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Abstract
Understanding the radiogenic neutron production rate from the (α, n) reaction is crucial inmany
areas of physics, including darkmatter searches, neutrino studies, andnuclear astrophysics. In
addition to its relevance for fundamental research, the (α, n) reaction also plays a significant role in
nuclear energy technologies, for example by contributing to neutron production in subcritical
systems usingUO2, as well as in applications such asmedical physics. This review examines the
current state of (α, 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 (α, n) yield estimations and propose strategies to enhance their accuracy. Furthermore, we
highlight the need for newmeasurements of (α, n) cross-sections for a variety of relevantmaterials.
Suchmeasurements 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 (α, n) reaction has become increasingly important in various
fields of physics16.

Neutrons are highly penetrating particles and can produce signals that are indistinguishable from those
expected in darkmatter search experiments such asDarkSide [1], CRESST [2], LZ [3], andXENON [4]. The
(α, n) reaction occurring in detectormaterials 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.
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Consequently, accurately estimating (α, n)neutron production rates, energy spectra, and correlated γ-rays is
crucial.

Neutron fluxes are computed usingmaterial assay results and computational tools that combine stopping
power calculationswith (α, n) cross-sections, obtained frommeasurements or theoreticalmodels, or a combi-
nation of both.However, the accuracy of radiogenic neutron background predictions in large detectors is lim-
ited by significant uncertainties in (α, n) yields [5–7]. Formany nuclides andmaterials relevant to rare event
search experiments, the uncertainty in (α, n) yield is typicallywithin 30%, but it can reach ( )O 100% in some
cases. Themain sources of uncertainty aremissing cross-sectionmeasurements, particularly for branching
ratios to excited final states, or the uncertainty inherited from the theoreticalmodels used to evaluate the (α, n)
reactions. Severalmid-Zmaterials commonly used in low-background experiments also lack experimental
data. In some cases, evenwhenmultiple experimental results are available for a specificmaterial, discrepancies
among available cross-section datasets have been observed. These discrepanciesmay arise fromdifferences in
the experimental setups used for themeasurements, or from the corrections appliedwhen interpreting the
results to extrapolate to the total cross-section.

Furthermore, (α, n)-correlated γ-ray emission and γ-rays fromneutron capture (n, γ) reactions extend up
to 10MeV, 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 asDUNE [8], (α, n)neutrons produced bymaterial
contamination can be a potential source of background for supernova and solar neutrino studies. In particular,
γ-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 136Xe to form 137Xe, which subsequently beta decays with a
Q-value above the 0νββ energy, creating background events in the energy region of interest. The (α, n) 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 canmimic the inverse beta decay of antineutrinos on protons.
Additionally, high-energy γ-rays can fall in the energy region of interest for nucleon decay andneutrinoless
double-beta decay searches.

Understanding (α, n) 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-drivenwinds, and in the production
of neutrons byα-emitters present in high-level nuclear waste.

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

This review aims to systematically discuss themost relevant aspects of (α, n)neutron yield calculations in
low-background experiments. It compares the existing (α, n) reaction codes and defines a common approach
to uncertainties with a consistent treatment ofmodel parameters.Moreover, it highlights the need for amore
structured and accessible repository of cross-sections to facilitate their use by different codes. Plans formeasur-
ing (α, n) reactions relevant to underground experimentswill also be presented and discussed.

2. Process description

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

( )+ ++
+

+
+X He Y Y n 1Z

A
2
4

Z 2
A 4

Z 2
A 3

In the first step, the capture of theα particle by the target nucleus Xpopulates an excited state of the com-
poundX+ α →Y∗nucleus. In a classical approach, the energy has to be enough to overcome theCoulomb
repulsion of the twonuclei. Even though tunneling allows for the production of classically forbidden com-
poundnuclei 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 contributemore to neutron production are those with
low-Z, given the small Coulombbarrier. This notwithstanding, somemid-Zmetalsmight have sizable con-
tributions due to specific nuclear properties [12].
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The second step of the (α, n) reaction is where the parameter space can be diverse. In the simplest scenario,
the neutron drips off the compoundnucleus A+4Y. This is allowedwhen the populated A+4Y∗ state is above a
certain threshold (denoted as Sn). Assuming that no other particles are involved and the decay proceeds to the
ground state of A+3Y, the neutron energy can be expressed as:

[ ( ) ( ( ) ( )) ] ( )=
+
+

+ + +E
A

A
E M M

3

4
Y Y Y c , 2A

n
4 A 3 2

whereEdenotes energy of a state or a particle in the center ofmass frame or a state andM themass of a nucleus,
since all the states above Sn are in the continuum,E can have any value above

[ ( ( ) ( )) ] ( )=
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A
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Beyond the simplest case of neutron emission, the reactionmechanism can involvemore complex decay
pathways. The state of A+3Y following neutron emissionmight not be the ground state, resulting in an (α, nγ)
reaction or amultiple particle decay.How this complex behavior is typicallymodeled in a statistical approach is
summarized in Section 4.2, and the associated uncertainties are discussed in section 6.1.

Detecting n–γ coincidences andneutron emissionwithmultiplicity of 2 or larger is challenging. Both γ-
rays andneutrons have relatively largemean 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 lowdetection efficiency. Achieving
high-resolution and statistically significantmeasurements of such final states necessitates the use of detectors
with extensive coverage, high granularity, and experiments utilizing high-intensity beams (see for instance
[13]). As a result, data for (α, nγ), (α, np) and (α,Xn) cross-sections—whereX denotes any number of addi-
tional neutrons—are particularly limited. The term (α, n) is often used inclusively, neglecting this richness, to
refer to the entire family of (α, 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 highermultiplicity channels is, however, subdominant.Where (α, 2n) is
most energetically favorable among the light elements are 18O (7.5 MeV), 22Ne (7.8 MeV) and 26Mg (8.4 MeV),
which are barely accessible with radiogenicα-particles—this channel is only open for the 8.95MeVαdecay of
212Po in the 232Th chain—and highermultiplicities are evenmore disfavored.

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

3.1. Searches for rare events
Neutron radiation from (α, n) reactions is a serious concern for rare event search experiments that require very
low levels of radioactive background, such as direct detection of darkmatter or searches for neutrinoless double
beta decay. If the detector’s components ormaterials are contaminatedwith naturally occurring radioactive
nuclides, e.g. 235U, 238U and 232Th, their decay chains, which containmanyα-emitters, can produce a
considerable neutron background that would limit experimental sensitivity. Thus, thematerial composition
should always be carefully selected andused as an input toMonteCarlo simulations that are performed to
evaluate potential backgrounds, as explained in section 5.

3.1.1. (α, n) induced backgrounds
Amaterial often used in low-background experiments because of its high radio-purity is polytetrafluoroethy-
lene (PTFE, or TeflonTM). 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 betweenmetal parts, and as a
reflector to enhance collection of light generated by plastic/liquid scintillators and noble elements, such as
argon and xenon.

PTFE contains fluorinewhose only stable isotope is 19F, which has a low threshold (around 2.3 MeV) for
(α, n) reaction and a steeply rising cross-sectionwith energy.While severalmeasurements andmodel predic-
tions of this cross-section exist, experimental data exhibit significant variation, and the resonance-like behavior
is notwell described by thesemodels (see also figure 4 in section 4).

Other nuclideswith (α, n) cross-sections relevant for rare event searches include:

• carbon (13C) contained in plastics, polyethylene, PTFE, scintillators and e.g. in rock surrounding
underground experimental caverns,

• nitrogen (14N) present in someplastics and often used as inert buffer gas,
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• oxygen (17O, 18O) abundant in plastics, quartz, rock andwater,

• silicon (predominantly 29Si and 30Si) contained in various types of glass and quartz and used forwidely used
semiconductor detectors,

• aluminum (27Al), present in ceramics and sapphire,

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

• beryllium (9Be)present inwires and connection pinsmade out of CuBe alloy,

• sodium, chlorine, calcium andother elements found in rocks.

Considering natural radioactivity, besides the (α, n) reactions, spontaneous fission also contributes to neu-
tron production: Spontaneous fission (SF), as described byWatt’s formulae [15], produces the sameneutron
yield for allmaterials and depends only on the concentration of the fissioning nuclide. Among naturally occur-
ring radioactive nuclides, only fission of 238U contributes significantly to neutron production. Although the
probability of SF of 238U is about 5 · 10−7 compared to theα decay rate, the neutron yield from this process
dominates over that from (α, n) reactions for high-Zmaterials where the neutron production is highly sup-
pressed due to theCoulombbarrier. In practice, neutrons produced in the SF process can be taggedwith high
efficiency in a detector or a veto systemdue to simultaneous emission of several neutrons and γ-rays.

The neutron yield from (α, n) reactions depends on the energy ofα-particles, their energy loss in a part-
icularmaterial, and the cross-section of the (α, n) reaction. The twomost commonnatural radioactive decay
chains, 232Th and 238U, are critical in the calculation of neutron background for low-background experiments.
They produce 6 and 8α-decays, respectively. The energies of eachα in the decay chain need to be considered.
The decay chain of 235U,which comprises 7α-decays, also contributes to neutron production, although to a
lesser extent due to the small abundance of 235U in natural uranium (0.72 %). Finally, secular equilibrium in the
decay chains is often broken, especially for 238U.

3.1.2. Material screening techniques to mitigate α emission
For illustration, in figure 1 a simplified decay scheme of the 238U decay chain is shown. The black box includes
the top part of the chainwith the long-lived uranium/thorium isotopes (3α-decays). The yellow box indicates
themiddle part of the chainwith 226Ra, 222Rn and its short-lived daughters (4α-decays). Finally, the bottom

Figure 1.The 238Udecay chain is divided into three parts, inwhich the long-lived uranium/thorium isotopes (top), 226Rawith 222Rn
and its short-lived daughters (bottom left), and the long-lived 222Rn daughters (bottom right) appear. The three parts are usually in
disequilibrium thus, they should be assayed separately.
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part of the chain is shown in the red box, including the so-called ‘long-lived 222Rn daughters’ (oneα-decay).
The secular equilibrium is usually broken at the level of 226Ra and 210Pb.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
earthmetal, while uraniumand thoriumare actinoids, chemical processes that affect alkaline earthmetals—
such as solubility inwater and ion exchange—can lead to radiumenrichment or depletion inmaterials
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 210Pb there is usually disequilibrium
between the short- and the long-lived 222Rn daughters. This is why it is not recommended to conclude about
the specific activities of 226Ra (and 222Rn) from e.g. the ICP-MSmeasurements (determination of uranium/
thorium). The same concerns the bottompart of the 238U chain: it is usually not possible to predict the activities
of 210Pb–210Po from the high-sensitivity 222Rn emanationmeasurements, or from the γ-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-chainsmay contribute differently, but usually themost important is 226Ra/222Rn and their long-lived
decay products. Therefore, in the last years strong emphasis has been put on developments of high-sensitivity
γ-ray spectrometers, radon emanation techniques andα-spectroscopy.

A disequilibrium effect has been observed for example for the nylon foil, whichwas used to construct the
Borexino scintillator vessel [16]. Inmost of the investigated samples the 226Ra activity concentrationswere
higher compared to 238U, but the last one showed a different behavior: radiumcontent was a factor 20 lower
compared to uraniumand 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 ofmaterials 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 extensiveMonteCarlo simulations.Determined residual radioactivity for various com-
ponents can vary significantly fromdifferent suppliers and even fromproduction batches. A great deal of radio-
puritymeasurements are available formaterials like copper, stainless steel, PTFE, polyethylene, and for electro-
nics and readout components (see for instance results collected in the radiopurity database17 and in [17–24]).
An accurate estimate of (α, n)neutron yields requires the knowledge of radioactivity in thematerial to normal-
ize theMC simulations.

Different techniques are commonly used inmaterial screening.Mass spectrometry, like Inductively Cou-
pled PlasmaMass Spectrometry (ICP-MS) orGlowDischargeMass Spectrometry (GDMS) are used to detect
uraniumand thorium in samples. Thus, only the activity concentrations of nuclides in the upper part of the
chains of 238U (upper box in figure 1) and 232Th can be deduced.However,mass spectrometers are usually very
sensitive and allow to performmeasurements down to a sub-ppt (parts per trillion, 10−12 g/g) level [25].

The γ-ray counting is a powerful and sensitivemethod to look for radio-impurities, without destroying the
sample. It allows investigating themiddle part of the 238U (mainly 226Ra and its daughters—see the yellow box
in figure 1) and 232Th chains, as well as to 40K, 60Co, 137Cs and other γ-emitters. Assay time depends on the
required sensitivity and can be as long as a couple ofmonths. Sample size is usually limited to a few tens of
kilograms because of the effect of self-shielding. There aremany γ-counting facilities around theworld, but the
most sensitive instruments are operated at the INFNLaboratoriNazionali del Gran Sasso and at theCanfranc
UndergroundLaboratory reaching sensitivities of 10 mBq/kg [26, 27]. In some cases (e.g. thin foils) 226Ramay
be investigated by application of high sensitivity 222Rn emanation techniques, reaching similar or even better
sensitivities [28] compared to γ-ray spectrometry.

To assay 210Pb in the bottompart of the 238U-chain (red box in figure 1) chemical extraction of 210Po is
applied. The advantage of thismethod is that usually only a smallmass is needed (a few g) for analysis.High
purity concentrated acids likeHCl,HNO3,HF,H2SO4 are used to dissolve samples. They are always spikedwith
208Po or 209Po for determination of the chemical yield (Po extraction efficiency). If organicmatter is present,
alsoH2O2 is added.Next, themixture is converted into a 0.5 MHCl solution, fromwhich polonium is auto-
deposited on a silver disc. In some cases, separation of Po from thematrix on a dedicated column is necessary.
The activity of polonium ismeasuredwith a lowbackgroundα-spectrometer, with the overall efficiency
deduced from the spike signal. Sensitivities down to 0.5 mBq/kg for 210Po are achievable. As an example, it has
been found that the 210Po concentrations in copper follows the chemical purity of thematerial and changes
from10mBq/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 210Pbmeasured via beta spectroscopy [29]. Activity concentra-
tions deduced for high-purity titaniumwere at the level of 2 Bq/kg. The results confirmed the first assays of
210Po bulk activities inmetals performedwith application of large surface low backgroundα-spectro-
meter [30].

17
Available at: http://radiopurity.org.
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Another class of background source is the surface contaminationwith naturally occurringα-emitters
(mostly the short- and long-lived daughters of 222Rn). Exposure to environmental radon during fabrication,
assembly, and installation of lowbackground systems can lead to build-up of 210Pb on surfaces being in contact
with the active detector parts. 210Pb in the sub-surface layer can be accumulated though the diffusion of radon.
222Rn atoms can penetrate layers up to several tens ofμmdepending on the diffusion constant [31]. 210Pbwhich
has a 22 yr half-life will therefore act as an approximately constant source of radiation (from self decays and
fromdecays of 210Bi and 210Po) throughout the full life of an experiment. In case of surface contamination, the
α-decays are relatively easy to identify by their specific energies (e.g. 5.3 MeV for 210Po). If theα-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 ofα-emitting nuclides occurring on the surfaces of
materials with high (α, n) cross-sections (e.g. PTFE)will significantly contribute to the neutron background.
Sensitive surface and bulk assay of 210Pomay be carried out using lowbackground large surfaceα-spectro-
meters, like theXIAUltraLo-1800 [30]. Due to very lowbackground and by analysis of the continuous part of
the spectrumbetween 1.5 and 6.0 MeVbulk 210Pomay 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/m2may 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 suppliedwith 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 finalmachining of structuralmaterials.Modern detectors
devoted to searches for rare processes are quite large and include tonnes ofmaterials, such asmetals or plastics.
A small radiogenic contamination per unitmass/surface can lead to a significant (α, n) background. Taking
into account that thematerial is usually purchased not in the formof final products, but in the formof inter-
mediate goods based on the results of the assays, extra amount of uraniumand thoriummay occasionally be
introduced into structural components of the detector during themanufacturing and latermachining pro-
cesses. Therefore, the assays should be repeated after every stage of production, if possible. Ideally, such con-
stantmonitoring of radioactive contamination should be included in the technological chain of production of a
structural element of the detector from the stage of purchasing rawmaterials to the stage ofmanufacturing the
final product. Fortunately, there are several technologies that are already available and applied. This refers to
the production of pure PMMAwith/without gadolinium [32] and titanium [33, 34].

3.2.Nuclear astrophysics
The nucleosynthesis, or creation of the elements in theUniverse, is carried out via nuclear reactions [35, 36].
Charged particle reactions, especially those induced by the primary products of Big Bang nucleosynthesis
(protons, 2H, 3He, andα-particles) are themain process in the synthesis of the elementswithA < 60. The
overlap between theCoulombbarrier 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 (≈108 K), thus theCoulombbarrier for
4He-4He fusion can be overcome [37].

The (α, n) reactions are crucial in various astrophysicalmass ranges, providing insights into the origin of
the elements. They are particularly important in theweak r-process (also called theα-process), which occurs in
the neutrino-driven ejecta of core-collapse supernovae and is responsible for producing lighter heavy elements
observed inmetal-poor stars. The uncertainty in their astrophysical rates is the primary factor affecting this
process. In stars, the slowneutron-capture process (s-process) is one of the twomainmechanisms responsible
for the formation of elements heavier than iron. The efficiency of this process is heavily dependent on (α, n)
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 22Ne(α, n)25Mg and 13C(α, n)16O reactions are themain sources of neutrons for the s and i-processes
(intermediate neutron capture process [39–41]), while (α, n) reactions on 17< A < 34 nucleimay impact
nucleosynthesis in Type Ia supernova explosions. In the case of 22Na, the cross-section ismostly unknown in
the relevant stellar energy range of 450–750 keV, where directmeasurements provide only upper limits, and
estimates from indirect sources are uncertain. 13C(α, n)16O reaction has recently been studied in [42–48], and
experimental cross-sections exist in 0.3–8MeV energy range.

In the low-mass regime, the 9Be(α, n)12C 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 96Zr(α, n)99Mo,
100Mo(α, n)103Ru, 86Kr(α, n)89Sr.
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The cross-sections of the 96Zr(α, n)99Mo and 100Mo(α, n)103Ru reactionswere recentlymeasured at energy
ranges relevant to astrophysics [49, 50]. Thesemeasurementswere conducted to better understand the para-
meters of theα+nucleus optical potential, for the latter see also section 4.2.

Recently, the 86Kr(α, n)89Sr cross-section at an energy relevant for theweak r-process in the neutrino-
drivenwinds of core-collapse supernovae has beenmeasured in order to reduce uncertainty inmodel predic-
tions for nucleosynthesis in this site [51].

3.3.Neutron sources
The combination of anα emitter and a low-Zmaterial is a typicalmethod exploited to produce inexpensive and
compact neutron sources, such as those used for calibration purposes in various types of experiments.
Beryllium is a very commonmaterial used inα-neutron sources, which can yield approximately 10−4 neutrons
perα-decay through the reaction:

( ) ( )+ + +nBe C 4.44 MeV . 49 12

Fluorine, lithium, carbon, and boron are other alternativematerials with highα-neutron cross-sections.
As for typicalα-emitters, the list includes 241Am, 238Pu, 239Pu, 210Po, and 226Ra (see, for instance, [32]). The

strength of the neutron source is determined by the activity of theα 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 sourcematrix and, in particular, on the concentration of theα-emitting nuclide
within thematrix.

The average (maximum) neutron energy of Am–Be and Pu-Be sources is≈4.2 MeV (11MeV). For Ra–Be
source it is 3.6 MeV (13.2 MeV). Am–F andAm–Li sources produce neutronswith relatively low average ener-
gies of 1.5MeV and 0.5 MeV, respectively,makingAm–Li, for example, a suitable calibration source for detec-
tors intended tomeasure delayed neutrons, such as those used in fission experiments.

It is important to note that these reactionsmay involve the emission of γ-radiation. For example, the asso-
ciated 4.44 MeV γ-emission alsomakes 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 andplutonium throughout the fuel cycle heavily depend on a
diverse range of passive and active neutron countingmethods. Given that thesematerials 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 (α, n) reactions often constitutes a notable source of
neutron signals. Additionally, this phenomenon contributes significantly to self-interrogation in items
undergoingmultiplication [52].

Neutrons and γ-rays emitted during the (α, n)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 γ-ray emissions from (α, n) reactions are
needed for reducing the (frequently large)uncertainties in neutron background and activation estimation,
nuclearwaste characterization, dosimetry, nondestructivemass assay of fresh andused nuclear fuel, nuclear
safeguards, andmaterials control and accountancy. The thick target integrated over angle yield curve is perhaps
themost important quantity for applications.However, thin-target data, neutron and γ-ray spectra are also
needed, in particular data on partial cross-sections and angular distributions, for the calculation and evaluation
of 4π emission spectra.

19F(α, n) and 17,18O(α, n) can be considered as themost 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 inmolten salt reactorsmay require newdata on different salt compo-
nents like lithium, beryllium, nitrogen, fluorine, sodium, and potassium. In addition, the development of
fusion reactors requires improving (α, n)data on structuralmaterials andmaterials used for plasma
diagnostics.

3.5.Medical applications
The vastmajority of radiopharmaceuticals producedworldwide are used in diagnostic applications,
particularly in imaging techniques such as SPECT andPET. Thesemethods allow for the assessment of organ
integrity and function, as well as themetabolic pathways of radio-tracers in the body.Notwithstanding the
economic aspects, to be efficient and safe to use, diagnostic radiopharmaceuticals should give a lowdose of
radiation, should be eliminated quickly from the body (having short effective half-lives) and should be trapped
by themetabolic 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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target with particle accelerators using different particle beams. In principle, light charged particles—protons
(p), deuterons (d), 3He, andαs—canbe used formedical nuclide production. Protons aremost commonly
employed due to the availability of small tomedium-sized cyclotrons at hospitals, while d, 3He, andα-particles
havemore limited applications compared to protons.αs can induce high cross-section reactions, especially in
light andmedium-mass target nuclei, such as (α, xn) reactions.However,α-particles have a shorter range in the
targetmaterial, involving fewer target nuclei and resulting in lower yields compared to other particles. Another
disadvantage ofα-induced reactions is that the availableα-beams have lower intensity than other charged-
particle beams.Despite this,α-particles have threemajor advantages: (a) certain radionuclides can only be
produced throughα-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 formore specific chemical
separation and high purity. Thus, (α, xn) reactions represent an important option.

Some of the radionuclides commonly produced usingα-particles are listed in table 1 [53]. In the IAEA
Medical Isotope Browser18, the production channels can be selected based on the optimumenergy formax-
imumα cross-section and thick target yield, as well as the purity of the produced radionuclide. Examples of (α,
n)production routes that are used include: 35Cl(α, n)38K (7–22MeV) and 92Mo(α, n)95Ru (16–28MeV), with
optimumenergywindows generally above 10MeV.Other (α, n) reactions typically used formedical applica-
tions are: 63Cu(α, n)66Ga (7–35MeV) for the production of therapeutic 66Ga, and 40Ca(α,n)43Sc (5–35MeV)
and 66Zn(α, n)69Ge (8–35MeV) for the production of diagnostic radionuclides 43Sc and 69Ge (see IAEAMedi-
cal Portal19).

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

1. Radioactive isomeric states of a fewnuclides have very suitable decay properties for therapeutic applications.
In general, they are low-lying stateswith high nuclear spins. They decaymostly to their respective ground
states by a high internal conversion transition. The low-energy conversion electrons, or an avalanche of
emittedAuger 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 bementioned: 117mSn,
193mPt and 195mPt, obtained in reactions (α, xn), with x = 1 and 3 from 116Cd and 192Os [54].

2. Certain halogen radionuclides are widely used for both diagnosis and therapy in nuclearmedicine. Fluorine
(18F, typically produced via 18O(p, n)18F, with a half-life of 110 min) forms the strongest carbon-halogen
bond, but it is limited to PET imaging and has too short a half-life to study slowmetabolic processes, such as
those involving proteins and peptides [55]. It is worth noting that the production of 18O(p, n)18F also leads to
secondary neutron emission, whichmay pose radiation safety challenges inmedical cyclotron facilities.
Iodine, on the other hand, has some isotopes obtained from 123Sb(α, xn)125,124I reactions, which are suitable
for a broader range ofmedical applications.However, its chemical bonding is sometimes tooweak, leading
to instability of labeledmolecules in vivo. Radionuclides from the bromine family are an alternative [56].
The positron emitters 75Br (T1/2= 96.7 min) and 76Br (T1/2= 16.2 h) could be used formedical
applications. The 77Br, decaying by electron capture (half-life of 57 h) is a candidate inAuger-therapy, as
well as the shorter-lived 80mBr (T1/2= 4.4 h), decaying by isomeric transition, while theβ−-emitter 82Br
(T1/2= 35.2 h) is also a candidate for therapy applications. Reactions induced byα-particles on arsenic 75As
lead to 76,77,78Br. This production route is only explored using particle accelerators. The latest evaluation of
75As(α, 3n)76Br is given in [57].

Table 1. Radionuclides commonly produced usingα-particles.

Range of negativeQ-

values/MeV

Residual nuclide produced in the

(α, n) reactions

[0, 2] 53Mn, 51Ti, 22Na

(2, 4] 54Mn, 51Cr, 48V, 44Sc, 43Sc, 40K, 36Ar,
33S, 30P, 26Al

(4, 6] 53Fe, 49Cr, 45Ti, 38K, 37Ar, 34Cl

(6, 8] 42Sc, 27Si, 23Mg

(8, 10] 47Cr, 39Ca, 35Ar, 31S

>10 43Ti, 21Mg

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 211At [58, 59]. Results suggest that
the short 7.2 h half-life of 211At can provide blood-borne cancer patients with just enough radiation therapy
to target their cancer cells andminimizes exposure of the rest of the body; it also limits the exposure of the
team thatmanipulated this radioisotope. The nuclear reaction that describes the production process of 211At
in a bismuth target is 209Bi(α, 2n)211At [60, 61]. This production route is only explored using particle
accelerators.

4. Nuclides 43K and 30P are also of interest for biological and medical studies. These can be produced via the
reactions 40Ar(α, p)43K and 27Al(α, n)30P [53].Medically important nuclides also include 110mIn and 111In
[62]. Typically, 111In is obtained in a cyclotron via the reaction 112Cd(p, 2n)111In [63, 64], or through
reactions such as 109Ag(α, 2n)111In. For 110mIn, possible production routes include 107Ag(α,n)110mIn and
109Ag(α, 3n)110mIn. The alternative production route 107Ag(α, n)110mIn has been also investigated in [57].

The activation ofmaterials in the beamofα-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 ofα-particle energy are
of great practical significance in the production of somemedical-related radionuclides, although their yields
are generallymuch lower than in proton or deuteron-induced reactions. There are several radionuclides that
are exclusively produced through the use ofα-particles, and there are a few low-lying high-spin isomeric states
that are preferentially populated inα-particle induced reactions.

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

The energy-dependent cross-sections of (α, n) reactions are nuclide-dependent and can be calculated using
nuclear physics codes, such asEMPIRE20 [65, 66] orTALYS21 [67, 68], or taken directly from experimental
datawhen available. They can also be taken fromavailable libraries, either evaluated ones likeJENDL [69] or
those produced using the toolkits above, such asTENDL [70], which is a library of cross-sections obtainedwith
theTALYS code. The energy threshold of these reactions is determined by theQ-value of the reaction and the
Coulombbarrier, which suppresses the reaction probability even if theα-particle energy is above the threshold
determined by theQ-value.Hence, (α, n) reactions are important for low- andmedium-Znuclei, 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 (α, n) cross-section data, discrepancies among them
and gaps in experimentalmeasurementsmake it difficult tomaintain consistency across different computa-
tional approaches. Figures 2–5 compare cross-section data fromdifferent sources for various target nuclei. A
more structured and accessible repository, integrating both experimental and evaluated data in a standardized
format and establishing common referencemodels and benchmark cases, would significantly improve cross-
section availability and usability across various applications.

4.1.Databases
The ExperimentalNuclear ReactionData (EXFOR) library [71] (CSISRS inUSA) 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 updatedmonthly. The
associated online database retrieval systemprovides 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 thewebsites of the
International Atomic Energy AgencyNuclearData Section22, theU.S.NationalNuclearDataCenter23 and
severalmirrors.

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

On the other hand, only two sets of evaluated (α, n) cross-section data libraries are available.
JENDL (Japanese EvaluatedNuclearData 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’)24. The latest release of themain librarywas in 2021, namedJENDL-5. Among
others, it includes information for 795 nuclides for n-induced reactions and 18 nuclides forα-induced

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

21
Version 1.96was used throughout this document. The current version is 2.0, available at https://nds.iaea.org/talys.

22
Available at: https://nds.iaea.org/exfor.

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

24
Available at: https://wwwndc.jaea.go.jp/jendl/jendl.html.
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reactions in the energy range up to 200 and 15MeV, respectively. These 18 nuclides are importantmainly in
nuclear fuel-cycle applications. They are 6Li, 7Li, 9Be, 10B, 11B, 12C, 13C, 14N, 15N, 17O, 18O, 19F, 23Na, 27Al, 28Si,
29Si and 30Si. Theα-particle sub-library includes evaluations of neutron production cross-sections, outgoing
neutron energy and angular distribution data utilizingR-matrix theory, statisticalmodel 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 theJENDL library are typically derived from

Figure 2. 10B(α, n)13N cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.

Figure 3. 11B(α, n)14N cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.

Figure 4. 19F(α, n)22Na cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.
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themeasurements also included inEXFOR, with adjustmentsmade to account for disagreements between dif-
ferentmeasurements and nuclearmodel codes (mainly using themEXIFON [73] andEGNASH-2 [74] codes)
used to aid the extrapolation of these data. In some cases, the total neutron production cross-section is adjusted
to reproducemeasured thick-target neutron yields. All data in version 6 of the EvaluatedNuclearData File
(ENDF-6) format can be retrieved from the dedicated page on thewebsite of the JAEANuclearDataCenter.

TENDL (TALYS-based EvaluatedNuclearData Library) [70] is amajor nuclear data library that provides
the output of theTALYS nuclearmodel code system for direct use in both basic physics and applications.
TENDL contains evaluations for seven types of incident particles (neutrons, protons, deuterons, tritons, 3He,
α-particles, and γ-rays), for about 2800 nuclides and up to energies of 200MeV for some cases. The 11th ver-
sion isTENDL-2021, based on both default and adjustedTALYS calculations and data fromother sources.
First release was in 2008 and the latest ones areTENDL-2015,TENDL-2017,TENDL-2019 andTENDL-
2021. Since 2015,TENDL ismainly developed at PSI and the IAEA (NuclearData Section). Data files are
openly available25. In theα sub-library, tabulated data for total and partial cross-section data and spectra for
virtually all nuclides can be found, including the (α, xn) process; energy is given inMeV and cross-section in
mb.TALYS-generated files, formatted according to theENDF 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 forwhich experimentallymeasured or evaluated cross-sections exist and overlapwith the radio-
genicαs energy range are summarized in table 2.While the available data covermost naturally occurring
nuclides, there are several elements that lack (α, n) cross-sectionmeasurements and are relevant for low-back-
ground experiments. These elements, commonly used in detector structuralmaterials or as targets, are typically
in themid-Z range and includemetals and noble gases.

Nuclides lacking cross-section datawith atomic numbers up to that of iodine are summarized in table 3. To
quantify the impact ofmissing data, the neutron yield of each element’s naturally occurring isotopes has been
computed usingNeuCBOT [76] (see section 5) for 10MeVα-particles, employing cross-sections fromTALYS.
If cross-sectionmeasurements aremissing for isotopes that collectively contribute at least 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-sectionmeasurements are avail-
able, with the sole exception of 181Ta.However, the total neutron yield from such heavy nuclides is typically
much lower than that of lighter elements (e.g.NeuCBOT predicts an (α, n) yield of 7 · 10−11 neutrons perα-
particle for natural xenon at 10MeV).

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

Figure 5. 23Na(α, n)26Al cross-section as a function of energy in linear (left) and logarithmic scale (right) across different orders of
magnitude.

25
Available under ‘Libraries’ at: https://nds.iaea.org/talys.
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4.2.Models
Depending on the kinetic energyEα of the incidentαparticle, various reactions can occur26: below the
Coulombbarrier of the target nucleusX, the incident particlemay scatter elastically X(α,α)X, at higher
energies, inelastic scattering ( )X , X may leave the target nucleus X in an excited level. At low energies and
especially for deformednuclei thismay be a collective excitation e.g. rotation or vibration. At higher energies,
stripping reactionsmay cause a neutron emission. Above theCoulombbarrier, the incidentα-particle can be
captured: after a pre-equilibriumphase, the incident nucleons are thermalized, resulting in the creation of a
compoundnucleus +

+ XZ
A

2
2 excited by the added energy: both the kinetic energy of theα and the binding energy

Sα. The compound nucleusmay de-excite via several decay channels: e.g. either via γ transition to the ground
state or, if the incident energyEα + Sα exceeds amultiple of the neutron separation energy Sn, via the emission
of one ormore neutrons togetherwith one ormore γ − rays, i.e. (α, n), (α, nγ), (α, 2nγ), (α, 2n2γ),…,
(α, xnyγ)with the related exclusive excitation functions (probabilities of transitions to excited states)
σα,xnyγ(Eα). Of interest for us is the excitation function for at least one neutron in the decay channel:
σα,n(Eα) = ∑x∑yσα,xnyγ(Eα).

In the range of resolved resonances on individual levels, i.e. where thewidth of the peaks inσα,n(Eα) is
smaller than their spacing, the reaction has to be described byR-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 increaseswith themass of the nucleus, the energy below
which the statistical treatment breaks down increaseswith decreasing nuclidemass.

The formation and decay of the compound nucleus can be statistically treated by theHauser-Feshbach
theory [79]. Generally, the exit channels are treated as independent of the entrance channel; remaining correla-
tions between themat low energy are treated bywidth fluctuation corrections. The transmission coefficients for
the entrance and exit channels are commonly calculatedwithin an opticalmodel (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 opticalmodel
potential (OMP), respectively. The basicOMPs for spherical nuclidesmay be generalized for deformed

Table 3.Mid-Z range naturally occurring isotopes forwhich there are currently nomeasured (α, n)
cross-sections in the 4–10 MeV energy range cataloged inEXFOR. Elements forwhich * is listed for
themass number have no data available for any of their naturally existing isotopes. Entries shown in
bold (all exceptNi andV ) are those forwhichmissing isotopes collectively contribute at least 10%of
the elements total neutron yield.

32,33,36S 37Cl *Ar 39,40K 42-44,46Ca 47,49,50Ti 50V
52-54Cr 56-58Fe 61Ni 67Zn 73Ge 74,77,78,80,82Se *Br

*Kr *Rb 84,87,88Sr *Zr 95,96-98Mo 96,99-102,104Ru *Rh
*Pd *Cd 113In *Sn 120,122-126,128Te

Table 2.Nuclides forwhich (α, n) cross-sections are cataloged in theEXFOR andJENDLdatabases.

Nuclide EXFOR JENDL Nuclide EXFOR JENDL Nuclide EXFOR JENDL

6Li Yes Yes 25Mg Yes No 59Co Yes No
7Li Yes Yes 26Mg Yes No 60Ni Yes No
8Li Yes No 27Al Yes Yes 62Ni Yes No
9Be Yes Yes 28Si Yes Yes 63Cu Yes No
10B Yes Yes 29Si Yes Yes 64Zn Yes No
11B Yes Yes 30Si Yes Yes 66Zn Yes No
12C No Yes 31P Yes No 68Zn Yes No
13C Yes Yes 34S Yes No 70Zn Yes No
14N Yes Yes 35Cl Yes No 72Ge Yes No
15N Yes Yes 41K Yes No 74Ge Yes No
16O Yes No 45Sc Yes No 76Ge Yes No
17O Yes Yes 46Ti Yes No 76Se Yes No
18O Yes Yes 48Ca Yes No 86Sr Yes No
19F Yes Yes 50Cr Yes No 89Y Yes No
20Ne Yes No 51V Yes No 93Nb Yes No
21Ne Yes No 54Fe Yes No 107Ag Yes No
22Ne Yes No 55Mn Yes No 127I Yes No
23Na Yes Yes 58Ni Yes No 181Ta Yes No

26
See e.g. [77] for an introduction into nuclear reaction theory.
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nuclides to coupled-channels (CC) opticalmodels. Forweak coupling, the distortedwave-Born approximation
(DWBA) can be applied to theCCOMP.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 theOMPs, they can be broadly divided in two classes [81]: phenomenological ormicroscopic
OMPs. For both classes,modelsmay 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. Themicroscopic
OMPs rely on folding the targetmatter distributionwithOMP in nuclearmatter, whereas phenomenological
OMPs parameterize experimental data, either for an individual nuclide (localOMP) or for a larger set of
nuclides (globalOMP). Global phenomenologicalOMPs are optimized in such away that, on average, they
reproduce cross-sections close to the experimental ones for all non-actinide nuclides. Thismeans there are
somenuclides, for example, 13C, forwhich the calculated numbers are not very reliable, and extra tuning or
even changing to a dedicated local OMP is desirable. For a discussion of suitableOMPs, see section 6.1.

Nuclear reaction codes that implement the relevantmodels, andwhich arewidely used and activelymain-
tained, areTALYS andEMPIRE. Both use external tools forOMP calculations:TALYS relies on ECIS-
0627[83]; alsoEMPIRE can use ECIS-06 but offer alternativelyOPTMAN in the unpublished version 1228[84]
which has an improved treatment of rotational levels for CC calculations. As bothTALYS andEMPIRE are
based on similar statisticalmodels, their results are not significantly different from each other. A comprehen-
sive comparison between the two codes,TALYS andEMPIRE, 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 (α, n) reactions, transition probabilities to excited states (i.e. ‘excitation functions’) and
stopping power ofα-particles in differentmaterials. These codes also needmaterial compositionwhere a
particular reaction occurs,α-energy or concentration of radioactive nuclei in thematerial.

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.

Theα-particles produced in radioactive decay quickly lose energy in amaterial through ionization and
excitation of atoms, thereby reducing the probability of neutron production.While energy loss ofα-particles is
assumed to bewell understood and is taken into account in all codes dealingwith neutron yield calculation,
uncertainties inmodels can sometimes be important. In particular, the breakdown of Bragg’s additivity law in
composite low-Zmaterialsmay result in uncertainties up to 50% [86].

5.1. Stopping power calculation
The naturally occurring radioactive decay of some actinides can produceα-particles. 238U, 232Th and 235U are
present in the Earth’s crust at the≈ppm (particle permillion) level and have decay chains inwhich severalα-
decays are produced in series. Their initial energy is between 4–10MeV, so the range of energies 0–10MeV
needs to be considered to account for the energy loss in thematerial before the interaction.Nowadays, there
exist several programs for the calculation of the stopping power in variousmaterials, such asASTAR andSRIM.
Additionally, all published experimental data on stopping powers are compiled and disseminated through the
IAEAStopping PowerDatabase29.

TheNIST codeASTAR [87] calculates the stopping power ofα-particles in 74media based on themethods
described in the ICRU49 report [88]. The stopping power is given in the energy range from1 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 (Eα > 2MeV) the stopping power is calculated using Bethe’s formula and includes the shell, Bar-
kas andBloch, and the density-effect corrections, while, in the low energy range,models based on experimental
data are used.When element-specificmeasurements are lacking values are interpolated among the existing
ones [87]. For compositematerial 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 andRange of Ions inMatter (SRIM) code [89], on the other hand, uses a quantummechan-
ical treatment of projectile-target atoms collisions to calculate the stopping power and range of various ions
(projectiles), includingα-particles, inmatter (target atoms). In the case of compoundmaterials, 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-Zmaterials, such as hydrocarbons, where chemical bonding effects can result in
up to 50%deviations between data and calculations [86].SRIMhas the flexibility tomanually input the target’s
composition based on itsmolecularweights in addition to the existing targetmaterial’s list. Similar to the
ASTARdatabase,SRIM allows the selection of a solid or gaseous target. Forα-particles the range is extended up
to 8 GeV.

Several authors have performed comparisons between theASTAR andSRIM 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 thematerial. TheASTARprogram reports an uncertainty
of approximately 1%–2% for single elements and 1%–4% for compoundmaterials within the energy range
relevant for radiogenicα-particles (2–8MeV). For lower energies (E < 1MeV), the uncertainty increases as
energy decreases, reaching about 30% for 1 keVα-particles [87]. The authors ofSRIM report that 89 %of the
calculations performedwith the code agreewithin 10%with the experimental data forα-particles [89].

The tools presented in this paper for the neutron yield calculation either useSRIM outputs (NeuCBOT), or
implement the stopping power coefficients tabulated in [94, 95] (SOURCES4).SaG4nusesGeant4 stopping
power tables which, forα energies below 8MeV, are based on the ICRU report andASTAR.

5.2. SOURCES4
The codeSOURCES4 [96, 97]uses the libraries ofα-emission lines from radioactive nuclides, cross-sections of
(α, n) reactions either from calculations or experimental data, excitation functions and energy losses ofα-
particles in differentmaterials, to calculate the neutron production rate and energy spectra of emitted neutrons.
Themost recent version isSOURCES4C [97] but for historical reasons, the older versionSOURCES4A [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 codewasmodified to extend theα-energy range from6.5MeV (as in the original version) to about
10MeV (see [98] for themodifications of theSOURCES4A code).More cross-sections and branching ratios
calculated using theEMPIRE2.19 [99],EMPIRE3.2.3 andTALYS [67] codeswere added to the library of
theSOURCES4 code covering the range ofα-energies up to 10MeV [6, 98, 100–103]. A comparison of cross-
sections fromEMPIRE2.19with experimental data was published in [98, 103] and the results of neutron yield
calculationswithmodifiedSOURCES4Awere used for a number of darkmatter experiments (see, for example,
[104–107]). The accuracy of the calculationwas estimated to be about 20%based on the comparison of neutron
yields obtainedwith different sets of cross-sections [98].

The user input toSOURCES4A includesmaterial composition (where anα-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 theα-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 ismuch bigger than the range ofαs
and edge effects can be neglected.

The output ofSOURCES4A includes several files that return the neutron yield and spectra for the sumof
the ground state and all excited states, as well as neutron spectra for individual states. The neutron yield is also
calculated for eachα-emitter in a decay chain and for every type of nuclide present in thematerial sample.
SOURCES4A/SOURCES4C do not calculate γ-rays production, but the total energy transferred to γ-rays can
be calculated from the energy of the excited states.

Cross-sections from recent versions of the nuclear physics codesTALYS [67] andEMPIRE3.2.3 [99]
have become available over the past few years andwere added to theSOURCES4A libraries. The comparison
between early neutron yield calculationswith cross-sections fromEMPIRE2.19,TALYS1.9 andEMPIRE
3.2.3has recently 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 themost reliablemodel for a particular nuclide [108, 109]. For low-Zmaterials,measure-
ments are usedwhere available since none of the codes based on statisticalmodels can reliably predict (α, n)
cross-sections. These data are complemented by the calculations fromEMPIRE orTALYS1.9 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 ofα energywith the available data.
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5.3.NeuCBOT
NeuCBOT30 (theNeutronCalculator BasedOnTALYS) allows the user to specify amaterial composition—
either by element, assuming natural abundances, or by nuclide—and amaterial contamination level [110].
Material contamination can be described eitherwith a list ofα-particle energies orα-emitting nuclides, all
weighted by their desired relative abundance.NeuCBOT then simulatesα-particles slowing down in the
material and integrates over the (α, n) cross-section and emitted neutron spectrumat each step.

Stopping powers are read froma library generated bySRIM and summed together assuming Bragg’s addi-
tivity law. If the user specified contamination levels by theα-emitting nuclides, a local database is built by
retrievingENSDFfiles from theNNDCNuDat database, andα energies and branching ratios are retrieved. The
(α, n) cross-sections and emitted neutron spectra are drawn fromaTALYS-generated database. This database
can be generated locally if the user has a local version ofTALYS installed, or it can be retrieved from a remote
database, which is generated for all naturally occurring nuclides forα energies up to 10MeV. To reduce disk
space used in the latter case, the databases are only retrieved for each needed element and stored locally.NeuC-
BOT-V1uses a database generatedwithTALYS1.6, whileNeuCBOT-V2 [111]usesTALYS1.95. Gen-
erally,NeuCBOT-V1(α, n) yields were found to agreewith similar calculations usesJENDL towithin about
30% inmost cases, with a few cases where bigger disagreement is seen, and the yields calculated byNeuCBOT
are typically higher. ForNeuCBOT-V2, a significant decrease in yield is found, bringing the values into closer
agreementwith numerical integrals overJENDLdata. Amore recent version,NeuCBOT-V3 allows the user to
select evaluated cross-sections from theJENDL librarywhere available, rather than those simulated byTALYS.
Additional upgrades are currently under development, including calculations of correlatedγ-ray yields and
correlations between outgoing neutron energy and energy lost by theα-particle prior to capture.

5.4. SaG4n
Until recently, general-purpose radiation transport simulation codes likeGeant4 [112]were not able to
calculate (α, n) yields with sufficient accuracy due to the difficulty of realisticallymodeling low-energyα-
reactions. Since version 10.2, released in 2015,Geant4 has incorporated the so-called ParticleHPmodule
[113], which uses data libraries originally written inENDF-6 format to handle non-elastic nuclear reactions of
low-energy (<200MeV) charged particles. These data libraries provide detailed information onnuclear
interactions, including reaction cross-sections and secondary particle production. This advancement allows for
modeling (α, n) reactionswithmuch higher precision thanwas previously possible using theoreticalmodels
implemented directly in the code.

SaG4n [75, 114], aGeant4-based code, was specifically developed for the calculation of (α, n)neutron
yields. This code31 is compatible withGeant4.10.6 and later versions.SaG4n employs explicit transport of
incidentα-particles through thematerial using stopping power tables fromGeant4 (G4EmStandardPhysics-
option4), which forα energies below 8MeV are based on data tables from ICRUandASTAR. 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 withinGeant4, providing
detailed information on each individual (α, n) reaction. This level of detail is essential for accurately calculating
background events caused by (α, n)neutrons, particularly in rare event search experiments.WhileSaG4n
requiresmore computational time than other codes, this ismitigated bywell-knownbiasing techniques that
enhance the neutron production rate and reduce the overall computational cost.

SaG4n provides flexibility in selecting data libraries and allows users tomodify input and output files as
needed. The primary data library is based onJENDL/AN-2005, withTENDL serving as a fallback for nuclides
not included inJENDL/AN-2005. The code output includes the initial position andmomentumof the inci-
dentα-particle, the position andmomentumof the produced neutron (and γ-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 (α, n) reactions.

In addition to the detailed simulation of particle generation,SaG4n allows to simulate highly complex
material geometries, farmore advanced than those supported by other codes. Being based onGeant4, it bene-
fits fromawide range of tools for defining, verifying, and importing geometries. These tools include robust
capabilities for visualizing the geometry, checking overlaps or inconsistencies, and importingCAD-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 differentmaterials. For instance, this is critical formodeling surfaceαs 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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Moreover,SaG4n can, in principle, generate neutrons and γ-rays in coincidence, alongwith other second-
ary particles emitted in the samenuclear reaction.However, the reliability of the results strongly depends on the
specific nucleuswhere the nuclear reaction occurs. This is because, for the results to be reliable, the information
in the data librariesmust be encoded in a specificway that preserves the correlations between the secondary
particles.

5.5. Comparison between the codes
Adetailed comparison between the codes is beyond the scope of this paper. Thick target neutron yields from
beams ofα-particles and naturally occurring radioactive decay chains from several different codes in
comparisonwith experimental data have been published in [6, 75, 76, 110, 115, 116].Most codes are
continuously developing and updatedwith new cross-sections so previous publicationsmay not reflect the
current status of the codes.We showhere (table 4) a comparison between the 3 codes described above in
calculating neutron yields from 238U/232Th decay chains for widely used elements in detector components of
low-background experiments. Figure 6 andfigure 7 present a comparison of neutron yield predictions for light
nuclei derived fromvarious computational tools, normalized to experimental data for the thorium and
uraniumdecay chains, respectively; data fromNEDIS [117], another code that calculates neutron yields from
(α, n) reactions, are also included.While the agreement between different codes and experimental results is
generally good formost of thematerials analyzed, notable discrepancies are observed in specific cases,
highlighting the need for further refinement of computationalmodels and cross-section data.

6. Typical uncertainties in neutron yield calculations

Predicting the neutron fluxes induced by (α, n) reactions in amaterial is a complex task, with uncertainties
arising frommultiple factors. A standardizedmethodology for evaluating (α, n) reaction-related uncertainties
is crucial to ensuring consistency across different computational approaches. Establishing common reference
models and benchmark caseswould 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 themate-
rials, and the uncertainties associatedwith the calculation of theα-particle stopping power, as well as potential
inaccuracies in cross-section data. For commonnuclides andmaterials relevant to rare event search experi-
ments, the uncertainty in the (α, n) yield is typically within the range of 30 %.However, in some cases, it can
reach significantly higher values, up toO(100%) (e.g. 10B, 35Cl, 41K, 45Sc, 45Ti, 48Ti, 51V, 55Mn, 54Fe).

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

6.1. Cross-sections: experimental data and nuclear model parameters
The low efficiency in detecting neutrons and the challenges associatedwith conducting neutron spectroscopy
experiments justify the limited availability of energy-dependent experimental (α, n) cross-section data in the
EXFORdatabase for specific target nuclides, often lacking coverage across the entire energy range.

It is also possible thatmultiplemeasurements of the same nuclide often disagreewith each other, possibly
due to differences in the experimental setups or the corrections appliedwhen interpreting the results of the
experiments. Furthermore,measurements cataloged byEXFOR often have inconsistent treatments of exper-
imental uncertainties, often accounting for varying levels of precision.

Forwhat concerns the evaluated cross-section, the results of the nuclear reaction codes depend on the used
models, the applied values for themodel parameters, and even on the technical implementation of themodels

Table 4.Neutron yield from (α, n) reactions in the 238U and 232Th decay chains in several
materials as calculated by different codes. (1.07%of 13C has been assumed for natural
carbon).

Material
Neutron yield, g−1 s−1 ppb−1, as calculated by

SOURCES4 NeuCBOTv-3.0 (JENDL) SaG4n (JENDL)

Carbon, 238U 1.35 · 10−11 1.25 · 10−11 1.35 · 10−11

Carbon, 232Th 5.53 · 10−12 5.21 · 10−12 5.65 · 10−12

Fluorine, 238U 1.34 · 10−9 1.00 · 10−9 1.21 · 10−9

Fluorine, 232Th 5.35 · 10−10 4.45 · 10−10 5.23 · 10−10

Aluminum, 238U 1.58 · 10−10 1.41 · 10−10 1.52 · 10−10

Aluminum, 232Th 8.26 · 10−11 7.55 · 10−11 8.11 · 10−11
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in code (e.g. on the binning of the level density tables [118]). Concerning theOMPs, theReference Input Para-
meter Library forCalculation ofNuclear Reactions andNuclearData Evaluations (RIPL)32[81] generally
recommends using individual-nucleus optical potentials where possible, while for nuclei far from the valley of
stability, the use ofmicroscopic optical potentials is recommended.

For (α, n) reactions, the chosenα-OMPhas the greatest impact on the obtained results [118].RIPL list in
[81] several globalα-OMP suitable forα-induced reactions, see table 5.Out of these, themodelAvri-
geanu2014 [119] is themost recent33. In addition, anα-OMP can be constructed fromnucleonOMPs by
Watanabe’s folding approach [121, 122].

From the newer global, phenomenological nucleon-nucleusOMP contained inRIPL-3 [81], only two,
KoningDelaroche2003 [125] andMorillon2006 [130, 131], covers partially our nuclide and energy
ranges of interest. The latter is a dispersivemodel and also ofKoningDelaroche2003 exists an unpub-
lished dispersive version, which is provided byTALYS1.96 [68].TALYSprovides also localOMPs covering
some of our nuclides of interest [125]; further localOMPare listed in [81] and [163, Annex 5.D]. It also offers

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 fromvariousα-beammeasurements [116] in order to
demonstrate agreement between the calculations andmeasurements. The comparison in question is performed only for the thorium
series.

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 fromvariousα-beammeasurements [116] in order to
demonstrate agreement between the calculations andmeasurements. The comparison in question is performed only for the uranium
series.

32
Available at: https://www-nds.iaea.org/RIPL-3.

33
Note that the differentmodelAvrigeanu1994 [120] is only suitable forα emission, see [81].
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Table 5.Nuclearmodels relevant for calculating the (α, n) excitation function; a ‘p’ indicates a phenomenologicalmodel, a ‘m’ indicates amicroscopicmodel. A hollow bullet (�) in the secondor third column indicates if they are available
inTALYS orEMPIRE, a filled bullet (•) indicate the default option, a square (□) indicate themodel can be loaded from theRIPL database.

Model or data set Type
Available in:

Comments

TALYS EMPIRE

1.96 3.2

Globalα-OMP
Avrigeanu2014 p • [119, 123], 45� A � 209,E ≲ 12 MeV

Kumar2006 p • [124], 12� A � 209,E < 140 MeV

WatanabeFoldingMethod p � Folding [121, 122]ofKoningDelaroche2003 [68, 125]nucleon potential, 24� A � 209, 2 keV� E � 200 MeV

Demetriou2002-1 m � [126, table 1], volume term, E ≲ 12 MeV

Demetriou2002-2 m � [126, table 2], volume and surface term,E ≲ 12 MeV

Demetriou2002-3 m � [126], dispersive potential,E ≲ 12 MeV

Strohmaier1982 p □ □ [127], 40� A � 100, 1 MeV� E � 30 MeV

McFadden1966 p � □ [128], 16� A � 208, 1 MeV� E � 25 MeV

Huizenga1962 p □ □ [129], 20� A � 235, 1 MeV� E � 46 MeV

Global nucleon-OMP

Morillon2004 p □ □ [130, 131], dispersivemodel, 27� A � 209, 1 keV� E � 200 MeV

KoningDelaroche2003 p • □ [125], 24� A � 209, 1 keV� E � 200 MeV

KoningDelaroche2003-dis p � [68, 125], dispersivemodel, 24� A � 209, 1 keV� E � 200 MeV

JLM-MOM m � [132] Jeukenne–Lejeune–Mahaux calculationwithMOMcode, 40� A � 209,E � 200 MeV

Nuclearmass

AME2020 p • [133], the AtomicMass Evaluation
Goriely2016 m � [134], Gogny–Hartree–Fock–Bogoliubov nuclearmassmodel
FRDM2016 m � [135], Finite–RangeDropletMacroscopicmodel
Goriely2009 m � [136], Skyrme–Hartree–Fock–Bogoliubov nuclearmassmodel
FRDM1995 p • [137], Finite-RangeDropletMacroscopicmodel
DZ m � Duflo–Zukermass formula, unpublished

Nuclear structure (experimental data fromRIPL-3 [81] and…)
FRDM1995 p • [137], Finite-RangeDropletMacroscopicmodel
Goriely2016 m � [134], Gogny-Hartree–Fock–Bogoliubov nuclearmassmodel
Goriely2009 m • [136], Skyrme–Hartree–Fock–Bogoliubov nuclearmassmodel
Level density

EGSM p • [138], EnhancedGeneralized SuperfluidModel
GSM p � [139], Generalized SuperfluidModel;may include explicitly collective enhancement
BFM p � [140–142], Back-shifted Fermi gasModel;may include explicitly collective enhancement
CTM p • � [143], Constant TemperatureModel plus Fermi gasModel, TALYS and EMPIREdiffer in the used parameterization, TALYSuses

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

Model or data set Type
Available in:

Comments

TALYS EMPIRE

1.96 3.2

Hilaire2012 m � [145], temperature-dependentGogny–Hartree–Fock–Bogoliubovmodel
Goriely2008 m � � [146], deformed Skyrme–Hartree–Fock–Bogoliubovmodel
Demetriou2001 m � [142], Hartree–Fock–BCSmodel;misidentified inTALYS’manual asGoriely2001[147]
Photon strength function (for E1 unless otherwise stated)
SMLO p • [148], SimplifiedModified Lorentzianmodel for E1 and standard Lorentzian forM1with low-energy upbend
MLO3 p � [149],Modified Lorentzianmodel
MLO2 p � [149],Modified Lorentzianmodel
MLO1 p • [149],Modified Lorentzianmodel
GFL p � [150], Generalized Fermi Liquidmodel
EGLO p � [151], EnhancedGeneralized Lorentzianmodel
GLO p � � [152], Generalized Lorentzianmodel
SLO p � � [153, 154], Standard Lorentzianmodel; used forM1 (default for EMPIRE) andXl, l > 1 (default for both codes), with parameters

fromRIPL-3 [81]
HFB-QRPA-D1M m � [155], D1MGogny–Hartree–Fock–Bogoliubovmodel plusQuasiparticle RandomPhaseApproximation (QRPA), E1 andM1

parameterizationwith low-energy upbend

Daoutidis2012 m � [156], temperature-dependent relativisticmeanfieldmodel
HFB-QRPA m � [157], Skyrme–Hartree–Fock–Bogoliubovmodel plusQRPA
HFBCS-QRPA m � [158], Skyrme–Hartree–Fock BCSmodel plusQRPA
Goriely1998 � [159], hybridmodel
Width fluctuation correction

GOE � [160], GaussianOrthogonal Ensemble ofHamiltonianmatrices-model
HRTW � • [161], Hofmann-Richert–Tepel–Weidenmüllermodel

Moldauer1980 • [162], Approximatemethod for practical applications that does not include direct-compound reaction interference
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the option to use amicroscopic nucleonOMP, the JLMmodel of Bauge et al [132], that partially covers the
relevant nuclides. BothTALYS andEMPIRE can readOMPs fromRIPL; in additionTALYSprovides theα-
OMPsAvrigeanu2014 [119, 123] andDemetriou2002-1 [126, table 1]which are not part ofRIPL-3
andfinally the possibility to read in tabulatedOMPs froma user-provided file.

Further properties that affect the results are nuclearmass, nuclear structure, level density, and photon
strength function; whereas the impact of thewidth fluctuation correction is onlyminor [118]. An overview of
availablemodels is given e.g. inRIPL [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 currentTALYS version, ‘best’ settings aremostly available for incidentn and γ andnot
forα; in this case,TALYS falls back to its default settings and their uncertainties.

Table 5 summarize the relevantmodels and data sets for the calculation of the (α, n)-excitation function.
Uncertainties on the calculation are caused by the propagation of the uncertainties on themodel parameter
whereas the selection of a particular, inaccuratemodelmay cause a systematic uncertainty. One has also to note
that for the ten lightest nuclides in table 2 calculationswithTALYS orEMPIRE are not suitable because the
nuclidemasses are below the applicability range of any of the listedOMPs. At thismass range, R-matrix theory
may be amore suitable approach than the statistical treatment. An overviewof suitable R-matrix codes is given
in [164, 165].

With the auxiliary toolTASMAN34, it is possible to perform random sampling of the input parameters space
within their respective uncertainties and hence propagate these uncertainties to the result ofTALYS [70]35, i.e.
in our case the excitation function of (α, n) reactions. In figure 8, as an example, the excitation function for
40Ar(α, n), calculatedwithTALYS1.96using default settings, is shown alongwith its associated uncertainty.
For comparison, the only existingmeasurement by Schwartz et al [166] is also displayed. It is worth noting that
this data point was derived froma 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 (α, n) reactions areα-emitters comingmostly from the 238U-chain.
The activity concentrationsmust bemeasured for all relevantmaterials and specific nuclides, or at least for sub-

Figure 8.Excitation function for 40Ar(α, n) (dark violet line) as calculatedwithTALYS1.96 based on default settings, see also
table 5. The associated uncertainty (light violet band) is based on sampling the input parameter spacewithTASMAN: 2750 samples
within the parameter’s uncertainties were drawn. For comparison, the only existingmeasurement by Schwartz et al [166] from the
EXFOR data base is shown (black data point).

34
Currently available in version 2.0 at: https://nds.iaea.org/talys.

35
Within the TALYS-related literature, this approach is calledTotalMonteCarlo [70].
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chains, which are in equilibrium - see the discussion in section 3.1 and figure 1. The activities in the upper part
of the 238U-chain, assayedwith the help ofmass spectrometry (ICP-MS), are determinedwith a precision of
about 10%–40%. It is assumed here that themeasurements are performedwith the highest sensitivities (sub 0.1
ppt≃ 1 mBq/kg). ICP-MSmay be also used to investigate the high-puritymaterial contamination not onlywith
radioactive nuclides, but alsowith various elements down to 10−9 g/g [167]. The typical uncertainty of such
measurements is about 30%. Thismay be interesting especially if elementswith high cross-section for (α, n)
reactions are considered. ICP-MSmay also be applied to determine the isotopic composition (stable and long-
lived isotopes) of thematerial in question.Depending on the isotopes, the precision of its abundance
determinationmay vary from1%–30% [167].

Measurements of 226Ra, 222Rn and its short-liveddaughters (down to 214Po,middlepart of the 238U-chain, see
figure 1) close to thedetection limits (≈10 mBq/kg) are alsoperformedwith a typical precisionof about 30% [26].

The lower part of the 238U-chain (210Pb–210Po) is assayedwith the lowest sensitivity of about 1 mBq/kg.
The procedure requires extensive chemistry to separate 210Po from the samplematrix, deposit it on a dedicated
disc, and count the activity. A time series of 210Pomeasurements allows to determine the 210Pb activity con-
centrationwith the precision of about 15%–20% [168].

To conclude, one can state that themeasurements of the activity concentrations ofα-emitters are per-
formedwith a precision of about 30%.One should underline here that this concerns tests performedwith the
highest available sensitivities and applying various techniques (mass spectrometry, gamma counting, chemical
separation of 210Po). 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 ofmaterials is frequently overlooked. Typically, detectormaterial
assays focus primarily onmeasuring the radioactivity levels of uraniumand thorium chains. Nevertheless, as
introduced in section 3.1, thematerial chemical composition should always be investigated in detail and
assayedwhen necessary to accurately calculate the (α, n)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 (α, n) cross-section.

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

Electronic circuit components, such as common resistors, provide an excellent example ofmaterials 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, andboron, commonly found in electronic components, contribute sig-
nificantly toneutronproductiondue to their large (α,n) cross-sections. Evenwhenpresent in small fractions, these
elements canaccount for several percent of the total neutronyield.Consequently, variations in theirmass fraction
within thematerial contribute substantially to theoverall uncertainty inneutronyield calculations.

As an example, the study of resistors used in the light readout systemof a low-background experiment is
presented in table 6. The chemical elements are listed based on their contribution to neutron yield, and the
nominalmass fraction provides themost accurate input for simulations. As shown in table 6, although

Table 6.The chemical composition of a resistor is givenwith the
element’smass fraction as assumed in theMC simulationmodel and
calculated expected neutron yield due to (α, n) reactions. The
neutron production is calculated based on theSaG4n simulation
andmeasured radioactivity level of uraniumand thorium chains.

Element Nominalmass fraction Neutron yield / 1/(kg s)

Al 0.33 3.21 · 10−5

B 0.01 8.30 · 10−6

O 0.55 3.07 · 10−6

Mg 0.01 7.06 · 10−7

Si 0.04 3.82 · 10−7

Ca 0.01 7.53 · 10−9

Ni 0.02 1.11 · 10−9

Cu 0.01 5.52 · 10−10
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aluminumconstitutes 33%of themass fraction, it contributes approximately 68%of the total neutron yield,
highlighting its substantial impact. Similarly, boron, which represents only 1%of themass fraction, accounts
for about 17%of the neutron yield due to its high (α, n) cross-section. If themass fraction of boronwere
increased to 2%or 3%, the total neutron yieldwould rise by approximately 17%or 34%, emphasizing its cri-
tical role in the neutron yield balance.

These findings demonstrate that propagating uncertainties in themass fractions of elements into neutron
yield calculations is not straightforward and requires careful consideration. Another critical aspect is the uni-
formity of the chemical compositionwithin thematerial. For significant contributors to neutron yield, exten-
sive elemental analyzesmay be required to determine the distribution of chemical elementswithin the
component.

7.Data needs

The success of the accurate (α, n)neutron yield calculation for spent fuelmanagement, low-background
experiments, and nuclear astrophysics heavily relies on accurate experimental data and nuclearmodels.
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 correlatedγ-ray emission
is evenmore 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
nuclearmodels.

Recognizing the urgency to update nuclear data libraries for charged-particle-induced reactions, and (α, n)
in particular, the IAEA’sNuclearData 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 asUF6 andPuF4which are involved in processes such as uraniumenrichment, 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 19F(α, n) reaction cross-sections.

Newmassive argon-based detectors for rare event searches have been proposed or are in the construction
phase [1, 171]. For these experiments, the directmeasurement of the (α, n) cross-section on 40Ar is 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 19F and
40Ar, encompassing (α, n) reactions across various light andmedium-light elements essential for diverse appli-
cations. The data available in theEXFOR database show large inconsistencies with respect to the reported
uncertainties, and (α, xn) and (α, nγ) cross-sections data are particularly limited. Furthermore, the develop-
ment of nuclear reaction codes, particularly those employingR-matrix and statisticalmodels, 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 newmeasurements, improved data libraries, and sophisticated
software, an international collaboration is paramount. Coordinated efforts among interdisciplinary groups
actively involved in (α, n) studies can substantially enhance our comprehension of this reaction andmatch the
nuclear data needs in different fields of science and applications.

8. Conclusions

Accurate predictions of (α, n)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 asmolten salt reactors (MSRs)—and supporting applications in fields such asmedical physics.

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

Themain features of themost 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 formostmaterials analyzed, deviations persist in specific cases. This
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underscores the importance of further developing and validatingmore accurate computationalmethods to
reduce uncertainties and improve the reliability of predictions.

This review also discusses the key uncertainties in neutron yield predictions, including those arising from
uraniumand thorium contaminationmeasurements,material chemical composition, cross-section data, and
theoreticalmodels. Overall, significant uncertainties in (α, n) yield predictions have been highlighted, partially
driven bymissing cross-sectionmeasurements, limited energy coverage, or inconsistencies among different
experimentallymeasured cross-sections. Formany nuclides andmaterials, the uncertainties in neutron yield
calculations are typically estimated to bewithin 30%. In some cases, the discrepancies can bemuch larger due
to the absence of experimental (α, n) cross-section data or significant variability in the available datasets.

These findings highlight not only the need to refinemodels and improve theoretical cross-section calcula-
tions, but also the necessity of expanding experimental programs to include cross-sectionmeasurements for a
broader range ofmaterials and energy regimes. Addressing these gaps is crucial to ensuringmore reliable cross-
section data. Further efforts should focus on obtaining experimental (α, n) cross-sections formid-Zmaterials,
which are currently underrepresented in databases. Priorities for newmeasurements have been identified, par-
ticularly formaterials commonly used in rare event physics experiments, where accurate neutron yield predic-
tions are essential.

Moreover, the importance of improving the understanding of correlated γ-ray emissions and (n, γ) 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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