnemonic Column Format 

ZA 1-10 ElO.O 

T 11-20 ElO.O 

LEG\il 21-30 110 

N\ilPT 31-40 IlO 

NT 41-50 IlO 

Description 

ZA from Table II of 
desired kernel 

Temperature in OK of 
desired kernel 

Maximum Legendre orders 
desired for printing 

Operation to be performed: 
=1 punch kernel only 
=2 print kernel only 
=3 print and punch 

kernel 

Data set on which tape 
volume is mounted 

If ZA is specified as 0.0, the group structure in energy units will 
be printed. 

As part of the retrieval package, a subroutine (named GETKER) 
is prOVided which may be included in a processing code to position 
tapes in front of selected kernels for direct reading into the 
processing code. Detailed usage of this routine is described by 
comments cards within the routine itself. 

The structure of the kernel library tape volume is shown in 
Figure A-I. 
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, 

All data on the kernel library is stored in BCD card image form. 
The formats for the various decks are described below. 

GROUP STRUCTURE DECK 

Card 1 - Description Card 

Mnemonic Column Format DescriEtion 

NG 1-10 IlO Number of groups 

EL~W 11-20 ElO.O Low energy of group I 

(T1TLE(1},1=1,13) 21-72 l3A4 Description 

NSEQ 79-80 12 Card Sequence No. 
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Cards 2 - Group Characteristic Energies 

Mnemonic 

(EC(I) ,1=1,7) 

NT 

NSEQ 

Column 

1-70 

78 

79-80 

Format 

7EIO.0 

II 

12 

Description 

Characteristic energies 
of each group in order, 
eV 

Card type identifer = 1 

Card Sequence No. 

(Card 2 is repeated until all groups are complete.) 

Cards 3 - Group Widths 

Mnemonic Column Format Description 

(EBCI), 1=1,7) 1-70 7EIO.0 Energy width (eV) of 
each group in order 

NT 78 II Card type identifier 

NSEQ 79-80 12 Card Sequence No. 

(Card 3 IS repeated until all groups are comp lete. ) 

KERNEL DECK STRUCTURE 

Card 1 - Title Card 

72 alphanumeric characters. Columns 73-80 must be blank. 

Card 1 is followed by from 1 to 6 kernel decks corresponding 
to Po through Ps scattering kernels, respectively. 

Card 2 - Kernel Header Card 

Mnemonic Column Format Description ---
LEG0 1 II Legendre order of 

kernel 

NGL0 2-4 13 Smallest group index 
in kernel 

NEG 5-7 13 Largest group index 

T 9-20 E12.4 Temperature of kernel, 
OK 
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Cards 3 - Kernel Matrix Elements 

Field Column Format DescriEtion 

1 1 II Legendre order 0-9 

2 2-4 13 Final energy group index (J) of 
the fi rs t word on this card 

3 5-7 13 Ini tial energy group index (I) 
of the data on this card 

4 9-20 E12.4 o~ (I -+ J) 

5 21-32 E12.4 o~ (I -+ J+l) 

6 33-44 E12.4 o~ (I -+ J+2) 

7 45-56 E12.4 o~ (I -+ J+3) 

8 57-68 E12.4 o~ (I -+ J+4) 

9 69-76 F8.0 ZA designation of kernel 

10 77-80 14 Deck Sequence No. 

Zero values are not loaded by Card 3, which presumes core 
has been cleared prior to loading kernels. 

TL:mp 
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