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ABSTRACT 

Various metrics are formulated for the un- 
certainty of calculated neutron activities for 
dosimetry reactions. The correlations between 
the uncertainty metrics are examined. The un- 
certainty data are presented for the dosimetry 
reactions and can be used to guide the selection 
of sensors used in spectrum determinations. 

I. INTRODUCTION 

There are a number of sources for high-fi- 
delity dosimetry cross sections including 
ENDFA3-VI', JEF-22, JENDL 3.13, BROND 
24, CENDL', GLUCS6, and IRDF-907. The 
SNLRML compendium of dosimetry cross 
sections8 provides a comparison of the neutron 
cross sections from these and other evaluations 
and provides a recommended set to be used for 
determination of research and power reactor 
spectra with codes such as SAND-II9>l0 and 
LSL-M211. The SNLRML documentation pro- 
vides the reader with a visual comparison of 
cross sections from different evaluations and 
information to support the recommended cross 
section selection. For the user of the cross-sec- 
tion library, this information is not always suf- 
ficient to allow the resolution of conflicts in 
measured activities from dosimeters. 
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Most dosimetry-quality cross-section eval- 

uations present uncertainty data in the form of 
a covariance matrix for the reaction of interest. 
Cross-reaction covariance matrices are rarely 
available. The covariance matrices are an inte- 
gral part of the SNLRML library and are used 
in the spectrum determination. Despite the 
availability of plots of the energy-dependent 
covariance matrix in the documentation, it is 
difficult to determine which energy regions 
may dominate the activity uncertainty for a 
specific spectrum. The highest fidelity ap- 
proach to estimating the portion of the uncer- 
tainty of dosimeter activities due to cross sec- 
tions is to propagate the cross-section uncer- 
tainty through the folding with the facility 
neutron spectrum. Results from the rigorous 
uncertainty propagation for spectrum-aver- 
aged activities is seldom found in the litera- 
ture. This paper provides a rigorous treatment 
of the cross-section uncertainty for two re- 
search reactor spectra, i.e., a hard fission spec- 
trum from the cavity of a fast burst reactor 
(FBR) and a soft spectrum from the cavity of a 
pool-type reactor12. These results are then 
compared to other metrics of the uncertainty of 
spectrum-averaged activities. The consisten- 
cy of the metrics is evaluated. 
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11. METHODOLOGY 

The spectrum-averaged cross section for a 
reaction R is given by 

1; Q&w ( J w E  
(1) ip (OR) = 

where 

OR(E) is the cross section for reaction R at 
energy E, @(E) is the differential-number neu- 
tron spectrum, and the total integrated fluence 
is given by 

Po 

@ = J, $(E)dE.  

The radioactive decay rate, or activity, of a do- 
simeter at time T after a steady-state neutron 
irradiation of time t is given by 

(3) 
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where m, is initial number of target atoms, and 
h R  is the radioactive decay constant for reac- 
tion R. Most spectrum determination codes 
use a comparison of the measured and calculat- 
ed reaction activities to unfold the spectrum. 
Since the reaction decay constants have a very 
small uncertainty (typically less than 0.01 %), 
the uncertainty in the calculated activity in 
Equation (3) is dominated by and linearly pro- 
portional to the uncertainty in the spectrum-av- 
eraged cross section. 

The integral in Equation 1 can be expressed 
as a summation over an N element energy grid. 

N 

(0,) = c 0,id (4) 
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where is the average cross section for reac- 
tion R over the i* energy bin. ai is a unitless 
quantity that represents a bin-integrated flu- 
ence fraction given by the equation 

(5) 

where E: is the upper bin energy, and E/ is the 
lower bin energy. For a fine group energy 
s t ructure ,  ai can be approximated by 
$(Emi)*(E;-E/)/@, where E,’ is the midpoint 
of the energy bin. 

For a given neutron spectrum, the variance in 
eoR>, notated by A2<oR>, can be expressed as 

N N  
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where cov(x,y) is the covariance between vari- 
ables x and y. The relative standard deviation, 
rstd, of <GR> is given by 

(7) 

The relative correlation cross section matrix is 
related to the covariance matrix by 
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The correlation matrix elements range from -1 
to 1 and provide the most readily understood 
measure of how the uncertainty of the reaction 
cross section at one energy is related to the un- 
certainty at another energy. Plots of the corre- 
lation matrix for dosimetry reactions can be 
found in Reference 8. 

A. Uncertainty Metrics Derived From 
the Covariance Matrix 

The first and most rigorous measure for the 
uncertainty of a spectrum-averaged cross sec- 
tion is given by the relative standard deviation 
as expressed in Equation 7. The relative stan- 
dard deviation is expressed as a percentage 
rather than as a fraction in this paper. This un- 



certainty metric can be cumbersome to com- 
pute, but it takes into account all the known 
correlations in the energy-dependent dosime- 
try cross section. 

Most least squares-based spectrum unfold- 
ing codes use the complete covariance matrix 
to determine a neutron spectrum. However, 
outside of the formulations within these codes, 
most dosimetry analysts do not have the tools 
to properly propagate the covariance data. One 
easily implemented alternative approach is to 
use the spectrum-weighted average of the rela- 
tive standard deviation over each energy bin. 
This measure of the uncertainty is given by 

This measure corresponds to the relative stan- 
dard deviation in Equation (7) for the limiting 
case when all elements of the correlation ma- 
trix are unity. This metric will be referred to 
in this paper as the avgstd. This fully correlat- 
ed (FC) uncertainty is always greater than or 
equal to the true relative standard deviation. 

The other limiting case of Equation 7 is the 
case for a totally uncorrelated covariance ma- 
trix, or p equal to the identity matrix. This 
measure is not very useful as an uncertainty 
metric since it very dependent upon the num- 
ber of energy bins. For example, consider the 
case of a uniform spectrum with a constant rel- 
ative standard deviation. This uncorrelated 
standard deviation is equal to the root mean 
square of the uncertainty in the energy bins. 
Thus the uncertainty is reduced by the square 
root of the number of energy bins. This mea- 
sure can be less than the relative standard devi- 
ation by a bin-number dependent factor. The 
only way to reduce the arbitrary nature of this 
measure is to force the adoption of a specific 
energy-group structure, such as the structure 
used in the source cross-section evaluation, to 

represent the covariance matrix. Even in this 
case, the uncorrelated relative standard devia- 
tion can be less than the true relative standard 
deviation. This measure is deemed to have lit- 
tle value and is not considered further in this 
paper. 

B. Comparison with Observed Variation 

Reference 8 provided a comparison of the 
cross sections from modern dosimetry-quality 
evaluations for a wide range of dosimetry reac- 
tions. In most cases at least seven different 
evaluations exist. A sample size of 5 to 10 
evaluations provides a minimally acceptable 
database for statistical analyses. These evalu- 
ations are not always independent, since eval- 
uators usually draw upon previous work in 
their appraisal of the existing experimental da- 
tabase. Cross section calculational methods 
are also evolutionary and tend to build upon 
and improve previous methodologies. Since 
the relationship between cross-section com- 
pendia varies from reaction to reaction, it is 
very difficult to include these correlations. 

The third uncertainty metric considered in 
this paper is the observed relative standard de- 
viation defined by 

where the summation runs over the available 
evaluations. M is the number of evaluations, 
and p R  is the mean of the set { c~R}k=l M, k 

and k ~ R ( E )  is the kth evaluation of the cross 
section for reaction R at energy E. This metric 
will be referred to as obsstd in this paper. 





C. Uncertainty Metric Data 

Table 1 lists a subset of the reactions which 
are available in the SNLRML cross section 
compendium. The metrics presented in Sec- 
tions 1I.A and 1I.B have been applied to these 
reactions for two types of neutron spectra and 
the results appear in the table. The two spectra 
represent a hard fission spectrum from the cav- 
ity of a fast burst reactor and a soft spectrum 
from the cavity of a pool-type research reactor. 
The s ectra were obtained using the SAND-I1 
code and are fully described in Reference 12. 18 

111. APPLICATION 

A. Detailed Example 

The best way to understand the interactions 
of the various metrics in Table 1 and to appre- 
ciate the variability of the various uncertainty 
metrics is to examine one case in detail. The 
32S(n,p)32P reaction, in the fast burst neutron 
environment, provides a good example for il- 
lustration purposes. Table 2 provides a sum- 
mary of the spectrum-averaged cross sections 
and uncertainties from the various 32S(n,p)32P 
evaluations. The uncertainty is only provided 
when the evaluation includes an associated co- 
variance matrix. 

This set of cross section data has a standard 
deviation of 3.4%. However, some of the data 
are clearly not independent. The ENDF/B-V 
library has three evaluations, one in the main 
library that is a full evaluation (includes all re- 
actions), one in the special dosimetry tape, and 
another in the activation library. The ENDF 
activation evaluation is very similar to the full 
evaluation, differing only near the reaction 
threshold. The IRDF-82 data were taken from 
the ENDFB-V Dosimetry Tape. The IRDF-90 
data were taken from the GLUCS-90 work. 
The three GLUCS activities are strongly corre- 
lated. They differ because they are the results 

of a global least-square fit for 14 dosimetry re- 
actions which were updated several times as 
some of the input covariance matrices were 
found not to be positive definite'. The Oak 
Ridge National Laboratory (ORNL) Fu 
evaluation13 used the same experimental data- 
base as the GLUCS work, but differed in meth- 
odology in that only the single dosimetry reac- 
tion was considered. The comments in the JEF 
evaluation state that the cross section was tak- 
en from the JENDL evaluation. No BROND 
evaluations were available for this reaction. 

Table 2. 32S(n,p)32P Cross Section Data for FBR 
Spectrum 

FC Exact 
Unc. Unc. 

Cross 
Evaluation Section 

(barn) 

_ _  -- -- 13. BROND 
14. ORNL, Fu 3.3821B2 -- _ _  

Figure 1 shows the cross sections for a 
more independent subset of this database 
(ENDF/B-VI,  ENDF Dosimetry Tape,  
GLUCS-93, JENDL 3.0, CENDL, Fu). The 
standard deviation of this six-member reduced 
set of data is 3.3%, which is very close to the 
standard deviation for the complete data set. A 
set of the four most independent cross sections 
(ENDFIB-VI,  ENDF/B-V Dosimet ry ,  
GLUCS-93, JENDL-3) gives a standard devia- 
tion of 3.98%. This illustrates that the ob- 
served variation is not strongly influenced by 
dependencies that exist within the data set. 



0.45 

0.40 

0.35 e 
.3 
e 0.m 

Y 0.25 
0 
0 

0.20 
v) g 0.15 

c 0.10 

0.05 

.-..I.. GLUCS-93 
- .  - JENDL3 
----- CENDL 

0.00 I I I I 
0.00 5.00 10.00 15.00 20.00 

Neutron Energy (MeV) 

Figure 1. Representative Variation in 32S(n,p)32P 
Cross Sections 

The standard deviation of the cross section 
calculated from the correlation matrix is seen 
to go from 8.1% for the 1984 ENDFB-V Do- 
simetry Tape evaluation to 6.5% for the 1990 
GLUCS evaluation. When the 1993 GLUCS 
analysis corrected problems in the original 
work, the standard deviation was reduced to 
3.98%. Thus the observed variation in spec- 
trum-averaged cross section is comparable to 
the latest calculated uncertainty. 

The fully correlated uncertainty is seen to 
be a factor of 2 to 5 larger than the accurately 
propagated uncertainty. This shows how im- 
portant an accurate modeling of the cross sec- 
tion energy-dependent correlations can be. 
This large factor is an extreme case and is not 
typical of dosimetry cross sections. This situ- 
ation tends to arise when a threshold cross sec- 
tion shows energy-dependent structure that can 
affect the correlation in the data. 

B. Comparison of Metrics 

An analysis of the trends in scatter plots of 
the data from Table 1 shows that the ratio of 
the FBR to pool-type spectrum uncertainty 
(rstd) is unity for threshold reactions. For non- 
threshold reactions, there is a wide variation in 
the ratios, with the FBR rstd being, on average, 
a factor of two greater than the pool-type rstd. 

Figure 2 shows a scatter plot of the rstd ver- 
sus the avgstd for the reactions listed in Table 
1. When one separates the data points based on 
the spectrum and the reaction type, the rstd and 
avgstd metrics are seen to be strongly correlat- 
ed with the avgstd being a factor of 1.6 larger 
than “rstd” uncertainty for all cases except for 
nonthreshold pool-type spectra where the con- 
stant of proportionality is about 1.1. This is 
understandable when one realizes that thresh- 
old reactions generally concentrate their activ- 
ity at energies above 1 MeV, which is also 
where most of the FBR-spectrum neutrons oc- 
cur. When the activity is dominated by low- 
energy reactions (pool-type and nonthreshold 
reactions) most covariance matrices show little 
energy-dependent structure, and thus the cova- 
riance can be considered to be essentially fully 
correlated. This class of nonthreshold reac- 
tions in a pool-type reactor spectrum is also the 
case that shows the minimum range (0% - 
10%) of uncertainties when either metric is 
used. This is a reflection of the consistency in 
experimental data for low energy cross sec- 
tions where there are fewer reaction channels 
(generally just elastic scattering and radiative 
capture reactions). 
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Figure 2. Relationship Between “rstd” and “avg- 
std” 

Figure 3 shows a scatter plot of the obsstd 
versus rstd for the reactions listed in Table I. 
A lot of scatter occurs in the data with no ap- 



parent correlation. A visual inspection of the 
data in Figure 3, when the data points are sep- 
arated by spectrum and cross section type, 
shows a similar scatter pattern for all data ex- 
cept those associated with nonthreshold reac- 
tion in a pool-type spectrum. This difference 
in scatter pattern and a lower overall ratio of 
obsstd to rstd may be a reflection of the lack of 
structure in the low energy cross section data 
and of a strong correlation between the exgeri- 
mental data used in the various evaluations. 
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Figure 3. Relationship Between “rstd” and “ob- 
sstd” 

C .  Uncertainty Application with 
Dosimeter Covers 

Often covers are used with dosimetry sen- 
sors. The covers, typically cadmium, gold, or 
borated materials, are used to shift the sensor 
response to energy regions where other dosim- 
etry sensors do not provide adequate coverage. 
When covered sensors are used in spectrum- 
determination codes, the question arises on 
how to treat the uncertainty of the sensor re- 
sponse. To a first approximation, the effect of 
the cover can be treated as an exponential at- 
tenuation factor’. Given the uncertainty of the 
cover absorption cross sections8, a Taylor ex- 
pansion can be used to represent the exponen- 
tial factor, and the uncertainty of the first-order 
linear term can be rigorously handled. Gener- 
ally the response in the thermal and low-ener- 
gy region attenuated by the cover is so reduced 

that this region does not contribute to the spec- 
trum-averaged activity nor to the uncertainty 
in the activity. A more difficult problem is the 
effect in the high-energy region where scatter- 
ing effects, which can not be represented by an 
exponential attenuation term, affect the sensor 
response. The magnitude of these effects is 
discussed in Reference 14. The uncertainty in 
this term is dominated by the modeling of the 
cover/sensor geometry in the Monte Carlo cal- 
culation of the sensor adjustment factor and 
not by the cover or sensor cross sections. The 
recommended approach to treating this uncer- 
tainty factor is to perform a sensitivity study on 
the radiation transport modeling. 

D. Other Sources of Uncertainty 

This paper has examined the effect of the 
uncertainty in the cross section on the calculat- 
ed activity uncertainty. The other important 
factor that influences this calculated activity 
uncertainty is the uncertainty in the neutron 
spectrum. In most cases, the agreement be- 
tween the measured activities, with their asso- 
ciated experimental uncertainty, and calculat- 
ed activities, with their calculated uncertainty 
due to the knowledge of the cross section, is 
used to assign uncertainties to the neutron 
spectrum. For reference benchmark neutron 
fields where both the cross section and neutron 
spectrum are well-known, such as the 252Cf 

thermal-fission spectrum, an opportunity ex- 
ists to compare the activity uncertainties with 
observed C/E (calculated/experimental) activi- 
ty ratios. This comparison is currently being 
conducted and will be reported by the author 
when completed. 

spontaneous-fission spectrum and the 235u 

VI. CONCLUSIONS 

This paper presents three metrics for the 
uncertainty of calculated spectrum-averaged 
activities in representative research spectra. 



These metrics include a rigorous uncertainty 
propagation, a spectrum-average of the bin- 
wise standard deviations,  and an observed 
variation among modern dosimetry-oriented 
evaluations. In addition to  presenting data on 
these uncertainty metrics for most dosimetry- 
quality reactions used to determine spectra, 
this paper has indicated trends in the relation- 
ships of the metrics. 
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