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a b s t r a c t

The methodology to derive cross-section data from measurements in a cold neutron beam was studied.
Mostly, capture cross-sections at thermal energy are derived relative to a standard cross-section, e.g. the
cross-section of the 1H(n,γ), 14N(n,γ), or 197Au(n,γ) reaction, and proportionality between the standard
and the measured cross-section, evaluated at different energies in the sub-thermal region, is often
assumed. Due to this assumption the derived capture cross-section at thermal energy can be biased by
more than 10%. Evidently the bias depends on how much the energy dependence of the cross-section
deviates from a direct proportionality with the inverse of the neutron speed. The effect is reduced in case
the cross-section is not derived at thermal energy but at an energy close to the average energy of the
cold neutron beam. Nevertheless, it is demonstrated that the bias can only be avoided in case the energy
dependence of the cross-section is known and proper correction factors are applied. In some cases the
results are also biased when the attenuation of the neutron beam within the sample is neglected in the
analysis. Some of the cross-section data reported in the literature suffer from such bias effects. Hence,
the results have to be corrected using the correction factors presented in this paper.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cross-sections for neutron induced reactions at thermal energy
can be derived from measurements in a cold neutron beam to
minimize contribution from resonance capture. From these experi-
ments an average reaction rate integrated over the neutron energy
spectrum is measured. To derive from such an integral quantity a
cross-section at a specific energy, e.g. at thermal energy (25.3 meV

or 2200 m/s), reference is made to a standard cross-section. The 1H
(n,γ) [1], 14N(n,γ) [2] or 197Au(n,γ) [3] cross-sections are mostly
used as standard cross-section.

It is often supposed that both the standard and unknown cross-
sections are proportional to the inverse of the incident neutron
speed, i.e. that they have a pure 1=v shape. This assumption is not
valid when the cross-section is dominated by the contribution
from low energy resonances or from bound states close to the
neutron separation energy. For such reactions the energy depen-
dence of the cross-section is required to deduce a cross-section at
a given energy.

In this work bias effects due to cross-sections deviating from a
1=v shape and due to the shape of the neutron energy spectrum
are investigated. In addition, the effect of the attenuation of the
neutron beam and the contribution of multiple interaction events
within the sample are verified. The analysis in this work is limited
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to reaction rates. No attempt is made to study bias effects due to
emission probabilities, decay constants or missing transitions.

The study is focused on the cross-sections for the 241Am(n,γ)
and 237Np(n,γ) reactions. These cross-sections were selected since
they are strongly influenced by bound states close to the neutron
separation energy and by low energy resonances. In addition,
results of direct measurements of the energy dependence are
available [4,5]. In the study two cold neutron beam facilities and a
pure thermal Maxwellian spectrum at room temperature are
considered.

2. Methodology

Measurements in cold neutron beams are very useful to
determine capture cross-sections in the thermal and sub-thermal
energy region. From such measurements an average reaction rate
is obtained. This rate is used to derive the cross-section at a given
energy E0, mostly taken at thermal energy, i.e. at 25.3 meV
corresponding to a neutron speed of 2200 m/s. The theoretical
estimate of the rate for a neutron induced capture reaction with
nuclide x is

Rx ¼
1
Vx

Z
σxðEÞφðE; r!Þ dE dV ð1Þ

where Rx is the average reaction rate per nucleus, Vx the sample
volume, φðE; r!Þ the spatial and energy dependent neutron fluence
rate and σxðEÞ the energy dependent cross-section for the capture
reaction with nuclide x.

Mostly reference is made to a standard cross-section that is
used to determine the neutron fluence rate. The cross-section of
interest at a specific energy E0, denoted by σ0;x, is derived from the
standard cross-section σ0;s at this energy and the ratio of reaction
rates:

σ0;x ¼ σ0;s
Rx

Rs

1
Vs

R
σ0
sðEÞφðE; r

!Þ dE dV

1
Vx

R
σ0
xðEÞφðE; r

!Þ dE dV
ð2Þ

where Rx and Rs are the reaction rates per nucleus of the reaction
of interest and the standard reaction, respectively. The energy
dependences of the corresponding cross-sections, which are
denoted by σ0

sðEÞ and σ0
sðEÞ, are normalized to unity at the energy

E0 by

σ0
iðEÞ ¼ σiðEÞ=σ0;i; i¼ x; s: ð3Þ

Cold neutron beams are characterized by a close-to-Maxwellian
neutron spectrum, with a peak energy that is significantly lower
than 25.3 meV. In this region most of the cross-sections are
directly proportional to the inverse of the neutron speed. For this
reason it as often assumed that the cross-sections at energy E0 can
be derived directly from the ratio of the reaction rates [6–8] and
Eq. (2) reduces to

σ0;x ¼ σ0;s
Rx

Rs
: ð4Þ

Such an assumption is not always justified and can result in bias
effects even if the cross-section is derived at an energy E0 below
the thermal energy. Also, by applying Eq. (4) the attenuation of the
neutron flux within the samples is neglected.

To derive accurate cross-sections, the energy dependence of the
cross-sections is required [9] and the unknown cross-section
should be derived from the following equation:

σ0;x ¼ σ0;s
Rx

Rs

Fs
Fx

Fφ;s
Fφ;x

ð5Þ

where

Fi ¼
R
σiðEÞφ0ðEÞ dER

σ0;i

ffiffiffiffiffiffi
E0
E

r
φ0ðEÞ dE

; i¼ x; s ð6Þ

is a correction factor accounting for the deviation from 1=v energy
dependence of the cross-section. The correction factor

Fφ;i ¼
1
Vi

R
σiðEÞφðE; r!Þ dE dVR
σiðEÞφ0ðEÞ dE

; i¼ x; s ð7Þ

accounts for the attenuation of the neutron beam in the samples,
where φ0ðEÞ is the energy dependent fluence rate of the unper-
turbed neutron field (e.g. the incoming neutron beam). While the
correction factor Fi depends only on the cross-section shape, the
correction factor Fφ;i also depends on the absolute value of the
cross-section.

2.1. Cross-section shape correction factors

The correction factors Fi ¼ x;s are due to the deviation from a 1=v
dependence of the cross-section. The factors equal unity only if the
cross-sections are proportional to the inverse of the speed in the
energy region contributing to the reaction rate and in the region
that includes the energy E0 at which the cross-section is derived.

The cross-sections for the 1H(n,γ), 14N(n,γ) and 197Au(n,γ)
reactions are often used as standard cross-sections. Their recom-
mended cross-sections at thermal energy are reported in Table 1.
The cross-sections for 1H(n,γ) and 14N(n,γ) are expected to behave
as 1=v in a broad energy region covering the sub-thermal and epi-
thermal regions. However, the cross-section for the 197Au(n,γ)
reaction deviates from 1=v behaviour in the thermal region. This
deviation can be described by a correction factor which can be
approximated by a linear function FsðkBTÞ ¼ aþbkBT , where T is
the effective temperature of the neutron beam and kB the
Boltzmann constant. Assuming a Maxwellian distribution at dif-
ferent temperatures and using the cross-section recommended in
the JEFF-3.2 library [10], the parameters a and b are 0.9910 and
0.5822 eV�1, respectively. For kBT between 0.1 meV and 100 meV
this approximation deviates at most 0.1% from the original values.
The non-1/v behaviour can also be concluded from the Westcott
factor g¼1.005 at kBT ¼ 25:3 meV that differs from unity. One
should note, however, that a Westcott factor g¼1 at room
temperature does not necessarily imply that no corrections for
non-1/v behaviour are required.

The thermal cross-section for 197Au(n,γ) is recommended with
a small uncertainty, i.e. σ0;Au ¼ 98:6870:12 b [3]. This value at
25.3 meV is predominantly determined by the result of transmis-
sion measurements in the energy region between 0.04 meV and
3.55 meV carried out by Dilg et al. [13]. In Ref. [13] all corrections,
i.e. the contributions due to coherent and incoherent neutron
scattering and those for the non 1/v-behaviour, are described in
detail. Below the Bragg cutoff at 3.69 meV, corresponding to a
plane with Miller indices (111) and a neutron wavelength of
0.471 nm, the contribution due to coherent elastic scattering can
be neglected [13].

Table 1
Cross-sections of standard neutron induced capture reactions at thermal energy
E0 ¼ 25:3 meV.

Reaction σs;0 / b Ref.

1H(n,γ) 0.332670.0007 [1]
14N(n,γ) 0.080370.0008 [2]
197Au(n,γ) 98.6870.12 [3]
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