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ABSTRACT

In this report results are given of a study on the consiscency
between "integral' and "differential" crcss section datua for
four benchmark neutron spectra and 36 neutron reactions of
importance for reactor neutron metrology.

The energy dependent cross section data and their uncertaiaty

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

The reactions have been considered with respect to the tolliwing

quantities:

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

spectrum;

2) The discrepancy between the me¢asured and the calcuiated
average cross section values;

3) The consistency between the mecsured and calculated average

cross section vciues, described 'y the x“-parameter.

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

covariance information present in th: ENDF/B~V dosimetry file.
Covariance information on the benchmirk flux density spectra rt.ds

not taken into account in this study.

KEYWORDS

NEUTRON DOSIMETRY
NEUTRON SPECTRA

FAST NEUTRONS
COMrARATIVE EVALUATIONS
EVALUATED DATA



CONTENTS

I. INTRODUCTION

2. INPUT DATA

\a

. MEASURED ACTIVITIES

4. TREATMENT OF STAY'SL OUTPUT

5. RESULTS AND DISCUSSION

6. ACKNOWLEDGEENT

7. REFERENCES

TABLES

10



1. INTRODUCTIOX

This study on the consistency between specirum averaged cross section
valves and energy dependent cross section data is based on the compari-
son of measured and calculated values of spectrum aceraged cross sec-
tions.

The measured value is obtained by irradiation of am 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 updatsd version of the report "Onm the
consistency between integral and differential cross section data" |I1;,
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
have been used:

- che thermal fission neutron spectrum of 233y 1]

- the spontaneous fission neutron spectrum of 232cf |i];

- the neutron spectrum of the LI facility in Mol, Belgium |I/;

- the neutroa spectrum in the CFRMF at Idaho Falls, USA |1].

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 reac:tions 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 spactrum. 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 calcuiated

for a Tokamak and kindly made available to us by Dr. R. Dierckx |3].



2. IXPUT 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 tov be chosen. It 1s noted that the group structures for
the cross section data and the input flux deasity spectrum have to be
the same.

Calculations have been performed with two group structures (one with
the energy range from 10710 o 18 MeV, covering 15 groups, and the uther
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 SAND-II program i4!. For the cases where spectrum
data were incomplete, some extrapolations were performed to achievz a
full coverage of tke range from 10710 to I8 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 calcuiated 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 ENDF data to a more appropriate form IS[.
This program was used previously with a 15 zroups structure (as listed

in table 1). The coefficients of variation, as derived from the variance
values on the main diagonal cof the 15%15 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 STAY'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-



tween the input activities, am arbitrary flux density corsariance data

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

3. MEASURED ACTIVITIES

The measvred activities and their uncertainties were in general the same
as the corresponding values applied in 'I:, which used data from Fabry

et al. '6!. Only the data for the ->-Cf neutron spectrum have been re-
placed by the evaluated measured average cross section by Mannhart and
Perey §7!- Also some smali changes and measured average cross sections,
which were not available in the review from Fabryv et al., were taken

from Magurno !8}.

4. TREATMEXT 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-
tated cross sections.

As measure for the consistency the following value for x’ is used:

”

(am - ac)l

)
- =

X m c

var n + var n
. m .
with n = measured average cross section;

Cc .

n = calculated average cross section;

m .
var a = variance of measured value;

c .
var a = variance of cdalculated value.



The quality of these data is indicated with a code.
The kev of the code 1s listed below.

quality precision discrepancy consistency
* 0T < v < 22 0z < % <22 - < 1,5

27 < v < 4% 27 < A < 42 1,5 < x- <3

¢ 4T < v < 6% 47 < & < 67 3 < 37 < 4,5

- 6% < v < BX 6 < . < 87 4,5<y2 <6
- 8T < v 8T < 2 6 <y

5. RESULTS AND DISCUSSION

Table 2 shows for the reactions considered the coefficients cf variation
for the group cross sections in a 15 groups structure. One can observe
that for the reactions I'f’Sr:(ll.Y) and 3%Co(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 ircreasing 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 calcuiations
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 their
ratios.

The standard deviations for the data of table 3 are given in table 4,
together with the y?_-values.

Table 5 shows a survey of the quality of ths 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 we were not able to include the covariance data from ENDF/B-V

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



had incomplete uncertainty data for the reactiovas Ia(n.¥), **Fe(n,v).
¢Icu(n,y), and :37!p(n.f).

Furthermore the covariance data on the EXDF/B-V files wvhich wvere used
were not complete for the reactioms 33’U(n.)) and 235Pu(n.f3.

For the reaction S"}'e(a.p) we observed a correlation coefficient larger
than |, so we suspect the presence of some error in the data.

All these effects lead to a2 too low value for the calculated uncertainty.

When looking =t the consistency columns of table % one may note that in
wost cases small values for the 2 are found.

Only for the I we cbhserve two large values for the reactions

55Fe(n,p) and for 23*¢(n,y). The latter reaction has an incomplete co-
variance matrix resulting in a too small variance in the calculated cross
section. So the conclusion can be drawvn 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 censistency is mainly due to the relatively large values of the
calculated uncertainties. For the fcur refereace 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 1€ is given. This column shows that
only 15 reactions can give uncertainties smaller than 62 in these spectra
and only a few give uncertainties smaller than a few percent. This situa-
tion has consequences for neutron spectrum unfolding.

The detector set which is applied should in general contain reactiomns

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 1.

Energy boundaries of the 15 groups used in table 2.

The 16 boundary values, expressed in MeV, are as follows:

107105 0,4x107®

Coefficients of variation (in 2) of the group cross

»

10°%; 1072; 10745 11, 1,4

2,25 35 43 5; 65 85 11

sections of

12; 20.
Table 2.
MAT
ggua(n,v) 4311
. Al(n,p) £717
“Al(n,a)  AHLT
53Mn(n,2n)
3%Co(n,2n)
>9Co(n,y)
59Co(n,a)
2375p(n, f)
197 Au(n,y)
23274 (n, £)
“32Th(n,y)
2355 (. £)
238U (n,i) ATDR
238U (n.Y) A2
23%py(n, f) 4550
6Li(n,He) L4208
108 (n,He) LATE
458¢ (n,y) LAT 4
48T (n,p) 4477
“7Ti(n,np) P 311
?;Ti(n,p) PRE
“°Ti(n,np) HaT1Y
beTi(n,p) ~ADY
S“Fe(n,p) )
56Fe(n,p) haT
S8Fe(n,y) LA
S8Ni (n,2n) YRR
SaNi(n,p) AR
60Ni (n,p) Y
63Cu(n,y) LA e
63Cu(n,;) HAKS,
65Cu(n,2n) Hd LA
1151n(n,2n) HATT
Hsln(n,y) ¥ R
127 4(n,2n) 4432

the various reactions.
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Table 3. Measured and calculated cross section data and their ratios for various neutron spectra
[ 235y 252Ct CFRMF Y CTR
reaction <op> <0e> :Z:: <op> <0e> J—:gc: <op> <ge> ——ﬂL-:gcz <om> T <oe> E%g% <ge>
®Li(n,a) 465,1 464,7 948 914,9 | 1,04 859,6 888,7
10R (n,a) 499,3 489,1 1814 1674,5 | 1,08 1466,4 1950,6
?3Na(n,y) 0,282 0,335 0,271]1,24 1,520 1,101 1,941
2771 (n,p) 3,86 4,123]0,94 | 5,1 5,13710,99} 0,874 0,948/ 0,92 0,983 0,878 [1,12| 21,67
27a1(n,a) 0,705 0,693{1,02{ 1,019 1,059(0,96{ 0,161 0,184 0,88{ 0,153 0,156 {0,98{ 31,08
455¢ (n,y) 5,639 5,258 23,5 24,400{ 0,97 22,46 28,00
“6Ti (n,p) 1,8 10,82 | 1,09 14,12 | 13,47 [1,05] 2,61 2,476] 1,05 2,268 70,44
“7Ti(n,p) | 19,0 21,58 {0,881 19,27 | 24,07 (0,80} 4,18 5,139 0,81 5,231 16,30
P 8771 (n,np) 0, 00848 0,0207 0,00323 0,00202 13,81
C 48T (n,p) 0,300 0,273{1,10{ 0,424] 0,409|1,04/0,0688 |0,0711 0,97 0,0611 15,94
 “8Ti(n,np) 0,00136 0,00344 0,005%2 0,000332 1,935
' OY%Fe(n,p) | 79,7 77,83 |1,02 | 86,58 | 88,25 |0,98] 17,5 17,81 { 0,98 17,66 13,7
55Mn(n,2n) | 0,244] 0,201}1,21 | 0,58 0,441[1,32 0,0692 0,0457 178,0
55Mn(n,y) 3,598 3,409 45,78 36,0 34,49 |1,01} 63,54
S6Fe(n,p) 1,035 1,005[1,03 ) 1,468 1,413]1,04 0,250 0,2600 0,223 |1,17| 27,72
>8pe(n,y) 1,714 1,665 6,12 6,686 0,92 6,078 10,51
58Nj(n,2n) |0,00577]0,00286| 2,02 0,00724 0,00113 0,00684 6,54)
58Ni(n,p) [108,5 ]100,92 {1,08 15,4 {113,78 {1,01] 24,0 23,44 [ 1,02} 26,5 23,43 |1,13]134,9
59¢Co(n,) 0,143 0,145/0,99 | 0,20 0,217]0,92 0,0378 0,0327 7,300
59¢o(n, 2n) 0,183 0,57 0,405]1,4) 0,0635 0,04)5 184,3
%9¢Co(n,Y) 6,283 6,97 6,032[1,16{ 91,6 82,20 | i,11 40,79 87,20
60N (n,p) 2,527 3,440 0,614 0,550 32,91
63cu(n,a) 0,500| 0,540/ 0,93 0,757 0,134 0,118 11,14
63cu(n,y) 9,30 { 10,07 {0,92 {10,95 9,646{1,14) 45,4 47,00 | 0,97} 36,2 36,26 |1,00] 56,32
65Cu(n, 2n) 0,0306 0,650 0,102 0,0692 213,3
Y5mn(n,n") [189 173,4 |1,09 [t98,3 {182,0 |1,09] SI1,0 49,74 11,03 56,0 53,54 |1,05] 58,99
15 a(n,y) |134,5 [126,6 1,06 i26,0 J121,3 |t,04{281,5 |281,8 |1,00]|240 262,1 0,92]|281,0
1277 (a,2n) | 1,05 1,186(0,89 2,310 0,371 0,267 400, 1
97Au(n,y) | 83,5 81,21 (1,03 (77,20 | 76,55 |1,01)424 422,7 |1,00l402 371,8 1,08{471,6




Table 3 (continued)

235y 252¢f CFRMF NI CTR

reaction <om> <0p> -—Jll-j:Cz <Om> <0p> —jglilz <Op> <ge> —m—zgcz <ap> <0¢c> ——-m—zzcz <0¢>
2327Th(n,£) | 81 72,44 | 1,12] 89,0 78,08 |1,14 18,67 19,86 11,0
2327 (n,y) 94,19 89,65 264,13 2133,8 272,8
235y(n,f) 1203 1236,7 |0,971203 1235,9 |0,97[1557 1581,7 {0,98{1512 1500,4 1,01 1901,3
238y(n,f) (305 293,8 |{1,04)318,6 [312,7 |1,02] 75,6 77,29 10,98] 84,8 83,08 [1,02(358,9
?38y(n,v) 72,07 68,35 233 237,0 |0,98{174 210,1 0,83[249,1
237Np(n, ) 1312 1322,4 |0,99)1338 1352,8 |0,99]551 586,3 [0,94]586,5 |624,6 0,94 1008,2
23%u(n,f) 1811 1785,8 !11,01}799 1792,7 }1,00[1783 1787,0 |1,00}1764 1758,0 1,00]2060,8




"able 4. Standard deviations of measured and calculated average cross sections and )(2 values for various
neutron spectra

reaction 235y 252Cf CFRMF TL CTR
s(om) | s(oc) x¢ |s(om) | s(aoe) | x2 s(om)| s(ac) X2 s(om) | s{o.) %2 s(o.)
6Li(n,a) 4,98 4,97 4,11 | 5,08 |0,30 5,10 4,75
188 (n,a) 13,05 12,73 3,30 | 14,86 | 0,30 14,85 13,67
23Na(n,y) 12,692) 4,48 [12,963) | 2,8] 9,19a) 8,99a) 9,233)

27A1(n,p) | 6,48| 5,86 | 0,572| 9,80 5,73 |0,004 3,78 | 5,79 11,33 |10,15}| 5,85 |0,88 | 8,91
27a1(n,0) | 5,67 5,65 | 0,046| 2,40 5,46 |0,41{ 3,10 5,53 |4,12 3,27 5,64 |0,09 | 4,75

43g¢(n,Y) 18,48 17,94 3,83 25,79 | 0,02 25,65 25,90
“6Ti(n,p) | 6,36[12,66 0,394} 2,60{12,59 0,14 | 3,83 [12,62 |0,17 12,65 13,53
47Pi(n,p) | 7,37 11,27 0,845] 2,50 (11,24 [3,05|4,79 {11,26 |2,45 11,27 11,51
“71i(n,p) 29,70 29,78 29,77 29,72 30,00
“81i(n,p) | 6,00 (10,45 0,641| 2,8010,30 [0,12 4,36 |10,35 |0,08 10,44 12,66
4815 (n,np) 29,60 29,69 29,68 29,65 30,00
Stpe(n,p) | 6,15| 2,54P) | 0,125] 2,50 2,56P)|0,28 | 3,44 | 2,59b)| 0,17 2,59b) 3,82b)
5SMn(n,2n)| 6,15 13,27 1,974110,34 (12,44  |2,92 12,46 13,08 7,33
55Mn (n,y) 4,22 4,22 1,92 5,56 2,02 (0,06 1,91
S6Fe(n,p) | 7.25] 4,57 0,116 2,80 4,45 |0,54 4,48 3,08 4,55 (8,19 2,03
58Fe(n,Y) 11,783) 12,913) 3,59 | - )| - - a) 10,703)
5BNi(n,2n)| 5,38 10,94 [43,59] 10,89 10,93 10,87 11,95
58Ni(n,p) | 4,981 6,56 0,787} 1,90| 6,43 0,04 | 3,33 | 6,51 [0,11 3,021 6,66 (3,06 {13,1]
59Co(n,a) | 6,99 4,37 0,029) 5,00 4,26 |1,56 4,33 4,37 5,66
59¢Co(n,2n) 11,36 10,53{10,46 |5,04 10,55 11,15 5,82
53¢Co(n,Y) 13,69 4,8813,12 (1,19 {3,92 |26,09 |0,19 25,66 26,16
60Nj (n,p) 7,75 7,56 7,62 7,85 9,30
63cu(n,a) | 11,18/ 5,38 0,403 5,25 5,32 5,36 5,45 |
63cu(n,y) | 15,03 19,063 | 0,105 4,66]19,253) (0,46 | 5,73 | 6,433 0,16 |5,52 | 8,273) p,0003]| 3,953)
55Cu(n, 2n) 6,51 6,21 6,29 6,54 5,11
115tn(n,n')| 4,23{11,98 0,491 2,60{11,88 |0,54 |5,88 {12,02 |0,04 (2,50 [12,15 10,14 |11,88
11510 (n,y) | 4,46 4,25 0,961| 3,50f 4,32 0,47 | 3,91 | 3,78 |0,0004 3,75 | 3,62 2,856 ] 4,56
1271 (n,2n)| 6,19 (38,39 0,087 38,58 38,54 38,41 41,4)

'37Au(n,y) | 5,99/ 8,04 0,078 2,70 8,45 ]0,01 |3,30 | 4,18 |0,0003{2,49 | 3,67 |3,185| 5,07

_071_



Table 4 (continued)

reaction 2350 252Cf CFRMF LT CTR
¢ s(opm) | s(oe) | x2 s(op) | s(o) x2_ | s(op) [ slog) x? s(op) | s(o.) X2 s(ag)
232Th(n,f) | 6,66 |5,09 {1,716 |10,11) 5,090 |1,%3 5,13 5,21 9,75
232Th(n,y) 11,56 11,75 10,73 10,66 10,87

235y (n,f) | 2,49 | 1,96 {0,765 | 1,801 1,97 |1,02 |3,41 1,91 0,16 |3,63 ] 1,94 10,035 | 1,95
238p (n, £) 3,29 |1, li,127 | 2,50| 1,08 |0,47 [3,96 | 1,30 0,29 {2,95 | 1,32 [0,397 | 3,47
<38y (n,y) 4,63¢) 4,92¢) 4,72 | 0,66%)10,13 |4,02 | 0,94¢)|24,669 | 0,79¢)
2374p(n,f) | 3.81 |9,333)]0,006 | 2,60] 9,193)]0,01 |3,81 |9,623)]0,34 |[3,41 | 9,642)|0,361 [10,442)
23%y(n,£) | 3,32 |1,98%0] 0,131 | 2,50] 1,99¢)|0,01 3,36 |1,82){0,003 3,69 | 1,84%)|0,007 | 1,89¢)
i

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,
precision of a | precigon of ag discrepancy consistency
reaction T for 4
235y | 252¢f | CFRMF TL } reference | 235y | 252¢cf | CFRMF LE .L. 235y | 252¢f | CFRMF| X
. spectra i
SLi(n,a) 0 " 0 \ + [[I[ ++
10 (n,a) + " _— - . e
23Na(n,y) 0 E -- -- L +
27a1 (n,p) - - + - u 0 l 0 ++ - - 4 ++ ++ ++
27A1(n,a) 0 + + + 0 |+ 0 - ++ [i e -+ 0 e
45Sc(n,y) + ) - | + . ++
“6Ti(n,p) - + + 1: - - 0 0 ﬁ ++ ++ ++
“7Ti(n,p) - + 0 ‘E - - - - T 0 +
57T (n,np) " -~ i ll
“87i (n,p) 0 + 0 " - | - + + i ++ ++ -
%871 (n,np) p -- | f
S5Fe (n,p) - + + h + I+ ++ ! [ - ++
S5Mn(n, 2n) - -- i - Io-- -- RS +
55Mn(n,y) 0o 0 i ++ b ++
56Fe(n,p) - * + 0 I+ + -— 1 e ++ -
58Fe (n,y) + i’ - i - b +
58Ni(n,2n) | O ; - - -
58Ni(n.p) 0 ++ + + - b= ++ *+ - H ++ ‘e ++ +
S9Co(n,c|) - 0 v 0 (R - po et
5%.0(n,2n) - . - " - ii
59¢Co(n,vy) 0 + : -- s - - ! ++ ++
60Ni (. p) s - : I‘
63cu(n,a) - i 0 ii - " e
53cu(n,y) - 0 0 o -(5)d ) - -~ + ++ E 4t ++ +* ++
65Cu(n,2n) i - f E
1150 (n,n") 0 + 0 + ] - h - - + 0 oo ++ - -+
Hsln(n,y) 0 + + + h 0(H)d) 4 0 + e - L e ++ ++ +
1274 (n,2n) - {! - A xrf ++
197Au(n,w/) - + + + i" -~ (#)3N + ++ ++ - ;L ++ ++ ++ 0
i
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Table 5 (continued).

~ precision of ap - _Fﬁigzgégglgi_:-l-__._ _discrepancy 4 consistency
reaction ) for 4 y h W
23Sy | 252¢f | CFRMF I | reference °3% |252¢f | CFRMF TL y 3% | 2%%¢¢ | CFRMF | II
spectra “,____ .
232Th(n, f) - 0 i - . P
2327h(n,y) -
235y (n,f) + . + + - + + - ‘e - e e -
238y (n,f) + + - + - | * + + e . . .o .-
238y (n,v) 0 0 0(++)3) + -- o | -
237Np(n, f) + + + + - e . 0 0 i e +e . o
239py(n, f) + + . . +e ++ . ‘e et i ae e . +e
g,

a)

Values between

( ) refer to CFRMF and II spectra.
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