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Henrik Sjöstrand9, and Vladimir Sobes10

1 Naval Nuclear Laboratory, Schenectady, NY 12301-1072, USA
2 National Institute of Standards and Technology, Gaithersburg, MD 20899-8463, USA
3 Argonne National Laboratory, Argonne, IL 60439-4842, USA
4 Rensselaer Polytechnic Institute, Troy, NY 12180, USA
5 Lancaster University, Lancaster LA1 4YW, UK
6 University of Vienna, 1010 Vienna, Austria
7 Los Alamos National Laboratory, Los Alamos, NM 87545, USA
8 International Atomic Energy Agency, 1400 Vienna, Austria
9 Uppsala University, 75120 Uppsala, Sweden

10 University of Tennessee, Knoxville, TN 37996, USA

Received: 3 May 2023 / Received in final form: 6 September 2023 / Accepted: 15 September 2023

Abstract. This paper provides a template of expected uncertainties and correlations for measurements
of total neutron cross-section observables by transmission. Measurements with time-of-flight and mono-
energetic neutron sources are covered. The information required for evaluations in the resonance region
and high energy region is detailed, along with the template of uncertainties and correlations that can be
used in the absence of other information.

1 Introduction

The neutron total cross-section is one of the most straight-
forward reactions to measure. This is the cross-section for
all types of interactions between the incident neutron and
the target nucleus–scattering or absorption, direct or com-
pound. As the sum of all of the reaction cross sections for
a particular isotope, precise experimental values provide
important constraints in evaluations.

The total cross-section is measured by transmission,
the fraction of the incident neutron beam that is transmit-
ted through the sample. The time-of-flight (TOF) method
can be employed to measure energy-dependent transmis-
sion over a range of neutron energies, or mono-energetic neu-
tron sources can be utilized to measure transmission at dis-
cretized and well-characterized incident neutron energies.
Transmission measurements can have very low uncertain-
ties, with total experimental uncertainties around 1% regu-
larly reported in EXFOR [1]. As the fundamental quantity
of interest is a ratio, several sources of uncertainty that are
significant in other reaction measurements are minimized.

This work is part of a topical issue on templates of
expected measurement uncertainties. Reference [2] intro-
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duces the purpose and use of the templates. The whole series
provides templates for different neutron-induced reaction
observables. This work follows the same structure as the
templates, starting with a high-level description of the mea-
surements and data analysis given in Section 2. The evalu-
ation process and what information is useful to an evalua-
tor outlined in Section 3. Finally, the template of expected
uncertainties and correlations, which can be used to esti-
mate missing uncertainty values in the absence of specific
information, is detailed in Section 4. The present work is an
updated and expanded version of work originally published
as part of the dissertation [3] of the first author.

2 Measurement types

For the total cross-section, the only measurement method
is based on the transmission of a neutron beam through
the sample. The transmission, T , is related to the total
cross-section, σtot (in barns/atom), by the non-linear
relation,

T = e−nσtot , (1)

where n is the areal number density of the sample (in
atoms/barn). The experimental transmission is the ratio
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Fig. 1. Schematic drawing of the basic setup of the sample-in/sample-out transmission measurement.

of the neutrons measured with the sample in the beam
to the sample out of the beam. A schematic drawing of
a transmission measurement is shown in Figure 1. Both
equation (1) and Figure 1 represent the fundamental def-
inition of ideal transmission, and the application of this
simple principle in real experiments is the focus of this
section.

2.1 Neutron sources

TOF transmission measurements have been performed
at facilities such as Rensselaer Polytechnic Institute
(RPI) [4], the GEEL Electron LINear accelerator
(GELINA) [5], the Oak Ridge Electron Linear Accelerator
(ORELA) [6,7], the Los Alamos Neutron Science Center
(LANSCE) [8], and Harwell [9]. Measurements can also be
performed at reactor facilities with chopper setups (rotat-
ing shutters that create beam lines with known timing
characteristics), such as at the Massachusetts Institute of
Technology (MIT) [10].

Tunable mono-energetic neutron sources can be used
to measure transmission at discrete neutron energies.
Such sources can be created at charged particle accelera-
tors with neutron-production reactions such as D(d,n)3He
[11–14], T(p,n)3He [15,16], and T(d,n)4He [11]. Transmis-
sion measurements with mono-energetic neutron sources
were most popular in the 1950s through the 1970s.

Ideally, the neutron source should be collimated into
a narrow or “pencil” beam that allows for good geometry

conditions, to reduce the chance that scattered neutrons
will reach the detectors.

2.2 Sample characteristics

The sample diameter should be larger than the beam spot
so the entire beam interacts with the sample. The sam-
ple should be as uniform as possible, with non-uniformity
characterized and provided with the experimental data.
The thickness can be chosen to optimize the signal-to-
background ratio and counting statistics [17]. The com-
position of the sample should be well-characterized as it
is not generally possible to separate out the reactions in
different isotopes.

2.3 Detectors

The transmitted flux is measured by neutron detectors
located in the beam. The neutron detector efficiency, often
a significant source of uncertainty, cancels out in the ratio
of the sample-in neutron counts to the sample-out neu-
tron counts, however, the detector dead time can be sig-
nificantly different and should be corrected for. Counting
uncertainties fluctuate in the resolved resonance region
(RRR); for transmission, they can be quite low between
resonances (when cross section is low and transmission
is high), and a significant source of uncertainty near the
peaks of resonances. Such fluctuations are not seen in the
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smoother unresolved resonance region (URR) and high
energy region (HER) (also referred to as fast region) mea-
surements.

2.4 Backgrounds

For TOF measurements, the background can generally be
split into several components [18],

Ḃ(t) = Ḃ0 + Ḃγ(t) + Ḃn(t), (2)

with one time-independent room background rate, Ḃ0, and
two time-dependent background signals, Ḃγ(t) and Ḃn(t).
A simple schematic of these three components is shown in
Figure 2. Both time-dependent components are typically
fit to exponential functions. The Ḃγ(t) term represents
the signal in the neutron detectors from interactions with
γ rays. The Ḃn(t) represents the signal from neutrons that
were scattered in the experimental setup or the surround-
ings and returned to the detector. The background can
be fit using one or more “saturated resonance” or “notch”
filters (resonances that are strong enough to effectively
block all transmission) [19] with some corrections for the
characteristics of the sample [20].

When datasets using equation (2) are reported, the
background can be represented by one parameter for all
of the uncorrelated uncertainty, ḃ, and one parameter for
all of the correlated uncertainty, K [20],

Ḃ(t) = Kḃ(t), (3)

or in terms of multiple constant parameters that charac-
terize the time-dependent background, such as in refer-
ence [21],

Ḃ(t) = ae−bt + Ḃ0, (4)

where the a and b parameters are provided with their
uncertainties.

In the case of mono-energetic neutron source measure-
ments, the background is split into three components–
in-scattering, room return, and unattenuated neutrons
produced anywhere but in the gas cell or solid target
[13]. In-scattering occurs when a neutron is scattered
at a forward angle and still reaches the detector. For
TOF measurements, the distance between the sample
and the detector is typically large enough to make in-
scattering negligible (assuming the beam was collimated
before reaching the sample), but this is not always the
case with mono-energetic neutron measurement setups,
and the in-scattering contribution needs to be estimated.
Corrections for in-scattering are based on the elastic scat-
tering cross-section and angular distribution. For example,
in reference [14], the correction, ∆T , on the transmission,
T , due to in-scattering is given as,

∆T

T
=
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where the index N represents the number of scatters the
neutron underwent in the sample of cross-sectional area A

Fig. 2. Illustration of the components of the fit background,
equation (2), based on reference [20]. The total time-dependent

background rate, Ḃ(t), is the black solid line. It is composed

of the time-independent rate, Ḃ0, (red dot-dashed line), the
time-dependent γ-ray background rate in the neutron detec-
tors, Ḃγ(t), (green dashed line), and the time-dependent back-

ground due to scattered neutrons, Ḃn(t), (purple dotted line).
The count rate axis is on a log scale.

and length `. RD represents the distance between the neu-
tron source and the detector, Rs is the distance between
the source and the sample, and L is the resulting distance
between the sample and the detector, σel is the scatter-
ing cross-section in the sample material. Estimates were
used for σ(0), the elastic scattering cross section at 0◦,
α, the ratio of elastic to total cross sections (assumed to
be around 1

2 ), and λ, the mean free path of neutrons in
the sample material. For the measurements in the 1950s
through 1970s, there often was not sufficient experimen-
tal data to determine σ(0) and α with high precision so
theoretical expressions were used [14]. It was found that
for reasonable sample sizes, the higher order terms (repre-
senting more than one scatter in the sample) contributed
very little to the total in-scattering correction, which was
already low–in the case of reference [14], the estimated
correction was on the order of 1%. Reanalysis of the cor-
rections with forward-modeling methods and more accu-
rate nuclear data can improve the experimental results,
but only if enough information is provided in the experi-
mental documentation.

The room return background, β, also known as shadow
background, represents neutrons produced in the gas cell
or solid target that arrive at the detector without travers-
ing the sample [13], as shown in Figure 3. The magnitude
of the room return neutrons must be experimentally deter-
mined, which can be done using “shadow bars” or “shadow
cones”, samples thick enough to limit the transmission (or
in-scattering) to very low values, similar to the saturated
resonance technique in TOF measurements. For example,
in reference [13], a 10-inch long nickel sample with a trans-
mission of about 0.03% was used. The uncertainty on this
transmission value due to in-scattering was assumed to be
less than 50% of the value. In reference [15], a 32-cm cop-
per shadow bar was used, with a transmission of less than
0.1%.

Finally, for mono-energetic measurements, there is a
background due to neutrons that are not produced in the
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Fig. 3. Illustration of several background components
for mono-energetic transmission measurements, from refer-
ence [13], which used a D(d,n)3H reaction and a gas cell gener-
ator. In this diagram, φ represents the portion of the flux that
is not attenuated by the sample and β represents the room
return background. The third component of the background,
neutrons produced anywhere but the gas cell or solid target, are
represented by γ1, γ2, and ζ. In-scattering is not represented
in this diagram.

gas cell or solid target, or that scatter on the walls of the
neutron generator, represented by γ1, γ2, and ζ in Fig-
ure 3. In reference [13], it was shown that the component
ζ, which scatters from the neutron generator, has a neg-
ligible impact on the measurement as long as the target
walls are thin. The γ rays produced outside of the gas
cell or solid target, γ1 and γ2, follow the same path as
the primary flux but are of much lower energy and can be
measured for D(d,n)3He measurements by replacing the
deuterium in the gas cell with 1H. With this setup, there
are no neutrons produced in the gas cell until deuterium
builds up in the gas cell, so a measurement of this com-
ponent requires repeated flushing of the H gas.

2.5 Flux normalization

As transmission is a measurement of the ratio of the
sample-in and sample-out runs, the absolute flux is not
needed. Beam instability and differences in the flux
between the runs in a single experiment are measured with
flux monitor detectors. Effects due to variations in the flux
magnitude can be minimized by cycling between sample-
in and sample-out runs.

For the device for indirect capture experiments on
radionuclides (DICER) instrument recently developed at
LANSCE to measure small samples of short-lived iso-
topes [22], cycling is not used due to the high precision
necessary in the sample placement relative to the colli-
mator. Instead, a rotating beam blocker and binocular
collimator are used to perform sample-in and sample-out
measurements simultaneously.

For mono-energetic neutron source measurements,
there is little documentation of how neutron monitoring or
normalization was done. In one early paper [13], the neu-
tron flux was monitored at 90◦ to the beamline at the loca-
tion of the neutron source. The detector counts were then
normalized to the monitor counts for each run. Cycling
between sample-in and sample-out runs was in some cases
employed to reduce this effect [14]. In other cases, the

neutron flux was measured directly using the associated
particle (AP) technique of measuring the charged parti-
cle product in the neutron-production reaction. This was
done in reference [12], where a D(d,n)3He reaction was
used.

2.6 Data analysis

The experimental observable, transmission, Texp, is the
ratio of the dead-time and background-corrected neutron
count rates for sample-in and sample-out runs. For TOF
this is calculated with

Texp = NT
ċin − Ḃin

ċout − Ḃout

, (6)

where ċin and ċout are the dead-time-corrected count rates
for the sample-in and sample-out runs, respectively, and
Ḃin and Ḃout are the fitted background rates for each.
NT is a correction factor to account for changes between
the neutron beam during the sample-in and sample-out
runs. It is calculated by taking the ratio of the neutron
monitors over the intervals of sample-in and sample-out
measurements, min and mout,

NT =
mout

min
· (7)

The “rates” here are not always strictly counts per second,
but can be counts per second per TOF bin (which itself
has a width in time) or counts per TOF bin, depending
on how the normalization constant NT is used.

For mono-energetic neutron measurements, the back-
ground corrections were sometimes applied to the trans-
mission itself. T0, the zeroth order (uncorrected) transmis-
sion, is first calculated,

T0 =
cin/min

cout/mout
, (8)

where c is the detector counts, m is the neutron monitor
counts (if using), and the subscripts indicate a sample-in
or sample-out run [13]. The background corrections were
then made by defining the uncorrected transmission, T0,
in terms of the true transmission, T , and the various back-
ground effects [13],

T = T0 + (γ1 + γ2)(T − T12)− (1− T )β. (9)

This allows for the correction of the background compo-
nents γ1 and γ2 based on the H-gas measurement trans-
mission T12.

In the RRR the experimental transmission is directly
used for the evaluation procedure, which involves for-
ward modeling with R-Matrix Theory [23]. For the URR,
the total cross-section is sometimes extracted from the
experimental transmission by the experimentalist. In these
regions, the energy-averaged transmission is indirectly
related to the energy-averaged total cross-section,

〈T 〉 = 〈e−nσtot〉, (10)
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which can be approximated by a Taylor expansion,

〈T 〉 ≈ e−n〈σtot〉 +
n2

2
var(σtot) (11)

with higher-order terms neglected [18]. TheO(1) term rep-
resents the transmission due to the smooth average cross-
section, and the O(2) term represents the effects due to
fluctuations in the cross-section. These effects can be sig-
nificant for thick samples [24], and the significance of the
O(2) term can be estimated using simulations of resonance
realizations. The impact of the fluctuations is quantified
by the ratio of the averaged transmission to the trans-
mission of the averaged cross-section, known as the self-
shielding factor, FT ,

FT =
〈e−nσtot〉
e−n〈σtot〉

, (12)

which can be used to relate the measured transmission to
the average cross-section for all sample sizes. This factor
can be determined experimentally with multiple sample
thicknesses or predicted with calculations. To calculate
the self-shielding factor, resonance parameters are sam-
pled, Doppler-broadened, and averaged to create cross-
section realizations. Such calculations can be done with
MCNP [25] and NJOY [26] together, or with the dedicated
code SESH [27], and should be validated with measure-
ments as was done in reference [21]. The resonance param-
eters are usually taken from previous evaluations and for
many URR experimental datasets the self-shielding cor-
rection is performed and the dataset is reported as cross-
section,

〈σtot〉 = − 1
n

ln
〈Texp〉
FT

· (13)

If this correction is not performed by the experimentalist,
the evaluator should calculate it before using the dataset
in the evaluation. Self-shielding becomes less significant
at higher energies where the cross-section fluctuations are
not as strong [24], and for measurements in the high-
energy region, the correction is not applied.

3 Information needed for evaluations

3.1 Evaluation methodologies

The evaluation process for the total cross-section depends
on the energy region of interest. In the RRR, cross sec-
tions are represented by the parameters of individual res-
onances: the resonance energy, ER, the neutron width, Γn,
and widths for each open reaction channel. The parame-
ters are fit using available transmission, capture yield, and
fission datasets and a particular R-Matrix [23] approxi-
mation. This fitting is done by forward modeling because
the experimental effects like Doppler-broadening cannot
be unfolded to extract the underlying parameters [28].
Instead, resonance parameter values are used to calcu-
late a theoretical cross section which is convolved with

the experiment resolution function, R(tt, En), and com-
pared to the experimental quantity. The resolution func-
tion is used to compare the cross-section to transmis-
sion by modeling the neutron source, the sample, and the
detector setup to determine the distribution of neutron
energies in time. In practice, most RRR evaluations are
based on Bayesian updating or least-squares fitting uti-
lizing a previous evaluation as a prior if needed. Com-
monly used codes include SAMMY [29], REFIT [30], and
EDA [31]. In the URR, the individual resonances can no
longer be experimentally resolved. Averaged parameters
are fit assuming particular distributions–the Wigner dis-
tribution for resonance spacing [32], and χ2

ν distributions
for the widths [33]. A URR evaluation produces values
for averaged parameters such as the scattering radius, R′,
the neutron strength, S`, or neutron widths, 〈Γ `n〉, gamma
widths, 〈Γ `γ〉, and average resonance spacing, D`. In the
HER, the resonances overlap creating a smooth cross-
section that can be predicted by physical models like the
optical model. An HER evaluation produces point-wise
total cross-section values.

3.2 Reporting systems

Previous work [34] has documented the information that
should be included with resonance region datasets to allow
evaluators to accurately reproduce the experimental con-
ditions. One extensively developed method for reporting
uncertainties is the analysis of geel spectra (AGS) data
analysis framework [35,36]. These systems allow for clear,
consistent reporting of the uncertainties and sensitivities
in the EXFOR [1] compilations. For RRR transmission
measurements, values reported for each data point are
Texp and the uncertainty on Texp, the partial uncertainty
due to the counting statistics, the background, and the
flux normalization, NT . For URR transmission measure-
ments, the values reported for each data point are 〈σtot〉,
the uncertainty on 〈σtot〉, and the values for FT . For
both regions, the number density of the sample, n, and
its uncertainty are reported for each sample used. Par-
tial uncertainties (as the uncertainty multiplied by the
sensitivity) are reported to allow the user to reconstruct
the covariance matrix, as the sensitivities of many of the
parameters are complicated and experiment-dependent.
Other formats that separate the statistical and system-
atic uncertainties are used as well, for example in ref-
erence [21]. With this information, the propagation of
uncertainty through the data analysis equations can be
performed by an evaluator who is not familiar with all
aspects of the data analysis.

The purpose of this template is to help evaluators
understand the uncertainty analysis performed, update it
when needed, and estimate correlation matrices when not
provided [2]. Estimating unknown sensitivities is not fea-
sible for many transmission experiments, as the signal-
to-noise ratio (which determines the sensitivity values for
the count and background variables) can vary by orders of
magnitude between samples, facilities, and energy points.
Without sensitivities provided, a user of the dataset would
need to know all of the data analysis equations and
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parameter values in order to propagate parameter uncer-
tainties onto the transmission. In the absence of those (the
most common case), uncertainties for parameters that are
not merely multiplicative cannot be propagated onto the
transmission. For example, the factorNT is a simple multi-
plicative factor on Texp in equation (6), so a percent uncer-
tainty on NT can easily be propagated to Texp without
knowledge of the other parameter values. The transmis-
sion has a more complicated sensitivity to other param-
eters, such as the sample-in background, Ḃin. It would
not be possible to update the transmission covariance
matrix based on a new value of δḂin without sensitiv-
ity values, which highlights the importance of reporting
sensitivities. For the variables that are not multiplicative
factors, the templates can help the evaluator to deter-
mine whether the uncertainty analysis performed may
be insufficient but cannot provide estimates of the sen-
sitivities or the uncertainties on transmission due to the
parameters.

3.3 Experiment metadata

The values of the reported quantity (transmission or
total cross-section), the incident neutron energy, and the
respective uncertainties are the minimum information
needed for an evaluation, along with whether the pre-
sented quantity is transmission or cross-section. To fully
understand, use, and assess the dataset and its uncertain-
ties, however, more information is needed.

In many cases, information is not provided due to the
difficulty of recording all of the metadata that might be
useful to evaluators. In addition, little importance has
been placed on publishing some of this information in jour-
nal articles, and some journals have discouraged the publi-
cation of such a large volume of information. The EXFOR
database [1] or supplemental information may be a bet-
ter option to store this helpful information. The IAEA
Consultant’s Meeting on EXFOR Data in the Resonance
Region and Spectrometer’s Response Functions [34] devel-
oped recommendations about the metadata that should
be reported to EXFOR for RRR datasets, along with
a template for doing so. One of the recommendations
for experimentalists is to report the dataset as the mea-
sured observable transmission (or reaction yield), rather
than derived cross-section values. Another recommenda-
tion for evaluators is to take care with older EXFOR
entries, as measured transmission or yield results were
sometimes divided by the areal density of the sample–
giving results with the units, but not always the physi-
cal meaning, of cross-section. In these cases, the dataset
may be compiled as “cross section in thin target approx-
imation” (with, SIG, TTA in the reaction string) to indi-
cate the compilation process. More information about
this can be found in reference [37] and in Section 2.8 of
reference [38].

For RRR datasets, evaluators should have access to
the transmission, Texp, and resolution function, R(tt, En),
and for URR datasets, the transmission, Texp, and the
self-shielding factor, FT , to allow for full use of the
dataset.

3.3.1 Neutron sources

The resolution function, R(tt, En), is needed for RRR
measurements to enable accurate forward modeling.
Examples of how the resolution function can be docu-
mented are shown in reference [34]. Resolution functions
can be presented as functional forms, code inputs, or in
point-wise form. Global characterization of the resolution
function of a particular facility is possible and has been
done for ORELA [39], GELINA [40], and others provided
in the RRR evaluation code SAMMY [29]. The resolution
function is specific to particulars of an experimental setup,
such as the flight path and detectors. So, values for the
parameters in those global functions should be provided
with each dataset.

A resolution function can be calculated for a mono-
energetic source but is usually only used to validate the
experimental results and is not reported with the experi-
ment. Such information would be helpful for an evaluator
to understand possible background from other reactions
and should be reported if calculated.

3.3.2 Sample characteristics

The thickness, number density, composition, uniformity,
and physical form of the sample can help the evaluator
understand if contamination or self-shielding effects need
to be modeled. It is important that the composition of
the sample (natural abundance or isotopically enriched) is
specified, as for transmission there is no way to distinguish
between reactions in the target isotope and other isotopes
in the sample. For TOF measurements in the RRR, the
locations of the resonances seen in the measured transmis-
sion can help identify the contributions from the different
isotopes, but the effects cannot be removed or subtracted.
The composition and possible impurities of the sample are
therefore essential for correctly modeling the transmission
using evaluated nuclear data for the other isotopes. For
transmission in the RRR, the full set of sample character-
istics, including the effective sample temperature, is nec-
essary for accurate modeling.

3.3.3 Detectors

The uncertainties on the counts for sample-in and sample-
out, or combined into one uncertainty, along with the sen-
sitivities (for TOF measurements) would allow the evalua-
tor to update or create a covariance matrix for the dataset.
The counting statistics are often the only or one of the
only significant sources of fully uncorrelated uncertainty
so they are important for the construction of the covari-
ance matrix.

3.3.4 Backgrounds

The overall background uncertainty and sensitivity values
should be given for each data point to allow evaluators or
other users of the data to construct or update the covari-
ance matrix for the dataset. For TOF measurements the
background uncertainties can be provided as one value or
split into different parameters, as in equations (3) and (4).

The initial burst of γ-rays at the start of a pulse,
the “γ-flash”, causes dead-time losses in the detectors,
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Table 1. Uncertainty and correlation template for TOF transmission measurements for variables defined in this
section. The values given are relative uncertainties in percent, on the parameter. Parameters with no recommended
uncertainty values are left blank. The correlations are between different data points within the same experiment.

Uncertainty source Unc. (%) Corr. (i, j)

(4.1.1) ∆E Strong Gaussian

(4.2.1) δn See Table 3 Fully

(4.3.1) δċ Uncorrelated

(4.4.1) δḃ Uncorrelated

(4.4.2) δK
(saturated res.) 3

Fully
(w/o saturated res.) 5

(4.4.2) δḂ(t) Strong Gaussian

(4.5.1) δNT
(with cycling) 1–2

Fully
(w/o cycling) 2–6

(4.6.1) δFT Strong Gaussian

resulting in unusable data at very low TOF values. This
low-TOF region (which corresponds to high incident neu-
tron energy) can also be impacted by overlap, or “wrap-
around” neutrons, which are low-energy neutrons from
the preceding pulse(s). Filters can be placed in the beam
to reduce these effects, such as Pb filters for the γ-flash
[22,41] and Cd [22] or 10B [41] for the wrap-around neu-
tron background. Transmission or total cross-section data
are typically not reported in energy regions significantly
impacted by these backgrounds, so they may not be men-
tioned in the description of the measurement. However,
discussion of any filters used and/or measurements of
the wrap-around background are valuable in the assess-
ment of the overall quality of the dataset. For exam-
ple, reference [41] describes the filters and a separate run
performed with a much longer pulse width, and refer-
ence [22] describes in detail how the various backgrounds
in equation (2) were measured at the new DICER setup at
LANSCE, and how the wrap-around neutron background
was estimated.

For mono-energetic neutron sources, the uncertainties
of the background corrections should be recorded. The
value of the corrections themselves is not strictly needed,
but having a sense of how large the corrections are allows
the evaluator to understand possible biases in the dataset.
The magnitude of the values (T − T12) and β in equa-
tion (9) are especially helpful in determining the sensi-
tivity of the measured transmission to the background
components.

3.3.5 Flux normalization

The partial uncertainty on NT , and the correction for flux
differences between the sample-in and sample-out runs,
should be provided for TOF measurements. As one of the
fully correlated uncertainties that can vary greatly in mag-

nitude between experiments, it is very important for cor-
relation analysis.

3.3.6 Data analysis

For URR measurements reporting cross-section, the FT
values should be presented in addition to the uncor-
rected transmission values (if the sample is thick enough
to require this correction). The FT correction is not
strictly an experimental correction, as it typically relies
on evaluated resonance parameters for the Monte Carlo
calculation. The evaluator should have access to the uncor-
rected transmission values to allow recalculation of FT
with updated resonance parameters as part of the eval-
uation process. The information about the experiment
needed to perform the calculation is included in the sample
information discussed above. The method for calculating
FT should be described in detail, including which code
was used and what evaluated averaged values were input,
along with any estimates of the uncertainty.

4 Template

If the uncertainty values detailed in the previous section
are not provided with a dataset, the following template
of uncertainties and correlations can be used to estimate
some values. This should be undertaken only if there is no
way to determine specific uncertainties of the experiment,
but there is enough information about the experimental
methods to make an informed estimate. The uncertainty
values and correlations for TOF resonance region mea-
surements are given in Table 1, and recommendations
for mono-energetic measurements are given in Table 2.
Correlations are described by a shape and a magnitude,
where the shape describes the energy dependence of the
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Table 2. Uncertainty and correlation template for mono-energetic transmission measurements for variables defined
in this section. The values given are relative uncertainties on the parameter and are all in percent. Parameters with
no recommended uncertainty values are left blank. The correlations are between different data points within the same
experiment.

Uncertainty source Unc. (%) Corr. (i, j)

(4.1.1) ∆E Strong Gaussian

(4.2.1) δn See Table 3 Fully

(4.3.1) δc Uncorrelated

(4.4.3) δ∆T 20 Strong Gaussian

(4.4.4) δβ Fully

(4.4.4) δγ1, δγ2, δζ Strong Gaussian

(4.5.1) δNT Uncorrelated

correlation. A Gaussian shape [42],

corr(i, j) ∝ exp

[
−
(

Ei − Ej
max (Ei, Ej)

)2
]
, (14)

can be used for correlations that are stronger between data
points, i and j, that are closer in incident neutron energy
Ei, Ej .

As discussed in more detail in Section 3.2, parameter
uncertainties cannot be propagated onto the transmission
or total cross-section results without sensitivities. If sen-
sitivities are provided (as they are for the AGS system),
or can be calculated (using known data analysis equa-
tions and possibly parameter values), the template values
can be used to recalculate the covariance for the trans-
mission or total cross-section. If not, these values can be
used to make a qualitative assessment of the quality of the
reported uncertainties.

4.1 Neutron source

4.1.1 Neutron energy (δE, ∆E)

The uncertainty on the neutron energy values or bins, δE,
and on the neutron energy resolution, ∆E, are hard to
estimate for TOF measurements as it depends on details
of the flight path length, the timing resolution, and the
method by which the calibration was performed. The neu-
tron energy uncertainties likely have a strong Gaussian-
shaped correlation between data points. The uncertainty
of the neutron energy values or bins is likely to be highly
correlated between experiments at the same facility, and
weakly correlated between experiments at the same type
of facility. For experiments performed at different types of
facilities or where characterization methods are different,
the uncertainties can be assumed to be uncorrelated.

For mono-energetic neutron sources, the energy
uncertainty and resolution are dependent on the neutron-
production reaction and the geometry of the neutron pro-
duction target or cell, so an estimate should be based

on this information. This uncertainty can reasonably be
neglected if the cross-section is relatively constant over
the energies measured. The energy uncertainty will be
strongly correlated between different energy points and
between experiments using the same source reaction.

4.1.2 Resolution function (δR(tt, En))

The uncertainty on the resolution function, δR(tt, En), is
not a component of the uncertainty on the experimental
transmission, but is needed for proper modeling of RRR
transmission datasets. The values and uncertainties of the
parameters used to model the resolution function in RRR
evaluation codes are often not easy to extract from the pre-
sented experimental information, and their values are hard
to estimate generally. The resolution function uncertainty
will be highly correlated for experiments at the same facil-
ity. In these cases, the resolution function may be very
similar and based on the same methods of determination.
If it is known that the neutron production target was dif-
ferent between the two experiments, a weak correlation
can be assumed due to similar characterization methods.
Some correlation will also be introduced by the use of the
same simulation code (from the underlying data and the
geometric modeling). Further study on the uncertainties
in the resolution function needs to be undertaken before
recommendations can be made for experiments at differ-
ent facilities.

4.2 Sample characteristics

4.2.1 Number density (δn)

The uncertainty on the number density of the sample, δn,
can be estimated based on the physical form of the sample.
The values are presented in Table 3. Metal samples tend
to have lower uncertainties, between 0.1% and 1%, than
powder samples, between 2% and 5%. The uncertainty on
liquid samples depends on whether the sample is naturally
liquid or is a solid sample that was dissolved into liquid
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Table 3. Uncertainty template for sample number den-
sity. The values are relative uncertainties, in percent, on
the number density.

Sample type δn (%)

Metal 0.1–1
Powder 2–5
Liquid 0.1–1
Diluted liquid 2–5

for the purposes of dilution. The number density of liquid
samples can be characterized to a high precision, similar
to or even higher than metal samples of comparable opti-
cal thickness. Solid samples with saturated resonances are
therefore sometimes dissolved into liquid in order to lower
the effective n. For example, a measurement of Hf reso-
nance parameters at RPI [43] used liquid samples, allow-
ing for Hf number density values that could not easily be
achieved with high-quality metal foils. For this typical use
case, where the solvent may make up a significant portion
of the sample volume, an uncertainty between 2% and 5%
is more reasonable, and an analysis of the effect of the
solvent and container should be undertaken. In the case
of the Hf measurement at RPI, deuterated nitric acid was
chosen as the solvent because it has a low cross section
that is flat in the energy region measured. The effect can
be measured and subtracted out using a blank sample that
contains only the solvent, which is especially important
for samples dissolved in moderating solvents like water.
A very thin metal sample fabricated to have the same
number density is likely to have an even higher number
density uncertainty, so a well-characterized liquid sample
(far from the solubility limit) may be the best choice for
some experiments. The number density of the sample will
be fully correlated between experiments using the same
sample, and have a medium to high correlation for experi-
ments using the same method/equipment for determining
n. For experiments with different types of samples and dif-
ferent methods of measuring n, this uncertainty is uncor-
related.

4.2.2 Sample composition

No uncertainty is given for the sample composition, as it
depends on the type of sample (natural abundance or iso-
topically enriched) and the method of production. It is
important to account for contaminants in the assessment
of the experiment, as reactions due to different isotopes
cannot be distinguished in a transmission measurement.
Additional caution must be taken with powder samples,
which can have an unknown amount of moisture. The
hydrogen in the absorbed water can have a large impact
on the transmission and a correction must be made for this
effect. The uncertainty due to well-characterized contam-
inants can be negligible, such as for RRR measurements
where the transmission of the sample is modeled account-
ing for the composition. In other cases, it can be quite

large, if the contaminants are not well known or if their
total cross sections have large uncertainties.

4.2.3 Effective temperature

The effective sample temperature, which is needed for
Doppler broadening, may have negligible uncertainty.
However, with liquid samples, it is not obvious how to
calculate the effective temperature and the uncertainty on
this quantity should not be neglected. No recommended
value is given here because it may be negligible in many
experiments.

4.3 Detectors

4.3.1 Counting statistics (δc, δċ)

The uncertainty on the counts, δc, or count rate, δċ, should
be provided for each data point, either separately for
sample-in and sample-out runs or combined into a single
variable. Estimating this uncertainty is not recommended
as it is dependent on many factors that are not likely
to be documented for an experiment that did not report
counting statistics, such as the irradiation time, the neu-
tron detector efficiency, and the neutron source strength.
Counting statistics are uncorrelated between data points
and between experiments.

4.4 Backgrounds

4.4.1 Counting statistics (δḃ)

Background counting statistics may be presented as ḃ(t) in
equation (3), as part of the constants describing the back-
ground in equation (4), or at times incorporated into the
overall counting statistics, δċ. Estimating this uncertainty
is not recommended for the reasons given in Section 4.3.1.

The rotating beam block in the new DICER setup at
LANSCE provides the unique ability to measure the scat-
tered neutron contribution, Ḃn(t) in equation (2), over the
entire TOF region, and subtract out the measured back-
ground [22]. Without any fitted background functions, it
is likely that the background uncertainty is limited to the
counting statistics, δḃ, for these measurements.

4.4.2 TOF backgrounds (δK, δḂ(t))

For TOF measurements, the uncertainty on the trans-
mission due to the background spectrum depends on the
fitting methods used. With a fixed saturated resonance,
it is reasonable to have uncertainties down to 3% on K,
but a larger estimate of 5% may be warranted if no men-
tion of a saturated resonance is made. It is more difficult
to estimate the uncertainty on a background function as
a whole, δḂ(t). The background measurement with the
DICER instrument [22] shows that the smooth exponen-
tial forms are not adequate to model the background for
these datasets. Further work is needed to determine if this
is the case only for the unique DICER setup, or for other
facilities as well. The background uncertainty provided
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with the dataset can be increased if a non-exponential
background is suspected in a dataset that used fitted expo-
nential forms, but it is not immediately clear how the
time dependence seen with DICER should be extrapo-
lated to other measurements. The uncertainty δK is fully
correlated between different neutron-energy data points.
If the background is not represented by the fully corre-
lated K parameter, but rather is measured or calculated
(or some combination of both), the correlation is likely to
be strong but not necessarily fully correlated. The uncer-
tainty in the background for TOF measurements will be
correlated between experiments using the same method
and functional forms. Since many TOF experiments use
the same functional form, equation (2), it is likely that this
uncertainty is at least weakly correlated between TOF
experiments. Stronger correlations can be assumed for
experiments using the same saturated resonances.

4.4.3 In-scattering correlation (δ∆T )

For mono-energetic measurements, the reported uncer-
tainties on in-scattering corrections fall around 20%
[11,13], but lead to small (1−2%) uncertainties on the
cross-section as the corrections are usually minimal. The
corrections performed in the years that this method was
popular, between the 1950s and 1970s, were typically sim-
ple and were based on contemporary nuclear data. The
in-scattering correction uncertainty has a strong corre-
lation across neutron energies because the same mod-
els were used to calculate the correction at each energy.
Between measurements using the same nuclear data, the
in-scattering correction uncertainties will be highly corre-
lated.

4.4.4 Neutron attenuation backgrounds (δβ, δγ1, δγ2, δζ)

The uncertainties on the corrections for room return back-
ground, δβ, and the background from neutrons not pro-
duced in the gas cell or solid target, δγ1, δγ2, δζ, were not
well documented. In most cases, it was stressed that the
corrections themselves were very small (<1%). For this
reason, these uncertainties can be considered negligible
and are not included in the template.

If δβ is given, it will likely be fully correlated between
neutron energy points, while the other sources can be
assumed to have a Gaussian-shaped correlation, as the
energy of the incident deuteron (or other charged parti-
cle) affects this background.

These backgrounds will be highly correlated if the
geometry and materials in the neutron source and/or facil-
ity are similar.

4.5 Flux normalization

4.5.1 Flux normalization (δNT )

The uncertainty on the normalization, δNT , (also referred
to as monitor measurements) can be one of the more
widely varying uncertainties between transmission exper-
iments. The uncertainty on how well the monitors track
the changes in the neutron beam can be estimated by the

correlation between the detector and monitor count rates
between runs. If cycling was used and a strong correla-
tion was found, it can be reasonable to have uncertainties
below 1%, as this uncertainty can be reduced with mul-
tiple runs. If no uncertainty was given but it is indicated
that cycling was performed, an uncertainty estimate of 1%
is recommended. If cycling was not performed or there
is no mention of it, the uncertainty estimate should be
much larger, around 3%. The uncertainty is fully corre-
lated between data points.

For mono-energetic neutron source measurements, the
flux normalization process was often not documented.
There were several methods employed, including measur-
ing the neutrons at a different angle or using the associated
particle method. These methods have different uncertain-
ties that are well-documented in other templates, such as
the capture and charged-particle production template [44]
and the (n, xn) template [45]. If it is given it will typically
be uncorrelated between neutron energies, as usually only
statistical uncertainty remains.

All flux normalization uncertainties should be indepen-
dent of each other for different experiments, even those at
the same facility, as it is related to random fluctuations in
the neutron beam.

4.6 Data analysis

4.6.1 Self-shielding correction (δFT )

The uncertainty on the correction for self-shielding due to
cross-section fluctuations in the URR, δFT , is not often
given. These values are entirely simulated and rely on res-
onance parameters taken from contemporary evaluations.
The magnitude of the uncertainty will depend on the
nucleus, and a reasonable estimate should be made based
on the state of the nuclear data used in the correction. If
the correction was made as a function of incident neutron
energy, the uncertainty on FT is likely to have a strong
Gaussian correlation between energies. Between datasets,
a strong correlation could be expected if the same nuclear
data were used for the simulations, and a weak correlation
may be warranted when the same method/code was used.

5 Conclusions

This work presents a template of expected measurement
uncertainties for total cross-section observables measured
by transmission. The sources of uncertainty expected
for time-of-flight and mono-energetic measurements are
detailed, along with the methods and information needed
for total cross-section evaluations in the resolved res-
onance region, unresolved resonance region, and high
energy region. A template of measurement uncertainties
and correlations is provided to allow for realistic and con-
sistent estimated uncertainties when they are not provided
with the datasets. Some sources of uncertainty cannot
generally be estimated after the fact, such as the count-
ing statistics and the neutron energy resolution. Oth-
ers, such as the uncertainty on the resolution function,
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δR(tt, En), are complex, and general estimates cannot
be recommended until more research is done on this
uncertainty.
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