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Abstract 

There are differences among experimental cross-sections for 16O, which make the 
evaluated data still uncertain. R-matrix is rigorous and straightforward to the 
quantum mechanical theory. We estimate the neutron cross-sections for 16O up to 
5.2 MeV through R-matrix analysis. In this work, particular attention is paid to 
issues in the scale of (n,) reaction cross-sections and hydrogen contents in some 
of the experimental total cross-sections. Our preliminary results suggest that 
those problems could be solved/reduced due to the physical constraints imposed 
by the theory. 

Introduction 

The differences among measured data make the evaluated cross-sections as yet 
uncertain, which consequently affects the integral calculation more or less. Oxygen is 
one of the important elements in a number of nuclear applications. However, all the 
nuclear data libraries in the world have issues to be solved as follows: 

 There are systematic differences among the experimental 16O(n,)13C or the inverse 
reaction cross-sections. The discrepancies reach up to about 30%, rendering the 
evaluated cross-sections as yet uncertain. 

 There are ~3% differences among the experimental total cross-sections below 
10 keV, which makes the present evaluations larger. The most probable reason  
is due to plausible amounts of hydrogen content remaining in some of the 
measurements, which consequently increases the evaluated values. 

 There are increasing demands for giving uncertainties in evaluated cross-sections 
to estimate the margin of integral calculations. However, the evaluated values are 
low fidelity, which is based only on the experimental information. 

The purpose of this study is to reduce/solve those issues as they are mutual concerns 
in the world. The R-matrix theory is rigorous and straightforward to the quantum 
mechanics, which brings physical constraints to the behaviour of cross-sections. We carry 
out multi-channel R-matrix analyses for 17O system – n+16O and +13C to estimate both 
the neutron elastic-scattering and 16O(n,)13C reaction cross-sections up to 5.2 MeV. The 
measured data we use are six sets of total cross-sections (Cierjacks, et al., 1968, 1980; 
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Schrack, Schwartz and Heaton, 1972; Perey, Love and Kinney, 1972; Johnson, et al., 1973; 
Ohkubo, 1987) and recent experimental data of 16O(n,)13C and 13C(,n)16O reaction 
cross-sections (Harissopulos, et al., 2005; Giorginis, et al., 2007). Since there are differences 
among measured data, we also try to search for some experimental parameters as well as 
the R-matrix parameters in this analysis. We present preliminary results of cross-sections 
and uncertainty that are “physically” constrained by the theory. 

A multi-channel R-matrix code (AMUR) 

A multi-channel R-matrix code (AMUR) is now under development based on the 
formalism of Wigner-Eisenbud (1947). As long as we have enough information on the 
nuclear structure, the theory gives exact solutions without any approximation. The code 
is designed to calculate cross-sections not only for neutron but also charged-particle 
reactions. Although the photon channels are not yet included in the current version, the 
code can be applied to the analysis for light nuclei since the neutron radiative-capture 
cross-sections are negligible as in the order of micro-barn. 

The code also has functions of the parameter search with the generalised least-square 
method based on the Bayes’ theorem. Therefore, the values of R-matrix parameter can be 
deduced from experimental cross-sections with covariance/uncertainty. Furthermore, if 
necessary, unknown experimental values such as renormalisation, possible background 
terms and even the resolution could be given as parameters to be searched for. 

Analysis for 17O system 

Channels and theoretical parameters 

The maximum neutron energy is set to 5.2 MeV to study a simple case. The threshold 
of the (n,0) reaction is about 2.4 MeV, and the other reactions are still closed up to 
5.2 MeV. Therefore, we only consider two partitions in this R-matrix analysis, n+16Og.s and 
+13Cg.s. For the level assignments of the compound nucleus 17O, we followed those given 
in the latest version of Nuclear Data Sheets except for a few levels. We considered the 
levels of J = 1/2±, 3/2±, 5/2± and 7/2± which can be excited by the incoming partial waves of 
l = 0 to 4. 

The R-matrix parameters to be searched for are the channel radii, reduced width 
amplitudes and the energy eigenvalues for each level in the compound nucleus 17O. The 
contributions from the negative and distant levels are also treated as parameters, except 
for the levels J = 5/2± and 7/2± in which the effect is found to be very small. 

Experimental data used in this analysis 

Table 1 lists the measured cross-sections preliminarily used in the parameter search. 
Those experimental data complement the energy range of our interests. We used six sets 
of total cross-sections that have been measured with the time-of-flight (TOF) method. 
They are given with a sufficiently fine resolution to separate the resonances. Especially, 
the experimental data of Cierjacks, et al. (1980) are given with very fine resolution, which 
identify even very small and/or narrow resonances. 
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Table 1: Experimental total cross-sections used in the parameter search 

Reaction Author(s) Year Lab Adopted range 

O(n,total) 

Cierjacks, et al. 1968 KIT 0.5 MeV < En < 5.2 MeV 

Schrack, Schwartz and Heaton 1972 NBS 0.5 MeV < En < 5.2 MeV 

Perey, Love and Kinney 1972 ORNL 0.5 MeV < En < 5.2 MeV 

Johnson, et al. 1974 ORNL 50 keV < En < 5.2 MeV 

Cierjacks, et al. 1980 KIT 3.1 MeV < En < 5.2 MeV 

16O(n,total) Ohkubo 1984 JAERI 1 keV < En < 940 keV 

13C(,n)16O Harissopulos, et al. 2005 RUB Ethre < Ea < 3.5 MeV 

16O(n,)13C Giorginis, et al. 2007 IRMM 3.9 MeV < En < 5.2 MeV 

 

Since experimental 16O(n,)13C reaction cross-sections are limited, we analysed the 
13C(,n)16O reaction cross-sections recently measured by Harissopulos, et al. (2005). Since 
the measured data are given with a fine resolution over the corresponding energy range, 
they are very useful to deduce the parameter values for the alpha-particle channels.  
We also analysed measured 16O(n,)13C reaction cross-sections of Giorginis, et al. (2007) 
although the number of data points are rather limited. 

Experimental parameters 

A number of efforts have been devoted to the uncertainty estimation in experimental 
studies. However, measurements for the same observable do not necessarily agree well. 
This suggests there could be unknown sources of uncertainty in each measurement, 
which consequently make the evaluated cross-sections still uncertain. It is expected that 
those issues should be solved/reduced through the R-matrix fit since the theory imposes 
unitarity constraints in the analysis. Hence, as described in the next paragraph, we 
introduced some experimental parameters in our fits to lead the cross-sections toward 
more reasonable values. 

One of the issues in measurement could be, more or less, the normalisation, which 
would be a source of the systematic uncertainty. Indeed, there are systematic difference 
between previous (Bair and Haas, 1973) and recent (Harissopulos, et al., 2005; Giorginis, 
et al., 2007) measurements for (n,) and/or (,n) reaction cross-sections. The differences 
reach up to about 30%, which exceed the uncertainty given in the literature. In this 
analysis, we introduce a renormalisation factor for each measurement, and it is treated 
as a parameter to be searched for in the R-matrix fit. 

There is an inconsistency between the total cross-section of Ohkubo (1987), Johnson, 
et al. (1973) and a number of very accurate experimental data below about 10 keV (Dilg, 
Koester and Nistler, 1971; Moxon, Endacott and Jolly, 1974; Block, et al., 1975; Koester, 
Waschkowski and Meier, 1990). A plausible reason is because there is a small amount of 
hydrogen content in the experimental data of Ohkubo and Johnson, et al. Therefore, we 
tried to search for the effective hydrogen cross-sections in the measurements: the 
hydrogen cross-sections [taken from ENDF/B-VII.1 (Chadwick, et al., 2011)] weighted by a 
scale parameter are added to the R-matrix calculations, where the scale parameter is 
determined in the fitting procedure. 
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Examples of results 

All the theoretical and experimental parameters were deduced through simultaneous 
analysis to those measured data described above. In the fitting procedure, the calculations 
were broadened with the experimental resolution (preliminary, the resolution is treated 
as one of the parameters to be searched for if the information is missed/limited in the 
literature). We successfully fitted all the experimental cross-sections as plotted in Figure 1. 

Figure 1: Examples of fitted results 

 

Values of renormalisation 

Table 2 lists renormalisation parameters obtained for each measurement. Those 
values were determined with very small uncertainty due to the unitarity constraint from 
the R-matrix theory. This suggests the analysis is nearly independent of systematic 
differences among the measurements. The renormalisation values we obtained are 
nearly equal to 1.0 for total cross-sections. However, the values were found to be about 
1.5 both for the 13C(,n)16O and 16O (n,)13C measurements. Those values were guided by 
the measured total cross-sections since there were correlations between the different 
reactions. It should be noted that the estimated 13C(,n)16O cross-sections are consistent 
with the measured data of Bair and Haas (1973). 

Hydrogen content in measurements 

The values of ratio to the hydrogen cross-sections from ENDF/B-VII.1 was found to  
be 0.01665  6.02% and 0.00988  8.38% for experimental data of Ohkubo and Johnson, 
et al., respectively. That means the corresponded plausible hydrogen contents could be 
34621 (mb) and 20517 (mb). Figure 2 shows the calculated total cross-sections in a lower 
energy range with experimental data. If the plausible hydrogen content was not considered 
in R-matrix analysis, results overestimated experimental data of Dilg, Koester and Nistler 
(1971), Block, et al. (1975) and Koester, Waschkowski and Meier (1990) by about 3% or  
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Table 2: Renormalisation parameters obtained for each measurement 

Reaction Measurement Renormalisation to measurement 

O(n,total) 

Cierjacks, et al. (1968) 0.967  0.15% 

Schrack, Schwartz and Heaton (1972) 0.982  0.09% 

Perey, Love and Kinney (1972) 0.996  0.09% 

Johnson, et al. (1973) 1.018  0.09% 

Cierjacks, et al. (1980) 1.032  0.35% 

16O(n,total) Ohkubo (1987) 0.997  0.02% 

13C(,n)16O Harissopulos, et al. (2005) 1.521  1.14% 

16O(n,)13C Giorginis, et al. (2007) 1.487  1.31% 

 

Figure 2: Improved total cross-sections in a lower energy range 

 

more as the value given in ENDF/B-VII.1. On the other hand, the situation is essentially 
improved if the credible hydrogen contents are considered in the R-matrix analysis as 
done in the present study. 

Uncertainty of cross-sections 

As an example, the present total cross-section is illustrated with uncertainty in 
Figure 3. The uncertainty values we obtained surely reflect both the experimental and 
theoretical knowledge. The values obtained are 0.5% for total and 2.5% for 16O(n,)13C 
cross-sections on average. They are lower than the difference among the measurements 
since the physical constraints have been imposed by R-matrix theory. However, the present 
results are still preliminary because only the uncertainties of theoretical parameters were 
propagated to those for cross-sections. 
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Preliminary conclusions 

Neutron cross-sections were estimated with uncertainty for 16O below En = 5.2 MeV 
through R-matrix analysis to the measurements. We entrusted the unitarity constraints 
from the theory to estimate the absolute values of cross-sections. Plausible amounts of 
hydrogen in some of the experimental total cross-sections were also deduced. Our 
preliminary 13C(,n)16O and 16O(n,)13C reaction cross-sections are larger than the recent 
experimental data by a factor of about 1.5, but the total cross-sections obtained were 
found to be consistent with a number of accurate measurements in the lower energy 
region. Further experimental studies and benchmark calculations should be carried out 
to make sure our results are reasonable. 

Figure 3: Present total cross-sections with uncertainty 
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