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Abstract

Understanding the radiogenic neutron production rate from the (a, 1) reaction is crucial in many
areas of physics, including dark matter searches, neutrino studies, and nuclear astrophysics. In
addition to its relevance for fundamental research, the («, n) reaction also plays a significant role in
nuclear energy technologies, for example by contributing to neutron production in subcritical
systems using UO,, as well as in applications such as medical physics. This review examines the
current state of (o, n) yield calculations and neutron spectra, describes the computational tools used
for their estimation, and discusses the available cross-section data. We investigate the uncertainties
affecting (o, n) yield estimations and propose strategies to enhance their accuracy. Furthermore, we
highlight the need for new measurements of (v, 1) cross-sections for a variety of relevant materials.
Such measurements are key to improving neutron flux predictions and reducing uncertainties in
sensitivity estimates for next-generation physics experiments operating in the keV—MeV range.

1. Introduction

In recent years, a detailed understanding of the (v, 1) reaction has become increasingly important in various
fields of physics'°.

Neutrons are highly penetrating particles and can produce signals that are indistinguishable from those
expected in dark matter search experiments such as DarkSide [1], CRESST [2], LZ [3], and XENON [4]. The
(v, m) reaction occurring in detector materials or surrounding structures is one of the primary sources of neu-

tron production and represents a significant contribution to the radiogenic background in these experiments.

1€ This paper originated from the first workshop ‘(cv, 1) yield in low-background experiments’, which took place in Madrid in November
2019. Materials and conclusions from the meeting are available at this link: https://agenda.ciemat.es/e/wan.

© 2026 The Author(s). Published by IOP Publishing Ltd
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Consequently, accurately estimating («, ) neutron production rates, energy spectra, and correlated y-rays is
crucial.

Neutron fluxes are computed using material assay results and computational tools that combine stopping
power calculations with (a, 1) cross-sections, obtained from measurements or theoretical models, or a combi-
nation of both. However, the accuracy of radiogenic neutron background predictions in large detectors is lim-
ited by significant uncertainties in (o, 1) yields [5—7]. For many nuclides and materials relevant to rare event
search experiments, the uncertainty in («, 1) yield is typically within 30%, but it can reach O(100% ) in some
cases. The main sources of uncertainty are missing cross-section measurements, particularly for branching
ratios to excited final states, or the uncertainty inherited from the theoretical models used to evaluate the (o, 1)
reactions. Several mid-Z materials commonly used in low-background experiments also lack experimental
data. In some cases, even when multiple experimental results are available for a specific material, discrepancies
among available cross-section datasets have been observed. These discrepancies may arise from differences in
the experimental setups used for the measurements, or from the corrections applied when interpreting the
results to extrapolate to the total cross-section.

Furthermore, (o, #)-correlated y-ray emission and y-rays from neutron capture (1, y) reactions extend up
to 10 MeV, covering the energy range of interest for rare event search experiments and playing an important
role in understanding detector triggers and vetoes in such experiments.

In the low-energy sector of neutrino experiments such as DUNE [8], (o, #) neutrons produced by material
contamination can be a potential source of background for supernova and solar neutrino studies. In particular,
~-rays emitted in neutron capture reactions can contribute to backgrounds for neutrino—electron scattering
and for neutrino—nucleus interactions such as neutrino absorption. In neutrinoless double beta decay experi-
ments like nEXO [9], neutrons can be captured on 136X e to form '*”Xe, which subsequently beta decays with a
Q-value above the 0v3(3 energy, creating background events in the energy region of interest. The (v, 1) reac-
tions can also create backgrounds for JUNO [10] and SNO+-[11] searches, since the combination of the
prompt neutron signal with the delayed capture can mimic the inverse beta decay of antineutrinos on protons.
Additionally, high-energy -rays can fall in the energy region of interest for nucleon decay and neutrinoless
double-beta decay searches.

Understanding (o, 1) yields is also crucial in nuclear physics, nuclear astrophysics, and certain nuclear
energy-related applications. For instance, they play an essential role in the sources of neutrons for the slow
neutron capture processes, in radionuclide production by energetic solar particles, in the production of posi-
tron emitters, in the nucleosynthesis of light r-process nuclei in neutrino-driven winds, and in the production
of neutrons by a-emitters present in high-level nuclear waste.

Opverall, there is a growing recognition of the need for an in-depth understanding of the (v, 1) reaction. The
increasing sensitivity requirements of next-generation rare event search experiments and nuclear astrophysics
have driven interest in improving («, n) yield calculations and assessing neutron production uncertainties. In
addition, novel techniques for measuring («a, ) cross-sections for a variety of materials are being developed. As
such, improving the accuracy of (o, n) yield calculations and developing new techniques for measuring (v, 1)
cross-sections will gain increasing relevance as key areas of research in the coming years.

This review aims to systematically discuss the most relevant aspects of («, #) neutron yield calculations in
low-background experiments. It compares the existing (c, 1) reaction codes and defines a common approach
to uncertainties with a consistent treatment of model parameters. Moreover, it highlights the need for a more
structured and accessible repository of cross-sections to facilitate their use by different codes. Plans for measur-
ing (v, n) reactions relevant to underground experiments will also be presented and discussed.

2. Process description

At the relatively low energy radiogenic regime (E, < 10 MeV), the («, n) reaction can be described as a two-step
process:

OX 4 SHe — 503Y* — 253Y +n 1)

In the first step, the capture of the « particle by the target nucleus X populates an excited state of the com-
pound X 4+ o — Y* nucleus. In a classical approach, the energy has to be enough to overcome the Coulomb
repulsion of the two nuclei. Even though tunneling allows for the production of classically forbidden com-
pound nuclei for a certain available energy, this is an important parameter percolating in the cross-section for
this reaction. As a consequence, the nuclei expected to contribute more to neutron production are those with
low-Z, given the small Coulomb barrier. This notwithstanding, some mid-Z metals might have sizable con-
tributions due to specific nuclear properties [12].

2
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The second step of the («, 1) reaction is where the parameter space can be diverse. In the simplest scenario,
the neutron drips off the compound nucleus Y. This is allowed when the populated **Y* state is above a
certain threshold (denoted as S,,). Assuming that no other particles are involved and the decay proceeds to the
ground state of * 7Y, the neutron energy can be expressed as:

E, = M[E(Y*) + MATY) — MATY)) 2, @
A+4

where E denotes energy of a state or a particle in the center of mass frame or a state and M the mass of a nucleus,
since all the states above S,, are in the continuum, E can have any value above
By = 25005, 4 ety - MEY)E), G)
A+4

Beyond the simplest case of neutron emission, the reaction mechanism can involve more complex decay
pathways. The state of * Y following neutron emission might not be the ground state, resulting in an (v, 1)
reaction or a multiple particle decay. How this complex behavior is typically modeled in a statistical approach is
summarized in Section 4.2, and the associated uncertainties are discussed in section 6.1.

Detecting n—y coincidences and neutron emission with multiplicity of 2 or larger is challenging. Both -
rays and neutrons have relatively large mean free paths compared to other types of ionizing radiation. This is
particularly true for neutrons, which are inherently difficult to detect due to their low interaction probability.
Consequently, neutron coincidences are often characterized by extremely low detection efficiency. Achieving
high-resolution and statistically significant measurements of such final states necessitates the use of detectors
with extensive coverage, high granularity, and experiments utilizing high-intensity beams (see for instance
[13]). Asaresult, data for (o, ny), (o, np) and (o, Xn) cross-sections—where X denotes any number of addi-
tional neutrons—are particularly limited. The term (e, 1) is often used inclusively, neglecting this richness, to
refer to the entire family of (o, xn) processes, where x represents any additional particle emitted alongside a
single neutron (see section 4 for a discussion on the available data and calculations).

The overall contribution of these higher multiplicity channels is, however, subdominant. Where («, 21) is
most energetically favorable among the light elements are 180 (7.5 MeV), **Ne (7.8 MeV) and 26Mg (8.4 MeV),
which are barely accessible with radiogenic a-particles—this channel is only open for the 8.95 MeV « decay of
*12po in the ***Th chain—and higher multiplicities are even more disfavored.

3. Importance of (c, n) reactions in different fields and relevant nuclides

3.1. Searches for rare events

Neutron radiation from (a, 1) reactions is a serious concern for rare event search experiments that require very
low levels of radioactive background, such as direct detection of dark matter or searches for neutrinoless double
beta decay. If the detector’s components or materials are contaminated with naturally occurring radioactive
nuclides, e.g. 235U, 28U and ***Th, their decay chains, which contain many «-emitters, can produce a
considerable neutron background that would limit experimental sensitivity. Thus, the material composition
should always be carefully selected and used as an input to Monte Carlo simulations that are performed to
evaluate potential backgrounds, as explained in section 5.

3.1.1. (o, n) induced backgrounds
A material often used in low-background experiments because of its high radio-purity is polytetrafluoroethy-
lene (PTFE, or Teflon™™). PTFE also features good dielectric properties and high reflectivity for vacuum-
ultraviolet (VUV) light [3, 14]. It is commonly used in cryogenic environment, e.g. for a variety of insulating
structural elements, including cables supports. It is also used to reduce friction between metal parts, and asa
reflector to enhance collection of light generated by plastic/liquid scintillators and noble elements, such as
argon and xenon.

PTFE contains fluorine whose only stable isotope is F which has alow threshold (around 2.3 MeV) for
(o, n) reaction and a steeply rising cross-section with energy. While several measurements and model predic-
tions of this cross-section exist, experimental data exhibit significant variation, and the resonance-like behavior
is not well described by these models (see also figure 4 in section 4).

Other nuclides with (¢, ) cross-sections relevant for rare event searches include:

e carbon (*>C) contained in plastics, polyethylene, PTFE, scintillators and e.g. in rock surrounding
underground experimental caverns,

e nitrogen ("*N) present in some plastics and often used as inert buffer gas,
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Figure 1. The >*®U decay chain is divided into three parts, in which the long-lived uranium/thorium isotopes (top), >**Ra with **Rn
and its short-lived daughters (bottom left), and the long-lived *?Rn daughters (bottom right) appear. The three parts are usually in
disequilibrium thus, they should be assayed separately.

e oxygen (70, '®*0) abundant in plastics, quartz, rock and water,

e silicon (predominantly *°Si and *°Si) contained in various types of glass and quartz and used for widely used
semiconductor detectors,

. 27 . . .
e aluminum (“’Al), present in ceramics and sapphire,

e titanium, (stainless) steel, and copper (all naturally occurring isotopes), that are used to build cryostat
vessels, support structures, and shielding,

e Dberyllium (°Be) present in wires and connection pins made out of CuBe alloy,

e sodium, chlorine, calcium and other elements found in rocks.

Considering natural radioactivity, besides the («, n) reactions, spontaneous fission also contributes to neu-
tron production: Spontaneous fission (SF), as described by Watt’s formulae [15], produces the same neutron
yield for all materials and depends only on the concentration of the fissioning nuclide. Among naturally occur-
ring radioactive nuclides, only fission of ***U contributes significantly to neutron production. Although the
probability of SF of **U is about 5 - 10”7 compared to the o decay rate, the neutron yield from this process
dominates over that from (o, n) reactions for high-Z materials where the neutron production is highly sup-
pressed due to the Coulomb barrier. In practice, neutrons produced in the SF process can be tagged with high
efficiency in a detector or a veto system due to simultaneous emission of several neutrons and -rays.

The neutron yield from (a, 1) reactions depends on the energy of a-particles, their energy loss in a part-
icular material, and the cross-section of the (o, n) reaction. The two most common natural radioactive decay
chains, ***Th and **®U, are critical in the calculation of neutron background for low-background experiments.
They produce 6 and 8 a-decays, respectively. The energies of each «v in the decay chain need to be considered.
The decay chain of **°U, which comprises 7 a-decays, also contributes to neutron production, although to a
lesser extent due to the small abundance of **°U in natural uranium (0.72 %). Finally, secular equilibrium in the
decay chains is often broken, especially for >**U.

3.1.2. Material screening techniques to mitigate o emission

For illustration, in figure 1 a simplified decay scheme of the ***U decay chain is shown. The black box includes
the top part of the chain with the long-lived uranium/thorium isotopes (3 a-decays). The yellow box indicates
the middle part of the chain with 226Ra, **2Rn and its short-lived daughters (4 a-decays). Finally, the bottom

4
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part of the chain is shown in the red box, including the so-called ‘long-lived ***Rn daughters’ (one a-decay).
The secular equilibrium is usually broken at the level of >*°Ra and *'°Pb. Due to the relatively short half-lives of
their daughters, we can assume that the respective sub-chains are in equilibrium. Because radium is an alkaline
earth metal, while uranium and thorium are actinoids, chemical processes that affect alkaline earth metals—
such as solubility in water and ion exchange—can lead to radium enrichment or depletion in materials
undergoing production. Due to radium’s long half-life, these changes can persist for a significant time before
equilibrium is re-established. Moreover, due to the 22 yr half-life of *'°Pb there is usually disequilibrium
between the short- and the long-lived **’Rn daughters. This is why it is not recommended to conclude about
the specific activities of **°Ra (and ***Rn) from e.g. the ICP-MS measurements (determination of uranium/
thorium). The same concerns the bottom part of the **U chain: it is usually not possible to predict the activities
of '°Pb—2'%Po from the high-sensitivity ***Rn emanation measurements, or from the +-ray screening.
Therefore, in order to predict properly the background rates caused by a particular element of the detector, it is
necessary to assay each part of the chain separately. Clearly, depending on the experiment and its goal, different
sub-chains may contribute differently, but usually the most important is **Ra/***Rn and their long-lived
decay products. Therefore, in the last years strong emphasis has been put on developments of high-sensitivity
~-ray spectrometers, radon emanation techniques and a--spectroscopy.

A disequilibrium effect has been observed for example for the nylon foil, which was used to construct the
Borexino scintillator vessel [ 16]. In most of the investigated samples the **°Ra activity concentrations were
higher compared to 23817, but the last one showed a different behavior: radium content was a factor 20 lower
compared to uranium and the effect was related to a different production process of the foil.

The foundation of the experiments devoted to searches for rare events is an extensive radioassay program.
Its goal is to perform a selection of materials and components, which can be used for construction of respective
detectors. The selection is based on the content of radioactive nuclides, where the allowed concentrations are
determined applying extensive Monte Carlo simulations. Determined residual radioactivity for various com-
ponents can vary significantly from different suppliers and even from production batches. A great deal of radio-
purity measurements are available for materials like copper, stainless steel, PTFE, polyethylene, and for electro-
nics and readout components (see for instance results collected in the radiopurity database'” and in [ 17-24]).
An accurate estimate of (o, n) neutron yields requires the knowledge of radioactivity in the material to normal-
ize the MC simulations.

Different techniques are commonly used in material screening. Mass spectrometry, like Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS) or Glow Discharge Mass Spectrometry (GDMS) are used to detect
uranium and thorium in samples. Thus, only the activity concentrations of nuclides in the upper part of the
chains of **U (upper box in figure 1) and ***Th can be deduced. However, mass spectrometers are usually very
sensitive and allow to perform measurements down to a sub-ppt (parts per trillion, 10~ "% g/g) level [25].

The y-ray counting is a powerful and sensitive method to look for radio-impurities, without destroying the
sample. It allows investigating the middle part of the **U (mainly **°Ra and its daughters—see the yellow box
in figure 1) and **Th chains, as well as to *°K, ®°Co, '*’Cs and other v-emitters. Assay time depends on the
required sensitivity and can be as long as a couple of months. Sample size is usually limited to a few tens of
kilograms because of the effect of self-shielding. There are many «-counting facilities around the world, but the
most sensitive instruments are operated at the INFN Laboratori Nazionali del Gran Sasso and at the Canfranc
Underground Laboratory reaching sensitivities of 10 uBq,/kg[26, 27]. In some cases (e.g. thin foils) **°Ra may
be investigated by application of high sensitivity **’Rn emanation techniques, reaching similar or even better
sensitivities [28] compared to y-ray spectrometry.

To assay >'°Pb in the bottom part of the ***U-chain (red box in figure 1) chemical extraction of *'°Po is
applied. The advantage of this method is that usually only a small mass is needed (a few g) for analysis. High
purity concentrated acids like HCl, HNO3, HF, H,SO, are used to dissolve samples. They are always spiked with
298P or 2Po for determination of the chemical yield (Po extraction efficiency). If organic matter is present,
also H,0, is added. Next, the mixture is converted into a 0.5 M HCl solution, from which polonium is auto-
deposited on a silver disc. In some cases, separation of Po from the matrix on a dedicated column is necessary.
The activity of polonium is measured with a low background a-spectrometer, with the overall efficiency
deduced from the spike signal. Sensitivities down to 0.5 mBq/kg for 2'°Po are achievable. As an example, it has
been found that the *'°Po concentrations in copper follows the chemical purity of the material and changes
from 10 mBq/kg (oxygen-free copper) up to 10 Bq/kg (fire-refined copper). Values obtained for low radio-
activity lead (=2 Bq/kg) were consistent with >'°Pb measured via beta spectroscopy [29]. Activity concentra-
tions deduced for high-purity titanium were at the level of 2 Bq/kg. The results confirmed the first assays of
1% bulk activities in metals performed with application of large surface low background a-spectro-
meter [30].

17 . , . .
Available at: http://radiopurity.org.
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Another class of background source is the surface contamination with naturally occurring c-emitters
(mostly the short- and long-lived daughters of >**Rn). Exposure to environmental radon during fabrication,
assembly, and installation of low background systems can lead to build-up of >'°Pb on surfaces being in contact
with the active detector parts. >'°Pb in the sub-surface layer can be accumulated though the diffusion of radon.
*22Rn atoms can penetrate layers up to several tens of um depending on the diffusion constant [31]. *'°Pb which
has a 22 yr half-life will therefore act as an approximately constant source of radiation (from self decays and
from decays of *'°Bi and *'°Po) throughout the full life of an experiment. In case of surface contamination, the
a-decays are relatively easy to identify by their specific energies (e.g. 5.3 MeV for 2'°Po). If the a-peaks are
shifted towards lower energies due to quenching effects (e.g. in the scintillators) the decays can still be recog-
nized by application of the pulse shape analysis. Decays of a-emitting nuclides occurring on the surfaces of
materials with high («, 1) cross-sections (e.g. PTFE) will significantly contribute to the neutron background.
Sensitive surface and bulk assay of *'’Po may be carried out using low background large surface a-spectro-
meters, like the XIA UltraLo-1800 [30]. Due to very low background and by analysis of the continuous part of
the spectrum between 1.5 and 6.0 MeV bulk *'°Po may be assayed down to about 50 mBq/kg [16]. Looking at
the peak around 5.3 MeV surface contamination as low as 0.5 mBq/m” may be determined [30]. To avoid
problems related to surface contamination, it is recommended to store all detector components after produc-
tion and before installation in a radon-free atmosphere (in clean rooms supplied with radon-free air or in
multi-layer plastic bags that are impervious to radon). Also, material-specific surface cleaning protocols should
be applied.

Particular attention should also be paid to the final machining of structural materials. Modern detectors
devoted to searches for rare processes are quite large and include tonnes of materials, such as metals or plastics.
A small radiogenic contamination per unit mass/surface can lead to a significant («, ) background. Taking
into account that the material is usually purchased not in the form of final products, but in the form of inter-
mediate goods based on the results of the assays, extra amount of uranium and thorium may occasionally be
introduced into structural components of the detector during the manufacturing and later machining pro-
cesses. Therefore, the assays should be repeated after every stage of production, if possible. Ideally, such con-
stant monitoring of radioactive contamination should be included in the technological chain of production of a
structural element of the detector from the stage of purchasing raw materials to the stage of manufacturing the
final product. Fortunately, there are several technologies that are already available and applied. This refers to
the production of pure PMMA with /without gadolinium [32] and titanium [33, 34].

3.2.Nuclear astrophysics

The nucleosynthesis, or creation of the elements in the Universe, is carried out via nuclear reactions [35, 36].
Charged particle reactions, especially those induced by the primary products of Big Bang nucleosynthesis
(protons, °H, *He, and a-particles) are the main process in the synthesis of the elements with A < 60. The
overlap between the Coulomb barrier penetration probability and the temperature distribution of particle
energies will determine the probability of these reactions to take place [37, 38].

The fundamental reaction in stars is the proton—proton fusion. After the hydrogen fuel is depleted, the star
undergoes gravitational collapse reaching a higher temperature (=10° K), thus the Coulomb barrier for
“He-*He fusion can be overcome [37].

The («, n) reactions are crucial in various astrophysical mass ranges, providing insights into the origin of
the elements. They are particularly important in the weak r-process (also called the a-process), which occurs in
the neutrino-driven ejecta of core-collapse supernovae and is responsible for producing lighter heavy elements
observed in metal-poor stars. The uncertainty in their astrophysical rates is the primary factor affecting this
process. In stars, the slow neutron-capture process (s-process) is one of the two main mechanisms responsible
for the formation of elements heavier than iron. The efficiency of this process is heavily dependent on (v, 1)
reactions, which serve as the primary sources of neutrons that initiate the neutron-capture chain, resulting in
the creation of elements up to bismuth.

The **Ne(a, 1)*>Mgand >C(a, 11)'°O reactions are the main sources of neutrons for the s and i-processes
(intermediate neutron capture process [39—41]), while (o, n) reactions on 17 < A < 34 nuclei may impact
nucleosynthesis in Type Ia supernova explosions. In the case of **Na, the cross-section is mostly unknown in
the relevant stellar energy range of 450-750 keV, where direct measurements provide only upper limits, and
estimates from indirect sources are uncertain. ">C(a, 1)'°O reaction has recently been studied in [42—-48], and
experimental cross-sections exist in 0.3—8 MeV energy range.

In the low-mass regime, the *Be(a, )'*C reaction is critical for both the s and r-processes, as well as for
primordial nucleosynthesis.

For core-collapse supernovae explosions, particularly important reactions include *°Zr(cv, 11)*’Mo,
IOOMo(a, n)103Ru, 86Kr(o<, n)895r.
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The cross-sections of the **Zr(a, n)**Mo and '*°Mo(«, n)'®’Ru reactions were recently measured at energy
ranges relevant to astrophysics [49, 50]. These measurements were conducted to better understand the para-
meters of the a+nucleus optical potential, for the latter see also section 4.2.

Recently, the 86K r(cv, n)¥Sr cross-section at an energy relevant for the weak r-process in the neutrino-
driven winds of core-collapse supernovae has been measured in order to reduce uncertainty in model predic-
tions for nucleosynthesis in this site [51].

3.3. Neutron sources

The combination of an o emitter and a low-Z material is a typical method exploited to produce inexpensive and
compact neutron sources, such as those used for calibration purposes in various types of experiments.
Beryllium is a very common material used in a-neutron sources, which can yield approximately 10~ neutrons
per a-decay through the reaction:

a+ ‘Be— 2C+n+~v (4.44MeV). (4)

Fluorine, lithium, carbon, and boron are other alternative materials with high a-neutron cross-sections.

As for typical a-emitters, the listincludes A m, 28py, 2Py, 21%0, and **°Ra (see, for instance, [32]). The
strength of the neutron source is determined by the activity of the o emitter. Activities in the range of approxi-
mately 1-1000 GBq are common, although smaller or larger values are possible for special purposes. The actual
neutron yield depends on the source matrix and, in particular, on the concentration of the a-emitting nuclide
within the matrix.

The average (maximum) neutron energy of Am—Be and Pu-Be sources is =4.2 MeV (11 MeV). For Ra-Be
sourceitis 3.6 MeV (13.2 MeV). Am-F and Am-Li sources produce neutrons with relatively low average ener-
gies of 1.5 MeV and 0.5 MeV, respectively, making Am-Li, for example, a suitable calibration source for detec-
tors intended to measure delayed neutrons, such as those used in fission experiments.

Itis important to note that these reactions may involve the emission of y-radiation. For example, the asso-
ciated 4.44 MeV ~y-emission also makes Am—Be sources suitable for gamma calibration, particularly in experi-
ments requiring high-energy gamma-ray references.

3.4. Nuclear technologies

Materials control and accountancy of uranium and plutonium throughout the fuel cycle heavily depend on a
diverse range of passive and active neutron counting methods. Given that these materials are typically found in
compound forms like oxides, fluorides, and carbides, with potential light element impurities such as lithium,
beryllium, and boron, the production of neutrons via («, 1) reactions often constitutes a notable source of
neutron signals. Additionally, this phenomenon contributes significantly to self-interrogation in items
undergoing multiplication [52].

Neutrons and -rays emitted during the (o, ) process contribute to the total flux of radiation along the fuel
cycle, from the enrichment and fuel fabrication, fuel reprocessing, and disposal of the spent fuel. More accurate
data on the cross-sections, total neutron yields, neutron spectra, and y-ray emissions from (o, 1) reactions are
needed for reducing the (frequently large) uncertainties in neutron background and activation estimation,
nuclear waste characterization, dosimetry, nondestructive mass assay of fresh and used nuclear fuel, nuclear
safeguards, and materials control and accountancy. The thick target integrated over angle yield curve is perhaps
the most important quantity for applications. However, thin-target data, neutron and y-ray spectra are also
needed, in particular data on partial cross-sections and angular distributions, for the calculation and evaluation
of 47 emission spectra.

"F(a, n) and '7"®*0(ay, 1) can be considered as the most relevant reactions for fission reactor technologies.
Other important nuclides in fission applications are lithium, beryllium, boron, carbon, nitrogen, sodium, alu-
minum, and silicon. The renewed interest in molten salt reactors may require new data on different salt compo-
nents like lithium, beryllium, nitrogen, fluorine, sodium, and potassium. In addition, the development of
fusion reactors requires improving (o, 1) data on structural materials and materials used for plasma
diagnostics.

3.5. Medical applications

The vast majority of radiopharmaceuticals produced worldwide are used in diagnostic applications,
particularly in imaging techniques such as SPECT and PET. These methods allow for the assessment of organ
integrity and function, as well as the metabolic pathways of radio-tracers in the body. Notwithstanding the
economic aspects, to be efficient and safe to use, diagnostic radiopharmaceuticals should give alow dose of
radiation, should be eliminated quickly from the body (having short effective half-lives) and should be trapped
by the metabolic process of interest. Thus, a very specific and limited number of nuclides is considered.
Radionuclides used for these applications can be produced in nuclear reactors or through the irradiation of a
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Table 1. Radionuclides commonly produced using a-particles.

Range of negative Q- Residual nuclide produced in the
values/MeV (a, n) reactions
[0,2] >*Mn, ' Ti, **Na
(2,4] >Mn, ' Cr, #*V, #Sc, ¥*sc, *°K, *°Ar,
33g,30p 264

(4,6] >Fe, *Cr, **Ti, **K, >’ Ar, **Cl
(6,8] 425¢,77si, P Mg
(8,10] 4Cr,*Ca, ®Ar,”'S

>10 BT, *'Mg

target with particle accelerators using different particle beams. In principle, light charged particles—protons
(p), deuterons (d), *He, and ces—can be used for medical nuclide production. Protons are most commonly
employed due to the availability of small to medium-sized cyclotrons at hospitals, while d, *He, and a-particles
have more limited applications compared to protons. as can induce high cross-section reactions, especially in
light and medium-mass target nuclei, such as (o, xn) reactions. However, a-particles have a shorter range in the
target material, involving fewer target nuclei and resulting in lower yields compared to other particles. Another
disadvantage of a-induced reactions is that the available a-beams have lower intensity than other charged-
particle beams. Despite this, a-particles have three major advantages: (a) certain radionuclides can only be
produced through a-induced reactions, (b) high-spin isomeric states are preferentially produced, and (¢c) the
product radionuclide is often two charge units higher than the target, allowing for more specific chemical
separation and high purity. Thus, (o, xn) reactions represent an important option.

Some of the radionuclides commonly produced using a-particles are listed in table 1 [53]. In the JAEA
Medical Isotope Browser'*, the production channels can be selected based on the optimum energy for max-
imum « cross-section and thick target yield, as well as the purity of the produced radionuclide. Examples of («,
1) production routes that are used include: **Cl(a, n1)**K (7-22 MeV) and **Mo(a, 7)*°Ru (16-28 MeV), with
optimum energy windows generally above 10 MeV. Other («, 1) reactions typically used for medical applica-
tions are: “’Cu(a, 1)°°Ga (7-35 MeV) for the production of therapeutic ®°Ga, and *°Ca(ca, n1)**Sc (5-35 MeV)
and *°Zn(a, 1)**Ge (8-35 MeV) for the production of diagnostic radionuclides #35c and ®Ge (see IAEA Medi-
cal Portal ).

Other types of nuclides considered in medical applications that can be produced by the reactions:

1. Radioactive isomeric states of a few nuclides have very suitable decay properties for therapeutic applications.
In general, they are low-lying states with high nuclear spins. They decay mostly to their respective ground
states by a high internal conversion transition. The low-energy conversion electrons, or an avalanche of
emitted Auger electrons, can lead to precise localized internal therapy effects if the radioactive species is
properly attached to an appropriate chemical carrier. Several such isomeric states can be mentioned: ''7"Sn,
193mpt and 5™ Pt, obtained in reactions («, x1), with x = 1 and 3 from '*°Cd and **Os [54].

2. Certain halogen radionuclides are widely used for both diagnosis and therapy in nuclear medicine. Fluorine
(*®F, typically produced via "*O(p, n)'®F, with a half-life of 110 min) forms the strongest carbon-halogen
bond, butitislimited to PET imaging and has too short a half-life to study slow metabolic processes, such as
those involving proteins and peptides [55]. It is worth noting that the production of **O(p, n)'*F also leads to
secondary neutron emission, which may pose radiation safety challenges in medical cyclotron facilities.
Todine, on the other hand, has some isotopes obtained from '2*Sb(cy, x1)'2>'**I reactions, which are suitable
for abroader range of medical applications. However, its chemical bonding is sometimes too weak, leading
to instability of labeled molecules in vivo. Radionuclides from the bromine family are an alternative [56].
The positron emitters "*Br (T; s2="96.7 min) and 7*Br (T, /2 =16.2 h) could be used for medical
applications. The ”/Br, decaying by electron capture (half-life of 57 h) is a candidate in Auger-therapy, as
well as the shorter-lived *"Br (T, /2 =4.4h), decaying by isomeric transition, while the 3~ -emitter 82Br
(T, /> =35.2 h)isalso a candidate for therapy applications. Reactions induced by a-particles on arsenic "°As
lead to ”*”77®Br. This production route is only explored using particle accelerators. The latest evaluation of
S As(a, 3n) ®Bris givenin [57].

18 . . .
Available at: https://nds.iaea.org/mib.

19 . , .
Available at: https://nds.iaea.org/medportal.
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3. A new option of cancer treatment is possible with the radioactive nuclide *'' At [58, 59]. Results suggest that
the short 7.2 h half-life of "' At can provide blood-borne cancer patients with just enough radiation therapy
to target their cancer cells and minimizes exposure of the rest of the body; it also limits the exposure of the
team that manipulated this radioisotope. The nuclear reaction that describes the production process of ' 'At
in a bismuth target is **’Bi(c, 211)*'' At [60, 61]. This production route is only explored using particle
accelerators.

4. Nuclides *’K and *°P are also of interest for biological and medical studies. These can be produced via the
reactions “°Ar(a, p)43 K and ¥’ Al(a, n)*°P [53]. Medically important nuclides also include 110m15 and n
[62]. Typically, 11h is obtained in a cyclotron via the reaction 11sz(p, 2n) n [63, 64], or through
reactions such as '*?Ag(a, 21)''In. For ''°"In, possible production routes include '’ Ag(c, n)''*"In and
109Ag(oz, 3m)M%"[n. The alternative production route 107Ag(0¢, 1)9"In has been also investigated in [57].

The activation of materials in the beam of a-particles, i.e. the formation of radioactive products, is an inter-
esting topic of study both as fundamental research and for applications. The formation of nuclear isomeric
states is difficult to reproduce by theory. The cross-section data obtained as a function of a-particle energy are
of great practical significance in the production of some medical-related radionuclides, although their yields
are generally much lower than in proton or deuteron-induced reactions. There are several radionuclides that
are exclusively produced through the use of a-particles, and there are a few low-lying high-spin isomeric states
that are preferentially populated in a-particle induced reactions.

4. Measured and calculated (o, n) cross-sections

The energy-dependent cross-sections of (o, 1) reactions are nuclide-dependent and can be calculated using
nuclear physics codes, such as EMPTRE [65, 66] or TALYS”' [67, 68], or taken directly from experimental
data when available. They can also be taken from available libraries, either evaluated ones like JENDL [69] or
those produced using the toolkits above, such as TENDL [70], which is a library of cross-sections obtained with
the TALYS code. The energy threshold of these reactions is determined by the Q-value of the reaction and the
Coulomb barrier, which suppresses the reaction probability even if the a-particle energy is above the threshold
determined by the Q-value. Hence, (o, 1) reactions are important for low- and medium-Z nuclei, while the
neutron yield per unit concentration of a radioactive isotope from elements heavier than copper is quite small.

Although several nuclear reaction databases provide («, 1) cross-section data, discrepancies among them
and gaps in experimental measurements make it difficult to maintain consistency across different computa-
tional approaches. Figures 2—-5 compare cross-section data from different sources for various target nuclei. A
more structured and accessible repository, integrating both experimental and evaluated data in a standardized
format and establishing common reference models and benchmark cases, would significantly improve cross-
section availability and usability across various applications.

4.1. Databases

The Experimental Nuclear Reaction Data (EXFOR) library [71] (CSISRS in USA) contains an extensive
compilation of experimental nuclear reaction data, based on numerical data sets and bibliographical
information of 22 000 experiments since the beginning of nuclear science and it is updated monthly. The
associated online database retrieval system provides access to data (by selecting a target, reaction, quantity, or
energy range) and different tools for plotting and data comparison. It is publicly available at the websites of the
International Atomic Energy Agency Nuclear Data Section””, the U.S. National Nuclear Data Center”” and
several mirrors.

The availability of experimental cross-section across the entire energy spectrum of interest can be limited.
Experimental data can be absent for some specific materials.

On the other hand, only two sets of evaluated («, 1) cross-section data libraries are available.

JENDL (Japanese Evaluated Nuclear Data Library) [69] provides a library of reaction data for various appli-
cation fields (the so-called ‘general purpose files’) and a set of extra libraries for some particular application
field (‘special purpose files’)**. The latest release of the main library was in 2021, named JENDL-5. Among
others, it includes information for 795 nuclides for n-induced reactions and 18 nuclides for a-induced

20 Currently in version 3.2, available at https:/ /nds.iaca.org/empire.

! Version 1.96 was used throughout this document. The current version is 2.0, available at https:/ /nds.iaca.org/talys.
2 Available at: https://nds.iaea.org/exfor.

23 Available at: https://www.nndc.bnl.gov/exfor.

* Available at: https://wwwndc.jaea.go.jp/jendl/jendl.html.
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Figure 4. 9B, )**Na cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.

reactions in the energy range up to 200 and 15 MeV, respectively. These 18 nuclides are important mainly in
nuclear fuel-cycle applications. They are °Li, "Li, °Be, 1°B, !'B, 2C, 1*C, N, N, 170, 20, '°F, **Na, *’Al, 2%5i,
*Si and *°Si. The a-particle sub-library includes evaluations of neutron production cross-sections, outgoing
neutron energy and angular distribution data utilizing R-matrix theory, statistical model and experimental
data depending on the available nuclear structure information for each nuclide [72]. JENDL is a truly evaluated
library providing recommended nuclear data. Cross-sections in the JENDL library are typically derived from
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Figure 5. 2Na(av, n)*°Al cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.

the measurements also included in EXFOR, with adjustments made to account for disagreements between dif-
ferent measurements and nuclear model codes (mainly using the mEXIFON [73] and EGNASH-2 [74] codes)
used to aid the extrapolation of these data. In some cases, the total neutron production cross-section is adjusted
to reproduce measured thick-target neutron yields. All data in version 6 of the Evaluated Nuclear Data File
(ENDF-6) format can be retrieved from the dedicated page on the website of the JAEA Nuclear Data Center.

TENDL (TALYS-based Evaluated Nuclear Data Library) [70] is a major nuclear data library that provides
the output of the TALY S nuclear model code system for direct use in both basic physics and applications.
TENDL contains evaluations for seven types of incident particles (neutrons, protons, deuterons, tritons, *He,
«-particles, and y-rays), for about 2800 nuclides and up to energies of 200 MeV for some cases. The 11th ver-
sionis TENDL-2021, based on both default and adjusted TALYS calculations and data from other sources.
First release was in 2008 and the latest ones are TENDL-2015, TENDL-2017, TENDL-2019 and TENDL-
2021.Since 2015, TENDL is mainly developed at PSI and the IAEA (Nuclear Data Section). Data files are
openly available”. In the o sub-library, tabulated data for total and partial cross-section data and spectra for
virtually all nuclides can be found, including the (o, xn) process; energy is given in MeV and cross-section in
mb. TALY S-generated files, formatted according to the ENDF format, are also available. Both total non-elastic
cross-section and cross-sections for explicit reaction channels are provided, although some problems are
reported for the latter in [75] for several nuclides.

Nuclides for which experimentally measured or evaluated cross-sections exist and overlap with the radio-
genic as energy range are summarized in table 2. While the available data cover most naturally occurring
nuclides, there are several elements that lack («, 1) cross-section measurements and are relevant for low-back-
ground experiments. These elements, commonly used in detector structural materials or as targets, are typically
in the mid-Z range and include metals and noble gases.

Nuclides lacking cross-section data with atomic numbers up to that of iodine are summarized in table 3. To
quantify the impact of missing data, the neutron yield of each element’s naturally occurring isotopes has been
computed using NeuCBOT [76] (see section 5) for 10 MeV a-particles, employing cross-sections from TALYS.
If cross-section measurements are missing for isotopes that collectively contribute atleast 10 % of the total
neutron yield, the element is highlighted in bold in table 3.

Among the elements analyzed, Ar, Br, Kr, Rb, Rh, Pd, Cd, and Sn lack cross-section data for all of their
naturally occurring isotopes.

For elements with atomic numbers greater than that of iodine, no cross-section measurements are avail-
able, with the sole exception of '*' Ta. However, the total neutron yield from such heavy nuclides is typically
much lower than that of lighter elements (e.g. NeuCBOT predicts an (a, 1) yield of 7- 10~ "' neutrons per a-
particle for natural xenon at 10 MeV).

A detailed comparison of the results from JENDL/AN-2005 and TENDL-2014, TENDL-2015,and
TENDL-2017is provided in [75]; TENDL is found to yield larger neutron production cross-sections in most
cases, with a few exceptions.

25 . o L) :
Available under ‘Libraries’ at: https://nds.iaca.org/talys.
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Table 2. Nuclides for which (v, 1) cross-sections are cataloged in the EXFOR and JENDL databases.

Nuclide EXFOR JENDL Nuclide EXFOR JENDL Nuclide EXFOR JENDL

°Li Yes Yes Mg Yes No *Co Yes No
Li Yes Yes Mg Yes No ONi Yes No
8L Yes No 27A1 Yes Yes ©2Ni Yes No
“Be Yes Yes 2gj Yes Yes SCu Yes No
1o Yes Yes 2961 Yes Yes %4Zn Yes No
] Yes Yes 30gi Yes Yes %67Zn Yes No
2c No Yes 3p Yes No 87n Yes No
e Yes Yes 33 Yes No °Zn Yes No
N Yes Yes ¢l Yes No 2Ge Yes No
BN Yes Yes 4K Yes No 74Ge Yes No
o) Yes No 455¢ Yes No 75Ge Yes No
70 Yes Yes 4674 Yes No 7Se Yes No
180 Yes Yes Ca Yes No 86gy Yes No
g Yes Yes Cr Yes No 8y Yes No
*'Ne Yes No >y Yes No *Nb Yes No
2INe Yes No >Fe Yes No 17Ag Yes No
Ne Yes No Mn Yes No 1271 Yes No
Na Yes Yes N Yes No 181y Yes No

Table 3. Mid-Z range naturally occurring isotopes for which there are currently no measured («, 1)
cross-sections in the 4-10 MeV energy range cataloged in EXFOR. Elements for which * is listed for
the mass number have no data available for any of their naturally existing isotopes. Entries shown in
bold (all except Niand V') are those for which missing isotopes collectively contribute at least 10% of
the elements total neutron yield.

32,33,365 37C1 *Ar 39,40K 42-44,46Ca 47,49,50Ti 50V

52—54Cr 56-58Fe 61Ni 67Zl’l 73(;e 74,77,78,80,825e *Br
*Kl' *Rb 84,87,883r *Zr 95,96—98M0 96‘99-102’1041{“ *Rh
*Pd *Cd 1131Il *Sn 12(),]22-126,128Te

4.2. Models

Depending on the kinetic energy E,, of the incident o particle, various reactions can occur”®: below the
Coulomb barrier of the target nucleus X, the incident particle may scatter elastically X(a, )X, at higher
energies, inelastic scattering X(c, a’)X* may leave the target nucleus X in an excited level. At low energies and
especially for deformed nuclei this may be a collective excitation e.g. rotation or vibration. At higher energies,
stripping reactions may cause a neutron emission. Above the Coulomb barrier, the incident a-particle can be
captured: after a pre-equilibrium phase, the incident nucleons are thermalized, resulting in the creation of a
compound nucleus 4 3X* excited by the added energy: both the kinetic energy of the avand the binding energy
Sa- The compound nucleus may de-excite via several decay channels: e.g. either via 7y transition to the ground
state or, if the incident energy E,, + S, exceeds a multiple of the neutron separation energy S,,, via the emission
of one or more neutrons together with one or more y — rays, i.e. (o, n), (o, ny), (o, 2n7y), (o, 2n27), ...,

(o, xnyy) with the related exclusive excitation functions (probabilities of transitions to excited states)
Oa,xny(Ea). Of interest for us is the excitation function for at least one neutron in the decay channel:

Ua,n(Ea) == ZnyO—u,xnyfy(Eu)-

In the range of resolved resonances on individual levels, i.e. where the width of the peaksin o, ,,(E,,) is
smaller than their spacing, the reaction has to be described by R-matrix theory (see e.g. [78]). Once the spacing
drops below the peak’s width in the range of unresolved resonances, the reaction can be treated in a statistical
way. As the spacing depends on the level density that increases with the mass of the nucleus, the energy below
which the statistical treatment breaks down increases with decreasing nuclide mass.

The formation and decay of the compound nucleus can be statistically treated by the Hauser-Feshbach
theory [79]. Generally, the exit channels are treated as independent of the entrance channel; remaining correla-
tions between them at low energy are treated by width fluctuation corrections. The transmission coefficients for
the entrance and exit channels are commonly calculated within an optical model (see e.g. [80, 81]), i.e. describ-
ing the elastic scattering and the inelastic scattering via the real and imaginary parts of a complex optical model
potential (OMP), respectively. The basic OMPs for spherical nuclides may be generalized for deformed

26 . . . .
See e.g. [77] for an introduction into nuclear reaction theory.
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nuclides to coupled-channels (CC) optical models. For weak coupling, the distorted wave-Born approximation
(DWBA) can be applied to the CC OMP. Albeit by definition the statistical treatment cannot describe the
resolved resonances, it can describe the average behavior of the relevant physical quantities in this energy range
[82]: based on these average values and the underlying distributions, it is possible to randomly sample reso-
nances to populate the range of resolved resonances. Albeit the individual resonances created this way depend
on the used random seeds, their average behavior is physically sound.

Concerning the OMPs, they can be broadly divided in two classes [81]: phenomenological or microscopic
OMPs. For both classes, models may include dispersion, i.e. do not treat the real and imaginary parts of the
complex potential as independent, and hence reducing ambiguities in their parameters. The microscopic
OMPs rely on folding the target matter distribution with OMP in nuclear matter, whereas phenomenological
OMPs parameterize experimental data, either for an individual nuclide (local OMP) or for a larger set of
nuclides (global OMP). Global phenomenological OMPs are optimized in such a way that, on average, they
reproduce cross-sections close to the experimental ones for all non-actinide nuclides. This means there are
some nuclides, for example, 3¢, for which the calculated numbers are not very reliable, and extra tuning or
even changing to a dedicated local OMP is desirable. For a discussion of suitable OMPs, see section 6. 1.

Nuclear reaction codes that implement the relevant models, and which are widely used and actively main-
tained, are TALYS and EMPIRE. Both use external tools for OMP calculations: TALY S relies on ECIS-
06°/[83]; also EMPTRE can use ECIS-06 but offer alternatively OPTMAN in the unpublished version 12°°[84]
which has an improved treatment of rotational levels for CC calculations. Asboth TALYS and EMPIRE are
based on similar statistical models, their results are not significantly different from each other. A comprehen-
sive comparison between the two codes, TALY S and EMPIRE, and experimental data for several key nuclides
has been reported in [6, 85].

5. Neutron yield calculation tools

The codes to calculate neutron yields and spectra require a number of inputs, such as the energy-dependent
cross-sections of (o, ) reactions, transition probabilities to excited states (i.e. ‘excitation functions’) and
stopping power of a-particles in different materials. These codes also need material composition where a
particular reaction occurs, a-energy or concentration of radioactive nuclei in the material.

The excitation functions are typically derived from calculations similar to those used for cross-sections.
Measurements are scarce and usually contain only data from the first few excited states.

The a-particles produced in radioactive decay quickly lose energy in a material through ionization and
excitation of atoms, thereby reducing the probability of neutron production. While energy loss of a-particles is
assumed to be well understood and is taken into account in all codes dealing with neutron yield calculation,
uncertainties in models can sometimes be important. In particular, the breakdown of Bragg’s additivity law in
composite low-Z materials may result in uncertainties up to 50% [86].

5.1. Stopping power calculation

The naturally occurring radioactive decay of some actinides can produce a-particles. 2*U, ***Th and **°U are
presentin the Earth’s crust at the ~ppm (particle per million) level and have decay chains in which several -
decays are produced in series. Their initial energy is between 4-10 MeV, so the range of energies 0—10 MeV
needs to be considered to account for the energy loss in the material before the interaction. Nowadays, there
exist several programs for the calculation of the stopping power in various materials, such as ASTAR and SRIM.
Additionally, all published experimental data on stopping powers are compiled and disseminated through the
IAEA Stopping Power Database™.

The NIST code ASTAR [87] calculates the stopping power of a-particles in 74 media based on the methods
described in the ICRU 49 report [88]. The stopping power is given in the energy range from 1 keV to 1 GeV.
Tables are differentiated for solid and gaseous targets as differences up to 10% are expected [86]. In the high
energy range (E,, > 2 MeV) the stopping power is calculated using Bethe’s formula and includes the shell, Bar-
kas and Bloch, and the density-effect corrections, while, in the low energy range, models based on experimental
data are used. When element-specific measurements are lacking values are interpolated among the existing
ones [87]. For composite material without experimental data, the cumulative stopping power is calculated by
linearly adding the stopping power of each element in the compound (Bragg’s additivity law).

27 Available at: https://nds.iaea.org/RIPL-3/codes/ECIS.
28 The older version 10 is available at: https://nds.iaea.org/RIPL-3 /codes/OPTMAN.

29 . / . .
Available at: https://nds.iaea.org/stopping.
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The Stopping and Range of Ions in Matter (SRIM) code [89], on the other hand, uses a quantum mechan-
ical treatment of projectile-target atoms collisions to calculate the stopping power and range of various ions
(projectiles), including c-particles, in matter (target atoms). In the case of compound materials, the code takes
into account the energy loss due to the bonding electrons, correcting Bragg’s additivity law. This is shown to be
particularly important for low-Z materials, such as hydrocarbons, where chemical bonding effects can result in
up to 50% deviations between data and calculations [86]. SRIM has the flexibility to manually input the target’s
composition based on its molecular weights in addition to the existing target material’s list. Similar to the
ASTAR database, SRIM allows the selection of a solid or gaseous target. For a-particles the range is extended up
to 8 GeV.

Several authors have performed comparisons between the ASTAR and SRIM calculations for a range of
materials [90-93]. The two calculations are generally in good agreement, typically within a few percent. When
compared to data, the result is highly dependent on the material. The ASTAR program reports an uncertainty
of approximately 1%—2% for single elements and 1%—4% for compound materials within the energy range
relevant for radiogenic a-particles (2-8 MeV). For lower energies (E < 1 MeV), the uncertainty increases as
energy decreases, reaching about 30% for 1 keV a-particles [87]. The authors of SRIMreport that 89 % ofthe
calculations performed with the code agree within 10% with the experimental data for a-particles [89].

The tools presented in this paper for the neutron yield calculation either use SRIM outputs (NeuCBOT), or
implement the stopping power coefficients tabulated in [94, 95] (SOURCES4). SaG4n uses Geant4 stopping
power tables which, for a energies below 8 MeV, are based on the ICRU reportand ASTAR.

5.2. SOURCES4

The code SOURCES4 [96, 97] uses the libraries of c-emission lines from radioactive nuclides, cross-sections of
(o, n) reactions either from calculations or experimental data, excitation functions and energy losses of a-
particles in different materials, to calculate the neutron production rate and energy spectra of emitted neutrons.
The most recent version is SOURCES 4C [97] but for historical reasons, the older version SOURCES4A [96] is
used by some collaborations. The release notes from the authors and previous tests showed that, if the same
cross-sections and branching ratios are used in both versions of the code, there is no difference between the
results for almost all nuclides.

The code was modified to extend the a-energy range from 6.5 MeV (as in the original version) to about
10 MeV (see [98] for the modifications of the SOURCES4A code). More cross-sections and branching ratios
calculated using the EMPIRE 2. 19 [99],EMPIRE 3. 2. 3 and TALYS [67] codes were added to the library of
the SOURCES4 code covering the range of a-energies up to 10 MeV [6, 98, 100-103]. A comparison of cross-
sections from EMPIRE 2 . 19 with experimental data was published in [98, 103] and the results of neutron yield
calculations with modified SOURCE S 4 A were used for a number of dark matter experiments (see, for example,
[104—-107]). The accuracy of the calculation was estimated to be about 20% based on the comparison of neutron
yields obtained with different sets of cross-sections [98].

The user input to SOURCES4A includes material composition (where an a-source is located), isotopic
composition for each element (only isotopes with cross-sections present in the code library can be included)
and either the energy of the a-particle or the radioactive nuclide (or several nuclides in the case of decay chains,
for instance) with the number of atoms in a sample. For application in low-background experiments an option
of the thick target neutron yield is used, meaning that the size of the sample is much bigger than the range of as
and edge effects can be neglected.

The output of SOURCES4A includes several files that return the neutron yield and spectra for the sum of
the ground state and all excited states, as well as neutron spectra for individual states. The neutron yield is also
calculated for each a-emitter in a decay chain and for every type of nuclide present in the material sample.
SOURCES4A/SOURCES4C do not calculate y-rays production, but the total energy transferred to y-rays can
be calculated from the energy of the excited states.

Cross-sections from recent versions of the nuclear physics codes TALYS [67] and EMPIRE 3.2 .3 [99]
have become available over the past few years and were added to the SOURCES4A libraries. The comparison
between early neutron yield calculations with cross-sections from EMPIRE 2.19, TALYS 1.9 and EMPIRE
3. 2.3 hasrecently been published [6].

SOURCES4A libraries are regularly updated as described in [6]. Recent development includes optimization
of the cross-sections and branching ratios used in the calculations by selecting a combination of the exper-
imental data and the most reliable model for a particular nuclide [108, 109]. For low-Z materials, measure-
ments are used where available since none of the codes based on statistical models can reliably predict (c, n)
cross-sections. These data are complemented by the calculations from EMPIRE or TALYS 1. 9 to extend the
cross-sections to higher energies and to obtain branching ratios usually unavailable from limited data sets. The
optimization is being validated by comparing the neutron yield as a function of « energy with the available data.
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5.3.NeuCBOT
NeuCBOT "’ (the Neutron Calculator Based On TALYS) allows the user to specify a material composition—
either by element, assuming natural abundances, or by nuclide—and a material contamination level [110].
Material contamination can be described either with a list of a-particle energies or a-emitting nuclides, all
weighted by their desired relative abundance. NeuCBOT then simulates a-particles slowing down in the
material and integrates over the («, ) cross-section and emitted neutron spectrum at each step.

Stopping powers are read from a library generated by SRIM and summed together assuming Bragg’s addi-
tivity law. If the user specified contamination levels by the a-emitting nuclides, a local database is built by
retrieving ENSDF files from the NNDC NuDat database, and o energies and branching ratios are retrieved. The
(o, n) cross-sections and emitted neutron spectra are drawn from a TALY S-generated database. This database
can be generated locally if the user has alocal version of TALY S installed, or it can be retrieved from a remote
database, which is generated for all naturally occurring nuclides for o energies up to 10 MeV. To reduce disk
space used in the latter case, the databases are only retrieved for each needed element and stored locally. NeuC-
BOT-V1 uses a database generated with TALYS 1. 6, while NeuCBOT-V2 [111]uses TALYS 1. 95. Gen-
erally, NeuCBOT-V1(a, n) yields were found to agree with similar calculations uses JENDL to within about
30% in most cases, with a few cases where bigger disagreement is seen, and the yields calculated by NeuCBOT
are typically higher. For NeuCBOT-V2, a significant decrease in yield is found, bringing the values into closer
agreement with numerical integrals over JENDL data. A more recent version, NeuCBOT~-V 3 allows the user to
select evaluated cross-sections from the JENDL library where available, rather than those simulated by TALYS.
Additional upgrades are currently under development, including calculations of correlated y-ray yields and
correlations between outgoing neutron energy and energy lost by the a-particle prior to capture.

5.4.5aG4n

Until recently, general-purpose radiation transport simulation codes like Geant 4 [112] were not able to
calculate (o, n) yields with sufficient accuracy due to the difficulty of realistically modeling low-energy a-
reactions. Since version 10.2, released in 2015, Geant 4 has incorporated the so-called ParticleHP module
[113], which uses data libraries originally written in ENDF - 6 format to handle non-elastic nuclear reactions of
low-energy (<200 MeV) charged particles. These data libraries provide detailed information on nuclear
interactions, including reaction cross-sections and secondary particle production. This advancement allows for
modeling (a, n) reactions with much higher precision than was previously possible using theoretical models
implemented directly in the code.

SaG4n[75,114],a Geant4-based code, was specifically developed for the calculation of (o, n) neutron
yields. This code’' is compatible with Geant4.10.6 and later versions. SaG4n employs explicit transport of
incident a-particles through the material using stopping power tables from Geant 4 (G4EmStandardPhysics-
option4), which for o energies below 8 MeV are based on data tables from ICRU and ASTAR. Instead of relying
solely on neutron production cross-sections, neutrons are produced individually as nuclear reactions occur.
This approach enables the simulation of both neutron production and transport within Geant 4, providing
detailed information on each individual («, 1) reaction. This level of detail is essential for accurately calculating
background events caused by (c, 1) neutrons, particularly in rare event search experiments. While SaG4n
requires more computational time than other codes, this is mitigated by well-known biasing techniques that
enhance the neutron production rate and reduce the overall computational cost.

SaG4n provides flexibility in selecting data libraries and allows users to modify input and output files as
needed. The primary data library is based on JENDL/AN-2005, with TENDL serving as a fallback for nuclides
notincluded in JENDL/AN-2005. The code output includes the initial position and momentum of the inci-
dent a-particle, the position and momentum of the produced neutron (and 7-rays, if generated), and the
‘weight’ of the event. This weight compensates for the biasing techniques applied to enhance the neutron pro-
duction rate for (v, 1) reactions.

In addition to the detailed simulation of particle generation, SaG4n allows to simulate highly complex
material geometries, far more advanced than those supported by other codes. Being based on Geant 4, itbene-
fits from a wide range of tools for defining, verifying, and importing geometries. These tools include robust
capabilities for visualizing the geometry, checking overlaps or inconsistencies, and importing CAD-based
models or predefined detector components, ensuring accurate and efficient calculations.

This feature significantly improves the accuracy of results, particularly in scenarios involving interfaces
between different materials. For instance, this is critical for modeling surface as from, for example, radon pro-
geny plate-out, which strongly influence background calculations and systematic uncertainties in low-back-
ground experiments.

30 Available at: https://github.com/shawest/neucbot.
31 Available at: https://github.com/UIN-CIEMAT/SaG4n.
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Table 4. Neutron yield from (o, 1) reactions in the >*U and *>*Th decay chains in several
materials as calculated by different codes. (1.07% of '>C has been assumed for natural

carbon).
Neutronyield,g ' s~' ppb ™', as calculated by
Material
SOURCES4 NeuCBOT v-3.0 JENDL) SaG4n (JENDL)

Carbon, 2*U 1.35 - 107" 1.25 - 1071 1.35 - 107!
Carbon, ***Th 5.53 - 10712 521 - 107" 5.65 - 1012
Fluorine, >**U 1.34 - 107° 1.00 - 107° 121 - 107°
Fluorine, »**Th 535101 445 107" 523 - 1071
Aluminum, 2%U 1.58 - 10710 141 - 1071 152 - 1071
Aluminum, ***Th 8.26 - 107! 7.55 - 107" 8.11 - 107"

Moreover, SaG4n can, in principle, generate neutrons and y-rays in coincidence, along with other second-
ary particles emitted in the same nuclear reaction. However, the reliability of the results strongly depends on the
specific nucleus where the nuclear reaction occurs. This is because, for the results to be reliable, the information
in the data libraries must be encoded in a specific way that preserves the correlations between the secondary
particles.

5.5. Comparison between the codes

A detailed comparison between the codes is beyond the scope of this paper. Thick target neutron yields from
beams of a-particles and naturally occurring radioactive decay chains from several different codes in
comparison with experimental data have been published in [6, 75, 76, 110, 115, 116]. Most codes are
continuously developing and updated with new cross-sections so previous publications may not reflect the
current status of the codes. We show here (table 4) a comparison between the 3 codes described above in
calculating neutron yields from ***U/***Th decay chains for widely used elements in detector components of
low-background experiments. Figure 6 and figure 7 present a comparison of neutron yield predictions for light
nuclei derived from various computational tools, normalized to experimental data for the thorium and
uranium decay chains, respectively; data from NEDIS [117], another code that calculates neutron yields from
(o, n) reactions, are also included. While the agreement between different codes and experimental results is
generally good for most of the materials analyzed, notable discrepancies are observed in specific cases,
highlighting the need for further refinement of computational models and cross-section data.

6. Typical uncertainties in neutron yield calculations

Predicting the neutron fluxes induced by (o, n) reactions in a material is a complex task, with uncertainties
arising from multiple factors. A standardized methodology for evaluating (o, 1) reaction-related uncertainties
is crucial to ensuring consistency across different computational approaches. Establishing common reference
models and benchmark cases would significantly enhance the reliability of neutron yield predictions in various
applications.

In low-background experiments, for instance, the neutron yield depends on factors such as the concentra-
tion of radiogenic contaminants in the detector components, the chemical (isotopic) composition of the mate-
rials, and the uncertainties associated with the calculation of the a-particle stopping power, as well as potential
inaccuracies in cross-section data. For common nuclides and materials relevant to rare event search experi-
ments, the uncertainty in the (o, 1) yield is typically within the range of 30 %. However, in some cases, it can
reach significantly higher values, up to @(100%) (e.g. '°B, *°Cl, *'K, **Sc, **Ti, **Ti, °'V, >*Mn, **Fe).

In the following, we discuss some of the main sources of uncertainty affecting («, n) yield calculations.

6.1. Cross-sections: experimental data and nuclear model parameters

The low efficiency in detecting neutrons and the challenges associated with conducting neutron spectroscopy
experiments justify the limited availability of energy-dependent experimental (v, 1) cross-section data in the
EXFOR database for specific target nuclides, often lacking coverage across the entire energy range.

Itis also possible that multiple measurements of the same nuclide often disagree with each other, possibly
due to differences in the experimental setups or the corrections applied when interpreting the results of the
experiments. Furthermore, measurements cataloged by EXFOR often have inconsistent treatments of exper-
imental uncertainties, often accounting for varying levels of precision.

For what concerns the evaluated cross-section, the results of the nuclear reaction codes depend on the used
models, the applied values for the model parameters, and even on the technical implementation of the models
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Figure 6. Comparison of neutron yields calculated for light nuclei by applying different codes, including the upgraded version of
NeuCBOT. The numerical values are normalized to evaluated data from various a-beam measurements [116] in order to
demonstrate agreement between the calculations and measurements. The comparison in question is performed only for the thorium
series.
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Figure 7. Comparison of neutron yields calculated for light nuclei by applying different codes, including the upgraded version of
NeuCBOT. The numerical values are normalized to evaluated data from various a-beam measurements [116] in order to
demonstrate agreement between the calculations and measurements. The comparison in question is performed only for the uranium
series.

in code (e.g. on the binning of the level density tables [118]). Concerning the OMPs, the Reference Input Para-
meter Library for Calculation of Nuclear Reactions and Nuclear Data Evaluations (RTPL)*’[81] generally
recommends using individual-nucleus optical potentials where possible, while for nuclei far from the valley of
stability, the use of microscopic optical potentials is reccommended.

For («, n) reactions, the chosen a-OMP has the greatest impact on the obtained results [118]. RIPLlist in
[81] several global a-OMP suitable for a-induced reactions, see table 5. Out of these, the model Avri-
geanu2014 [119]is the most recent’”. In addition, an a-OMP can be constructed from nucleon OMPs by
Watanabe’s folding approach [121, 122].

From the newer global, phenomenological nucleon-nucleus OMP contained in RIPL-3 [81], only two,
KoningDelaroche2003[125]andMorillon2006 [130, 131], covers partially our nuclide and energy
ranges of interest. The latter is a dispersive model and also of KoningDelaroche200 3 exists an unpub-
lished dispersive version, which is provided by TALYS 1. 96 [68]. TALYS provides also local OMPs covering
some of our nuclides of interest [ 125]; further local OMP are listed in [81] and [163, Annex 5.D]. It also offers

32 Available at: https://www-nds.iaea.org/RIPL-3.
33 Note that the different model Avrigeanul 994 [120] is only suitable for o emission, see [81].

17


https://www-nds.iaea.org/RIPL-3

81

Table 5. Nuclear models relevant for calculating the («, n) excitation function; a ‘p’ indicates a phenomenological model, a ‘m’ indicates a microscopic model. A hollow bullet (o) in the second or third column indicates if they are available

in TALYS or EMPIRE, a filled bullet (o) indicate the default option, a square ((J) indicate the model can be loaded from the RI PL database.

Available in:
Model or data set Type Comments
TALYS EMPIRE
1.96 3.2
Global a-OMP
Avrigeanu2014 p . [119,123],45 <A <209, ES 12 MeV
Kumar2006 p . [124],12 < A <209, E < 140 MeV
Watanabe FoldingMethod P o Folding[121, 122] of KoningDelaroche2003[68, 125] nucleon potential, 24 < A < 209,2 keV < E <200 MeV
Demetriou2002-1 m o [126, table 1], volume term, E < 12 MeV
Demetriou2002-2 m o [126, table 2], volume and surface term, E < 12 MeV
Demetriou2002-3 m o [126], dispersive potential, E < 12 MeV
Strohmaier1982 p ] O [127],40 <A < 100,1 MeV < E< 30 MeV
McFaddenl966 p o O [128],16 <A <208,1 MeV < E<25MeV
Huizengal962 p O 0 [129],20 <A < 235,1 MeV < E < 46 MeV
Global nucleon-OMP
Morillon2004 P O O [130,131], dispersive model, 27 < A <209, 1 keV < E < 200 MeV
KoningDelaroche2003 p . O [125],24 <A <209,1 keV < E <200 MeV
KoningDelaroche2003-dis p o [68,125], dispersive model, 24 <A <209, 1 keV < E <200 MeV
JLM-MOM m o [132] Jeukenne-Lejeune—Mahaux calculation with MOM code, 40 < A < 209, E < 200 MeV
Nuclear mass
AME2020 p . [133], the Atomic Mass Evaluation
Goriely2016 m o [134], Gogny—Hartree—Fock-Bogoliubov nuclear mass model
FRDM2016 m o [135], Finite—Range Droplet Macroscopic model
Goriely2009 m ) [136], Skyrme—Hartree—Fock—Bogoliubov nuclear mass model
FRDM1995 p . [137], Finite-Range Droplet Macroscopic model
DZ m o Duflo—Zuker mass formula, unpublished
Nuclear structure (experimental data from RIPL-3 [81]and ...)
FRDM1995 p . [137], Finite-Range Droplet Macroscopic model
Goriely2016 m o [134], Gogny-Hartree—Fock—Bogoliubov nuclear mass model
Goriely2009 m . [136], Skyrme—Hartree—Fock—Bogoliubov nuclear mass model
Level density
EGSM p ° [138], Enhanced Generalized Superfluid Model
GSM p o [139], Generalized Superfluid Model; may include explicitly collective enhancement
BFM p o [140-142], Back-shifted Fermi gas Model; may include explicitly collective enhancement
CTM p . o [143], Constant Temperature Model plus Fermi gas Model, TALYS and EMPIRE differ in the used parameterization, TALYS uses

the parameters of [ 144]; may include explicitly collective enhancement
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Table 5. (Continued.)

Available in:
Model or data set Type Comments
TALYS EMPIRE
1.96 3.2
Hilaire2012 m o [145], temperature-dependent Gogny—Hartree—Fock—Bogoliubov model
Goriely2008 m o o [146], deformed Skyrme—Hartree—Fock—Bogoliubov model
Demetriou2001 m o [142], Hartree—-Fock—BCS model; misidentified in TALYS’ manual as Goriely2001[147]
Photon strength function (for E1 unless otherwise stated)
SMLO p . [148], Simplified Modified Lorentzian model for E1 and standard Lorentzian for M1 with low-energy upbend
MLO3 p o [149], Modified Lorentzian model
MLO2 p o [149], Modified Lorentzian model
MLO1 p . [149], Modified Lorentzian model
GFL p o [150], Generalized Fermi Liquid model
EGLO p o [151], Enhanced Generalized Lorentzian model
GLO p o o [152], Generalized Lorentzian model
SLO p o o [153, 154], Standard Lorentzian model; used for M1 (default for EMPIRE) and X1, ! > 1 (default for both codes), with parameters
from RIPL-3 [81]
HFB-QRPA-D1M m o [155], DIM Gogny—Hartree—Fock—Bogoliubov model plus Quasiparticle Random Phase Approximation (QRPA), E1 and M1
parameterization with low-energy upbend
Daoutidis2012 m o [156], temperature-dependent relativistic mean field model
HFB-QRPA m o [157], Skyrme—Hartree—Fock—Bogoliubov model plus QRPA
HFBCS-QRPA m o [158], Skyrme—Hartree—Fock BCS model plus QRPA
Goriely1998 o [159], hybrid model
Width fluctuation correction
GOE o [160], Gaussian Orthogonal Ensemble of Hamiltonian matrices-model
HRTW o . [161], Hofmann-Richert-Tepel-Weidenmiiller model
Moldauer1980 . [162], Approximate method for practical applications that does not include direct-compound reaction interference
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Figure 8. Excitation function for *’Ar(a, 1) (dark violet line) as calculated with TALYS 1 . 96 based on default settings, see also
table 5. The associated uncertainty (light violet band) is based on sampling the input parameter space with TASMAN: 2750 samples
within the parameter’s uncertainties were drawn. For comparison, the only existing measurement by Schwartz et al [ 166] from the
EXFOR data base is shown (black data point).

the option to use a microscopic nucleon OMP, the JLM model of Bauge et al [ 132], that partially covers the
relevant nuclides. Both TALYS and EMPIRE can read OMPs from RIPL;in addition TALYS provides the a-
OMPsAvrigeanu2014[119,123]and Demetriou2002-1 [126, table 1] which are not part of RIPL-3
and finally the possibility to read in tabulated OMPs from a user-provided file.

Further properties that affect the results are nuclear mass, nuclear structure, level density, and photon
strength function; whereas the impact of the width fluctuation correction is only minor [118]. An overview of
available models is given e.g. in RIPL [81]. For several combinations of target nuclides and projectiles, the
TENDL library provides also ‘best’ settings and error estimations for these properties, which can be used in
TALYS [68,70]. In the current TALYS version, ‘best’ settings are mostly available for incident n and -y and not
for ai; in this case, TALYS falls back to its default settings and their uncertainties.

Table 5 summarize the relevant models and data sets for the calculation of the (o, n)-excitation function.
Uncertainties on the calculation are caused by the propagation of the uncertainties on the model parameter
whereas the selection of a particular, inaccurate model may cause a systematic uncertainty. One has also to note
that for the ten lightest nuclides in table 2 calculations with TALYS or EMPIRE are not suitable because the
nuclide masses are below the applicability range of any of the listed OMPs. At this mass range, R-matrix theory
may be a more suitable approach than the statistical treatment. An overview of suitable R-matrix codes is given
in[164,165].

With the auxiliary tool TASMAN™, it is possible to perform random sampling of the input parameters space
within their respective uncertainties and hence propagate these uncertainties to the result of TALYS [70]°7, i.e.
in our case the excitation function of (o, ) reactions. In figure 8, as an example, the excitation function for
*Ar(a, 1), calculated with TALYS 1. 96 using default settings, is shown along with its associated uncertainty.
For comparison, the only existing measurement by Schwartz et al [ 166] is also displayed. It is worth noting that
this data point was derived from a single scattering angle and extrapolated to the total cross-section, introdu-
cing significant uncertainties, which likely account for its deviation from the theoretical calculations.

6.2. Assay results
The source of the neutrons generated in the («, 1) reactions are a-emitters coming mostly from the *>*U-chain.
The activity concentrations must be measured for all relevant materials and specific nuclides, or at least for sub-

4 Currently available in version 2.0 at: https://nds.iaea.org/talys.
%> Within the TALYS-related literature, this approach is called Total Monte Carlo [70].
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Table 6. The chemical composition of a resistor is given with the
element’s mass fraction as assumed in the MC simulation model and
calculated expected neutron yield due to («, n) reactions. The
neutron production is calculated based on the SaG4n simulation
and measured radioactivity level of uranium and thorium chains.

Element Nominal mass fraction Neutronyield / 1/(kg s)
Al 0.33 321-107°
B 0.01 8.30-10°°
0 0.55 3.07-107°
Mg 0.01 7.06 - 1077
Si 0.04 3.82-1077
Ca 0.01 7.53-107°
Ni 0.02 1.11-107°
Cu 0.01 5.52-1071°

chains, which are in equilibrium - see the discussion in section 3.1 and figure 1. The activities in the upper part
of the ***U-chain, assayed with the help of mass spectrometry (ICP-MS), are determined with a precision of
about 10%—40%. It is assumed here that the measurements are performed with the highest sensitivities (sub 0.1
ppt =~ 1 pBq/kg). ICP-MS may be also used to investigate the high-purity material contamination not only with
radioactive nuclides, but also with various elements down to 10~° g/g [167]. The typical uncertainty of such
measurements is about 30%. This may be interesting especially if elements with high cross-section for («, 1)
reactions are considered. ICP-MS may also be applied to determine the isotopic composition (stable and long-
lived isotopes) of the material in question. Depending on the isotopes, the precision of its abundance
determination may vary from 1%-30% [167].

Measurements of *°Ra, **?Rn and its short-lived daughters (down to *'*Po, middle part of the ***U-chain, see
figure 1) close to the detection limits (=10 pBq/kg) are also performed with a typical precision of about 30 % [26].

The lower part of the >>*U-chain (*'°Pb—*'"Po) is assayed with the lowest sensitivity of about 1 mBq/kg.
The procedure requires extensive chemistry to separate *'°Po from the sample matrix, deposit it on a dedicated
disc, and count the activity. A time series of ' °Po measurements allows to determine the *'°Pb activity con-
centration with the precision of about 15%-20% [168].

To conclude, one can state that the measurements of the activity concentrations of a-emitters are per-
formed with a precision of about 30%. One should underline here that this concerns tests performed with the
highest available sensitivities and applying various techniques (mass spectrometry, gamma counting, chemical
separation of >'°Po). If lower sensitivities are required the precision is higher, in average 15%-20% depending
on the sample and technique.

6.3. Material composition

In the assessment of potential neutron backgrounds for next-generation rare event search detectors, the
uncertainty in the chemical composition of materials is frequently overlooked. Typically, detector material
assays focus primarily on measuring the radioactivity levels of uranium and thorium chains. Nevertheless, as
introduced in section 3.1, the material chemical composition should always be investigated in detail and
assayed when necessary to accurately calculate the («, 1) neutron yield. The uncertainty in neutron production
due to variations in elemental composition can be significant, and in some cases, comparable to or even larger
than the uncertainty in the assay results or the (o, 1) cross-section.

In the best-case scenario, the chemical composition of a component is provided by the manufacturer, often
with limited or no information on the associated uncertainties. In the worst-case scenario, when the composi-
tion is unknown, an elemental analysis of the material must be conducted, typically achieving a precision of
about 15%-20%.

Electronic circuit components, such as common resistors, provide an excellent example of materials with
non-homogeneous and challenging compositions. Variations in the placement of layers of borosilicate glass
within the small simulated volume can significantly impact the neutron yield.

Elements such as aluminum, fluorine, and boron, commonly found in electronic components, contribute sig-
nificantly to neutron production due to their large (v, 1) cross-sections. Even when present in small fractions, these
elements can account for several percent of the total neutron yield. Consequently, variations in their mass fraction
within the material contribute substantially to the overall uncertainty in neutron yield calculations.

As an example, the study of resistors used in the light readout system of a low-background experiment is
presented in table 6. The chemical elements are listed based on their contribution to neutron yield, and the
nominal mass fraction provides the most accurate input for simulations. As shown in table 6, although
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aluminum constitutes 33% of the mass fraction, it contributes approximately 68% of the total neutron yield,
highlighting its substantial impact. Similarly, boron, which represents only 1% of the mass fraction, accounts
for about 17% of the neutron yield due to its high («, n) cross-section. If the mass fraction of boron were
increased to 2% or 3%, the total neutron yield would rise by approximately 17% or 34%, emphasizing its cri-
tical role in the neutron yield balance.

These findings demonstrate that propagating uncertainties in the mass fractions of elements into neutron
yield calculations is not straightforward and requires careful consideration. Another critical aspect is the uni-
formity of the chemical composition within the material. For significant contributors to neutron yield, exten-
sive elemental analyzes may be required to determine the distribution of chemical elements within the
component.

7.Data needs

The success of the accurate (v, 1) neutron yield calculation for spent fuel management, low-background
experiments, and nuclear astrophysics heavily relies on accurate experimental data and nuclear models.
Unfortunately, much of the existing experimental data is outdated, incomplete, and characterized by significant
or inconsistent uncertainties in the cross-sections. Furthermore, experimental data on neutron emission
angular distributions are rare, and information regarding partial cross-sections and correlated y-ray emission
is even more scarce. Consequently, the evaluated nuclear libraries suffer from incompleteness (i.e. only a few
nuclides are available) or reliance on outdated evaluations. Calculations involving numerous nuclides require
combining evaluated cross-section files, relying on experimental data, with theory-driven cross-section files or
nuclear models.

Recognizing the urgency to update nuclear data libraries for charged-particle-induced reactions, and (o, 1)
in particular, the IAEA’s Nuclear Data Section (NDS) has initiated a global collaborative effort [ 169, 170]. This
initiative aims to produce updated and reliable data for charged-particle-induced reactions. Notably, for com-
pounds such as UFg and PuF, which are involved in processes such as uranium enrichment, storage of depleted
uranium, and pyrochemical reprocessing, discrepancies between new evaluations and the 1991 reference data
reached the 25%-50% level, emphasizing the critical need for accurate '°F(a, 1) reaction cross-sections.

New massive argon-based detectors for rare event searches have been proposed or are in the construction
phase[1, 171]. For these experiments, the direct measurement of the (v, 1) cross-section on 4OAris crucial for
accurate background calculations, as experimental data for this element are either very old or essentially absent
in the large part of the energy range of interest.

The imperative for enhanced experimental and evaluated data libraries extends beyond the cases of '’F and
*0Ar, encompassing (i, 1) reactions across various light and medium-light elements essential for diverse appli-
cations. The data available in the EXFOR database show large inconsistencies with respect to the reported
uncertainties, and (o, x1) and (v, #7y) cross-sections data are particularly limited. Furthermore, the develop-
ment of nuclear reaction codes, particularly those employing R-matrix and statistical models, as well as source
codes used for calculating neutron sources from existing cross-section and stopping-power data, necessitates
continuous updates.

To adequately address these demands for new measurements, improved data libraries, and sophisticated
software, an international collaboration is paramount. Coordinated efforts among interdisciplinary groups
actively involved in («, 1) studies can substantially enhance our comprehension of this reaction and match the
nuclear data needs in different fields of science and applications.

8. Conclusions

Accurate predictions of (o, 1) neutron yields are critical for reducing uncertainties in sensitivity calculations for
next-generation physics experiments operating in the keV-MeV energy range. A detailed understanding of the
mechanisms underlying radiogenic neutron production is equally crucial for advancing nuclear astrophysics,
refining nuclear technologies—including enrichment processes and the development of advanced reactor
systems such as molten salt reactors (MSRs)—and supporting applications in fields such as medical physics.

This paper provides a comprehensive review of the current state of (o, ) yield calculations, presenting the
most advanced computational models, experimental cross-section databases, and state-of-the-art computa-
tional tools.

The main features of the most commonly used computational tools for neutron yield calculations are pre-
sented, providing a comparative analysis across various databases. While agreement between different codes
and experimental results is generally good for most materials analyzed, deviations persist in specific cases. This
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underscores the importance of further developing and validating more accurate computational methods to
reduce uncertainties and improve the reliability of predictions.

This review also discusses the key uncertainties in neutron yield predictions, including those arising from
uranium and thorium contamination measurements, material chemical composition, cross-section data, and
theoretical models. Overall, significant uncertainties in (v, ) yield predictions have been highlighted, partially
driven by missing cross-section measurements, limited energy coverage, or inconsistencies among different
experimentally measured cross-sections. For many nuclides and materials, the uncertainties in neutron yield
calculations are typically estimated to be within 30%. In some cases, the discrepancies can be much larger due
to the absence of experimental («, 1) cross-section data or significant variability in the available datasets.

These findings highlight not only the need to refine models and improve theoretical cross-section calcula-
tions, but also the necessity of expanding experimental programs to include cross-section measurements for a
broader range of materials and energy regimes. Addressing these gaps is crucial to ensuring more reliable cross-
section data. Further efforts should focus on obtaining experimental (o, 1) cross-sections for mid-Z materials,
which are currently underrepresented in databases. Priorities for new measurements have been identified, par-
ticularly for materials commonly used in rare event physics experiments, where accurate neutron yield predic-
tions are essential.

Moreover, the importance of improving the understanding of correlated «-ray emissions and (#, ) cross-
sections has been emphasized. These decay data remain critical for interpreting detector triggers and vetoes in
rare event search experiments, which are critical aspects of low-background detectors.
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