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Abstract. A template is provided for evaluating experimental uncertainties for neutron elastic and inelas-
tic scattering cross sections and -ray production cross sections from (n, xn) measurements at laboratories
with monoenergetic or white neutron sources. A typical range of uncertainties is presented for experiments
detecting the scattered neutrons or the resulting de-excitation v rays based on a survey of available data
and input from many experimentalists and theorists with extensive knowledge in the field. Models com-
monly used to evaluate the resulting cross-sections are also discussed. Suggestions are made regarding
what experimental and uncertainty information is needed for data evaluations and should be included
when reporting experimental (n, xn) cross sections. Uncertainty values and correlations are recommended
if these values cannot be estimated for past data from the literature.

1 Introduction

Templates are designed to help experimentalists provide
the information necessary for nuclear data evaluations,
reviewers in critiquing manuscript submissions, and evalu-
ators in estimating detailed covariances of measured cross
sections systematically and efficiently. This template fol-
lows from the lead-off paper of Neudecker [1] and discusses
neutron-induced reactions where one or more neutrons
appear in the exit channel and either neutrons or the asso-
ciated  rays are detected. Prompt fission neutron spectra
(PFNS), thermal neutron scattering, and neutron capture
(n, v) measurements are explicitly excluded from this dis-
cussion and covered in references [2,3].

If only one neutron is emitted, the residual nucleus
has the same identity as the target nucleus. If the incom-
ing neutron leaves the target nucleus in its ground state,
the process is called elastic scattering. Neutron elastic
scattering is often denoted (n, el) or as (n, ng), and the
cross-section as o(n, el). Elastic scattering includes two
reaction mechanisms: 1) the incident neutron deflects off
the nuclear potential field (direct or shape elastic), or 2)
the incident neutron is absorbed by the nucleus and an
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outgoing neutron emerges with the same kinetic energy as
the incident neutron (compound-nucleus elastic).

The incident neutron may deposit a portion of its
energy in the target nucleus. Inelastic neutron scattering
that leaves the target nucleus excited is denoted generi-
cally as (n, n’), or more specifically as (n, ny) for its kth
excited level.

At sufficiently high incident neutron energies, exit
channels such as (n, 2n), (n, 3n), (n, np), ..., as well
as continuum neutron emission occurs. Description of
the reaction mechanism becomes complicated. Direct and
compound-nucleus type processes occur, but also pre-
equilibrium processes where the system breaks up before
statistical equilibrium occurs. During pre-equilibrium, the
projectile transfers energy to a small number of nucleons,
which in turn can transfer energy to a few other nucleons.

Levels of the residual nuclei usually de-excite through
~-ray emission although there are a few cases where par-
ticles are emitted. It is often easiest to detect these v rays
to determine angle-integrated cross sections for neutron
scattering to discrete final levels because of the excellent
energy resolution of high purity germanium (HPGe) detec-
tors and the ability to know the specific nuclear origin of
these v rays.

A schematic example of the measurement technique
discussed in the paper is shown in Figure 1.
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Fig. 1. A basic configuration of measurements related to
(n, xn) cross sections. Neutrons from the production target
are shown entering from the left. Neutrons and v rays gener-
ated by reactions with the sample are recorded by appropriate
detectors. The angular dependence of the scattering is recorded
by rotating the detectors about the center of the sample in the
scattering plane or by using a multiple-detector array.

It is especially difficult to extract elastic scattering dif-
ferential cross sections at minima in the angular distri-
butions, inelastic scattering where residual levels are not
cleanly resolved, neutron emission at low outgoing neu-
tron energies, or measurements with gaseous target sam-
ples or data for rare isotopes. A complementary discussion
can be found in reference [4]. Further information for this
template is taken from various sources, namely, references
[5-75].

An overview of experimental measurement techniques
is presented in Section 2. For convenience in discussing the
diverse configurations, equipment, and analysis techniques
at many laboratories, we classify them according to the
type of neutron production source, either monoenergetic
source or broad-band white source. Section 3 discusses the
information needed for evaluations with a short explana-
tion of how experimental information impacts theoretical
reaction models. Section 4 presents the actual template
and provides guidance about why each item is required.
The template serves as a checklist and gives reasonable,
conservative estimates of uncertainties in cases where spe-
cific values are not provided.

2 Measurement techniques

Many parameters are required to describe and specify the
techniques of (n, xn) measurements and the correlations
of parameters and results.

In this section, measurement techniques are distin-
guished according to the neutron source (i.e., “white”
versus “monoenergetic”’) and what particle is measured
(i.e., neutrons or the associated 7 rays or both in coin-
cidence). The reason for separating techniques according
to the neutron source is that there are different geome-
tries at “white” neutron source laboratories and “monoen-
ergetic” neutron source laboratories. These geometries
are described in more detail below. Another distinction
between the shape of neutron fluences illuminating the
scattering sample is to classify them as “divergent” (usu-
ally at monoenergetic laboratories) or “planar” (usually
at white source laboratories). Although, it should be men-

tioned that divergent white neutron sources exist, as, e.g.,
described in reference [76].

2.1 Monoenergetic neutron sources

“Monoenergetic” sources produce neutrons using two-
body reactions such as 3H(p, n)*He, 2H(d, n)*He, 2H(t,
n)*He, *H(d, n)*He, "Li(p, n)"Be, *H("Li, n)"Be, 'H(}'B,
n)1C, 'H('®N, n)'%0, or 'H(t, n)*He [26,77-81] typi-
cally at university Van de Graaff-type accelerator labora-
tories (TUNL [30-32,43], OU [33,34], UMass Lowell [35],
UKY [36-38], LBNL [82], the now-defunct Dynamitron
at ANL [83], the LICORNE [84,85], the now defunct
Ion Source Facility of LANL [86-88] and JAERI neutron
source [89]). These facilities have moderate precision on
both the incident- and outgoing neutron energies. The
neutrons emerge at all angles but preferentially in the for-
ward direction due to the center-of-mass motion and any
direct component of the reaction mechanism. The samples
are placed in this divergent fluence several centimeters
from the production target, and the portion of incident
neutrons intercepted is determined by the angular size of
the sample as viewed from the production target.

2.1.1 Cross-section determination

Ratio techniques are used to produce cross-sections
because they partially compensate for the geometrical
effects and do not require absolute detector efficiency.
Recent illustrations of the techniques appear in refer-
ences [27,37,38,90]. Preliminary differential cross-section
estimates for emitted neutrons for sample/state X are usu-
ally produced by a sequence similar to:

do

@X(e) = [Wx(0), (1)

where Wx () is the angular variation for scattering, cal-
culated as Yy (0)

Wy (f) = ot 2
and f is the absolute normalization factor determined
from the reference reaction. This is often 'H(n, n)*H elas-
tic scattering from a polyethylene sample, with the follow-

ing form:
do (0
),

In these equations, Yx(0) is the yield of emitted neutrons
for sample/state X in the main detector, Yy, is the yield
of the source neutrons for relative normalization purposes
from, e.g., a forward monitor detector, ¢(E,) is the rel-
ative detection efficiency for scattered neutrons of energy
FE,, entering the detector, and Nx is the number of atoms
of species X in the sample. The absolute normalization
factor f is determined by averaging the given ratio over
a set of angles 0. The do/df2x(0) and f values must be
corrected for finite sample effects (attenuation, multiple
scattering) and all geometrical effects to obtain absolute
final cross sections.
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Fig. 2. Schematic representation of neutron scattering experi-
ments with monoenergetic neutron sources where only the scat-
tered neutrons are detected. The shadow bar blocks the detec-
tor from seeing source neutrons directly. An advanced shadow
bar construction is described in reference [34]. Measurements
are made with sample-in and sample-out.

2.1.2 Experimental measurements

Figure 2 provides a schematic representation of neu-
tron scattering experiments with monoenergetic neutron
sources. Elastic and inelastic neutron scattering and ~-ray
emission are studied with this type of setup.

Typically, a pulsed charged-particle beam impinges on
a gaseous or solid material where the neutron source reac-
tion occurs. Neutrons emerging from the source scatter off
a sample that is hung ~3-10cm from the end of the gas
cell. The sample is often a solid or hollow cylinder for sym-
metry in the scattering plane for the exiting particles and
for ease in handling the geometry when making finite sam-
ple corrections. A shadow bar prevents source neutrons
from going directly to the neutron detector. Because of the
divergent character of the source neutrons, it is important
to correct for geometrical effects. Contributions to uncer-
tainties from this source-sample configuration with a gas
target include: straggling of the incident charged particle
in the entrance foil (often Mo or Ta) that separates the
main beamline and gas target; the energy spread caused
by the source reaction taking place at different locations in
the gas cell; and the energy spread caused by the divergent
source neutrons interacting at different sample locations.
Each of these uncertainties in energy contribute to time
spread in the time-of-flight (TOF) peaks; improving the
time spread, however, often results in a decrease in count
rate, so experimental conditions are optimized for each
run. For solid target sources, the thickness of the target
contributes to the uncertainty.

The outgoing neutron energy is determined by the
TOF of neutrons from the sample to the neutron detector;
this TOF is determined by a beam-timing pickoff usually
located immediately upstream of the neutron source and
the detection of the neutron in the main detector. The
TOF is corrected for the time for the beam to hit the gas
target and for the short time of each neutron’s flight to the
sample. The zero time is well determined from the prompt
~-ray peak corrected for the flight time of the v rays to
the detector.

The neutron detector, often a scintillator with excel-
lent timing and pulse shape discrimination (PSD) capa-
bilities, is located ~2-10m from the sample to provide
adequate resolution to separate elastic and inelastic
scattering groups in the TOF spectra. Unwanted ~y-ray
events are rejected in these spectra using PSD. The rel-
ative efficiency of the detector can be determined exper-
imentally by measuring the angular distribution of the
source reaction or it can be calculated. If vy-ray detection
is desired, then a ~-ray detector, often an HPGe detec-
tor, is placed 1-2m from the scattering sample. For -
ray detection, unwanted neutron events are rejected using
TOF techniques, and the efficiency of the detector is deter-
mined using y-ray source standards.

Two examples of background-subtracted TOF spectra
obtained with monoenergetic neutron beams are shown in
Figure 3. Differential cross sections are generated by mea-
suring spectra at many angles and using equations (1)—
(3) to deduce the angular dependence of the scattering or
reaction.

~-ray production cross sections can provide informa-
tion on the non-elastic neutron channels, as well. Here,
~-ray spectra must be measured at many angles, and
the resulting angular distributions fitted with a Legendre
polynomial expansion to obtain the angle-integrated rel-
ative production cross section once corrected for detector
efficiency and feeding from higher-lying levels. Sometimes
the measurements are made at a single angle, 55° or 125°
degrees, where the Legendre coefficient Py is identically
zero, and one can easily deduce the angle-integrated cross
sections if one assumes the a4 and all higher coefficients
are zero. Making this assumption could lead to 5-15%
errors near the 7-ray threshold for E2 transitions [39].
(Typically less further above threshold.) This latter tech-
nique allows one to consider v-ray production cross sec-
tions for a range of incident neutron energies and to study
the excitation function of the v rays, which is important
for developing the level scheme of a nucleus.

If the residual nucleus’ level scheme and branching
ratios are well known, these v-ray cross sections can
be converted into (n, ng), (n, 2n), (n, 3n)... cross sec-
tions, although this is a subtractive process and uncertain-
ties accumulate quickly. For dense-level schemes, nuclear-
structure-model calculations are sometimes performed to
estimate the ~-ray feeding sequences and direct ground-
state ~-ray transitions [7,8]. Those types of calculations
are very dependent on having the level scheme informa-
tion correct [9)].

Gamma-ray production cross sections from (n, xnvy)
reactions are an important indicator for the validity of
the spin distribution of level density models. As the ~
rays cascade down from the continuum to the discrete
states, the feeding from the continuum which is driven by
spin-dependent level densities determines the low-energy
discrete-level ~-ray transistions. Reference [40] provides
a discussion of this effect for 238U(n, n’y) reactions.
This is important for nuclear data evaluation since the
model codes containing these level density models are
used to produce complete nuclear data libraries, and also
for reactions and nuclides for which no measurements
exist.
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Fig. 3. Representative background-subtracted neutron TOF
spectra of SFe(n, ny) typical of Van de Graaff laboratories;
these data are published in reference [37]. Peaks are labeled
with the residual nucleus spin. The red line is an example
of the energy-dependent neutron detector efficiency, here dis-
played as a function of channel number. These spectra illus-
trate the difficulties encountered in TOF measurements, where
typically only scattering from a few low-lying states can be
resolved. Clumps of levels (A-D) develop at higher energies
and although one knows the levels in each clump from nuclear
structure investigations, it is generally not possible to extract
the individual contributions. For low mass targets, say A < 40,
multiple scattering in the sample creates left-side, lower energy
tails and features that make it difficult to extract the yields of
neighboring peaks.

An additional problem with using ~-ray production
cross sections to deduce neutron cross sections is that
there are only recommended ~-ray production cross-
section standards. These measurements are most easily
performed relative to the cross sections deduced from the
detection of a single ~ ray; 1°B(n, a17) (E, = 0.478 MeV),
"Li(n, n'y) (B, = 0.478 MeV) and **Ti(n, n'y) (E, =
0.984 MeV) are listed as potential reference cross sections
in reference [5].
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2.2 White neutron sources

“White source” laboratories produce neutrons by spal-
lation (e.g., LANSCE [6-12,42]) or photo-production
(RPI [20,91-93], GELINA [15-19], nELBE [21-25],
ORELA [13,14], Helios [94,95]). The neutron fluence is
well collimated and very nearly planar at the sample which
is illuminated rather uniformly. These are called “white”
neutron sources as they produce neutrons with a wide
range of energies at the same instant in time; thus, a con-
tinuum of neutron energies is incident on the sample. The
energy of a particular (incident) event is determined by the
TOF from the source to the sample. The scattering sam-
ple under study is placed many meters from the neutron
source and the fluence has a very small emittance; hence,
no shadow bars are necessary for these types of measure-
ments. Direct, absolute cross-section measurements can be
performed by monitoring the fluence with fission cham-
bers. These facilities generally know the incident neutron
energy very precisely, but do not typically measure the
energy of the outgoing neutrons. Counterexamples exist
and the double time-of-flight method described in refer-
ences [10] and [96] is implemented in references [23,97,98].

2.2.1 Cross-section determination

Preliminary ~-ray or neutron differential cross-section
estimates for detector j at an angle 6; and incident
neutron energy Fj are produced with a formula similar
to:

1 }G(Ek) €FCGU(Ek)t£ As 1
ts AU m(Ek)’
(4)
where the notation j refers to the y-ray /neutron detector,
FC to the fission chamber, U to the 23°U contained in the
fission chamber and s to the sample. Y; is the net peak
yield of the examined 7 rays/neutrons, Yrc is the fission-
chamber yield, ¢; is the absolute detection efficiency for
the exit particle at its energy, epc is the absolute detec-
tion efficiency of the fission chamber, ¢t is the thickness
in pug/cm? and A is the atomic mass number. The quan-
tity oy (Ey) is the standard neutron-induced fission cross
section of 235U and m(E}) is the correction factor for mul-
tiple scattering. The epc itself can be quite challenging
(See e.g., Ref. [99]). A detailed discussion of uncertainties
and correlations at the laboratory GELINA is available in
reference [19].

hnd' 0, Ep) = —
( k) 47 YFC(Ek> E]‘

2.2.2 Experimental measurements

White source neutron measurements are further distin-
guished by what outgoing particle is detected, namely:

— outgoing neutrons are detected: Figure 4 provides a
schematic representation of neutron scattering exper-
iments with a white neutron source. Differential (elas-
tic and discrete inelastic) and double differential cross
sections (continuum) can be measured with this tech-
nique. The samples are generally cylindrical, although
other shapes are occasionally encountered. The neutron
detector needs to be fairly close (~1m) to the sample
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Fig. 4. Schematic representation of neutron scattering experi-
ments at a white neutron source facilities where only the scat-
tered neutrons are detected.
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Fig. 5. Representative spectrum from neutron scattering mea-
surements on beryllium at RPI that is typical of white neu-
tron source laboratories. The raw measurements are overlaid
with MCNP simulations of the experiment geometry [41]. The
experimental setup and additional details of neutron scattering
measurements at RPI can be found in reference [101].

for an acceptable counting rate. Some energy discrim-
ination is necessary for the neutron detector, but few
neutron detectors have that capability and so often only
the highest pulse heights characteristic of neutron elas-
tic scattering are used.

An example of a raw spectrum obtained by a white
neutron source measurement at RPI, along with MCNP
simulations of the experimental geometry, is shown in
Figure 5.

— Outgoing (discrete) v rays are detected: Figure 6 pro-
vides a schematic representation of neutron inelastic
scattering experiments with a white neutron source
where the v rays from the decay of the excited nuclei
is detected. In some historical experiments, the v ray
was observed only at 125°, where P, = 0 in the
Legendre polynomial expansion. Assuming that the Py
Legendre coefficient is zero, measurements at the single
125° detector angle can produce an estimate for the
angle-integrated ~-ray production cross-section. This

,t'&“
*“&?&0‘@@
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photoneutron ‘5,13_,6 n'
neutron source A Y
B 3 3 fs
VA

Long distance >
nearly parallel
neutron beam

Fig. 6. Schematic representation of neutron scattering exper-

iments at a white neutron source where only the ~ rays are
detected.
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Fig. 7. Representative cross sections employing ~-ray detec-
tion following the *Na(n, n’y) reaction at the white-source
laboratory GELINA to extract level cross sections with fine
energy resolution in the resonance region [16].

assumption is not valid near the level’s threshold, and
several additional angles are now generally measured to
produce a reliable result [15,16,39].
Partial information on other reactions such as (n, 2n),
(n, 3n), (n, p), etc., can be obtained with similar high-
resolution y-ray measurements.
Examples of y-ray production measurements that yield
the (n, ng) cross sections as a function of incident neu-
tron energy are given in Figures 7 and 8. Because the
same ~y ray is detected for every incident neutron energy
in this range, uncertainties in the cross sections are
highly correlated, and the questions of absorption of
~ rays in the sample and of detector efficiency drop
out in a relative measurement. This type of measure-
ment is more limited with monoenergetic sources, as the
energy resolution of the incident neutrons is typically
insufficient to resolve the complex resonance structure
of the excitation functions, and the monoenergetic lab-
oratories are unable to cover the wide range of incident
neutron energies in a timely fashion.

— A coincidence between neutrons and -y rays is measured:
Figure 9 provides a schematic representation of neutron
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Fig. 8. Representative “°Fe results employing v-ray detection
following inelastic neutron scattering from the (n, n’~y) reaction
at the white-source laboratory nELBE to extract level cross
sections over a wide range of energies. v-ray production cross
sections are measured (top) and feeding is subtracted to extract
level cross sections (bottom) [21]. Other good examples are the
56Fe(n, n'y) data of Negret [15] and the **Na(n, n’y) data of
Rouki [16] taken at GELINA.

emission, (n, xn), experiments with a white neutron
source where both the neutron and an associated 7 ray
are detected in coincidence [10,20,21,82,102,103]. Elas-
tic scattering is not studied with this setup. (Although
the neutron-anticoincident neutron data may provide
some information on elastic scattering yields.) The inci-
dent energy of a particular interaction is determined
by the TOF from the source to the sample, which
is calculated from the time from the source to the
~-ray detector. The sample can be cylindrical or of
some other shape chosen to minimize multiple scat-
tering. The ~-ray detector needs to be fairly close
(<1m) from the sample for an acceptable counting
rate. The ~-ray detector also needs to have sufficient
resolution to resolve the 7-ray transition of interest.
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Fig. 9. Schematic representation of neutron scattering exper-
iments at a white neutron source lab where the scattered neu-
trons and ~ rays are both detected.

The outgoing neutron energy is determined from the
TOF from the sample to the neutron detector, with
the start signal produced by the v-ray detector. The
neutron detector needs to be relatively close to the sam-
ple for an acceptable counting rate. Triple-differential
data result from this setup, i.e., differential in incident
neutron energy, and energy and angle of the outgoing
neutron.

It is conceivable to measure the outgoing neutrons and
~ rays in time-coincidence, although in practice the
detector solid angles and detector efficiencies lead to
extremely small event rates. Historically, n—y coinci-
dence measurements were performed to provide refined
nuclear-structure information. In the modern world,
measurements of v rays can be used to tag the neutrons
emitted from specific nuclei for cases of multiple neu-
tron emission. We are only aware of one published n—y
coincidence measurement that directly measured cross
sections [104], although preliminary results for 27 Al and
56Fe from similar methods were presented at ND2022
[98].

Measurements where neutrons are detected are usu-
ally limited to TOF and need a trigger for the outgoing
neutron. One major challenge is that the efficiency of the
neutron detector needs to be known to obtain the desired
observable; it is either calculated or measured with respect
to standard cross sections [5] (*H or natural carbon elas-
tic scattering), standard sources (e.g., 2*2Cf(sf)), or well-
studied accelerator-based sources such as 2H(d, n)*He [26].
Multiple scattering and attenuation effects applying to
both incident and outgoing neutrons need to be corrected
carefully for measurements where neutron detectors are
used.

Corrections for multiple scattering of neutrons in the
sample (i.e., before a ~ ray is emitted) need to be
completed in measurements where ~ rays are detected.
Additionally, ~-ray scattering and absorption, as well
as internal conversion, corrections need to be completed
for tabulated data, but these corrections should be



J.R. Vanhoy et al.: EPJ Nuclear Sci. Technol. 9, 31 (2023) 7

straightforward [105]. While there are no detector-
efficiency standard cross sections for these kinds of ~-ray
measurements, several reference cross sections are avail-
able, as are calibration sources [5,106].

3 Information needed for evaluations

Experimental data are compiled by the 14 teams of the
International Network of Nuclear Reaction Data Centers
(NRDC) [107]. Data centers compile and sort data using
the EXFOR exchange format into reaction types (MT)
and type of information (MF) [107,108].

Reactions of (n, xn) include elastic and inelastic scat-
tering; specific reactions where x = 1,2,3...; total neu-
tron emission spectra where there could be several residual
nuclei; neutron-y-ray correlations in (n, xn-v) reactions;
and neutron-neutron correlations for x > 2. Each of these
has its own existing experimental database, some exten-
sive, some nearly empty. Here we divide the types of
measurements into those that detect elastic and discrete
inelastic scattering, those that detect continuum neutron
spectra, and those that measure the final states of the
residual nuclei.

A complete list of data types can be found in refer-
ence [108] or online at reference [109].

3.1 Elastic and discrete inelastic scattering

At energies below excitation of the first excited state in
the target nucleus, (n, xn) comprises only elastic scat-
tering. Elastic cross sections in the low-energy resolved
resonance region (RRR) and in the unresolved resonance
region (URR) at energies just beyond the RRR are eval-
uated similarly to the (n, tot) and (n, ) cross sections in
the same energy ranges. A description of this evaluation
procedure can be found in references [3] and [110] .

Elastic and discrete inelastic scattering of fast neutrons
has been studied mainly with monoenergetic neutron
sources. The energy range goes well into the tens of MeV.
Analysis of the elastic data usually is done through the
optical model where the parameters of the model are
often assumed to be slowly varying in regions of similar
isotopes. Two very popular, readily available codes are
TALYS [111] and EMPIRE [112]. More detailed analy-
ses can be carried out if there are data on the analyz-
ing power of the scattering with polarized neutrons [113].
A well-known optical model for near-spherical nuclides is
KDO03 (Koning-Delaroche) [114], while a powerful optical
model for the deformed actinides is DCCOM (Disper-
sive Coupled-Channel Optical Model) [115]. The result-
ing optical model parameters have further application in
calculations of cross-sections of reactions that take place
through compound-nucleus processes. The database for
neutron elastic scattering is moderately large at low MeV
energies.

Inelastic scattering takes place for incident neutron
energies greater than the excitation energy of the first
excited state of the target nucleus. As with elastic scat-
tering, TOF techniques are used, and again, good experi-

mental resolution is required. As the nuclear level spacing
decreases with increasing excitation energy, the demands
for good experimental energy resolution are increased
for inelastic scattering to these higher-lying states. The
(n, n’y) and (n, 2n7y) reaction studies are very impor-
tant for the theoretical development of spin distribu-
tions and level densities. Direct reactions are important
in many of these excitations and are often analyzed
through Distorted-Wave Born Approximation (DWBA)
or Coupled-Channels codes. For certain target nuclei,
compound-nucleus evaporation must also be considered.

One area where the data are missing or incomplete
is in situations where the elastic scattering is not cleanly
resolved from inelastic scattering to low-lying states. One
example receiving much experimental attention is 2**U(n,
n) where inelastic scattering to the difficult-to-resolve low-
lying excited levels has a large impact on the power local-
ization in reactor cores [116,117]. Other examples impor-
tant for dosimetry applications are scattering to low-lying
isomers, such as ?3Nb(n, n')**™Nb [118,119).

An indirect approach to determine inelastic scattering
is to measure the vy rays from the decay of the state in
question and then subtract other processes, namely decay
of higher-lying states that populate this state. An example
is shown in Figure 8 for the Q;r state of %Fe, which can
be excited directly by (n,n’) or by de-excitation of higher-
lying levels that feed this state through ~-ray emission.
Subtracting the feeding to this state from the v-ray pro-
duction cross section provides its discrete excitation.

3.2 Continuum neutron emission

At higher energies where several channels are open for
neutron emission, one may refer to “(n, xn)” data where
(n, xn) = (n, el) + (n, n’) 4+ (n, 2n) + (n, 3n) + (n, np)
+ (n, 2np) + (n, na) + ..., each of which contributes to
the total neutron emission. The database here is spotty,
with more measurements at 14 MeV than at other ener-
gies. The focus on this energy of incident neutrons is due to
the availability of intense 14-MeV neutron sources based
on the reaction D+T —n (14 MeV) + « and the applica-
tion of the same reaction for fusion energy. Again, TOF
techniques give data on the spectra of (n, xn) neutron
emission as well as the angular distributions of the emit-
ted neutrons. Ring geometry [120] can be used to enhance
the counting rate if the material under study is not too
expensive, which means that isotopically enriched samples
are often not used. For actinides, where fission is possi-
ble, the (n, xn) measurements include prompt fission neu-
tron emission as well as emission from (n, n’), (n, 2n),
(n, 3n),... processes. Double-differential (with respect to
outgoing energy and angle) cross-section measurements
for neutron emission are very rare. Only five entries have
even been inserted into the EXFOR DDX category in the
past five years [121-125].

The analysis of (n, xn) data is often done with sta-
tistical model codes that assume compound-nucleus emis-
sion of neutrons. A component of pre-equilibrium neutron
emission [127] is also usually required, particularly at
higher energies above 10 MeV, to account for the harder
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emission spectra, and for the angular distributions that
are enhanced for neutrons emitted at forward angles.

3.3 Constraints on (n, xn) reactions

Other types of measurements constrain our knowledge of
(n, xn) reactions. Often activation techniques to identify
the specific residual nuclei of (n, 2n), (n, 3n). .. reactions.
This is not a simple measurement because, for exam-
ple, the reaction cross sections for *Nb(n, 2n)%2Nb and
93Nb(n, 3n)?'Nb must be fit along with the neutron emis-
sion spectra to give a database useful for a wide range
of applications. Nowadays, activation experiments can be
based not only on radiochemical analyses but also on mass
spectrometry [3].

Measurement of the prompt v rays can give informa-
tion on the cross-section for specific reactions. An example
is the 239Pu(n, 2n)?38Pu reaction where the detection of
~ rays emitted by the excited residual 2*®Pu nucleus along
with theoretical calculations were used to obtain cross sec-
tions for this reaction [7].

3.4 Neutron-+ and neutron—neutron coincidence

Experiments where prompt v rays are detected in coin-
cidence with neutrons reveal the population of particu-
lar excited levels, as well as higher-lying states that decay
through those particular levels. More detailed experiments
where the scattered neutron is detected in coincidence with
a de-excitation  ray have a limited presence in EXFOR
because of their difficulty. New experiments are in progress
to address this lack of coincidence data using the Correlated
Gamma-Neutron Array for sCattering (CoGNAC) array at
Los Alamos National Laboratory [103].

Most of the exit neutrons in these reactions come
from compound nucleus emission, and their energy and
almost isotropic angular distributions are well predicted
by Hauser-Feshbach models. The first emitted neutron,
however, if from pre-equilibrium mechanisms, is more for-
ward peaked and higher in energy than for the later neu-
trons, so it would be very useful for evaluators if these
correlated processes could be experimentally measured.

There are few neutron-neutron coincidence measure-
ments. Activation techniques cannot be used when the
residual nuclei are stable. A Be(n, n-n) experiment is
described in reference [100] which measured the energy
spectrum of each neutron in the neutron pair.

4 Template

It should be apparent that there are many variations of
(n, xn) experiments and data generated. Information pro-
duced is used for countless purposes in science and engi-
neering. Evaluators are tasked with producing the best
quality data libraries possible. As such, the following items
should be discussed or considered in a manuscript:

— accelerator type and time spreads,
— neutron production technique,

— how the neutron production was monitored,

— the scattering sample,

— geometric effects,

— techniques used to address attenuation and multiple
scattering,

— reference cross sections,

— detector efficiency, and

— methods used to extract yields from spectra.

This information can aid evaluators in understanding pos-
sible shortcomings in the data and maybe even correct
the data to a very limited extent in distant future ENDF,
JEFF, JENDL, etc. libraries.

4.1 Uncertainties

For each of these items, typical experimental details
along with representative uncertainty values are briefly
summarized in Table 1, separated out for monoenergetic
neutron beam and white neutron source facilities. Some
of the items are explicitly treated in uncertainty and
covariance analyses, while others influence the quality of
the data but are not easily quantified. Concise discussions
of the various items follow the table, where uncertainty
values are given in the table. These uncertainty values
were estimated based on the expertise of experimenters
executing such measurements throughout the years,
templates of other observables and the literature cited.

For planar neutron fluences. The time structure of
the accelerator, production target material and geometry
effects, beam tubes, and flight paths, and any beam
filters utilized should be specified as this determines the
incident neutron energy spectrum. The incident neutron
energy for an event is determined by TOF and that
requires measurement of the flight path length through
the beam tubes and the time the neutron takes to traverse
that length. Usually, the length is deduced from known
transmission resonances in materials that can be placed
in the beam. The uncertainty in the beam energy thus
depends on the uncertainties in the energies of these
transmission resonances, which can be very small. The
other contribution to the uncertainty in the incident
neutron energy is the timing uncertainty of the detector.
To take nominal values, for a 10m flight path and a
timing uncertainty of 1ns, the uncertainty in the neutron
energy for a 10 MeV neutron is 0.088 MeV.

For divergent neutron fluences. The time spread of
the incident beam pulses and details of the gas target
construction, gas pressures, cooling of the target, and
dimensions and position of the sample with respect to
the neutron source are required as these items influ-
ence overall energy spreads, time spreads, backgrounds,
TOF-spectrum quality, and geometrical corrections. The
flight path to the detector and detector/shielding geome-
try should also be reported.

For neutron production with gas cells, the entrance
foil, gas, and auxiliary cell materials are important con-
cerns. The entrance foil degrades the accelerator beam
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Table 1. Typical uncertainty sources encountered in (n, xn) measurements at monoenergetic and white neutron source
(WNS) facilities are listed with estimates of typical uncertainty ranges. There is great duplication between the last
two columns, but we provide them both to serve as a checklist and to stimulate thoughtful comparison for evaluators
and experimentalists reporting information.

Uncertainty source Monoenergetic WNS

Timing-spread concerns

Accelerator-beam-pulse width <lns <lns
Spread induced by neutron-production target ~1ns ~1ns
Spread due to sample size <lns <1ns
Spread due to n/y-transit time through detector 0.3ns 0.3ns
Response time of detector and timing electronics ~10-20ns ~10-20ns
TOF determination <100 ps <100 ps
Deadtimes Varies Varies
Neutron-production target
Overall (need full descrip. includ. cooling) 1% ~1%
Neutron-flux monitoring
Fission chambers: deposit thickn. & uniform. ~1% (see [99]) ~1% (see [99])
Fission chambers: oy (n, f) ~1% (see [5]) ~1% (see [5])
Long counters 1-2% N/A
Proton-recoil telescopes 1-2% (see [126]) 1-2% (see [126])
Liquid scintillators (For mono.) 1% N/A
Scintillators (e.g., ®Li-glass) 1% <1%
Sample
Isotopic enrichment <1% <1%
Contaminants/Secondary contents ~1% ~1%
Chemical/Mechanical form and shape ~1% ~1%
Mass <1% <1%
Material uniformity ~1% ~1%
Dimensional measurements 0.3% 0.3%
Geometric effects
Source-sample geometry <3% <1%
Sample-detector geometry ~2% ~2%
Detector size & positioning ~2% ~2%
Incident-neutron energy spread "Li(p, n) ~1%, *H(p, n) 2-5%, <1%

*H(d,n) 2-6%
Attenuation & multiple scattering

Method used to perform corrections <5% <5%
no (number density X cross-section) 0.3% 0.3%
Monte Carlo unc. (statistics & methods) ~1% ~1%
Atomic-data uncertainties ~1% ~1%
Nuclear-data uncertainties Varies Varies
Standard or reference cross sections
"H(n, n), 55Fe(n, n'y) (jitter), **Ti(n, n'y) From nuclear- From nuclear-
"Li(n, n'y), **C(n, n), 2%5U(n, f), 22Cf (sf) data libraries data libraries
Detector efficiency (neutrons)
Scintillators, via direct-measurement methods ~3% ~3%
Scintillators, via simulations ~3% ~3%
Detector efficiency (v rays) [3]
<0.2MeV 4% 4%
0.2-2.6 MeV 2% 2%
>2.6 MeV 5% 5%
Ability to extract yields from spectra
n-TOF spectra, elastic peak <2% Limited by
n-TOF spectra, inelastic peaks 1-10% Counting statistics

Continuum-neutron-emission spectra <20%
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energy and can cause errors in reporting the average inci-
dent particle energy. The energy dispersion caused by the
entrance foil is usually small compared to the effects from
the gas. The uniform energy loss along the length of the
gas cell is often the major contribution to the neutron
production energy spread at low incident neutron ener-
gies, where the loss is typically a few percent of the inci-
dent beam energy. Neutron energies vary according to the
production location in the gas and emission angle at that
location. The spread of neutron energies over the scat-
tering sample because of this neutron fluence divergence
must also be considered, as it has an increasing contribu-
tion to the energy spread as the accelerator beam energy
increases. Overall the energy spread due to straggling of
the incident charged particle in the entrance foil, neutron
production location in the source, and geometry of the
source-sample configuration ranges from a few 10s of keV
to a few 100 s of keV depending on entrance foil thickness
and material, gas cell pressure, and source-sample geom-
etry, as well as the incident neutron energy.

Stopper disks and liners may add small tails to peaks in
the neutron spectrum due to scattering off these and other
auxiliary materials in the immediate vicinity of the gas cell.
Gas contamination can also be a problem with deuteron
beams, as the (d, n) production can be significant on trace
amountsof C,N,and O. Secondary (d,n) neutron groups can
be a problem at high incident energies because of deuteron
breakup on gas-cell materials or beam-line components.

Fast neutrons are often made with thin lithium
compound deposits and the "Li(p, n)"Be reaction. The
energy spread of neutrons is adjusted via the thickness of
the compound layer. A worry is heating of the layer and
subsequent evaporation, which in turn alters the average
beam energy and spread. For proton beam energies
above 2.4 MeV, the "Li(p, n)"Be source reaction has two
neutron groups due to the ground state and the low-lying
excited state (0.429MeV) of the residual "Be nucleus.
For some experiments, the two groups can be resolved.
For other experiments (such as around 50 MeV), they are
treated as one group.

Neutron flux monitoring. Neutron flux monitoring is
performed with fission chambers, BF3 proportional coun-
ters, long counters, or forward monitors, while the latter
three monitors are often used at facilities using gas or solid
targets as sources.

Fission chamber limitations are the uniformity of the
235U or 28U deposit, knowledge of the (n, f) cross sec-
tions, counter gas stability, and electrical effects related to
the fission chamber construction. Templates of uncertainty
values associated with typical absolute (n, f) cross section
measurements suffering from similar issues are given in
reference [99].

Long counters [44] are often used for excitation func-
tion measurements where it is not practical to make
detailed efficiency calibrations as a function of beam
energy and neutron scattering angles. The long counter
has a slowly varying energy response with understood
deviations [45]. Recent studies relating to long counter
performance can be found in reference [46]. Long counters
are often designed with simulations [47].

Forward monitors are scintillator detectors capable of
TOF and PSD discrimination. They are typically used
with ratio methods when performing cross-section mea-
surements. Fixed location forward monitors are best used
for angular distribution measurements as their efficiency
changes with neutron energy. Scintillation detectors are
discussed below.

While some references cite detector efficiency uncer-
tainties smaller than 1%, 1-2% is recommended as a
reasonable estimate in case these uncertainties were not
reported for an experiment in the distant past.

Detector-response function or efficiency. A number
of methods are employed to determine detector-response
functions or the efficiency [48]. The efficiencies may be rel-
ative (arbitrary units) or absolute (normalized to 100%).

~v-ray detector efficiencies are well determined using
standard radioactive sources (e.g., 22Na, °6Co, 57Co,
137Cs 152y, 203Hg, ?26Ra) for photon energies between
~120keV and 2.5 MeV. It is difficult to obtain precise effi-
ciencies outside this range as is highlighted in reference [3].

For neutron detectors, the technique employed
depends on the location of features in the electronic-
response curve. For scintillator materials, the type of
material and thickness are also important considerations.
Just above the low-energy thresholds, efficiencies are sen-
sitive to the electronic settings, electronic noise, pileup,
and threshold effects associated with the choice of dis-
criminator modules [49-51]. Some facilities use neutron
MCNP [132]/GEANT [52,53,59] simulations including
SCINFUL [54] and POLIMI [55-57] or deterministic cal-
culations.

Other facilities determine neutron detector efficiencies
using differential cross-section standards *H(p, n)3He,
2H(d, n)3He, and *H(n, n)'H [5]; known emission spectra,
2TAl(d, n)?8Si [58], or a radioactive source spectrum
shape (i.e., 2°2Cf PFNS) [60-66]. For fission chamber
monitors, information on the chamber construction and
geometry and an evaluation of the 235U or 23%U deposit
thickness and uniformity are desired.

Sources of backgrounds. Background sources and
their impact upon detectors and sample illumination are
similar to uncertainties encountered in references [2] and
[3] and can be adopted from there.

Scattering samples. The mass and chemical and
isotopic compositions and the uniformity of scattering
samples are generally extremely well known, hence,
the low uncertainty values in Table 1. However, it is
important to include this information in publications and
reports.

Geometric effects. Compromises must be made between
count rates, timing and energy resolution, shielding, posi-
tioning of equipment, etc., and these lead to geometric
effects.

At Van de Graaff laboratories, the scattering sample is
placed close to the neutron production source. The source
size, source-to-sample spacing, and sample size impact the
energy spreads, TOF spectra, and multiple-scattering and



J.R. Vanhoy et al.: EPJ Nuclear Sci. Technol. 9, 31 (2023) 11

attenuation corrections, and it is important to provide this
information in a manuscript.

Some measurements place the detectors very close
to the scattering sample, effectively summing over
observation angles. In these situations, details of the
detector geometry and position must be used to perform
directional-correlational attenuation corrections as out-
lined in references [129,130] and [131].

Recommended standards and reference cross sec-
tions. Detailed discussions of standards and reference
cross sections used to deduce absolute cross sections are
discussed in references [5,67]. The reactions 'H(n, n),
SLi(n, t), °B(n, «), °B(n, a17v), " C(n, n), Au(n, v),
235U (n, f) and 238U (n, f) are considered high-quality stan-
dard cross sections to be used in detector calibration, neu-
tron flux measurement, and cross-section normalization.
These reactions are established standards only in a lim-
ited energy range which may not be sufficient for measure-
ments being performed.

Other cross-sections are denoted as reference cross-
sections. Examples include °°Fe(n, n’y), *8Ti(n, n'y),
"Li(n, n'y), 28U(n, v), 2°Pu(n, f) cross sections. Others
include the Maxwellian spectrum averaged Au(n, 7)
cross section at 30keV and the 2°2Cf spontaneous fission
neutron spectrum. At few MeV energies, reference cross
sections may exhibit very narrow resonance fluctuations
(jitter) and manuscripts should comment on the averaging
technique utilized.

Extracting yields. Figure 3 above illustrates common
difficulties in extracting yields from spectra. At Van de
Graaff type laboratories (Fig. 3), the incident neutrons are
usually considered monoenergetic and the TOF of exit-
channel neutrons is measured. The peak shapes are not
Gaussian, but include left-side tails, shelves, and other
features and small right-side tails. Because of this, yield
uncertainties tend to be dominated by the ability to fit
the TOF spectrum rather than counting statistics. Short
left- and right-side tails may be due to beam pulse tuning
or the gas cell issues discussed previously. Examining the
“~ flash” generated in the sample will help identify short-
tail issues. Stronger left-side features are due to multiple
scattering in the sample and imperfect treatment of back-
ground processes in the room, collimation and shielding,
and the sample.

Notice that peaks from each nj exit channel (Fig. 3)
have slightly different shapes; this distortion is caused
because the spectra are recorded as a function of time
rather than energy. Another common problem occurs
when the first excited state is not well resolved from the
elastic scattering peak, as seen with °6Fe in the bottom
panel of Figure 3. The peaks for the ng and n; channels
will overlap and the yield of the ny channel will depend
on how the left-side features of the ng channel are fit-
ted. In cases of significant ambiguity, it is recommended
to report cross-section estimates for the combined ng+n;
exit channels. This problem is even more pronounced when
the cross-section to the first exited state is small relative
to that for elastic scattering, as it is for **Na [38].

The spectrum for *°Fe (Bottom panel, Fig. 3) also illus-
trates the situation for additional exit channels. There is
a good chance of separating the yields of the 0T, 2+, and
47 channels with slightly larger uncertainty but the cross
sections to the higher levels must be treated collectively.

At white neutron source laboratories [128] (Fig. 4),
separation of elastic and inelastic scattering is easy if the
incident neutron energy is below the energy of the first
excited state of the target nucleus. The separation is also
possible at somewhat higher energies. Inelastic neutron
scattering can be triggered by - rays from the excited
states. Double TOF experiments are being perfected,
examples being references [10,20,82].

Attenuation and multiple-scattering corrections.
Finite sample corrections, such as self-absorption, attenu-
ation and multiple scattering, are major concerns for neu-
tron data. Scattering sample dimensions tend to be a few
centimeters and the mean free path (1/no) for collisions
of a few MeV neutrons tends to be comparable or up to
~20cm. Both incoming- and exit-channel neutrons suf-
fer attenuation in the sample, which reduces the antici-
pated yield in the detector. Multiple scattering deflects
neutrons which would have missed the detector into it
and therefore increases the reaction yield. In addition,
multiple-scattered neutrons are degraded in energy and
create the low-side features on TOF peaks discussed pre-
viously. Depending on the situation, attenuation and mul-
tiple scatterings could be up to a ~ 20% correction, and in
data measured many decades ago could have simply been
assumed to cancel.

One approach to tackle these finite sample corrections
is based upon the foundational references [68—73] or whole-
experiment simulations using codes such as MCNP [132]
or GEANT [52,53,59].

Two notable codes used at the Van de Graaff labora-
tories are MULCAT [74,75] and EFFIGY [27-29]. These
are guided/forced Monte Carlo implementations using
approaches described in the foundational references.

Simulations of experimental conditions tend to be used
at spallation and photo-production laboratories [133];
these simulations are also very useful for optimizing
and analyzing experiments with monoenergetic neutron
sources. Simulations rely on evaluated nuclear data files
typically from ENDF/B, JENDL, or JEFF. Versions of
these data files are updated periodically and there could
be differences for specific applications. Manuscripts should
reference the evaluated nuclear data file version or the
detailed information for specific isotopes utilized.

For ~-ray emission measurements used to deduce neu-
tron cross sections, attenuation of ~ rays in the sample
needs to be taken into account. Many such measurements
are based on the detection of the same energy - rays over
a range of incident neutron energies. Thus, attenuation
of the ~ rays and internal conversion must be included
when deducing neutron inelastic scattering cross sections
from ~-ray production cross sections. Both processes are
of greater importance for low-energy ~ rays.
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Table 2. Typical uncertainty sources encountered in (n, xn) measurements are tabulated with special emphasis on
shapes of correlations. The notation Exp; refers to different datasets from the same laboratory.

Unc. source

Cor(Exp;, Exp;)

Cor(Exp;, Exp;) @ # j

Timing-spread

From TOF — E,,; transformation

#0 for same facility /detector

Neutron-production target Full #£0 for same facility
Neutron-flux monitoring Gaussian #0 for same facility /detector
Sample Full #0 for similar target/methods
Geometric effects Full #0 for same facility
Attenuation & multiple scatt. Gaussian Facility /methods dependent
Standards & references From libraries From libraries

Detector efficiency (neutrons) Gaussian Depends on efficiency determination
Detector efficiency (v rays) Full Depends on efficiency determination
Extracting yields Gaussian #0 for same facility /detector

4.2 Correlations

The previous section concentrates on myriad numbers of
primary parameters of an experiment and their uncertain-
ties. The results of an experiment are derived parameters,
two examples being an energy-dependent cross-section for
a reaction channel or an emission spectrum. The con-
nection between primary parameters and derived param-
eters is by no means simple and may not be express-
ible via mathematical functions. One goal of data eval-
uators is to understand the quality of results. The uncer-
tainties and correlations of primary parameters are man-
aged by building a covariance matrix. Examples and
applications of this technique are described in references
[1,134] and [135].

Table 2 provides information on estimating correlation
values.

Correlation shapes for uncertainty sources are recom-
mended in the table in case no information can be found
in an original journal article to estimate those. The rea-
soning for assuming these approximate shapes is described
at length in references [1-3].

An entry ‘Full” means that all correlation coefficients
are one between all data at different angles or energies.
A “Gaussian” correlation shape between matrix entries 4
and j was defined in reference [135] as

Cory = exp {_ o) ] } NG

where x; and x; either correspond to outgoing neutron
energies or angles. The value c is a scaling parameter and
can be chosen with values between 0 (full correlation)
and 1 (stronger correlation between values with z; and
x; being close together, and weaker if they are far apart).

5 Conclusions

Templates of uncertainties associated with (n, xn) mea-
surements resulting in neutron elastic and inelastic scat-
tering cross sections, neutron inelastic cross sections

deduced from ~-ray production cross sections, and (n,
2n), (n, 3n), (n, p)... cross sections were presented in this
work. Ranges of uncertainties expected for known exper-
imental sources of errors and estimated correlations were
presented separately for measurements conducted at lab-
oratories that use monoenergetic neutron sources and for
those that use white neutron sources. The uncertainties
are estimated from relevant publications, online data bases
such as EXFOR, and from scientists and engineers with
broad experience in the field of neutron physics. In addi-
tion to the template of uncertainties, a discussion of exper-
imental observables, their uncertainties, and how they can
best be included in the publication of experimental data
for evaluators to use the results most effectively in the
evaluation process.
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