
1.  Introduction
The main mechanism of radiocarbon 14C creation in the Earth's atmosphere is ensured by cosmogenic 
irradiation with a yield of 472 g-mole/year (Roth & Joos, 2013) in the reaction 14N(n,p)14C. The generated 
isotope of 14C is assimilated in the biomass and decays within it (T1/2 = 5700 years) that allows us to date 
the age of investigated organic materials. Discovery of short-term secular fluctuations of radiocarbon in tree 
rings (Suess, 1965) and its correlation with sun spot number had raised questions that should be eliminat-
ed to explain the nature of the phenomenon. In addition to the solar mechanism of fluctuations, the hy-
pothesis of short-term 14C variation under thunderstorm generated neutrons in fusion reaction 2H + 2H → 
3He + n (due to acceleration of deuterium ions at lightning discharges) with a yield of ≃2.5 MeV neutrons 
(Libby & Lukens, 1973) was proposed. But the deuterium concentration in the atmospheric H2O vapor is 
small (1 2H nucleus per ∼104 1H nuclei) (Rozansky & Sonntag, 1982; Gerst & Quay, 2000), and the maximal 
electric field strength inside the thunderclouds (∼1 × 106 V/m) (Winn et al., 1974; Gunn, 1948) is too small 
for evident neutron generation, which results in negligible neutron creation (Babich, 2006); in conclusion, 
the fusion cannot be responsible for short-term radiocarbon fluctuation. Nevertheless, indications of the 
low-rate fusion are obtained; so, the authors of the experiment at the High Altitude Research Laboratory 
(India) registered that 2.45 MeV neutrons correlated with lightning strokes (Ishtiaq et al., 2016).

The first evidence of thunderstorm neutron enrichment was obtained in high-altitude Himalayas experi-
ment (Shah et al., 1985). The enrichment of neutron fluxes, γ- and X-rays in correlation with thunderstorms 
were also registered in the following experiments (as: Chilingarian et al., 2010; Kuzhevskii, 2004; Shyam & 
Kaushik, 1999; Starodubtsev et al., 2012).
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The breakthrough in understanding of lightning and correlated irradia-
tion happened, thanks to the idea of relativistic electron avalanche cre-
ated under atmospheric electric fields conditions (Gurevich et al., 1992). 
The electron avalanche develops under strong cloud electric conditions 
(Dwyer & Babich,  2011; Gurevich et  al.,  2006) and can be initiated by 
high-energy cosmic particles (Chilingarian et al., 2014).

The electron energy spreads up to tens of MeV ensuring the multipli-
cation of the avalanche. Relativistic electrons (E > 1 MeV) move in the 
forward part of the lightning discharge generating low-energy electrons 
in interactions (via ionization), drawing them into the avalanche accel-
erated in the thunderstorm electric field. In contrast, the electrons with 
energy below the threshold (≃100 eV) fall out from the avalanche, form-
ing the dynamical equilibrium between involved and lost electrons. An 
investigation of electron acceleration in electric fields was initiated by 
Wilson almost а century ago (Wilson, 1925).

The electrons in the discharge avalanche slow down and escape photons 
(bremsstrahlung) which in turn produce photo-neutrons in 14N(γ,n)-re-
action. Radiocarbon synthesis 14N(n,p)14C under atmospheric thun-
derstorms conditions goes at the end of process chain (Babich & Rous-
sel-Duprè,  2007; Babich,  2017a,  2017b). In 2017, the phenomenon of 
neutron production in (γ,n)-process and creation of isotopes (13C, 13N, 
15N, 15O) at thunderstorms were confirmed experimentally that inevitable 
means the radiocarbon 14C creation too (Enoto et al., 2017).

2.  Method
2.1.  The Gross Model for Particle Transport Simulation in the Atmosphere

Simulation of the particle transport and isotopes production starts with escape of electrons of energetic spec-
trum applied as f ∝ exp(-ε/7.3 [MeV]; Dwyer & Babich, 2011), where ε is the energy of the runaway electrons 
(i.e., electrons accelerated in electric fields of thunderclouds). The spectrum spreads up to ≃60 MeV. In the 
avalanche, the number of low energy electrons Nle strongly exceeds the relativistic ones Nre. At altitude H, the 
minimal relation R1 = Nle/Nre is equal to ≃(1.3 ⨯ 104) ⨯ n, where n = ρ (H)/ρ (H = 0), ρ (H) is air density relative 
to the sea level H = 0 (Dwyer & Babich, 2011). So, the total charge of lightning is ensured almost entirely by 
low energy electrons and the portion of which decreases in the avalanche for higher altitudes.

Taking into account the dependence of relation Nle/Nre from the air density, the simulation was realized for 
the altitudes from the sea level up to the H = 15 km (the upper charge layer of thunderclouds at typical ele-
vation H = (10 ÷ 14) km; Rakov & Uman, 2005). In this model, we use the spherical geometry with centers 
(the point source of energetic electrons of isotropic f-spectrum) on the indicated altitudes (Figure 1).

The spheres are divided into horizontal plane layers (of 500 m thickness) with air density ρ corresponding to 
the layers heights. In order to prevent the escape of a valuable part of neutrons (which is born in the sphere 
in the threshold 14N(γ,Xn)-process, where Xn—emission of X = 1, 2, or more neutrons; Ethreshold = 10.6 MeV 
(Shibata et al., 2002) from the geometry, the sphere radii R are increased up to 30 km. It prevented the 
neutron loss that is especially critical for the high-energy spectrum part. As a result, the percent of the 
escaping neutrons reduced below 1% relative to the total number of created photoneutrons. In addition to 
neutron generation in γ-interaction with 14N, the yields from 16O(γ,Xn)15O (Ethreshold = 15.7 MeV; Iwamoto 
et al., 2016) and 40Ar(γ,Xn)39Ar (Ethreshold = 10.0 MeV; ENDF-7u, 2008) reactions are accounted. Therefore, it 
is observed that 14N, 16O and 40Ar isotopes are responsible for yields of 75.3%, 15.7% and 9% of the all created 
photo-neutrons correspondingly.

The example of calculated neutron spectrum at H = 10 km and cross section of the 14N(γ,Xn)-reaction are 
given in Figure S1 where the expected coincidence of the maximum in neutron spectrum with maximal cross 
section at Eγ  =  23  MeV is clearly visible. In this scenario, the total number of created neutrons amounts 

Figure 1.  Geometry of the spherical-layers model for simulation of the 
particles transport and radiocarbon 14C creation in the air under conditions 
of thunderstorms lightning [example for lightning (indicated as red arrow) 
originated at altitude H = 9 km on the sea level]. The spherical segment 
below the sea level (H = 0) is excluded from the 14C accumulation process.
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1.8 × 1010 per 1 coulomb of the lightning discharge. For investigating of radiocarbon production 14N(n,p)14C 
at thunderstorm under photoneutron fluences, it was taken into account all of the above-mentioned process-
es and simulated in detail the electron, photon, and neutron transport in the model based on MCNPX code 
(editor: Pelowitz, 2008). As photoneutrons production in the atmosphere goes in the threshold reactions, it is 
reasonable to ignore the bremsstrahlung irradiation of energy below the minimal threshold (10 MeV).

2.2.  Probability of Radiocarbon Production in 14N(n,p)14C

At neutron transport, the reaction 14N(n,p)14C of radiocarbon generation competes with processes of neu-
tron captures on the air isotopes; their composition is practically stable at change of the altitude H (COESA 
Working Group, 1976). Then, for created neutrons, the energy dependence of probability to produce the 
radiocarbon is given by the relation of 14N(n,p)14C macro cross section to the total macro cross section of 
neutron disappearance (n,disap) in the air:
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cess, and 14NE n   − nuclear concentration of 14N isotope. Macro cross section of neutron disappearance in the 
air is calculated as the sum of indicated micro cross sections (of the reactions leading to neutron disappear-
ance) for the ith isotope multiplied by its nuclear concentration ni. Owing to the stable air composition for 
calculation of probability P(E), the isotope concentration can be taken at the sea level H = 0.

The behavior of micro cross sections (for all channels of neutron disappearance and (n,disap) − sum of these 
channels) from the energy for the main air isotopes 14N, 16O and also 40Ar (with 78.14%, 21.03%, and 0.47% 
yield to the total nuclear concentration correspondingly) is presented in Figures 2a–2c for the energy interval 
from 60 MeV down to 0.01 eV (i.e., covering all possible energies of neutrons production and then slow down 
to thermalization and absorption). The probability of radiocarbon production strongly depends on the neutron 
energy and competitive reactions. The nuclear data libraries used for plots of Figure 2 are indicated in Table S1.

At the energy En ≳ 1 MeV, the threshold reactions (with yield of p, a, d, t-particles) go with significant cross 
sections [see Figure 2a–2c]. In the energy intervals ∼(0.3 ÷ 7) MeV for 14N, ∼(0.4 ÷ 7) MeV for 16O and 
∼(0.01 ÷ 1) MeV for 40Ar, the cross sections are described by strong resonances [in reactions: (n,p), (n,a), 
and (n,γ) for 14N; (n,γ) and (n,a) for 16O; (n,γ) for 40Ar], which can be carefully processed by resonance 
integrals in the multigroup method used for neutron transport. Below the resonance regions (at energies: 
En ≲ 1 × 10−1 MeV for 14N, En ≲ 1 × 10−4 MeV for 16O, and En ≲ 1 × 10−3 MeV for 40Ar), the cross sections of 
neutron disappearance reactions [(n,p) and (n,γ) for 14N; (n,γ) for 16O and 40Ar] follow to 1/V low (where V–
neutron velocity), but the yield of 14N(n,p)-process strongly dominates in total neutron disappearance in air.

With good precision, it is possible to consider the probability to produce the radiocarbon as
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The macro cross section of 14N(n,p) reaction and macro cross sections of neutron disappearance in reactions 
with 14N, 16O, and 40Ar (as the main air isotopes) are presented in Figures 3a and 3b for the altitude H = 0. 
The summary macro cross section of these main isotopes is indicated in Figure 3c as the     n,disap AirmacroE  . It 

is observed that at energy En ≲ 1 MeV, the main yield to the (n,disap)-macro cross section of air is ensured 
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Figure 2.  (a)–(c). Dependence of the (n, disappearance)-micro cross sections from the energy for the nitrogen 14N, 
oxygen 16O, and argon 40Ar. The sum of (n, disap) micro cross section is shown by thick green line. For visualization, the 
dependencies are given in two energy scales with break at En = 7 MeV.
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Figure 3.
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by 14N(n,p)-reaction [see Figure 3c]. But at En ≳ 1 MeV (the energy re-
gion of resonances and threshold reactions), the  14N n,p 14

macro
CE  is lower than 

  Airmacro
disapE  from several times to order of value. The precise probability 

P(E) to product the radiocarbon 14C is given in the Figure 3d. At energy 
En  ≲  1  MeV, the P-values lay within ∼(0.96  ÷  1)-interval and strongly 
decrease down to P ∼ 0.1 at larger energies.

3.  Results
3.1. Evaluation of the Radiocarbon 14C Yield

For calculation of the radiocarbon 14C yield, the volumes of the spherical 
segments below H = 0 (dashed line in Figure 1) are excluded from the 
considered volumes. Such a spherical-plane-layer formalism allowed us 
to specify the fraction Nre/(Nle + Nre) of relativistic electrons Nre (respon-
sible for 14C production for the current altitude H) in the total (Nle + Nre)-
flux and to obtain the 14C yields depending on the altitudes (see Figure 4).

The 14N(n,p) 14C radiocarbon yields are ensured by part Pescape of neutrons 
which escape the disappearance in the other (n,disap)-reactions [listed 
in Equation 2, Figures 2a–2c] at slowing down and diffusion. So, for the 
altitude H = 10 km, it was found that Pescape = 0.83.

The drop of the low energy population Nle in the avalanche at the increase 
of the altitude ensures rise of 14C yield (for equal lightning charges val-
ues). All presented results of isotope generation (in gramme-molecules) 

are normalized per 1 coulomb. If the discharge occurs between thunderclouds in the horizontal layer (in 
the model geometry; Figure 1) at the same altitude Hfix, then the normalized yield corresponds to the func-
tion Y(Hfix) as shown in Figure 4. In this model, the discharge within the horizontal layer can be presented 
as “movement” of the geometry-model-sphere in the same direction (as discharge movement) as that for 
the indicated task (altitude dependent 14C yield evaluation) is equivalent to the fix position of this sphere 
at the altitude of the discharge. In the common case, the discharge propagates between some altitudes H1 
and H2. Then, the 14C yield is calculated as the integral along the discharge path S:    , , ,

S
E Y p x y H ds  where 

 , ,E p x y H  is the density of radiocarbon generation at the discharge in the  , ,E x y H  -coordinates, which de-

pends on time t as the parameter (i.e.,           , , , ,E p x y H p x t y t H t  ). If it is assumed that [Nre/(Nle + Nre)] 
depends only on the altitude H (i.e., this relation is stable in time, and the condition for discharges does 
not change in x-y–plane), then              , ,E p x t y t H t p H t  . As a result, the 14C yield is calculated as 
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Δt

E Y p H t dt during the discharge time ΔE t . For the discharge propagated between altitudes H1 and H2 

(where H2 > H1), the radiocarbon yield Y will be the following:
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Let us evaluate the 14C production per year under the lightning conditions (using the data of Figure  4; 
knowing that the number of lightning on the Earth per 1 year is 1.4 × 109 (Christian et al., 2003); consider-
ing that the average lightning charge is ∼20 coulombs (Rakov & Uman, 2005), allowing the mean altitude 

Figure 3.  (a) Dependence of (n, disappearance)-macro cross sections of the air isotopes (14N and 40Ar) from the energy (dark blue and violet solid lines 
correspondingly). Dependence of macro cross section for radiocarbon creation 14N(n,p)14C from the energy (light blue circles ● at En ≲ 0.85 MeV and light 
blue solid line at En ≳ 0.85 MeV). (b) Dependence of (n, disap)-macro cross section of the air isotope 16O from the energy (solid lines). (c) Dependence of 
the summary (n, disap)-macro cross section of the air isotopes (14N, 16O and 40Ar) from the energy is denoted as   Airmacro

disapE  (red solid lines). Dependence of 
macro cross section for 14N(n,p)14C-reaction from the energy (light blue circles ● at En ≲ 0.85 MeV and light blue solid line at En ≳ 0.85 MeV). Dependence of 

 14N n,disap
macroE  -macro cross section is shown as dark blue circles ● at En ≲ 0.01 MeV. (d) Dependence of the relation  14N n,p 14C

macroE  to the   Airmacro
disapE  from the energy. 

The all macro cross sections (in a–d-figures) are given for the altitude H = 0 at the sea level. In the figures for better visualization, the dependencies are given in 
two energy scales.

Figure 4.  Yields of radiocarbon 14C depending on the altitude H 
(km) under thunderstorm conditions. The yields (in gram-molecules) 
correspond to one coulomb of lightning discharge. The yields correspond 
to the electron avalanche model of (Dwyer & Babich, 2011).
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of thunderclouds H ≃ 7 km (Rakov & Uman, 2005). Then, 
1
14

R
CE Y  (g-mole/

year) ≃1.7 × 10−14 × 20 × 1.4 × 109 ≃ 5 × 10−4 for the relation R1.

Similarly, it was simulated the yield of radioactive 41Ar produced in air (si-
multaneously with 14C) at neutron activation of the argon 40Ar(n,γ)41Ar. 
Its creation per mean flash (20 coulomb) is 

1
41

R
ArE Y  (g-mole) ≃2.9 × 10−17 × 

20 ≃ 5.8 × 10 −16 for R1 value. Owing to relevant 41Ar decay parameters 
[T1/2 = 109.34 m, β― (100%)], it will be attractive to consider this isotope 
as an appropriate tracer of the radiocarbon 14C generation. In spite of the 
debugged technique of 41Ar monitoring (for example for accelerators and 
reactors (Cicoria et al., 2017; Oyama et al., 2021), the detection of such 
low and changing 41Ar concentration is a very complicated task. But it is 
possible that the detection will be more realistic in the case of gigantic 
terrestrial gamma flashes—the large-scale atmospheric phenomena in 
which population of neutrons exceeds the ∼1015 level (Babich, 2006).

4.  Discussion
4.1.  Could the Storm Radiocarbon Yield Be Strongly Larger?

The obtained yields of 14C are evaluated based on the relation value R1 
≃1.3 × 104 (Dwyer & Babich, 2011). Today, there are two principal scenar-
ios of electron avalanche (Dwyer & Babich, 2011; Gurevich et al., 2006). 
According to the alternative scenario of the electron avalanche (Gurevich 
et al., 2006), the relation value is R2 ≃3 × 106, which is more than that 

reported in the study by Dwyer & Babich, 2011 by a factor of two orders k = 3 × 106/1.3 × 10 4 (see also 
comments in Dwyer & Babich, 2012; Gurevich et al., 2012); this indicates the decrease of the obtained 14C 
production in k times: 

2
14

R
CE Y  is equal to 

1
14 /R

CE Y k and can be considered as the lower limit of 14C yields. In 
contrast, the 

1
14

R
CE Y  value corresponds to the upper limits of radiocarbon creation.

Compared with the cosmogenic radiocarbon creation, the obtained 14C yield under thunderstorm conditions 
is small: its part is equal to (5 × 10−4)/472 ≃1 × 10−6 for 20-coulomb-charge of flashes. An unimportance 
of thunderstorm 14C yield is also agreed with the increase of radiocarbon in tree rings in the time distance 
774–775 CE at intensive Sun activity (Miyake et al., 2012). Indeed in the case of large 14C yield under con-
ditions of thunderstorms, the events with increased tree-ring-radiocarbon will be smeared, and yields from 
thunderstorms and Sun will be competed. But the solar particles ensure only about 0.25% from the global 
radiocarbon creation (Kovaltsov et al., 2012) that confirms an insignificance of 14C yield at thunderstorms.

4.2.  Comparison With the Experiment

With the purpose to test the neutron creation and neutron transport (as the key mechanisms of 14C genera-
tion), it is important to compare the radiation transport results with events of correlated excess for neutron 
fluxes at thunderstorms. During thunder activity at the Ohi Power Station (near Japan sea), the detector 
PANDA36 had registered three strong radiation events and one of them (burst-20120105) correlated with 
excess of neutron counts (Kuroda et al., 2016). To reproduce the burst sources, the authors simulated the 
events at the combination of height H: 100, 500, 900, and 1,300 m (Kuroda et al., 2016). For evaluation of the 
possible altitudes of the event similar to neutron burst 20120105 (i.e., with the same neutron excess during 
the time duration 16 s, Kuroda et al., 2016), neutron fluences were calculated at the ground level (with polar 
angle of registration π/2) from the sources at H = 300, 500, 650, 800, 1000, and 1300 m above the sea level. 
The obtained fluences are normalized on the coulomb of the discharge (see the left vertical axis of Figure 5). 
The right vertical axis of Figure 5 shows the expected total counts when the detector efficiency is 3.15%. The 
results are in general agreement (or at least in rough agreement) with the experimental results.

Figure 5.  Dependence of neutron fluences on the ground (10 m above 
the sea level) from the altitude H of the lightning discharge (see the left 
vertical axis). Simulation is realized for the ground position for polar angle 
of registration π/2 (at the nadir point in the strict sense). The fluences 
correspond to one coulomb discharge. The number of expected counts per 
one square meter in the detector (with efficiency 0.0315) is given on the 
right axis.
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So, for example, the neutron excess of ∼260 events (as in burst-20120105) can be registered from ∼1.5 cou-
lomb discharge at altitude H = 800 m or at H = 1 km in the case of 3 coulomb discharge. Note that in the 
report (Kato, 2015), the authors indicated the probable height 400 m for the burst 20120105.

5.  Conclusions
The gross model for evaluation of the radiocarbon 14C yield under conditions of thunderstorm is proposed 
and its generation is simulated depending on the altitude up to 15 km above the sea level. The obtained 
results allow us to conclude that in the case of the relation R1 ≃ 104 of low energy electrons Nle to the rela-
tivistic ones Nre in the discharge avalanche (according to the avalanche scenario of Dwyer & Babich, 2011), 
the yield of 14C isotope under thunderstorms adds up to 1 × 10−4% to the radiocarbon creation from the cos-
mogenic irradiation that can be considered as the upper limit of radiocarbon production from thunderstorm 
flashes. In the alternative scenario of the relation R2 = Nle/Nre ≃3 × 106 (of the work (Gurevich et al., 2006), 
the yield of 14C isotope will be two orders less. The considered scenarios of 14C production indicate the neg-
ligible contribution of the thunderstorm radiocarbon to the total creation in the Earth's atmosphere that al-
lows us to eliminate the problematic issue on the dating correction caused by the thunderstorm mechanism.

Data Availability Statement
The nuclear data (see Figure 2, Table S1) are accessible in https://www.oecd-nea.org/janisweb/search/endf, 
https://www.nndc.bnl.gov/sigma/ and in repositorium https://data.mendeley.com/datasets/dktf9fkwdb/1, 
https://doi.org/10.17632/dktf9fkwdb.1.
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