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Elementary processes capable of producing neutrons in thunderstorms are analyzed. Efficiency is
evaluated of nuclear fusion, photonuclear reaction, electrodisintegration, and reaction inverse to the
β-decay . An extraordinary strong electric field is required for nuclear fusion to occur in a lightning channel.
The inverse to β-decay reactions are too weak. The generation of neutrons in a thunderstorm is connected
with photonuclear and, to a lesser degree, with electrodisintegration reactions.
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I. INTRODUCTION

Nuclear reactions that are capable of producing neutrons
during thunderstorms are of great interest for deepeningknowl-
edge of plasma processes in thunderstorm electric fields. In
particular, neutron generation could provide valuable informa-
tionaboutthelightningmechanismitself.Ifthenuclearreactions
proceed in the channel of the return stroke (the main stage of a
lightning),whichonthemicrosecondscaleisratherwellstudied,
theinformationonneutronswouldallowobtainmentofnewdata
about local magnitudes of temperature, electron concentration,
and electric field strength.The first attempt byFleisher to detect
thunderstorm-relatedneutrons [1]was followedbyanumber of
papers communicating statistically significant thunderstorm-
associated increases in the count rates of neutron detectors
[2–15]. These events could be considered as amanifestation of
thenuclear reactionsproduced in thunderstormelectric fields as
predicted by C.T.R. Wilson [16]. However, the gas-discharge
3Heðn; pÞ3H and 10Bðn; 4He; γÞ7Li counters were used as
neutron detectors [1–15], which are sensitive to any ionizing
radiation, not only to the products of the above reactions:
protons, tritons, alpha-particles, and γ-photons.Becauseof this,
a contribution of high-energy electrons, γ rays, and positrons
generated by thunderstorms [4–6,8,17–23] could dominate in
count rates [6,8,24,25]. Hence, the communications about
neutrongenerationinathunderstormarenottrustworthy,maybe
with the exception of the Aragats experiment [4–6] in which
high-energy electrons, γ rays, and neutrons were detected
separately and simultaneously.
Our analysis is motivated by increasing interest in the

neutron generation by thunderstorms. Its main goal is a
demonstration that neutrons really are produced in thunder-
storms and can be detected in spite of the above concern.
We analyze representatives of fundamental interactions

possibly relating to the problem considered, though in
the range of high energies the characteristic times of strong,
electromagnetic and weak interactions are related as
τstr∶ τel∶ τweak ∼ 10−14∶ 10−11∶ 1 [26], and, at first glance,
strong interaction dominates. In our analysis we reconsider
opportunities of the nuclear fusion and photonuclear
reactions. Eventually, we consider neutron-producing elec-
tron-induced reactions. These were not taken into account
in earlier studies, in spite of the fact that flashes of hard γ
rays observed in correlation with thunderstorms [4–6,8,17–
23] are only secondary bremsstrahlung of high-energy
electrons. The photonuclear and electron-induced reactions
are analyzed based on the conception of the relativistic
runaway electron avalanche (RREA) [27].

II. NUCLEAR FUSION

A. Nuclear fusion due to the ion heating in the electric
field in a lightning channel

After the analysis by Libby and Lukens [28], the
expected neutron generation in a thunderstorm was com-
monly connected with nuclear fusion in lightning channels,
first of all, with the 2Hð2H; nÞ3He reaction. However, the
kinetic energy of deuterons is limited by charge transfer
reactions in the dense atmosphere to such small magnitudes
that nuclear fusion is impossible [29–31]. As doubts remain
[7,9,15,32], we, unlike the previous analyses [29–31],
where the neutron yield has been calculated, evaluate the
field strength required for producing at least one neutron in
a lightning channel. Using the formula for the neutron yield
Nn of the reaction 2Hð2H; nÞ3He available in [29–31], the
reduced field strength required for producing Nn ¼ 1 can
be estimated as follows:

E
P
≈

εfusNLhσti
ln½NLP ·2½H2O� · ½D� ·nionSchlch ·Δt · hυionσfusðεfusÞi�

;

(1)
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where NL ≈ 2.7 × 1025 m−3 · atm−1 is the number density
of air molecules (Loshmidt’s number); P is the pressure (in
atm.) at the altitude of interest; [H2O] is the relative
concentration of water molecules in the thunderstorm
and [D] is the relative concentration of deuterium atoms
per hydrogen atom in natural water; Sch and lch are the
cross-sectional area and length of the lightning channel; Δt
is a lifetime of strong field in the channel ðυion · Δt ≪ lchÞ;
υion and nion are the velocity and number density of the
deuterium ions; σfusðεionÞ is the cross section for the nuclear
fusion reaction; εfus is a certain minimum energy of
deuterons, below which the fusion is inefficient; hσti is
the averaged charge transfer cross section; and
hυionσfusðεfusÞi is the fusion rate averaged over the ion
distribution function fðεion; TÞ ¼ T−1 · expð−εion=TÞ,
where T ¼ eE=NLPhσti [29–31,33].
It is seen that in (1) the E=Pweakly depends on the most

physical quantities; even the strongest dependence on εfus
and hσti is only linear. We use (relatively reliable) literature
magnitudes of the following quantities: ½H2O� ≈ 1.65%
(in tropics ½H2O� ≈ 4%) [34], ½D� ¼ 0.015% [34],
Sch ∼ ð1–10Þ × 10−3 m2, lch ∼ 1–10 km, and Δt ∼
Δtlight ∼ 50 μs (typical dimensions and duration of the
return stroke) [35–38]. The area Sch is set to be equal,
on the order of the magnitude, to the cross-sectional area of
the hottest part of the lightning channel, through which the
current is transported [36–38]. The magnitudes of other
quantities are rather uncertain; therefore, we assess the E=P
from below by adopting the following limit values. For the
deuteron concentration, we use an absolutely unrealistic
magnitude nion ¼ NLP · 2½H2O� · ½D�, meaning all deu-
terium molecules in the channel volume Vch ∼ Sch · lch
are dissociated and ionized. The averaged fusion rate
hυionσfusðεfusÞi can also be estimated from above by letting
σfusðεionÞ ≈ 10−29 m2ðεion ¼ 2–4 MeVÞ [39] and υion≈
2 × 107 m=s corresponding to these energies. On the
contrary, we set εfus ¼ 1.7 keV; with this energy the
2Hð2H; nÞ3He cross section is negligibly small: σfus ¼
10−36 m2 [40]. The charge transfer cross section of
the reaction of interest Dþ þ N2 → Dþ Nþ

2 is σt ≈
ð4.25–12.5Þ × 10−20 m2 [32] in the energy range above
εfus ¼ 1.7 keV. Note, σt ≈ 12.5 × 10−20 m2 is the σt maxi-
mum value achieved at ∼10 keV [32]. Even with these
conservative magnitudes, strongly underestimating E=P,
we obtain from (1) that for producing only one neutron, an
extremely strong electric field is required with
E=P > ð55–174ÞMV=ðm · atm:Þ. These field magnitudes
exceed not only the self-breakdown strength in the atmos-
phere Eð1Þ

br ¼ 3 MV=ðm × atm.Þ [35,36], but even the
strength of fields, which are generated in air gaps of a
centimeter range with the use of unique high-voltage pulses
of hundreds kV with picosecond rise-times, allowing the
prevention of the breakdown and early collapse of the
voltage (cf. [33,41,42] and citations therein). The above
estimation is very conservative relative to all parameters

and proves that nuclear fusion due to ion heating electric
fields in a lightning channel is absolutely unattainable in
the relatively slow process of lightning discharges.

B. Nuclear fusion due to the ion runaway in the locally
enhanced field in lightning channel

To avoid the limitation of the deuteron energies imposed
by the charge transfer, Fülöp and Landreman addressed the
ion runaway in the field, locally enhanced by a plasma
space charge [32]. Their work was motivated by commu-
nication by Gurevich et al. [7] who claimed they had
detected an unusually strong flux of low-energy neutrons
in correlation with lightning discharges. Fülöp and
Landreman argued as follows. Due to local violation of
plasma quasineutrality, the field strength in the lightning
channel becomes locally equal to ~E� ¼ ~E × ð1 − Z=ZiÞ,
where Z is a charge of a tested (runaway) ion and Zi ¼
ni=ne is the “mean ionic charge” [31]. If Z=Zi > 1, the
field vector ~E� is directed against the external field vector
~E. Moreover, if Z=Zi ≫ 1, the field ~E� becomes much
stronger than the external field. This occurs if a ratio of the
local number density of ions to that of drifting electrons is
ni=ne ≪ 1 [32]. As a result, a small portion of ions, being
involved by the bulk of electrons drifting along−e~E (where
e is the elementary charge), is accelerated “in the direction
of the electron streaming” [32] to energies sufficient for the
nuclear fusion 2Hð2H; nÞ3He. This very interesting idea,
promising new insights in the physics of lightning, meets
serious difficulties. Next, we outline some particular
inconsistencies, stemming from the idiosyncrasies of dis-
charges in dense gases, in general, and lightning, in
particular, and then discuss whether a strong violation of
plasma quasineutrality in significant domains of the light-
ning channel is possible at all.
First, we shall discuss whether the mechanism of ion

runaway agrees with the limitation of the electric field
strength in the atmosphere imposed by the self-breakdown
magnitude [35–38]:

Ebr ¼ Eð1Þ
br × P ≈ 3

MV
m.atm.

× Pðatm.Þ (2)

for a homogeneous field. In Fig. 4 in [32], the specific rate
of neutron generation is presented as computed in depend-
ence on the reduced strength of the external field E=ðnaZiÞ
in the range from about 20 to 200. Allowing for that, in
Fig. 4 [32], the strength E is in MV=m units and the number
density of neutrals na is in units of 1024 m−3 and, using the
Loshmidt’s number for the molecular number density, the
molecular density at pressure P, in units of 1024 m−3, can
be written as follows:

na ¼ 2.7 × 1025ðm−3 · atm.Þ × Pðatm.Þ=1024ðm−3Þ
¼ 27 × Pðatm.Þ (3)

Therefore, because the external field strength E is
limited by the breakdown magnitude (2), the relation
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E ¼ 200 × naZi ≈ 200 × 27Pðatm.Þ × Zi < Eð1Þ
br × P is to

be satisfied, from which it follows that a limitation,

Zi < 0.5 × 10−3 (4)

should be imposed on the mean ionic charge for the data in
Fig. 4 in [32] to be valid. The magnitudes Zi ¼ 0.001, 0.01,
0.1, with which particular numerical computations were
carried out in [32], are not consistent with the limitation
(4). Actually, the Eð1Þ

br magnitude is less than (2) because the
process considered (ion runaway) develops in a strongly
ionized plasma channel and the field is inhomogeneous;
therefore, the limitation to be imposed on Zi is stronger
than (4). In view of Zi ¼ ni=ne [32], the violation of
plasma quasineutrality should be significantly stronger than
is assumed in [32]. However, even with Zi ¼ 0.001, 0.01,
0.1 and measured thunderstorm field strength Eth ≈
140–1200 kV=m (cf. [36–38] and citations therein), the
enhanced field strength jE�j ¼ Eth × jð1 − Z=ZiÞj for the
deuterons (Z ¼ 1) is close to or on the orders of magnitude
higher than the self-breakdown strength (2).
One more inconsistency in [32] is connected with

that, that according to (3), the pressure magnitude P ≈
1=27 atm: (altitude z ≈ 23 km, the middle stratosphere)
corresponds to the molecular density na ¼ 1024 m−3
accepted in [32]. However, lightning discharges develop
in the troposphere (cf. [36–38,43,44] and citations therein)
at pressures of Pðatm.Þ ≈ expð−z=7.1 kmÞ ≈ ð1=2.7 − 1Þ,
to which magnitudes na ≈ ð1–2.7Þ × 1025 m−3 correspond.
For instance, observations in [7] have been carried out
at the altitude where na ≈ 1.8 × 1025 m−3. The neutron
yield in [32] was computed using the ion distribution
function fðυiÞ ¼ Cfð1þ Bυ4i Þ−A=4B, which with A ¼
ð5=4ÞðnaZi=EÞ ðmi=ZeÞ2 × 10−23 [32] strongly depends
on na. Therefore, using more real magnitude na ≈
ð1–2.7Þ × 1025 m−3 instead of na ¼ 1024 m−3 [32]
strongly cuts off the high-energy tail of fðυiÞ and, con-
sequently, the numbers of predicted neutrons.
Finally, let us estimate the absolute yield of fusion

neutrons from lightning using the highest value of the
specific rate of neutron generation Nn=ðVch · ΔtÞ ¼
107 ðm3 · sÞ−1 in Fig. 4 [32], where Vch is “the volume
of the lightning channel” and Δt is “the lifetime of the
electric field within the lightning channel” [32]. Actually,
in the context of the idea by Fülöp and Landreman, instead
of Vch, a small volume of the channel with ni=ne ≪ 1 is to
be used. Localized domains at the leader and return stroke
fronts satisfy this condition. Judging by the increased
brightness, the length of these domains is of l ¼
25–110 m [36]. In contradiction with their own Δt defi-
nition, cited above, the authors wrote that “…quasistable
electric fields, lasting tens of minutes can be formed during
the mature stage of thunderstorms. Therefore, Δt can vary
by many orders of magnitude from 5 × 10−5 s to several
hundred seconds” [32]. However, free ions are produced
within the channels, not in the large scale field of a
thundercloud; therefore, it is correct to set Δt to be equal

to the average return stroke duration Δtlight ≈ 50 μs
[36–38]. Instead of Vch it is reasonable to use a volume
equal to the area Sch ≈ ð1–10Þ × 10−3 m2 of the hottest part
of the channel cross section multiplied by the length of the
domain with the enhanced field l ¼ 25–110 m. In the
result, we obtain an undetectable neutron yield of Nn <
100–1000 per stroke.
It is not clear, however, if the acceleration of ions “in the

direction of the electron streaming” [32] along −e~E is
possible at all. Electrons are more mobile than ions (the
mobility of electrons relates to that ofNþ

2 ions as∼50000=1)
and, therefore, their reverse motion along ~E (“counter
streaming” relative to the flux of tested ions) is capable of
preventing a strong violation of the quasineutrality. Hence,
the motion of a small portion of electrons during some time
Δt along ~E, i.e., against the drift of the bulk of electrons
towards the hypothetical flux of tested ions, is capable of
preventing the local overturning of the electric field and
increasing its strength above E. To demonstrate this, it is
convenient to use Maxwell’s equation:

jΔE�j
Δx

≈
e
ε0

����ne − ni

����; (5)

where ε0 is the permittivity of free space. The displacement
of electrons drifting in the field ~E� with a velocity υe during
time Δt is Δx ¼ υeΔt ¼ ðμe=PÞ · E�Δt, where μe is the
electronmobility at 1 atm. Inviewof jΔE�j ¼ jE − E�j ∼ E�
for Z=Zi ≫ 1 and ni=ne ¼ Zi ≪ 1 [32], the equation (4) is
reduced to the relation

Δt ≈
ε0

eðμe=PÞne
(6)

meaning that for the field E� to be decreased to E, the
electrons should counter stream during Maxwellian relax-
ation time. Here, letting μe ¼ 0.06 ðm2 · atmÞ=ðV · sÞ [35],
P ¼ 1=27 atm. [32] and the lowest value in [32]
ne ¼ 1021 m−3, we obtain Δt ∼ 10−14 s. Actually, the ne
magnitudes are higher: ne is of 1024 during the first 5 μs of
the average return stroke development and decreases down
to 1023 m−3 during the next 10 μs [36,37]. With these ne
magnitudes and P ¼ ð1=2.7 − 1Þatm., the Δt is of
ð10−15–10−16Þ s. In any case, Δt is many orders of
magnitude less than the average return stroke duration
Δtlight ≈ 50 μs [36–38]. On the other hand, with Δt ¼
Δtlight ≈ 50 μs the relation (6) gives ne ≈ 5 × 1013 m−3
and ne ≈ 5 × 1014m−3, respectively, for P ¼ 1=2.7 and
1=27 atm. These ne magnitudes, sufficient to prevent vio-
lation of the quasineutrality, are much less than the magni-
tudes 1021, 1022, and 1023m−3 used in [32] and especially
less than the magnitudes ne ¼ 1023–1024 m−3 in the return
stroke. These estimations prove that the backwardmotion of
a small portion of electrons against the direction of the main
electron stream would prevent strong violation of the
quasineutrality in significant domains of the lightning
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channel required for the ion runaway to high energies and
producing detectable neutron yields due to the nuclear
fusion. Note, at the leader fronts the field is stronger than
the external field, but both are collinear.

C. Possibility of neutron generation in the
hypothetical pinch necks

Extremely long and narrow lightning channels do
resemble laboratory plasma pinches. It is known that
pinches are unstable relative to the development of necks
[45,47]. Strong eddy electric fields, produced in the domain
of the necks, are responsible for the observed generation of
high-energy charged particles and neutrons [45,46]. The
voltage produced in the neck domain can be estimated as
follows:

Uneck ¼ μ0Irð_r=r − _I=IÞ=2π; (7)

where μ0 is the magnetic permittivity of free space, I is the
lightning current, and r is the decreasing neck radius.
Unlike the known formula [45], the current variation is
taken into account [33]. It is reasonable to let the
compression velocity in the neck be equal to Alfven’s
hydrodynamic velocity υA ≈H ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0=iρPðatm.Þp ¼

H ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0NL=neρ

p
, where H ¼ I=2πr is the magnetic field

strength, ρ ¼ 1.33P kg=ðm3 · atm.Þ is the air density
reduced to 1 atm. and i is the plasma ionization degree.
With I ¼ 50 kA, r ¼ 0.03 m, ne ¼ 1023–1024 m−3, and
_I ¼ 5 × 106 kA=s [36], we obtain insignificant voltage less
than 10 V. Hence, the neck instability does not generate
sufficiently high voltage to account for the neuron gen-
eration. Variation of I, r, ne, and _I magnitudes within
reasonable limits does not change this conclusion. Note that
even if the voltage would be high enough for the nuclear
fusion, the neck volume is too small (∼r3) to produce
significant numbers of neutrons, unless the whole lightning
channel consists of numerous necks.

III. PHOTONUCLEAR REACTIONS

Because hard γ rays are generated during thunderstorms
[4–6,8,17–23], the photonuclear reactions (γ, Xn) are the
most obvious elementary processes capable of accounting
for the neutron production [29–31]. Here, X is the neutron
number in a particular elementary event. The threshold
energies of photonuclear reactions γð14N; 1nÞ13N and
γð16O; 1nÞ15O with the nuclei of the main atmospheric
components are equal to εth;Nðγ; 1nÞ ¼ 10.55 MeV and
εth;Oðγ; 1nÞ ¼ 15.7 MeV [47]. A meaningful fact is
that the average energy of electrons in the RREA, of
6–7 MeV [48–50], is not too much less than εth;N (γ, 1n) for
the field overvoltages δ ¼ eE=ðFmin × PÞ ¼ ðeE=PÞ=
ð218 keV=ðm× atm.ÞÞ below the self-breakdown limit
δ ≈ 14 in air. Thunderstorm-correlated γ-ray flashes were
observed with spectra extending to energies εγ close to or

much higher than εth;Nðγ; 1nÞ∶40–50 MeV [4], above
40 MeV [8], 10 MeV [17,18], above 10 MeV [19],
measured respectively at altitudes of 3250 m [4],
4300 m [8], 2770 m [17,18], and 1700 m [19]; above
20 MeV [20], 30–38 MeV [21], and 100 MeV [22],
measured in near space; up to ∼35MeV with small
errors, and up to ∼70MeV with large errors at sea
level [18,23]. It is necessary to keep in mind that γ-ray
fluxes in their sources are more intensive and their spectra
are much harder than at the detecting instruments.
Therefore, neutron production by (γ, Xn) reactions during
γ-ray transport in the atmosphere is more efficient than can
be predicted on the basis of the measured photon numbers
and spectra. Hence, photonuclear reactions, in principle,
are capable of producing neutrons in the thunderstorm
atmosphere.
Following this idea, yields of (γ, Xn) reactions from

thunderstorms have been calculated (cf. [8,51–56] and
citations therein). Nevertheless, doubts are being expressed
about the capability of photonuclear reactions to account
for the neutron flux increases during thunderstorms
[7,15,32]. The doubts are based on the communication
by Gurevich et al. [7], who claimed they detected, in
correlation with lightning, an unusually strong flux of
low-energy neutrons: “…of the order of (3–5)
10−2 neutrons cm−2 s−1.” They claimed that “this flux
value constitutes a serious difficulty for the photonuclear
model of neutron generation in thunderstorm.” Ignoring the
above-cited observations of γ-flashes with spectra extend-
ing high above the threshold εthNðγ; 1nÞ, Gurevich et al.
wrote “As for the high energies 10–30 MeV [i.e., above
εthNðγ; 1nÞ], the only work where the flux of the γ-ray
emission during thunderstorms was measured from the
ground is [4]. The obtained γ-ray emission flux was about
0.04 quanta cm−2 s−1, 3 orders of magnitude less than the
value needed “for explaining the claimed neutron flux.”
However, integrating the absolute spectrum in Fig. 7 [4]
above the εthðγ; 1nÞ ¼ 10.55MeV, we obtained γ-flux an
order of the magnitude higher: Φγ ≈ 0.4 ðcm2 × sÞ−1.
Possibly, the estimation Φγ ¼ 0.04 ðcm2 × sÞ−1 in [7]
was obtained with the omitted 10% detector efficiency
[4]. More important is that in the communication [4], as in
the other communications [8,17–23], the count rates and
photon spectra at detectors are presented, not the flux and
spectra in the sources, direct measuring of which is
impossible and which are required to compute photo-
nuclear neutron yield in the air, in the detector substance
and in the surrounding objects. The authors of the paper
[15], expressing doubts, only agree with Gurevich et al.
The analysis by Fülöp and Landreman [32], as mentioned
above, was motivated by these observations by
Gurevich et al.
Actually, as was shown by Monte Carlo simulations

[6,24,25], Gurevich et al. were most probably detecting not
neutrons but, most likely, γ rays and high-energy electrons.
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Hence, their doubts and the doubts expressed in [15,32]
concerning the photonuclear origin of thunderstorm neu-
trons are unjustified. Nevertheless, in view of these doubts,
we have analyzed, as the most illuminating case, a
possibility of generation of photonuclear neutrons by
prolonged (of 1 min) bursts of hard γ rays from low
thunderclouds detected by Tsuchiya et al. at the coast of the
Sea of Japan, for which the γ-ray spectrum and fluence
Fexp
γ ≈ 2 × 104 1=m2 were measured at sea level [18,23].

Because absolute numbers of γ-photons and γ-spectrum in
the source, not at the detector, are required, while executing
Monte Carlo simulations [24,57], we have used for the
γ-ray source the computed RREA bremsstrahlung spectrum
fγðδ; εγÞ normalized to unity [58]. With this spectrum in
the source, located at altitudes zemis

γ ≤ 2 km, the calculated
γ-spectrum at sea level [57] excellently fits the measured
spectrum [18,23]. Simulating a transport of γ-photons by
the Monte Carlo technique down to sea level with sub-
sequent fitting to the measured fluence Fexp

γ , we calculated
numbers of γ-photons Nγ;emis emitted by the source located
in the range of altitudes zemis

γ ¼ 1–10 km. The numbers of
γ-photons capable of producing neutrons were calculated
by multiplying Nγ-emis by a portion of γ-photons above the
threshold εth;Nðγ; InÞ:

Δγðδ; εth;Nðγ; 1nÞÞ ¼
Z∞

ϵth;Nðγ;1nÞ

fγðδ; εγÞdεγ . (8)

The calculated fluence of photonuclear neutrons
at sea level ∼2.2 × 103–2.4 × 104 n=m2 [24,57] generated

by these γ rays during their transport in the atmosphere
is sufficient for registration. For instance, much less
fluence of ð34 – 670Þ n=m2 corresponds to the neutron
numbers claimed to have been detected by Shah
et al. [2].

IV. ELECTRON-INDUCED REACTIONS

Thresholds of some of these reactions in air are lower
than the photonuclear threshold εthðγ; 1nÞ ¼ 10.55MeV.
Only this can make the electron-nucleus interactions more
efficient. It is very important to note that electrons directly
produce neutrons, unlike the photonuclear reactions requir-
ing the intermediate bremsstrahlung process. Therefore,
significant neutron yields can be expected due to electron
interactions with atmospheric nuclei. The reaction of
electrodisintegration and the inverse to the β-decay reaction
e−ðpþ; nÞνe are considered below. To evaluate absolute
neutron yields of these reactions, knowledge of high-
energy electron numbers Ne is required. To avoid directly
using the unknown Ne magnitudes, we compare yields of
electron-nucleus interactions with that of photonuclear
reactions and thus clarify the relative efficiency of elec-
tron-nucleus interactions. Within the accuracy of the
present analysis, it is sufficient to allow for interactions
with 14

7 N nuclei because of lower concentrations of other air
components and larger energy thresholds. The rate of
photonuclear neutron generation is estimated as a number
of neutrons produced per unit of time along the γ-ray range
lγ [51–55,57]:

�
dNnðδÞ

dt

�
γ;n

¼ Ne ·
dNγðδÞ

dt
· 2NLP ·

Z∞

εth;Nðγ;1nÞ

fγðδ; εγÞ · σðγ; XnÞ · lγðεγÞdεγ

≈ Ne ·
dNγðδÞ

dt
· hfγðδ; εth;Nðγ; 1nÞÞi · 2NLP · ½N2� · σyieldðεth;Nðγ; 1nÞ · lγðεth;Nðγ; 1nÞ; PÞ; (9)

where dNγðδÞ=dt is the rate of photon emission per one
runaway electron (RE), ½N2� is the nitrogen relative con-
centration in air, σðγ; XnÞ ¼ P

ii · σðγ; i · nÞ þ νσðγ; fÞ,
σðγ; inÞ is the cross section of the (γ,in) reaction with a
yield of i neutrons, σðγ; fÞ is the photonuclear fission cross
section with a yield of ν neutrons, σyieldðεγ;maxÞ ¼R εγ;max

εthðγ;1nÞ σðγ; XnÞdε ≈ 98.8 10−31 MeV × m2 is the total

photoneutron yield cross section [47], εγ;max ≈ 29.5 MeV
is a maximal energy at which data on the cross section
σðγ; XnÞ are available in [47], and lγðεth;Nðγ;1nÞ;PÞ is the
range of photons with the energy εth;Nðγ; 1nÞ at pressure
P. We use dNγðδÞ=dt ≈ 1071=ðs × atm. × REÞ and

hfγðδ; εth;Nðγ; 1nÞÞi > 1
εγ;max−ϵth;Nðγ;1nÞ

R εγ;max

εth;Nðγ;1nÞ fγðδ; εγÞdεγ≈

5× 10−41=MeV computed for the RREA in air [58], and
lγðεth;Nðγ;1nÞ;P¼ 1atm.Þ≈500¼m [34].

A. Electrodisintegration reactions

Two threshold reactions of this kind are relevant to the
problem considered:

14
7 N þ e− þ εe → 13

7 N þ nþ e−; (10)

16
8 Oþ e− þ εe → 15

8 Oþ nþ e−; (11)

where εe is the kinetic energy of the incident electron.
The thresholds can be calculated as the mass defect using

nuclei masses available, for instance, in handbook [59] or
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elsewhere. Naturally, they are the same as the ðγ; 1nÞ
threshold. The threshold of reaction (10),

eth;Nðe−; nÞ ¼ ðMð137 NÞ þmn − Mð147 NÞÞ · c2
¼ 10.55 MeV (12)

is not too much higher than the average energy of electrons,
6–7MeV in RREA.We neglect the reaction (11) because of
the lower oxygen concentration and higher thresh-
old, εth;Oðe−; nÞ ¼ 15.7 MeV.
The electrodisintegration rate of nitrogen nuclei can be

estimated as follows:

�
dNnðδÞ

dt

�
e−;n

≈ Ne

�
ε ≥ εth;Nðe−; nÞ

�
· υe < σe−;n > ·2NLP · ½N2�; (13)

where Neðε ≥ εth;Nðe−; nÞÞ ¼ Ne ·
R∞
εth;Nðe−;nÞ dεefeðδεeÞ ≈ 0.008 · Ne is the RE number above the threshold (12); feðδεeÞ is

the RE universal distribution function, almost independent of δ [48–50]; υe ≈ 2.7 × 108 m=s is the RE velocity [48–50]; and
σe−;n is the cross section of reaction (10). The (13)-to-(9) ratio is as follows:

�
dNnðδÞ

dt

�
e−;n

=
�
dNnðδÞ

dt

�
γ;n

≈
Ne

�
ε ≥ εth;Nðe−; nÞ

�
· υe· < σe−;nðεeÞ >

Ne ·
dNγðδÞ

dt · hfγðδ; εth;Nðγ; 1nÞÞi · σyield;N · lγðεth;Nðγ; 1nÞ; PÞ
(14)

In CINDA and ENDP libraries of the International
Atomic Energy Agency only electrodisintegration cross
sections of copper and uranium nuclei are available
[60]: 63

29Cuðe−; nÞ 63
29Cu (¼ 0.0079–0.595 mb in the

13.5 –60 MeV range) [61] and 238
92 Uðe−; nÞ 238

92 U
(¼ 0.0465–2.993 mb in the 7.78 – 60 MeV range) [62].
Most likely, these measured cross sections also include the
channel γ þ pþ → nþ eþ through the virtual photons.
Because of the lack of data for nitrogen, we are forced
to use the cross section for copper as closest to nitrogen.
Letting σe−;n ¼ 0.0079 mb at the energy εe ¼ 13.5 MeV,
closest to the RREA average energy 6–7 MeV, we obtain

ðdNnðδÞ
dt Þe−;n=ðdNnðδÞ

dt Þγ;n ≈ 10−4. Even with σe−;n ¼ 0.18 mb
at εe ¼ 20 MeV, the ratio is of 0.0016. The electrodisinte-
gration σe−;n and photonuclear σγ;n cross sections are
connected through the virtual photon spectrum Nγ;nðεωÞ:
σe−;nðεeÞ ¼

R εe−me
0 σγ;nðωÞ · Nγ;nðε;ωZ; AÞ dωω . As σγ;n

decreases with the atomic number, in nitrogen σe−;n is
approximately 62=14 times less than in copper. So the
deposition of the electrodisintegration to the total neutron
yield is much less than that of photonuclear reactions.
However, unlike the null yield of the nuclear fusion, the
electrodisintegration yield is significant.

B. Inverse to the β-decay reaction e−ðpþ; nÞνe
This reaction was attracted [63] to explain the extremely

high yield of low-energy neutrons claimed to have been
observed in correlation with lightning [7]. There is a
significant difference between operational mechanisms of
photonuclear and electrodisintegration reactions and the
e−ðpþ; nÞνe reaction affecting their efficiency in the

thunderstorm electric field. The thing is that, if after
the bremsstrahlung or electrodisintegration interaction
the remaining electron energy is above the runaway thresh-
old [50,64,65], the electron is capable of proceeding to
energize in the electric field and, as a consequence, of
emitting high-energy bremsstrahlung and taking part in
electrodisintegration reactions. On the contrary, the elec-
tron vanishes in the e−ðpþ; nÞνe reaction. In the thunder-
storm atmosphere, this is a reaction with the hydrogen
nucleus of the water:

1
1H þ e− þ εe → nþ νe (15)

The threshold εthðe−; nÞ of this reaction, which is the
boundary energy in the β-spectrum of the neutron decay
[33,66]

ethðe−; nÞ ¼ ðmn −mpþ −me−Þ · c2 ¼ 0.783 MeV; (16)

is on the order of magnitude less than the average electron
energy in RREA 6–7 MeV and the photonuclear thresh-
old εth;Nðγ; 1nÞ ¼ 10.5MeV.
Besides, reactions of the same kind with nuclei of the

main constituents of the atmosphere are feasible:

14
7 N þ e− þ εe → 13

6 C þ nþ νe; (17)

16
8 O þ e− þ εe → 15

7 N þ nþ νe: (18)

Their thresholds are the same as the thresholds of (10)
and (11). As εth;Nðe−; nÞ ¼ 10.5 MeV is not too high than
the average energy of electrons in RREA 6–7 MeV, a
significant neutron yield can be expected.
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The ratio of e−ðpþ; nÞνe-to-(γ, Xn) rates reads as follows:�
dNnðδÞ

dt

�
e−;n

=

�
dNnðδÞ

dt

�
γ;n

≈
Neðε ≥ εthðe−; nÞÞ · σe−;n · υe · ½11H�

Ne ·
dNγ

dt · hfγðδ; εth;Nðγ; 1nÞÞi · σyield;N · lγðεth;Nðγ; 1nÞÞ · ½147 N�
: (19)

For the reaction (17), ½11H� is to be replaced by ½147 N�.
As experimental data on the cross sections σe−;n of the

reactions (15), (17), and (18) are not available, we estimate
the e−ðpþ; nÞνe efficiency using the results of the analysis
of “electroweak induced low-energy nuclear reactions”
with “heavy” electron participation by Srivastava et al.
[66]. The e−ðpþ; nÞνe cross section σe−;n describing
neutron production in direct electron-proton collisions,
derived in [66], is applicable to our case. Actually, since
the cross section σe−;n in [66] diverges in the limit of small
electron energies, it better fits the high-energy case than the
case of heavy electron-proton interaction. The correspond-
ing rate in ℏ ¼ c ¼ 1 units is as follows [66]:

υe · σe−;n ≈
2G2

F

π
·

�
~me − Δ

�
2

(20)

where ~me is the heavy electron mass, which we let be
~me ¼ me þ εe; Δ ¼ mn −mpþ; GF ¼ 10−5=M2 is Fermi’s
constant of the weak interaction andM is the nucleon mass.
While converting σe−;n to natural units, the relation
200 MeV ¼ 1=fermi is convenient.
With the rate σe−;nðεeÞ · υe ∼ 10−37 m3=s evaluated

letting εe ≈ ϵth;Nðγ; 1nÞ (i.e., ~me − Δ ∼ 10 MeV),
electron portions above the thresholds Neðε ≥ εthðe−; nÞ ¼
0.783 MeVÞ=Ne ≈ 0.81 and Neðε ≥ εthðe−; nÞ ¼
7.52 MeVÞ=Ne ≈ 0.36 computed using the RE distribution
function [48], respectively, for the reactions (15) and (17),
the concentration of hydrogen nuclei ½11H� ¼ 2½H2O� ≈
3.3% [33], ½N2� ≈ 78% and magnitudes of other quantities
presented below Eq. (9); the ratio (19) is of 10−16 and
10−15, respectively, for the reactions (15) and (17). So the
e−ðpþ; nÞνe efficiency is insignificant compared to both
the photonuclear and electrodisintegration reactions.

V. CONCLUSIONS

(1) The nuclear fusion is impossible in lightning
channels because the electric field required for
producing even one neutron in the channel is
unreal: the required reduced strength is higher
than E=P ≈ ð55–174Þ MV=ðm · atm.Þ. Such strong
fields are generated only in small gas volumes using
unique subnanosecond high-voltage generators. The
acceleration (runaway) of deuterons “in the direction
of the electron streaming” [32] in a strong electric
field in hypothetical domains with violated quasi-
neutrality is very unlikely because counterstreaming
of a small portion of electrons prevents the quasi-
neutrality violation. The eddy field that can be

generated during neck instability of the lightning
channel is too weak to accelerate deuterons up to the
fusion energies.

(2) From numerous observations of γ-ray bursts with γ-
spectra stretching above the threshold εth;Nðγ; InÞ of
photonuclear reactions (γ, Xn) and the results of
numerical simulations, it follows that (γ, Xn) reac-
tions do produce neutrons in a thunderstorm in
numbers sufficient for detecting even at sea level.
The doubts expressed in [7,15,32] about the capabil-
ity of (γ, Xn) reactions to account for the neutron
production in thunderstorm atmosphere are unwar-
ranted. Most likely, photonuclear neutrons were
generated both during execution neutron experi-
ments [2–15] and experiments [4–6,8,17–23] in
which γ-photons were observed with spectra above
εth;Nðγ; InÞ. Results of the Aragats [4–6] experiment
and numerical simulations [51–57] demonstrated
that this can be the case in spite of the null result
of the recent observations [67].

(3) Even if high-energy electrons are generated in
lightning channels, the photonuclear reactions
take their course outside them because ranges of
γ-photons with energies above εth;Nðγ; InÞ exceed
transversal sizes of the channels. Hence, (γ, Xn)
reactions are not capable of accounting for the
neutron generation directly in the channels as some-
times is assumed [1,2,9–11,32].

(4) The neutron yields of electrodisintegration reactions,
expected in a thunderstorm, are significant in con-
trast to the null yield of nuclear fusion. Nevertheless,
they are less than predicted photonuclear yields.

(5) According to Larsen [63], the “…extraordinary high
flux of low-energy neutrons” [7], claimed to have
been observed in correlation with lightning dis-
charges [7], is due to the e−ðpþ; nÞνe reaction.
As was demonstrated by numerical simulations
[6,24,25], a contribution of γ rays and, to a lesser
degree, high-energy electrons dominated in count
rates in [7]. Therefore, these rates cannot testify that
neutrons were produced by the e−ðpþ; nÞνe reac-
tion. Evaluations executed using the e−ðpþ; nÞνe
cross section from [66] distinctly demonstrated that
the e−ðpþ; nÞνe neutron yield is not significant.

(6) The strong interaction, by no means, can be respon-
sible for the neutron generation by thunderstorms.
The generation of neutrons in thunderstorms and
thunderclouds appears to be connected with photo-
nuclear reactions (γ, Xn) and, to a much lesser
degree, with the electrodisintegration 14

7 Nðe−; nÞ137 N,
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the relativistic runaway electron avalanches [27]
being parent processes. New experiments are re-
quired to detect neutron flux increases correlated
with thunderstorm activity. The key is to reliably and
distinctly measure neutrons from other accompanied
ionizing emissions.
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