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Abstract 

A survey of literature data of the scattering lengths of oxygen is performed,  
and these values are compared to low-energy precise total cross-section data.  
To check the quality of the data and the correctness of the relation between 
coherent scattering lengths and low-energy total cross-sections the situation is 
examined first for carbon. A value and uncertainty for the coherent scattering 
length of oxygen is recommended for use in future evaluations of 16O. This 
coherent scattering length is fully consistent with the high-precision, low-energy 
total cross-section data. The consistency requires the use of a larger uncertainty 
than claimed in the most accurate cross-section papers. This larger uncertainty is 
nevertheless very small and well within the requirements of applications of this 
cross-section. The recommended value is bc(16O) = 5.8160.015 fm and the associated 
total cross-section for the neutron-energy range 0.5 to 2 000 eV is 3.7650.025 b. 
The stated uncertainties are one standard deviation total uncertainty. 

Introduction 

In the literature a large number of high-precision experimental data for coherent 
scattering lengths exists (Sears, 1992; Rauch and Waschkowski, 2000; Dawidowski, et al., 
2013). For most of the available nuclei the quoted uncertainties are better than a few 
per cent, i.e. the accuracy is in most cases better than the values from conventional 
cross-section measurements using the transmission technique at time-of-flight facilities. 
Therefore it is worth investigating: i) how the quantities are derived to understand how 
reliable the quoted uncertainties are; ii) how coherent scattering lengths are related to 
high-precision measured total cross-section values. Below we first introduce these neutron 
optical measurements leading to accurate coherent scattering lengths. We then introduce 
the high-precision total cross-section measurements and discuss the relation between 
these two quantities. To illustrate what may be achieved carbon is discussed first. The 16O 
database is then presented and the consistency of the results is discussed in order to 
analyse what the best value for the coherent scattering length is and how it relates to the 
best total cross-section measurements at low energy. This discussion leads to the use of 
an uncertainty larger than would be obtained by weighted average. The final uncertainty 
is nevertheless small and the value and uncertainty should be a reference for any future 
evaluations of the 16O cross-section. 
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Neutron optical measurements 

To determine the coherent scattering lengths, most of the experiments rely on either 
Fraunhofer diffraction (or small angle scattering), refraction, reflection or interferometry. 
All of the latter methods rely on dynamical scattering theory (Sears, 1982). The principal 
aim of the dynamical theory is the treatment of coherence between the incident neutron 
beam and the scattered neutron beam when the Bragg condition is not met for any of the 
lattice planes of the material. Such coherence is only possible if the wavelengths of the 
incident and scattered waves are the same. It therefore just concerns elastic scattering in 
this strict sense and any other scattering process that changes the wavelength leads to 
attenuation of the neutron beam and is treated as absorption along with actual neutron 
removal reactions. 

Unlike the kinematic theory, which solves the scattering equation in Born 
approximation and therefore ignores the local field, the dynamical theory first derives 
the effective interaction potential and then solves the Schrödinger equation rigorously 
using appropriate boundary conditions. It is found that when Bragg’s law is not satisfied 
for a crystal the coherent wave is the same as that in a homogeneous body of the same 
composition and density (Sears, 1982). The resulting theory closely resembles conventional 
optics. As in optics, the propagation of neutron waves through a medium is governed by 
a refractive index n which is given by: 
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with N the density of the sample (nuclei per unit volume), b the coherent scattering 
length,  the wave length of the neutron and a the absorption cross-section of the sample. 

This relation is used to extract the coherent scattering length b from neutron optical 
experiments. As summarised in the review by Sears (1982), the accuracy of the above 
formula is higher than the experimental corrections and uncertainties involved in 
deriving the coherent scattering lengths. 

It should be noted that in fact the term important for the refractive index is the 
coherent scattering length at zero momentum transfer or the forward scattering 
amplitude. For this reason terms like the neutron-electric scattering length can be 
excluded in the formula (Sears, 1982). Secondly, as the strict definition of coherence 
explained above is applicable, there is no role for the Doppler effect. The temperature of 
the sample is of minor concern and only impacts the determination of the sample 
density N during the measurement. 

Neutron optical measurements used for accurate determinations of the coherent 
scattering length include gravity reflectometry, interferometry and prism deflection. 

Reflectometry uses the fact that for most materials the refractive index is negative. 
For pure hydrogen it would be positive, but hydrogenous compounds may be found that 
have an overall negative refractive index. With a negative refractive index total reflection 
occurs for neutrons travelling through air upon incidence on a material under sufficiently 
small angles. The critical angle for total reflection can be determined precisely and from 
that the refractive index and hence the coherent scattering length follows. In a gravity 
reflectometer small angles are achieved by neutrons falling on a surface after a long flight 
path. The critical angle expressed as a critical height of drop turns out to be independent 
of the neutron wavelength. The method is therefore non-dispersive and as such allows 
very accurate determinations of the coherent scattering length (for the best cases a few 
times 10–4). 
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In an interferometer a monochromatic neutron beam is first split in two and then 
recombined. Care is taken that the two beams travel the same geometrical distance.  
To determine a coherent scattering length of a material a sample is placed in one of the 
two neutron beams thereby creating a different optical path length for that branch of the 
interferometer. This results in a modification of the intensity of the beams extracted 
from the interferometer. By rotating the sample the path length through the sample is 
varied, leading to characteristic interference oscillations in the measured intensity which 
allow to determine the refractive index and thereby the coherent scattering length. The 
method is non-dispersive and competes in accuracy with the gravity reflectometer. 

In prism deflection the angle of deflection of mono-energetic neutrons through a 
prism is measured. The method relies entirely on the accuracy with which angles may be 
measured both for the measurement of the deflection and for the determination of the 
neutron wavelength (distribution). The latter point is critical as the method is dispersive, 
in contrast with the other two techniques, and the refractive index varies quadratically 
with the wavelength. Accuracies similar to those of the gravity reflectometer and the 
interferometer were obtained. 

Characteristic examples of these three techniques with the appropriate references are 
given below [see also Sears (1982)] in the discussion about the carbon and oxygen data.  
It should be stressed that these methods achieve their accuracy also because appropriate 
attention was paid to sample preparation and characterisation. In particular the sample 
purity, thickness and/or density need to be characterised accurately to draw full profit of 
the accuracy of the equipment that was used. In fact, the refractive index is linear in the 
atom density as it is linear in the coherent scattering length. 

The scattering cross-section 

To compare the coherent scattering length as derived with thermal neutrons with 
total cross-sections measured at higher energy, the relationship between scattering 
length and total cross-section has to be clear. Within the accuracies required for the 
present investigation the “total” coherent scattering length, as a function of the neutron 
energy can be given as (Sears, 1986): 
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with bc the bound coherent scattering length, a the free scattering length, k the wave 
number of the relative motion of the system. This relation has been derived using the 
effective range approximation, with the effective range radius given by:  
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This relation for the effective range is an approximation, which is used to indicate  
the expected behaviour. The detailed energy dependence requires an R-matrix analysis.  
The neutron-electron scattering length is bne =-1.33 10–3 fm (Kopecky), Z is the charge 
number and f (E ) is the atomic form factor. A simple description of the energy dependence 
of the form factor can be found in e.g. Sears (1986). 

Finally, using the incoherent approximation, the coherent scattering cross-section 
can be written as: 
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with Teff the effective temperature (mean vibrational energy per degree of freedom), 
which depends on the various sample properties, such as temperature, phonon spectrum, 
etc. This approximation will in general be sufficiently accurate if E >> (kb Teff /2A ), for 
most materials this condition will be reached already below 1 eV. 

For the nuclei and energy range considered in this paper the absorption cross-section 
is very low and the total cross-section is equal to the scattering cross-section for all 
except very low energies. Furthermore for nuclei with spin zero the coherent scattering 
cross-section is the total scattering cross-section (here we only consider 12C and 16O). 

Neutron total cross-sections are universally measured with the transmission technique. 
Using an appropriate neutron source a neutron beam is created by collimation. A detector 
is placed in the beam to measure the neutron flux of the beam Cout and the neutron flux 
when the neutron beam is attenuated by a sample of the material of interest Cin. The 
ratio of the two fluxes is the transmission factor which is expressed in terms of the 
material density , its thickness t and the total cross (E) section by: 
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The method is in principle absolute in the sense that it does not require any  
other cross-sections in its realisation and analysis. At white neutron sources with the 
time-of-flight technique cross-section accuracies in the per cent range are readily obtained. 
Several experimental corrections and effects are important for the accuracy of the 
technique, such as detector dead time, background count rates, the knowledge of sample 
thickness in terms of nuclides per area, the compensation for impurities in the sample. 

Here, we want to highlight a limited number of high-accuracy total cross-section 
measurements. Most of these measurements make use of mono-energetic filtered beams 
to determine the total cross-section for a specific energy with a very low background.  
In particular, accuracies in the permille range were obtained for the cross-sections at these 
energies, about one order of magnitude more accurate than for the best conventional 
transmission data. Examples and the appropriate references are given in the sections 
below. The data by Houck are an exception. 

Carbon 

Before investigating the situation for oxygen, it is interesting to look into the data for 
a nucleus for which the cross-section is very well known: carbon. 

In Table 1 a summary is given of coherent scattering lengths deduced from neutron 
optical measurements and from total cross-section measurements. 

Table 1: The coherent scattering lengths for 12C as listed in the literature 

bc  
(fm) 

(bc)  
(fm) 

Method Author(s) 

6.6484 0.0013 Gravity reflectometer Koester and Nistler (1975) 

6.6470 0.0050 Interferometry Freund, et al. (1981) 

6.6230 0.0090 Transmission Houck (1971) 

6.6600 0.0060 Transmission Dilg and Vonach (1971) 

 

The agreement between the four values quoted in Table 1 is satisfactory, even if the 
spread of the values is larger than the given uncertainties. It can be concluded that, at 
least for the two transmission results, the uncertainty of the derived coherent scattering 
length should be multiplied by a factor of 2. 
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Using the most accurate value for the coherent scattering length (Sears, 1986), the 
total cross-section can be calculated using Eqs. (2-4). The results can then be compared to 
evaluated data files and experimental data. As can be seen in Figure 1 the agreement 
between available cross-section data in the literature and the cross-section derived from 
the coherent scattering lengths is very good; for the agreement between the calculated 
cross-section and the value given no ENDF/B-VII is of the order 10–3 over the whole energy 
range considered. Therefore the methodology suggested here can be applied for oxygen. 

Figure 1: Comparison of carbon total cross-section data with  
the calculated total cross-section using the above formulas  
and the best value for the bound coherent scattering length 

 

Oxygen 

Neutron optical measurements 

Table 2 lists the coherent scattering lengths that can be found in the literature, only 
considering the most accurate results. The two measurements are from two experimental 
groups, using two different measurement methods, one employing the Munich gravity 
reflectometer, the other prism deflection at NBS. Both measurements quote uncertainties 
of ≤ 10–3, but the values differ significantly outside their uncertainties. 

Table 2: The most accurate determinations of the coherent scattering length of 16O 

bc 
(fm) 

(bc) 
(fm) 

Method Author 
Modified bc 

(fm) 

5.830 0.002 Prism deflection Schneider (1976) 5.830 

5.801 0.006 Gravity reflectometer Nistler (1974) 5.804 
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As a first step in an attempt to resolve the differences, the most recent recommended 
values of scattering lengths used for deriving the oxygen quantities are used to recalculate 
the values, i.e. the measurements made use of oxygen containing compounds and had to 
compensate for the additional nuclei besides 16O in the sample. 

The value of the coherent scattering length of oxygen was measured by Nistler (1974) 
by measuring the reflection of a variety of H2O and D2O mixtures, using the hydrogen 
coherent scattering length as input. The value for the hydrogen scattering length used 
bH = -3.7400.003 fm (Koester and Nistler, 1975) was derived by the same group, using the 
same technique of gravitational reflection measurements. The neutron optical properties 
of a variety of organic liquids had been measured, and a simultaneous analysis provided 
scattering lengths of H, C and Cl. The most accurate value of the carbon scattering length 
is due to that measurement. As we were able to demonstrate, for carbon a very good 
agreement between scattering lengths and cross-section measurements can be observed. 

The best value for hydrogen that can be found in the literature is bH = -3.4710.001 fm 
(Schoen, 2003), a value compiled from the complete set of experimental data. When using 
this value for correcting the values quoted by Nistler (1974), the change to the coherent 
scattering length of oxygen is marginal (last column Table 1). 

A similar observation can be made for the work of Schneider (1976). In that work the 
oxygen scattering length is derived using a value for the scattering length of Si as 
bSi = 4.14850.0008 fm. Using the most accurate value in literature bSi = 4.150710.00022 fm 
(Ioffe, 1998) the induced change in the deduced scattering length of oxygen is negligible 
and cannot explain the difference with the value of Nistler. 

Therefore, even when using the most recent – or most accurate – values of the 
scattering lengths of the nuclei in the compounds used for determining the 16O scattering 
length, the discrepancy between the values of Nistler and Schneider cannot be resolved. 
Even checking the papers and the given numerical values in detail does not provide any 
satisfactory explanation of the differences, nor does this indicate which of the work 
groups was especially optimistic in the estimated uncertainties. 

The natural compromise is therefore to adopt the average of the two experimental 
scattering lengths as the evaluated value and half the difference of the two as one standard 
deviation: bc(16O) = 5.8160.015 fm. Despite the significant increase in uncertainty relative 
to the experiments the relative uncertainty of this compromise is still very good: 0.26%. 

Below we check the consistency of this evaluated coherent scattering length with 
high-accuracy total cross-sections measured at 130, 1 970 and 23 500 eV. 

Transmission measurements 

Three very accurate cross-section measurements for single energies can be found in 
the literature (Dilg, Koester and Nistler, 1971; Koester, Waschkowski and Meier, 1990; 
Block, et al. 1975). Each of these works used the filtered beam technique. Dilg, Koester 
and Nistler (1971) and Koester, Waschkowski and Meier (1990) used resonance filtered 
beams at the Munich research reactor. For the measurements at 130 eV resonance 
scattering at Co was used (Dilg, Koester and Nistler, 1971), and for the 1970 eV resonance 
a combination of Cu and Se resonance scattering was employed (Koester, Waschkowski 
and Meier, 1990). Block, et al. (1975) used a Fe filter at the Kyoto electron linac in 
combination with time-of-flight to obtain an accurate cross-section at 23 500 eV. 

From the measured total cross-sections, scattering lengths of oxygen can be derived, 
using the above formulas. The given uncertainties only reflect the uncertainties of the 
cross-section measurements. Especially for the higher energy points the effective range 
correction will induce an additional component to the uncertainty. It should be noted  
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that for a light nucleus such as oxygen it is important to include the neutron-electron 
scattering in the analysis of the total cross-section data, as this scattering contributes 
approximately 0.01 fm to the scattering length at energies above 0.1 eV. 

The value of Dilg, Koester and Nistler (1971) for 16O is derived from a measurement of 
SiO2 by subtracting a measured value for the Si cross-section of 2.04420.0018 b. Using the 
latest, most accurate measurement of the coherent scattering length of natural Si (Ioffe, 
1998), one finds a cross-section of 2.0385 b. Adopting this value instead of Dilg’s value for 
Si, the extracted oxygen cross-section changes by approximately 0.1% to 3.764 b and the 
extracted coherent scattering length will change by 0.002 fm, a value smaller than the 
experimental uncertainty. 

Koester, Waschkowski and Meier (1990) measured the total cross-section of Si and 
SiO2 at 1 970 eV and the value of Si that was subtracted is 2.019 b. Using the scattering 
length of Ioffe, et al. [18], one can estimate the cross-section of Si at 1 970 eV to be 2.037 b, 
using the expressions given earlier. This will only slightly modify the extracted oxygen 
cross-section, in fact only a change within the experimental uncertainty is observed. The 
derived modified coherent scattering length is given in Table 3. 

Table 3: Measured total cross-sections for 16O and their  
modification on the basis of corrections to the Si cross-section 

Neutron 
energy (eV) 

Reference 
Measured 
SiO2 (b) 

Extracted 
16O 

Extracted 
16O bc (fm) 

Modified  
16O (b) 

Modified 
16O bc (fm) 

130 Dilg, Koester and Nistler (1971) 9.566 (13) 3.761 (7) 5.803 (6) 3.764 (7) 5.805 (6) 

1 970 Koester, Waschkowski and Meier (1990) 9.56 (5) 3.77 (3) 5.815 (30) 3.750 (30) 5.800 (30) 

23 500 Block, et al. (1975)  3.736 (7) 5.820 (6) n/a n/a 

 

Block, et al. (1975), measured Be, Si, Al and their oxides. The value of the oxygen 
cross-section has then been derived as a mean of the difference of the elemental sample 
and the respective oxide sample. We refrain from trying to adjust the cross-section in 
this case, as the uncertainties connected with the correct energy dependence of the 
cross-section are too large, due to the high energy of the measurement. 

It can be observed that the total cross-section of silicon, derived from the ENDF/B-VII.1 
files of 28Si, 29Si and 30Si is lower than the curve derived from the measured coherent 
scattering length, and the evaluation does not agree very well with the available 
experimental data. It should be noted that the systematic uncertainty quoted in Larson, 
et al. (1976) is 3% (not indicated in the plot), therefore the ENDF/B-VII.1 file will agree with 
that set of data within the quoted uncertainties. Even so, it is not understood why the 
evaluation does not match the data by Larson, et al. or even better: the value by Dilg, 
Koester and Nistler (1971). The deviation at energies above approximately 2 keV of the 
cross-section derived by Eqs. (2-4) from the experimental data is due to neglecting of the 
resonance contributions. This is easily fixed by a proper R-matrix analysis. 

Conclusion 

The cross-section points derived by transmission measurements are in agreement 
with the cross-sections calculated based on the coherent scattering length. This point 
already evident from Table 3 is highlighted in another way in Figure 2. This adds support 
to the suggestion given above to adopt the average of the two most accurate values of 
Schneider and Nistler as the evaluated 16O coherent scattering length and use half the 
spread of the two measured values for the uncertainty: bc (16O ) = 5.8160.015 fm. 
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Figure 2: Measured total silicon cross-section, compared to  
ENDF/B-VII.1 and cross-section values derived with Eq. (4),  

with bcoh = 4.15071 fm and adding a 1/v capture contribution 

 

Therefore a total scattering cross-section of 3.7650.025 b can be recommended for use 
in the energy range between 0.5 and 2 000 eV. To derive this value the neutron-electron 
scattering length had to be included, otherwise a difference of approximately 0.5% would 
be observed. The inclusion of the neutron-electron scattering length will introduce an 
energy dependence of the cross-section; this dependence can be neglected in the suggested 
energy range at present accuracy levels, but should be correctly accounted for outside 
that region. 

Figure 3 also shows the need for modification of existing evaluations in the energy 
range considered here. We note that JENDL-3.3 (Shibata, et al., 2002) (not shown in the 
figure) is nearly identical with the cross-section value recommended here. The total 
cross-section of ENDF/B-VII.1 (Chadwick, et al., 2011) and JEFF-3.1.2 (OECD/NEA, 2009) are 
indistinguishable on the scale of Figure 3. 

Figure 3: Comparison of the high-precision total cross-section data with the estimate 
based on the above formulas and the evaluated bound coherent scattering length 
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