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ABSTRACT 

In this report results are given of a study on the consistency 

between "integral" and "differential" cress section data for 

four benchmark neutron spectra and 36 neutron reaction? ->f 

importance for reactor neutron metrology. 

The energy dependent cross section data and their uncertainty 

data are obtained from the ENDF/B-V dosimetry file. 

The reactions have been considered with respect to the following 

quantities: 

1) The precision of the averaged cross sections, for a .specified 

spectrum; 

2) The discrepancy between the measured and the calculated 

average cross section values; 

3) The consistency between the metsured and calculatfi avenge 

cross section vr.lues, described ry the x^~PfiTam'-zei:• 

It was possible to take into accouir: the available cross section 

covariance information present in th« ENDF/B-V dosimetry file. 

Covariance information on the benchmark flux deiifiity spe».tra '.as 

not taken into account in this study. 
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I. INTRODUCTION 

This study on the consistency between spectrum averaged cross section 

values and energy dependent cross sectier, data is based on the compari

son of measured and calculated values of spectrum a.-vragred cross sec

tions. 

The measured value is obtained by irradiation of an activation detector 

in a specified spectrum field, yielding a single averaged value (some

times called "integral" value). 

The calculated value is obtained by folding calculated numerical infor

mation on the neutron flux density spectrum with energy dependent (some

times called "differential") cross section data. 

In this study the ENDF/B-V dosimetry file has been applied together with 

uncertainties from the ENDF/B-V covariance files. For this reason this 

report can be considered as an updated version of the report "On the 

consistency between integral and differential cross section data" [I|, 

which was based on the ENDF/B-IV dosimetry file and on a non-recent set 

of uncertainty data. 

In the calculations four fast neutron flux density benchmark spectra 

hav been used: 

- che thermal fission neutron spectrum of 2 3 5U |l|; 

- the spontaneous fission neutron spectrum of 252Cf |11 ; 

- the neutron spectrum of the £1 facility in Mol, Belgium jlj; 

- the neutro.i spectrum in the CFRMF at Idaho Falls, USA |lj. 

The uncertainties in these reference spectra were not taken into account. 

For each of these spectra the spectrum averaged cross section value and 

the uncertainty of this value have been calculated for the neutron 

detection reactions for which the measured average cross sections, the 

energy dependent cross sections, and the corresponding uncertainties 

are available. These calculations have been done using the computer 

program STAY'SL |2| . 

The spectrum averaged cross sections and their uncertainties are also 

calculated for a typical CTR neutron spectrum. These calculations are 

performed only to give an indication of the uncertainties in the calcu

lated activities for this spectrum type. This CTR spectrum is calculated 

for a Tokamak and kindly made available to us by Dr. R. Dierckx |3J. 
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2. INPUT DATA 

For the calculation the Petten version of the computer program STAY'SL 

was used. 

A complete input deck had to be supplied. For the calculations a group 

structure has to be chosen. It is noted that the group structures for 

the cross section data and the input flux density spectrum have to be 

the some. 

Calculations have been performed with two group structures (one with 

the energy range from I0~'° to 18 MeV, covering 15 groups, and the other 

one for the same range, covering 98 groups). 

The results for the two group structures with respect to average cross 

section values and the standard deviations were nearly the same. 

In this report therefore results obtained with the 98 groups structure 

are given. 

The original spectrum data were converted first to the 620 groups struc

ture by means of the SAXD-II program j4J. For the cases where spectrum 

data were incomplete, some extrapolations were performed to achieva a 

full coverage of the range from 10 to 18 MeV. 

With a small special program (GROUP) the spectrum was converted to the 

group structure specification for STAY'SL. The conversion consisted of 

the calculation of the sum of the fine group flux density values for 

the STAY'SL groups. 

The group cross sections were calculated also with this special program 

with as input the cross section library in 620 groups and the weighing 

spectrum also in 620 groups. 

The cross section covariance data from the ENDF/B-V dosimetry file were 

converted in two steps with two small programs. 

The program COVSIG converted the F.NDF data to a more appropriate form |5|. 

This program was used previously with a 15 groups structure (as listed 

in table I). The coefficients of variation, as derived from the variance 

values on the main diagonal of the 15x15 variance-covariance matrix, are 

shown in table 2. 

The output of COVSIG was used as input for the other program which made 

the covariance data required as input for the program STAY'SL. 

The remainder of the input data for ST\Y'SL which does not influence the 

results presented here was chosen in a rather arbitrary way (i.e. all 

input activities and their uncertainties the same, no correlations be-
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tveen the input activities, an arbitrary flux density co/arianoe data 

set, and some extra parameters for normalization of the data set). 

3. fgASURED ACTIVITIES 

The measured activities and their uncertainties were in general the same 

as the corresponding values applied in I , which used data from Fabry 

et al. \h\ . Only the data for the ~Cf neutron spectrum have been re

placed by the evaluated measured average cross section by Mannhart and 

Perey |7j. Also some small changes and measured average cross sections, 

which were not available in the review from Fabry et al., were taken 

from Magurno !8|. 

4. TREATMENT OF STAY'SL OUTPUT 

The calculated average cross section values were obtained by dividing 

the calculated reaction rates by the spectrum integral (i.e. the total 

flux density), both taken for the input spectrum. The uncertainty (in 

percent) can directly be read in the matrix with cross section uncer

tainty data in the STAY'SL output. The output data are listed and in 

the same listing a survey of measured values is given. 

Also a table is given which is intended as a survey of the quality of 

the data. This table gives data for the precision of the measured 

average cross section, for the discrepancy of measured and calculated 

average cross sections, and for the consistency of measured and calcu

lated cross sections. 

As measure for the consistency the following value for x' ls used: 

•> (a - a ) 
y = i '-
* m c 

var r\ • var a 

with a * measured average cross section; 
c 

(t' * calculated average cross section; 

var r» • variance of measured value; 
c 

var n = variance of calculated value. 
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The quality of these data is indicated with a code. 

The kev of the code is listed below. 

quality precision discrepancy consistency 

•• 01 < v < 22 02 < A < 21 x" i 1 •> 

• 22 < v < 42 22 < A < 42 1,5 < r O 

C 42 < v < 62 42 < A < 62 3 < x: i *»5 

62 < v < 82 62 < A < 82 4,3 < ^ 2 < l 

82 < v 82 < A 6 < xz 

5. RESULTS AND DISCUSSION 

Table 2 shows for the reactions considered the coefficients cf variation 

for the group cross sections in a IS groups structure. One can observe 

that for the reactions "*5Sc(n,"r) and 59Co(n,Y) the coefficient of varia

tion in the resonance energy region is remarkably higher than in the 

MeV region. For the other (n.-y) reactions in table 2 on- sees that the 

coefficient of variation increases with increasing energy. 

With respect to threshold reactions one may observe that very often the 

coefficients of variation have appreciable values in the MeV region. 

These values are remarkably higher than the precision of experimental 

spectrum averaged values, obtained for reference spectra. 

In this context it should be noted that the benchmark spectra which 

have been considered in this study all have the character of a fast 

neutron spectrum. Furthermore it is emphasized that in our calculations 

it was assumed that the benchmark spectra were exactly known (thus 

neglecting all variances and covariances of group flux densities). 

Table 3 gives the measured and calculated cross section data and fheir 

ratios. 

The standard deviations for the data of table 3 are given in table 4, 

together with the x?-values. 

Table 5 shows a survey of the quality of thf data. 

For the interpretation of these data it should be noted that the uncer

tainty data applied in these calculations are not fully representative, 

because»*were not able tn include the covarianct data from ENDF/B-V 

file 32 at this moment, due to lack of software. For this reason we 



- 9 -

had incomplete uncertainty data for the reactions 2,Xa(n.>), S4Fe(n.-»). 

SÏCu(n.ï). and -37Sp(n.f). 

Furthermore the covariance data on the EKDF/B-V files which were used 

were not complete for the reactions -J,U(n.>) and 23*Fu(n,f'i. 

For the reaction 5*Fe(n.p) we observed a correlation coefficient larger 

than I, so we suspect the presence of some em»r in the data. 

All these effects lead to a too low value for the calculated uncertainty. 

When looking st the consistency columns of table •* one may note that in 

most cases small values for the x2 **"e found -

Only for the II we observe two large values for the reactions 
55Fe(n,p) and for 23*U(n»-y). The latter reaction has an inroaplete co-

variance matrix resulting in a too small variance in the calculated cross 

section. So the conclusion can be drawn that the ENDF/B-V cross section 

data are consistent with the measured data. 

The situation is however less favourable when the absolute values for the 

discrepancies are inspected. 

The good consistency is mainly due to the relatively large values of the 

calculated uncertainties. For the four refer*.ice spectra the calculated 

relative uncertainties in the average cross section arc nearly spectrum 

independent. Only the reactions responding to low energy neutrons show 

deviations in the calculated uncertainties. 

In table 5 also the precision of o is given. This column shows that 

only IS reactions can give uncertainties smaller than 6X in these spectra 

and only a few give uncertainties smaller than a few percent. This situa

tion has consequences for neutron spectrin unfolding. 

The detector set which is applied should in general contain reactions 

for which good quality data (i.e. cross section with small uncertainty 

values) are available and that means that only a few reactions can be 

used. 

For the sake of unfolding it is required to reduce the uncertainties in 

the cross section data, so that more reactions can be used and thus 

reasonable information can be obtained. 
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Table I .  Energy boundaries of the 15 groups used in  table 2 

The 16 boundary values,  expressed in MeV, are as  fol lows: 

1 0 - l ~ ;  0 , 4 ~ 1 0 - ~ ;  1 0 - I ;  1 1 ,  1 ,4  ; 2 , 2 ;  3; 4 ;  5; 6 ;  8 ;  1 1 ;  

12; 20. 

Table 2. Coefficients of variation (in % ?  of the group cross sections of ---- - --- .-- 
the various reactions. 





Table 3 (continued) 

react ion 

232Th(n,f) 
232Th(n,Y) 
?35U(n,f) 
238U(n,f) 
? 3 8U(n, Y) 
2 3 7N P(n,f) 
239Pu(n,f) 

235u 

< um > 

81 

1203 
305 

1312 
181 1 

<oc> 

72,44 
94,19 

1236,7 
293,8 
72,07 

1322,4 
1785,8 

<oc> 

1,12 

0,97 
1,04 

0,99 
1,01 

2S2cf 

<om> 

89,0 

1203 
318,6 

1338 
1799 

• 

<oc> 

78,08 
89,65 

1235,9 
312,7 
68,35 

1352,8 
1792,7 

<ac> 

1.14 

0,97 
1 ,02 

0,99 
1 ,00 

CFRMF 

< o m
> 

1557 
75,6 

233 
551 
1783 

<ac> 

18,67 
264,3 
1581,7 
77,29 

237,0 
586,3 
1787,0 

<°m> 

<ac> 

0,98 
0,98 
0,98 
0,94 
1,00 

T.l 

< am > 

1512 
84,8 
174 
586,5 
1764 

<oc> 

19,86 
233,8 
1500,4 
83,08 

210,1 
624,6 
1758,0 

<ajn> 
<ac> 

1 ,01 
1 ,02 
0,83 
0,94 
1 ,00 

CTR 

<oc> 

11 1 ,0 
272,8 
1901,3 
358,9 
249,1 
1008,2 
2060,8 

I 



"able 4. Standard deviations of measured and calculated average cross sections and x^ values for various 
neutron spectra 

ч #- -J л*ч I*G3C u ivu 

6Li 
10„ 
23Na 
27A1 
27A1 
"5Sc 
«Ti 
47Ti 
«•7Ti 
48 T i 
48 T i 
54Fe 
55Mn 
55Mn 
56Fe( 
58Fe( 
58Nil 
58Ni< 
59Co( 
59Co< 
59Co< 
60Ni( 
63Cu( 
63Cu< 
65Cu( 

115In< 
*15In< 
1 2 7I ( 
]97Au< 

(n.oi) 
(n,a) 
(n,Y) 
:n,p) 
]n,oi) 
Ы,у) 
n,p) 
:n,p) 
:n,p) 
[n,p) 
(n.np) 
n,p) 
n,2n) 
In.Y) 
[n,p) 
!n,v) 
:n,2n) 
n,p) 
n,a) 
n,2n) 
n,Y) 
n,p) 
n.ot) 
n,y) 
n,2n) 
n,n') 
n,Y) 
n,2n) 
n,ï) 

s(am) 

6,48 
5,67 

6,36 
7,37 

6,00 

6,15 
6,15 

7,25 

5,38 
4,98 
6,99 

11,18 
15,03 

4,23 
4,46 
6,19 
5,99 

235u 

s(ac) 

4,98 
13,05 
12,69a) 

5,86 
5,65 
18,48 
12,66 
11 ,27 
29,70 
10,45 
29,60 
2,54b) 
13,27 
4,22 
4,57 
ll,78a) 

10,94 
6,56 
4,37 
11 ,36 
13,69 
7,75 
5,38 
19,06a> 
6,51 
11 ,98 
4,25 
38,39 
8,04 

X2 

0,572 
0,046 

0,394 
0,845 

0,641 

0,125 
1,974 

0,116 

43,591 
0,787 
0,029 

0,403 
0,105 

0,491 
0,961 
0,087 
0,078 

252Cf 

s(am) 

4,48 
9,80 
2,40 

2,60 
2,50 

2,80 

2,50 
10,34 

2,80 

1,90 
5,00 
10,53 
4,88 

4,66 

2,60 
3,50 

2,70 

s(ac) 

4,97 
12,73 
12,96*) 
5,73 
5,46 
17,94 
12,59 
11 ,24 
29,78 
10,30 
29,69 
2,56b> 
12,44 
4,22 
4,45 
12,91a) 

10,89 
6,43 
4,26 
10,46 
13,12 
7,56 
5,25 
19,25a) 

6,21 
11 ,88 
4,32 
38,58 
8,45 

X2 

2,81 
0,004 
0,41 

0,14 
3,05 

0,12 

0,28 
2,92 

0,54 

0,04 
1,56 
5,04 
1,19 

0,46 

0,54 
0,47 

0,01 

s(°m) 
4,11 
3,30 

3,78 
3,10 
3,83 
3,83 
4,79 

4,36 

3,44 

3,59 

3,33 

3,92 

5,73 

5,88 
3,91 

3,30 

CFRMF 
s(ac) 

5,08 ' 
14,86 
9,19a) 
5,79 
5,53 

25,79 
12,62 
11,26 
29,77 
10,35 
29,68 
2,59b) 
12,46 
1 ,92 
4,48 
_ a) 

10,93 
6,51 
4,33 
10,55 
26,09 
7,62 
5,32 
6,43a) 
6,29 
12,02 
3,78 

38,54 
4,18 

X2 

0,30 
0,30 

1 ,33 
4,12 
0,02 
0,17 
2,45 

0,08 

0,17 

-

0,1 1 

0,19 

0,16 

0,04 
0,0004 

0,0003 

s(am) 

10,15 
3,27 

5,56 
3,08 

3,02 

5,52 

2,50 
3,75 

2,49 

££ 
s(ar) 

5,10 
14,85 
8,99a) 
5,85 
5,64 

25,65 
12,65 
11 ,27 
29,72 
10,44 
29,65 
2,59b) 
13,08 
2,02 
4,55 
_ a) 

10,87 
6,66 
4,37 
11,15 
25,66 
7,85 
5,36 
8,27a) 
6,54 
12,15 
3,62 

38,41 
3,67 

X2 

0,88 
0,09 

0,06 
8,19 

3,06 

D.0003 

0,14 
2,856 

3,185 

CTR 
s(oP) 

4,75 
13,67 
9,23a) 
8,91 
4,75 
25,90 
13,53 
1 1 ,51 
30,00 
12,66 
30,00 
3,82b) 
7,33 
1,91 
2,03 
10,70a) 
1 1 ,95 
13,1 1 
5,66 
5,82 

26,16 j 
9,30 
5,45 
3,95a> 

5,11 
11 ,88 
4,56 

41 ,41 
5,07 



Table 4 (continued) 

reaction 

232Th(n,f) 
232Th(n,v) 
2 3 5U (n,f) 
*38l'(n,f) 
^38U(n,Y) 
237Np(n,f) 
239Pu(n,f) 

235U 
S(öp) 

6,66 

2,49 
3,29 

3,81 
3,32 

s(oc) 

5,09 
11,56 
1,96 

1,11 N 
4,63c> 
9,33a> 
1,98c> 

X2 

1,716 

0,765 
1,127 

0,006 
0,131 

252Cf 
s(op) 

10,1 1 

1,80 
2,50 

2,60 
2,50 

sfâ .) 

5,09 
11,75 
1,97 
1,08 
4,92c) 
9,19a> 
1,99c> 

X2 

1,"3 

1,02 
0,47 

0,01 
0,01 

s(om) 

3,41 
3,96 
4,72 
3,81 
3,36 

CFRMF 
S(0(.) 

5,13 
10,73 
1,91 

X» 

0,16 
1,30 !0,29 
0,66c)|0,13 
9,62a) 
1,82c> 

0,34 
0,003 

,. . . 

s(ora) 

3,63 
2,95 
4,02 
3,41 
3,69 

rr 
s(a„) 

5,21 
10,66 
1,94 
1,32 
0,94c> 
9,64a> 
l,8^c> 

X2 

0,035 
0,397 
24,669 
0,361 
0,007 

CTR 
s(oc) 

9,75 
10,87 
1,95 
3,47 
0,79c> 
10,44a) 

1,89c> 

..,., 

a) covariance matrix not yet complete; data on the covariance file 32 not yet treated with our program 
COVSIG incomplete covariance data; 

b) covariance matrix not trustworthy, because of correlation coefficients larger than one. 
c) covariance matrix incomplete; some data in the covariance file 32 are missing. 



Table 5. Survey of the quality of the data. 

1 react ion 

e L i ( n , a ) 
l 0 B (n,a) 
23Na(n,Y> 
2 7 A l ( n , P ) 
2 7 A l ( n , a ) 
Ц 5 8с (п ,у ) 
4 6 T i ( n , p ) 
" 7 Ti (n ,p ) 
•*7Ti(n.np) 
" a T i ( n , P ) 
^ T H n . n p ) 
5 u Fe(n ,p) 
55Mn(n,2n) 
5bMn(n,Y> 
5 6 Fe(n ,p ) 
5 8 F e ( n , Y ) 
5 8 Ni(n ,2n) 
5 8 N i ( n , p ) 
5 э Со(п,а) 
5 4 o ( n , 2 n ) 
S 9 Co(n, Y ) 
6 0 N i ( n , p ) 
6 3 Cu(n,a) 
6 3 Cu(n, Y ) 
e s Cu(n,2n) 

l l 5 I n ( n , n ' ) 
U 5 I n ( n , Y ) 
1 2 7 I (n,2n) 
1 9 7Au(n,Y) 

2 3 5 Ы 

-
0 

-
-

0 

-
-

-

0 
0 
-

— 
— 

0 
0 
_ 
-

prec i s ion of am 

2 5 2 c f 

Ü 
— 
-•• 

+ 
+ 

+ 

+ 
— 

••• 

• + 

0 
— 
0 

0 

• 

+ 

+ 

CFRMF 

0 
+ 

+ 
+ 
•f 

•f 

0 

0 

+ 

+ 

• 

-• 

Ü 

0 
+ 

• 

T.Z 

— 
+ 

0 
+ 

+ 

0 

+ 
+ 

+ 

• 1» 

II 
1' 
1' 

Ü 

it 

[| 
li 

ii 
l! 
U 

It 

!i 
!! 

it и 
II 
ii 

ji 
i 

II 

i' 
II 

»! 
1» 

1* 

0 

•1 
1* 
It 

i! 

fi 
!l it 

! 

predaon ot' a c 
for I* 

reference 
spectra 

0 
— 
— 

о 
0 
- -
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Table 5 (continued). 
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a) Values between ( ) refer to CFRMF and EE spectra, 


