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Abstract Positron beams have been observed by the Fermi satellite to be correlated with lightning
leaders, and neutron emissions have been attributed to lightning and to laboratory sparks as well. Here
we discuss the cross sections to be used for modeling these emissions, and we calculate the emissions of
positrons, neutrons, and also protons from lightning leaders. Neutrons were ﬁrst erroneously attributed to
fusion reactions, but the photonuclear reaction responsible for neutrons should create protons as well. We
predict them here; they have not been observed yet. In the paper, we ﬁrst revisit the model for stepped
lightning leaders of Xu, Celestin, and Pasko with updated cross sections, we analyze the spatial and
energetic structure of the electron beam, and we calculate the spectrum of the generated gamma ray beam
at 16 km altitude. Then we review the scattering processes of photons with emphasis on the processes
above 5 MeV, in particular the photon energy losses in Compton scattering events and the generation of
leptons and hadrons. We provide simple approximations for photon energy loss and lepton and hadron
production for any photon with energy above 5 MeV passing through an arbitrary air layer. Finally, we
launch a gamma ray beam with the earlier calculated spectrum of the negative stepped lightning leader
from 16 km upward and calculate the production and energy of positrons, neutrons, and protons as well as
the propagation of positrons.
1. Introduction
1.1. High-Energy Emissions From Thunderstorms
High-energy emissions from thunderstorms were ﬁrst observed from satellites. It started in 1994 with the
discovery of terrestrial gamma ray ﬂashes (TGFs) by the BATSE (Burst and Transient Source Experiment)
satellite [Fishman et al., 1994]. The RHESSI (Reuven Ramaty High Energy Solar Spectroscopic Imager)
satellite [Smith et al., 2005] and the Fermi Gamma-ray Space Telescope [Briggs et al., 2010] have conﬁrmed
the production of high-energy bursts in thunderclouds, extended the measurements, and found quantum
energies of up to 40 MeV. The team of the AGILE (Astro-rivelatore Gamma a Immagini LEggero) satellite
measured energies up to 100 MeV [Marisaldi et al., 2010; Tavani et al., 2011].
Hard radiation was also measured from lightning leaders approaching ground [Moore et al., 2001; Dwyer
et al., 2005] and from laboratory discharges [Nguyen et al., 2008; Rahman et al., 2008; March and Montanyà,
2010; Shao et al., 2011; Kochkin et al., 2012, 2014] where high-energy electrons are created in the streamerleader stage. It was soon understood that these energetic photons were generated by the Bremsstrahlung
process when energetic electrons collide with air molecules [Fishman et al., 1994; Torii et al., 2004].
In 2008 also ﬂashes of electrons were reported [Dwyer et al., 2008] before in December 2009 NASA’s Fermi
satellite detected beams of positrons and electrons [Briggs et al., 2011], already predicted by Dwyer [2003],
following the geomagnetic ﬁeld lines suﬃciently high above the atmosphere. They are distinguished from
gamma ray ﬂashes by their dispersion and by their location as electrons and positrons follow the
geomagnetic ﬁeld lines. The production of positrons in a run-away electron avalanche was predicted by
Gurevich et al. [2000].
Fleischer et al. [1974] were the ﬁrst to measure neutron ﬂuxes from man-made discharges. By extrapolating
their measurements, they estimated that there could be 4 ⋅ 108 thermal neutrons and 7 ⋅ 1010 neutrons with
energies of approximately 2.45 MeV per lightning ﬂash.
Recently, Agafonov et al. [2013] wrote that they had measured the production of neutrons with kinetic
energies between 0.01 eV and 10 MeV in laboratory discharges. However, these experiments are performed
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with 1 MV applied to a 1 m gap, and it is not clear how neutrons with kinetic energies of up to 10 MeV
could be created in these experiments. There are two mechanisms suggested for neutron production in a
discharge [Babich, 2007]: fusion processes involving deuterium [Young et al., 1973] or photoproduction
where a photon is absorbed by an air molecule which subsequently releases a neutron. Babich [2007]
discussed these processes using the relevant cross sections and rate coeﬃcients. He concluded that the
ﬁrst process cannot play a signiﬁcant role; hence, if any neutrons are produced, they must be due to
photonuclear processes.
Two diﬀerent physical mechanisms are currently discussed for the production of a substantial population
of electrons in the MeV range and for subsequent other high energy emissions like gamma rays, positrons,
or hadrons from thunderstorms: either relativistic run-away electron avalanches with feedback triggered by
high-energy cosmic particles [Wilson, 1925; Dwyer, 2003, 2012; Babich et al., 2012; Gurevich, 1961; Gurevich
et al., 1992; Gurevich and Karashtin, 2013] or thermal electrons accelerated in strong electric ﬁelds at the tips
of lightning leaders [Carlson et al., 2010; Celestin and Pasko, 2011; Xu et al., 2012a, 2012b]. In the present
study, we investigate the second mechanism.
To accelerate electrons from eV to tens of MeV, they ﬁrst have to get into the runaway regime where friction
cannot counteract the acceleration of the electric ﬁeld anymore, and then they have to “fall” through a
potential diﬀerence of tens of MV. A candidate for such electric ﬁelds are the tips of negative lightning
leaders. In laboratory experiments [Les Renardières Group, 1978; Gallimberti et al., 2002], as well as in
thunderstorms, negative leaders have been observed to move stepwise [Winn et al., 2011; Edens et al., 2014].
Moore et al. [2001] proposed that the production of photons with energies above 1 MeV could be correlated
with leader stepping, and Dwyer et al. [2005] showed that there is indeed a correlation between the stepping
process and the production of X-rays. Carlson et al. [2009, 2010] have calculated the correlation between
lightning leaders and the production of terrestrial gamma ray ﬂashes. For a given photon spectrum, Celestin
and Pasko [2012] calculated the inﬂuence of Compton scattering on the time resolution of a TGF signal at
satellite altitudes. Xu et al. [2012a] were the ﬁrst to model the production of TGFs from a negative stepped
lightning leader. They assume that the upward directed leader channel is stationary and equipotential at
some moment during the stepping process. They calculate the electric ﬁeld of the leader in a ﬁxed ambient
ﬁeld using the method of moments [Balanis, 1989]; the curvature at the leader tip enhances the electric ﬁeld
such that electrons can be accelerated from sub-eV into the run-away regime. They use a three-dimensional
Monte Carlo code to trace electrons and to simulate the production and motion of Bremsstrahlung photons
in air. But so far, no Monte Carlo simulation has modeled the production of positrons, neutrons, and protons
for a photon spectrum of a negative stepped lightning leader. The present work is devoted to this task.
Especially, we investigate the energy loss of photons with energies above 5 MeV and take the positron
motion into account.
1.2. Organization of the Paper
This paper is divided into two parts. In section 2 we describe how we model the production of
Bremsstrahlung photons from a negative stepped lightning leader. Since we use fully quantum ﬁeld
theoretical cross sections, appropriate for small atomic numbers as for air molecules and for electron
energies above 1 keV, our results diﬀer from those of previous authors [Xu et al., 2012a; Lehtinen, 2000]
who used a simple product ansatz of the energy dependend quantum electrodynamical term and a
non-quantummechanical term for the angular distribution. In section 3 we present the cross sections to
produce positrons and hadrons by photons scattered at air molecules for energies above 10 MeV and
analytic estimates for the energy loss of photons within a given air layer. As a test case, we consider the
production of positrons and hadrons by a photon beam with the energy distribution determined in
section 2.
In section 2.1 we brieﬂy describe how we model a stationary leader and the electron motion in its electric
ﬁeld. We also list the collisions implemented in our code. In sections 2.2.1 and 2.2.2 we present the spatial
distribution of electron populations with energies above or below 1 MeV and the energy and direction of
photons. The result suggests a simple representation of the distribution of high-energy photons which then
is used as a starting point for further simulations in section 3. In section 2.2.3 we compare the inﬂuence of
the Bethe-Heitler cross section and the Lehtinen cross section for electron-nucleus Bremsstrahlung on the
production of photons from a stepped lightning leader.
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In section 3.1 we brieﬂy introduce photon processes in air and the production of positrons and hadrons.
We also give details on modeling the positron motion through air. We list all cross sections we use for the
motion of photons and positrons and estimate the inﬂuence of the geomagnetic ﬁeld for the motion of
relativistic electrons or positrons. In section 3.2 we present a simple approximation on how a photon with
energy above 5 MeV is dissipated and produces leptons and hadrons when passing through arbitrary air
layers. In section 3.3 we take the photon spectrum calculated in section 2, use its part above 5 MeV as an
initial condition and launch a photon beam with this spectrum from 16 km upward. We present the positron
and hadron distribution produced by this photon beam. Finally, we show how the positron distributions
evolve in time and how the beam widens.
We brieﬂy summarize our results in section 4.
In Appendix A, we present the electric ﬁeld of a negative stepped lightning leader modeled as a
conductive ellipsoid.

2. Gamma Ray Production by a Negative Stepped Lightning Leader
at 16 km Altitude
A simpliﬁed model for a negative lightning leader during stepping, its electron acceleration and the
subsequent gamma ray emission was introduced by Xu et al. [2012a, 2012b]. In the present section, we
use essentially the same model and parameters, but with diﬀerent cross sections, in particular, for the
Bremsstrahlung that converts electron energies into photon energies. As already argued in Köhn and Ebert
[2014a] and Köhn et al. [2014], previous authors have mainly used the cross sections presently embedded
in Geant4 [Agostinelli et al., 2003]. However, research on cross sections and development of databases is an
ongoing activity. For light elements like oxygen and nitrogen in the energy range from keV to GeV,
diﬀerent cross sections are required, as they are currently embedded or being embedded into the COsmic
Ray SImulations for KAscade (CORSIKA) [2013] simulation code for cosmic particle showers, into Electron
Gamma Shower (EGS5) [2005], or into the Canadian software tool to model radiation transport [Electron
Gamma Shower by the National Research Council Canada (EGSnrc), 2014].
In our recent Fast Track Communication in J. Phys. D [Köhn et al., 2014], we concentrated on the importance
of including electron-electron Bremsstrahlung and already gave some results on electron acceleration and
photon production during leader stepping. However, we were lacking the space to describe the model in
detail. These details, images of the evolution of the distribution of electrons in space and energy, and a
comparison with spectra derived with diﬀerent cross-sections by other authors are presented in this section.
It forms the starting step for the calculation of positron and hadron generation in the next section.
2.1. Set Up of the Model
2.1.1. Stepped Lightning Leader
For the stepped lightning leader, we use the model of Xu et al. [2012a] with the same parameters. The leader
is vertical, 4 km long, and has a tip radius of 1 cm. It is assumed to be equipotential and embedded in an
external thundercloud electric ﬁeld of 0.5 kV/cm, far from the leader. This model approximates the leader
at the moment of stepping: the space stem has connected to the leader, and the full electric potential is
now on the new leader tip. At this moment the leader tip “explodes” with ionization, similarly as described
by Sun et al. [2013], creating an inception cloud [Briels et al., 2008] and later a streamer corona. The ﬁeld of
the leader is tested by inserting 50 electrons with 0.1 eV energy on the symmetry axis 30 cm ahead of the
leader tip, as in the work of Xu et al. We also follow the approach of Xu et al. [2012a] by not taking the space
charge eﬀects of the developing corona discharge into account, but only that of the stationary leader; this
approximation will be justiﬁed in Figure 3 for the electrons with the highest energy. Therefore, the
approximation of taking only the electrostatic leader ﬁeld into account is reasonable, even if the inception
cloud develops into a relativistic impact ionization front [Luque, 2014].
Rather than approximating the leader as a cylinder with semispherical caps as Xu et al. [2012a], we
approximate it as an ellipsoid with a length of 4 km and a curvature radius of 1 cm at the tip. This has the
advantage that we can calculate the electric ﬁeld E(r) analytically, as summarized in Appendix A. Figure 1
shows the electric ﬁeld strength in the vicinity of the leader tip. It shows that the ellipsoid is a reasonable
approximation when comparing with Figure 1a of Xu et al. [2012a], and it illustrates the strong ﬁeld
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Figure 1. Electric ﬁeld strength (color coded) in the vicinity of the
tip for a leader of 4 km length
√ in an ambient ﬁeld of 0.5 kV/cm.
Cylindrical coordinates (𝜚 = x 2 + y2 , z) are used, and the upper
leader tip lies at the origin of the coordinate system. The white level
lines indicate ﬁxed values of the electric ﬁeld strength from 15 to
1000 kV/cm as indicated.

10.1002/2014JD022229

enhancement close to the leader and its tip.
The ﬁeld is approximately 500 kV/cm at
30 cm ahead of the leader tip, thus certainly
large enough to accelerate the electrons
into the run-away regime.
2.1.2. Air Composition and Monte
Carlo Approach
We model the air as consisting of 78.12% N2 ,
20.95% O2 , and 0.93% Ar. To control
the air density as a function of altitude,
we use the barometric formula with a
scale height of 8.33 km. We assume the
upper leader tip where the electrons
are accelerated to lie at 16 km altitude
which corresponds to an air density of
1/10 of the density at sea level if the
temperature change with altitude is taken
into account.

We trace the positions of electrons and photons in three dimensions with a Monte Carlo code where the
neutral air molecules are treated as a random background with appropriate statistical weight. Between
collisions, the electrons follow classical or relativistic trajectories within the given electric ﬁeld, depending
on their energy, while the photons move with the speed of light into the direction of emission. The collisions
are treated with a Monte Carlo scheme.
We now list the collision types included.
2.1.3. Cross Sections for Electrons
Details on our Monte Carlo code and its validation can be found in Köhn et al. [2014] and Köhn and Ebert
[2014b]. There we also describe which collisions we take into account and how we have implemented them
into our code. We remark here that the choice of cross sections is essential for correct results as shown in
Appendix C of Köhn and Ebert [2014b] and that there is continued research on the cross sections for the
propagation and production of high-energy particles in the atmosphere. Of particular importance is the
correct modeling of Bremsstrahlung that creates the X and gamma rays from the high-energy electrons.
2.1.4. Electron-Nucleus Bremsstrahlung
Electron-nucleus Bremsstrahlung is the process when a free electron scatters at a nucleus and emits a
photon, electron-electron Bremsstrahlung is the same process where the electron scatters at another
electron and emits a photon. As electron-electron Bremsstrahlung is frequently considered as negligible
compared to electron-nucleus Bremsstrahlung, the general term Bremsstrahlung refers typically to
electron-nucleus Bremsstrahlung.
Diﬀerent cross-sections for electron-nucleus Bremsstrahlung are used in diﬀerent databases and by diﬀerent
researchers. In the ﬁeld of terrestrial gamma ray ﬂashes, Carlson et al. [2010] use the Geant4 simulation tool
kit with its intrinsic cross sections [Agostinelli et al., 2003]. Dwyer [2007] uses the Bethe-Heitler cross section
[Bethe and Heitler, 1934; Heitler, 1944] resolving the full geometry of the process; he includes an atomic form
factor to take the structure of the atomic shell into account. Xu et al. [2012a] use the simple product ansatz
of Lehtinen [2000] to relate the energy and the direction of the emitted photons.
Now Geant4 [Agostinelli et al., 2003] uses cross sections appropriate for the large atomic numbers Z of heavy
nuclei while nitrogen and oxygen have Z = 7 and 8; thus, the cross sections implemented in Geant4 are
not appropriate to simulate the production of Bremsstrahlung photons in air. According to Shaﬀer et al.
[1996], the old Bethe-Heitler theory keeps being the appropriate theory for Z < 29 for electron energies
between 1 keV and 1 GeV, hence for the production of TGFs, as we have already discussed in Köhn and Ebert
[2014a]. In Appendix F of Köhn and Ebert [2014a] we have also shown that the atomic form factor used
by Dwyer [2007] is close to unity in the relevant cases and thus negligible. The product ansatz of Lehtinen
[2000] that is used by Xu et al. [2012a] is not compatible with the full quantum ﬁeld theoretical treatment
of collisions where the photon obtains almost all the electron energy, as we have discussed in Appendix E
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of Köhn and Ebert [2014a]; we will compare
results of TGF calculations under the same
conditions using either the cross sections of
Lehtinen [2000] or of Köhn and Ebert [2014a]
in section 2.2.3.

Figure 2. Total cross sections of photons for photoionization,
Compton scattering, hadron production, and pair production as a
function of incident photon energy E𝛾 for nitrogen.

We use the doubly diﬀerential cross section
derived by Köhn and Ebert [2014a] for
the relation between the photon energy
E𝛾 = ℏ𝜔 and the angle Θi between the
incident electron and the emitted photon.
This cross section has been obtained by
integrating the direction of the emitted
electron out in the Bethe-Heitler cross
sections, and it is implemented using
rejection sampling as described in Knuth
[1997]. The scattered electron keeps its
initial direction.

2.1.5. Electron-Electron Bremsstrahlung
As databases like Geant 4 concentrate on the Bremsstrahlung for metals like iron (Z = 26) or lead (Z = 82),
electron-electron Bremsstrahlung is considered as irrelevant, because it scales with Z rather than with Z 2 .
Furthermore, the photons emitted in electron-electron Bremsstrahlung by nitrogen or oxygen (Z = 7, 8)
are negligible as well compared to electron-nucleus Bremsstrahlung. However, we have shown recently
[Köhn et al., 2014] that electron-electron Bremsstrahlung also ejects the shell electron on which the free
electron is scattered and that these electrons have higher energies than those created by normal impact
ionization [Yong-Ki and Santos, 2000]. Using the cross sections of Tessier and Kawrakow [2007], the eﬀect
is important in air for electron energies of several MeV. Electron-electron Bremsstrahlung hence largely
increases the number of electrons with energies above 1 MeV, and it subsequently contributes substantially
to the number of high-energy photons from a negative stepped lightning leader. We remark here that
electron-electron Bremsstrahlung also has been included recently in simulation packets like CORSIKA [2013]
and EGS5 [2005] simulating extensive air showers, as well as in EGSnrc [2014] for medical applications, but
not yet in Geant4 [Agostinelli et al., 2003] to the best of our knowledge.
2.1.6. Cross Sections for Photons
Figure 2 shows cross sections of photon processes as a function of the photon energy. For the photons,
we use the cross sections for photoionization (Evaluated Photon Interaction Data (EPDL) Database, Photon
and Electron Interaction Data, 1997, http://www-nds.iaea.org/epdl97/), Compton scattering [Greiner
and Reinhardt, 1995; Peskin and Schroeder, 1995], hadron production [Fuller, 1985], and pair production
(Bethe-Heitler in the integrated form of Köhn and Ebert [2014a]). Figure 2 shows that photoionization is
dominant for photon energies below 1 keV. Thus, new electrons are created not only by electron impact
ionization and the electron-electron Bremsstrahlung process, but also by photoionization.
2.2. Simulation Results
2.2.1. Distribution of Electrons in Energy and Space
In Köhn et al. [2014], we have already presented the electron energy distribution ahead of the stepped
lightning leader after 24 ns of evolution when either including or neglecting the electron-electron
Bremsstrahlung. There, we have presented the electron energy distribution for diﬀerent runs with diﬀerent
realizations of random numbers, and we have seen that the energy distribution is stable against diﬀerent
sets of random numbers already for 50 initial particles; hence, 50 initial electrons is already enough for good
statistics. Due to the limited space of a Fast Track Communication, we could not present the buildup of
the spatial distribution. Therefore, we present here in Figure 3 this evolution including electron-electron
Bremsstrahlung when 50 test electrons are inserted 30 cm ahead of the leader tip. The leader is indicated in
black. The spatial distributions of the electrons after 5 ns, 10 ns, 15 ns, and 20 ns are plotted; the continuous
colors indicate the electron densities with energies below 1 MeV, the color lines the electron densities with
energies above 1 MeV in the xz plane where a slice was evaluated in the y direction from −3 cm to 3 cm.
The ﬁgure shows that at all instances, the high-energy electrons are ahead of the lower energy electrons
and more on axis. The reason is obviously that the high-energy electrons are accelerated continuously while
KÖHN AND EBERT
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Figure 3. Evolution of the electron density distribution in the xz plane in a y range from −3 cm to 3 cm after (a) 5 ns,
(b) 10 ns, (c) 15 ns, and (d) 20 ns. The bin size is Δx = Δz = 16 cm and Δy = 6 cm. The ﬁnal moment t = 24 ns has already
been displayed in Figure 2 in Köhn et al. [2014] with the same color scheme. The black ellipsoid indicates the position of
the leader. Electrons with energies below or above 1 MeV are marked with diﬀerent symbols. The density of electrons
with energy below 1 MeV is indicated with continuous coloring, and the color map is the same in all panels. The density
of electrons with energies above 1 MeV is indicated with color lines, and the values attributed to the color lines change
for each panel.

the lower energy electrons have lost energy in collisions and these collisions also lead to a widening of the
electron beam. The ﬁgure shows as well that new ionization patches are created at the sides of the leader,
probably due to photoionization created by Bremsstrahlung photons. It should be noted though that the
motion of the low-energy electrons is not quite physical as we neglect the space charge eﬀects of the newly
created ionization, just like Xu et al. [2012a, 2012b]. However, as there is a clear spatial separation between
the electron populations at diﬀerent energies, we argue that the calculation approximates the high-energy
spectrum of the electrons well. We remark that electrons with energies of 10 keV, 100 keV, 1 MeV, and
10 MeV move with 19.5, 54.8, 94.1, and 99.9% of the speed of light and that light travels 6 m within 20 ns,
while the fastest electrons are ≈ 4 m from the point of injection after 20 ns; see Figure 3d. The electrons
with energies above 1 MeV are concentrated in one region on axis after 5 and 10 ns; after 15 ns, new patches
with high-energy electrons have formed in new beam directions slightly oﬀ axis. We emphasize that the
channel-like structures forming from 10 ns on are not streamers, as space charge eﬀects are not included,
but they are probably rather ionization traces of the created high-energy electrons, similarly as in cosmic
particle showers [Köhn and Ebert, 2014b], but enhanced by the electric ﬁeld.
We remark that the geomagnetic ﬁeld has no inﬂuence on the electrons at these altitudes, and we will
discuss the role of the geomagnetic ﬁeld in more detail in section 3.
2.2.2. Distribution of Photons in Energy and Space
Figure 4 shows the photon energy distribution after 24 ns. As we have found in Köhn et al. [2014], the
spectrum of Bremsstrahlung photons, and in particular the high energy tail, does not change considerably
after about 15 ns. For reasons of computer memory, we anyhow have inserted only 50 test electrons into the
KÖHN AND EBERT
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Figure 4. Photon energy distribution after 24 ns as calculated in Köhn
et al. [2014]. The line shows the ﬁt ∼ e−E𝛾 ∕3MeV .

10.1002/2014JD022229

leader ﬁeld and we follow the motion of
the electrons until 24 ns. The total number
of photons with energies between
0.01 eV and 10 MeV in our simulation is
approximately 5000; thus, there are 100
photons per initial electron. As we have
neglected the space charge eﬀects of
the developing corona discharge, the
low-energy part of the distribution is
not quite physical and we concentrate
here on photon energies above 10 keV.
The maximal photon energy after 24 ns
is approximately 10 MeV. Figure 4 also
shows that for energies above 1 MeV,
the distribution can be ﬁtted well by the
exponential e−E𝛾 ∕3 MeV .

From our analysis in Köhn and Ebert [2014a], we know that photons with energies above 1 MeV are emitted
predominantly in forward direction relative to the direction of the incident electron. Since the electrons,
which can create such photons, mainly move upward (see Figure 3), this suggests to assume that the beam
of initial photons is monodirectional. We will use this assumption in section 3.3 as a test case to simulate the
production of positrons and hadrons.
2.2.3. Results for Diﬀerent Bremsstrahlung Cross Sections
We tested the dependence of the simulation results on diﬀerent Bremsstrahlung cross sections. Figure 5
shows the photon energy distribution after 24 ns for energies above 1 keV. The two curves are both without
electron-electron Bremsstrahlung, and either the product ansatz of Lehtinen [2000] or the integrated
Bethe-Heitler cross section of Köhn and Ebert [2014a] for the electron-nucleus Bremsstrahlung is used. The
plot shows that the product ansatz of Lehtinen [2000] that is used by Xu et al. [2012a, 2012b] substantially
overestimates the number of photons with energies above 20 keV, hence also the photons in the MeV
range. We note here that there are some ﬂuctuations due to the small number of produced photons; still the
tendency of overestimating the number of high-energy photons is clearly observed.

3. Production and Motion of Positrons, Neutrons, and Protons in a TGF
In this section, we ﬁrst discuss the elementary processes how photons convert their energy into leptons and
hadrons and how positrons move through air, including the eﬀect of the geomagnetic ﬁeld on positrons and
electrons. Then we present useful approximations for the production of positrons, neutrons, and protons
for arbitrary gamma ray spectra in the energy range of 10 to 100 MeV within arbitrary air layers. Finally, we
use the gamma ray spectrum derived in
section 2 to calculate the production of
positrons, neutrons, and protons and to
follow the positron motion.

Figure 5. The photon energy distribution after 24 ns with:
electron-nucleus Bremsstrahlung only, either according to Köhn and
Ebert [2014a] (crosses) or according to Lehtinen [2000] (circles).
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3.1. Elementary Photon Processes and
Their Cross Sections
Figure 2 shows that the dominant mechanisms of photon scattering and photon
energy loss change substantially for
energies around 1 MeV. Photoionization
is negligible, the creation of electron
positron pairs starts to become important,
and above about 10 MeV also neutrons
and protons are generated. Also, Compton
scattering changes its nature, as we will
see below: the photons now mostly lose
most of their energy rather than only a
small fraction.
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3.1.1. Compton Scattering
The cross section d𝜎 /dΩ for Compton
scattering is [Greiner and Reinhardt, 1995;
Peskin and Schroeder, 1995]
′2
d𝜎
𝛼 2 h2 E𝛾
=
dΩ
2m2 c2 E𝛾2

(

E𝛾′
E𝛾

+

E𝛾
E𝛾′

)
2

− sin Θ

(1)

where 𝛼 ≈ 1∕137 is the ﬁne structure
constant, h ≈ 6.6 ⋅ 10−34 Planck’s constant,
m ≈ 9.1 ⋅ 10−31 kg the electron mass,
c ≈ 3 ⋅ 108 m/s the speed of light, and
Figure 6. The diﬀerential cross section d𝜎 /dE𝛾′ of energies E𝛾′ of
Compton scattered photons for diﬀerent initial energies E𝛾 .

E𝛾′ =

E𝛾
1+

E𝛾
mc2

(2)

(1 − cos Θ)

is the energy of the scattered photon as a function of the incident photon energy E𝛾 and of the scattering
angle Θ. Equation (2) can be solved as
(
)
E𝛾
mc2
1− ′
cos Θ = 1 +
E𝛾
E𝛾
⇒

mc2
dΩ
=
.
dE𝛾′
E𝛾′2

(3)

Thus, for the cross section d𝜎 /dE𝛾′ diﬀerential in the energy E𝛾′ one derives
d𝜎
d𝜎 dΩ
⋅
=
dE𝛾′
dΩ dE𝛾′
⎡ ′
E𝛾
𝛼 2 h2 ⎢ E𝛾
=
+ ′ −1+
E𝛾
2mE𝛾2 ⎢ E𝛾
⎣

(

mc2
1+
E𝛾

(
1−

E𝛾
E𝛾′

))2

⎤
⎥,
⎥
⎦

(4)

which is plotted in Figure 6. The ﬁgure shows that the largest part of the photon energy during Compton
scattering is transferred onto electrons. Thus, the energy of photons is not shifted down slowly as in the
energy range below 1 MeV [Celestin and Pasko, 2012]. As the number of new electrons produced through
Compton scattering is small compared to the number of ambient electrons, we do not trace them in the rest
of the section.
3.1.2. Generation of Hadrons
Photons also produce neutrons and protons in photonuclear reactions [Fuller, 1985] where a photon 𝛾 is
absorbed by the nucleus of a molecule and a neutron n or a proton p is emitted:
M
Z

A + 00 𝛾 → M−1
A +10 n
Z

(5)

M
Z

A + 00 𝛾 → M−1
B +11 p.
Z−1

(6)

Here Z is the atomic number, and M is the rest mass of atom A; we note here that the emission of protons
produces atoms B with atomic number Z −1 changing the composition of the ambient gas. In our model, we
only use molecules of 14
N and 16
O as targets as the percentage of other nitrogen or oxygen isotopes in air
7
8
is negligible. Since the binding energy Ebind of a nucleon is approximately 7.4 MeV for nitrogen and 8.0 MeV
for oxygen (calculated with the Bethe Weizsäcker equation [Weizsäcker, 1935]), photons need tens of MeV to
produce hadrons. The kinetic energy Ekin of the emitted hadron is
Ekin = E𝛾 − Ebind
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Figure 7. (a) The cross section for neutron (n) and proton (p+ ) production of photons in air as a function of incident
photon energy. (b) The ratio of neutron or proton production over positron production as a function of the incident
photon energy.

if the nucleus is left behind in its ground state. Hadrons are emitted isotropically; we neglect the motion of
the residual nuclei as their rest mass is much higher than the rest mass of a neutron or a proton.
Figure 7a shows the total cross section for the photoproduction of hadrons from air molecules. It shows
that the photoproduction of hadrons is most eﬃcient for photon energies between 20 MeV and 25 MeV.
Figure 7b shows the ratio of the number of produced hadrons to the number of produced positrons; it
shows that in this energy range, the production of hadrons is 1 to 2 orders of magnitude less than the
production of positrons.
3.1.3. Production and Motion of Positrons
We sample the total positron energy E+ and positron direction Θ+ relative to the direction of the incident
photon, using the diﬀerential cross section of Bethe and Heitler in the integrated form of Köhn and Ebert
[2014a]. We use the same elastic scattering, ionization, and Bremsstrahlung cross sections as for electrons.
This is feasible since cross sections for electrons and positrons are similar for kinetic energies above 1 MeV
[Agostinelli et al., 2003; Kothari and Joshipura, 2011]. We have also included the annihilation of positrons at
shell electrons using analytic equations of Greiner and Reinhardt [1995]. Figure 8 shows the probability for
annihilation of positrons at shell electrons of air molecules as a function of altitude for diﬀerent positron
energies when the positrons move from 16 km altitude upward excluding all other scattering processes. It
shows that the probability is smaller than 15% for positron energies of 1 MeV and decreases rapidly with
increasing positron energy.
3.1.4. Inﬂuence of the Geomagnetic Field
In order to estimate the inﬂuence of the geomagnetic ﬁeld on relativistic electrons or positrons, we have to
compare the gyration frequency in a magnetic ﬁeld B with the collision frequency of electrons. For energies
below 1 keV, these frequencies were compared in Ebert et al. [2010]. In general, the
gyration frequency 𝜈G is
1
𝜔 (E )
2𝜋 G kin
e0 Bc2
1
1 e0 B
=
=
2𝜋 m(Ekin )
2𝜋 Ekin + m0 c2
(8)

𝜈G (Ekin ) =

Figure 8. The probability P of annihilation of positrons at shell
electrons as a function of path length for diﬀerent positron energies.
Δz is the propagation distance of a positron moving straight upward
from 16 km altitude.
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where we use the relativistic expression
m(Ekin ) = (Ekin + m0 c2 )∕c2 for an electron
with kinetic energy Ekin and e0 and m0
are the charge and the rest mass of
an electron. The geomagnetic ﬁeld is
approximately 3 ⋅ 10−5 T at the equator
up to altitudes of approximately 300 km.
Note that 𝜈G is not constant but decreases
with increasing electron energy because
of the energy dependence of the electron
9
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mass m. The classical approximation
𝜈clas = e0 B∕(2𝜋 ⋅ m0 ) where the electron
mass is taken as constant is also plotted
in Figure 9. It shows that the gyration
frequency (8) starts to deviate from the
classical value for energies above 10 keV;
for 1 MeV the gyration frequency is only
one quarter of the classical value. The
collision frequency 𝜈C is
𝜈C = 𝜎tot (Ekin )nB (z)v(Ekin )
√
= 𝜎tot (Ekin )nB (z)c
Figure 9. The gyration frequency 𝜈G (8) and the classical expression
𝜈clas = e0 B∕(2𝜋 ⋅ m0 ) for B = 3 ⋅ 10−5 T as well as the collision
frequencies 𝜈C (9) at 16 km, 50 km, 120 km, and 140 km altitude as a
function of the electron energy.

1−

m20 c4
(Ekin + m0 c2 )2
(9)

where 𝜎tot (Ekin ) is the total cross
section as a function of Ekin , and where
nB (z) is the gas density as a function
of altitude.

Figure 9 shows the comparison of the gyration frequency (8) and the collision frequency (9) for diﬀerent altitudes for electron energies above 1 keV. It shows that for 16 km or 50 km and for energies between 1 keV
and 100 MeV, the collision frequency is higher than the gyration frequency. Thus, the geomagnetic ﬁeld
is negligible. For approximately 120 km electrons with energies of ≈ 1 MeV start to feel the inﬂuence of
the geomagnetic ﬁeld. For approximately 140 km altitude the collision frequency is smaller than the gyration frequency for energies below 40 MeV. Hence, for altitudes between 120 km and 140 km, electrons and
positrons with energies between 1 MeV and 40 MeV start to gyrate around the geomagnetic ﬁeld lines. In
our simulations we do not take the geomagnetic ﬁeld into account. For altitudes below 120 km altitude and
electron or positron energies above 1 MeV, we have just shown that the geomagnetic ﬁeld is negligible; for
altitudes substantially above 120 km beams of electrons and positrons follow the geomagnetic ﬁeld lines,
and their spatial distribution in the planes orthogonal to the ﬁeld lines does not change any more.
3.2. Photon Energy Conversion Above 5 MeV for Arbitrary Spectra and Air Layers
The fact that photons above 5 MeV do not lose their energy continuously allows a very useful approximation that is not possible at lower energies. One can assume that the photons move straight until a
collision process and that after the collision they can be removed from the list of photons with energies
above 5 MeV. This holds for all three major
loss processes: Compton scattering, pair
production, and photonuclear hadron
production. Figure 10 shows the cumulative total cross sections 𝜎 for these
processes for photons with energies
between 10 MeV and 100 MeV.
The column density of air between two
points r1 and r2 is deﬁned as
r2

Nint (r1 , r2 ) ∶=

∫

d𝓁 n(r),

(10)

r1

Figure 10. The cumulative cross sections as a function of the incident
photon energy for positron production (green, wide hatches) and
Compton scattering (blue, narrow hatches) in air. The red lines denote
the inverse of the integrated air density from 16 km up to 20 km or
b

up to 100 km, Nint (a, b) = ∫ n(z)dz.
a
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where d𝓁 parameterizes the straight line
between these two points. A collision
with cross section 𝜎 is likely if a photon has
traveled through a column density larger
than 1∕𝜎 , i.e., if 𝜎 ⋅ Nint ≫ 1.
Figure 10 also includes the vertical
column densities Nint (16 km, 20 km) and
10
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Nint (16 km, 100 km) in the atmosphere,
using the atmospheric density proﬁle
n(z) = 2.6885 ⋅ 1025 1/m3 e−z∕8.33 km .
Hence, the ﬁgure shows that photons
with energies between 10 MeV and
50 MeV are very likely to either create
an electron-positron pair or a hadron
or to lose most of their energy through
Compton scattering in the air layer
between 16 and 20 km altitude. Hence,
only a small fraction of these high-energy
photons will reach satellite altitudes, in
agreement with Østgaard et al. [2008]
Figure 11. The positions of positrons (red dots) or photons with
and Gjesteland et al. [2010]. On the other
energies above 5 MeV (black dots) after 0.5 ms. Here the geomagnetic
hand, it is remarkable how the cumulative
ﬁeld is neglected. As discussed in section 3.1.4, it becomes important
cross section decreases for higher photon
above about 120 km.
energies. Hence, a photon with 100 MeV
energy can cross the air layer from 16 to 100 km altitude with a probability of about one half according to
the ﬁgure. Although this does not give any information about the production of photons with energies of
approximately 100 MeV and thus cannot solely explain the spectra measured by AGILE, this might shed new
light on the observation of 100 MeV photons at the AGILE satellite by Marisaldi et al. [2010].

Figure 10 shows as well, which fraction of the photons will create electron positron pairs, as this is simply
the cross section of pair creation divided by the column density. The production of protons and neutrons
relative to the positron production can be read from Figure 7b.
3.3. The Photon Spectrum of Section 2 as an Example
We now use the photon distribution at 16 km altitude as in Figure 4 as an example input to model the
production of leptons and hadrons.
3.3.1. Initial Condition
The solid line in Figure 4 shows that the number n𝛾 of photons with energy E𝛾 can be ﬁtted well with
n𝛾 (E𝛾 ) ∼ e−E𝛾 ∕3MeV

(11)

for photon energies above 1 MeV.
As shown in Figure 2, pair production and hadron production become relevant for energies above
approximately 10 MeV. Since measurements [Briggs et al., 2010; Marisaldi et al., 2010; Tavani et al., 2011]
have shown that TGFs can have energies of up to 40 MeV, we use the distribution (11) in the energy range
from 5 MeV to 40 MeV as an initial condition and populate it with approximately 1.2 million photons. As the
photons in our simulation are produced within 24 ns, thus within some meters and without much spatial
separation, we initiate the photon beam at one single point at 16 km altitude at time zero. We use a
monodirectional beam because most high-energy electrons move in forward direction and because the
photons with energies above several MeV are emitted in forward direction. We trace the photon beam and
its particle production for 1 ms which corresponds to a distance of approximately 300 km, and we use the
barometric formula for the air density as a function of altitude.
3.3.2. The Energy and the Temporal Evolution of Positrons and the Energy of Hadrons
The photon beam (11) propagates upward with the scattering processes described earlier, and we have
calculated the position and energy of photons and positrons after 0.5 ms. Figure 11 shows the position of
photons (black) with energies above 5 MeV and of positrons (red) after 0.5 ms. As explained in section 3.2,
Figure 10 shows that a collision of a photon with an air molecule is very likely between 16 km and 20 km
altitude. Thus, almost all photons have either disappeared due to the production of positrons or hadrons
or lost so much energy through Compton scattering that their energy is less than 5 MeV and that they are
removed from the pool of simulated photons. In contrast, Celestin and Pasko [2012] investigated photons
with energies below 1 MeV where photons lose a smaller fraction of their energy through Compton
scattering. Furthermore, Figure 11 shows that the positron beam moves with almost the speed of light.
KÖHN AND EBERT
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Figure 12. The spatial distribution of positrons after (a) 50 μs and (b) 0.5 ms. The color code resolves the kinetic energy.
(c) The altitude as a function of the kinetic energy after 0.5 ms. (d) The energy distributions of positrons after 1 μs, 50 μs,
and 0.5 ms. The original photon beam was ejected at 16 km altitude on the axis. As remarked in section 3.1.4 and in
Figure 11, the geomagnetic ﬁeld has been neglected.

Figure 12 shows the position and energies of all positrons including the positron scattering processes
elastic scattering, ionization and Bremsstrahlung production. Figures 12a and 12b show the positron
beam after 50 μs and 0.5 ms where the color denotes their kinetic energy. Figure 12c explicitly shows that
positrons with energies above 20 MeV are in the front part of the positron beam while positrons with
energies below 5 MeV are located rather at the end. Figure 12d shows the energy distribution of positrons
after 1 μs, 50 μs, and 0.5 ms. It has a clear maximum at approximately 5 MeV. The shape of the distribution
does not change considerably in time but only the total positron number.
Figure 13 shows the energy distributions of neutrons (Figure 13a) and protons (Figure 13b) after 10 μs,
i.e., brieﬂy after they have been produced, since we do not trace them through air. In both cases there are
distinct maxima and minima due to the discrete structure of the photonuclear cross sections as shown in
Figure 7. For neutrons the energies range from 4 MeV to 24 MeV; protons even have energies up to 33 MeV.

Figure 13. The energy distribution of (a) neutrons and (b) protons after 14 μs which corresponds to a photon travel
distance of approximately 4 km.
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Our calculations are consistent with results of Babich [2007] and extend it. Babich [2007] calculates photon
and neutron ﬂuxes from an upward propagating atmospheric discharge with the help of cross sections
and rate coeﬃcients. He determines the mean energies of neutrons to be approximately 10 MeV which is
consistent with the energy distribution of neutrons in Figure 13. Proton generation, however, has not been
predicted before.

4. Conclusion and Outlook
We have adopted the model of Xu et al. [2012a, 2012b], and we have simulated the acceleration of electrons
and the production of Bremsstrahlung photons from a negative stepped lightning leader at 16 km altitude
starting with 50 initial electrons. We have provided an analytical approximation for the electric ﬁeld of a
stationary leader in an ambient ﬁeld. Using the electron-nucleus Bremsstrahlung cross section [Köhn and
Ebert, 2014a] based on the Bethe-Heitler theory, appropriate for small atomic numbers Z and for electron
energies above 1 keV, we have calculated the energy distribution of Bremsstrahlung photons and compared
this distribution with the one calculated by Xu et al. [2012a] using diﬀerent cross sections [Lehtinen, 2000].
We have seen that the cross sections of Lehtinen [2000] lead to unphysically high photon energies. Adding
also electron-electron Bremsstrahlung [Köhn et al., 2014], we have calculated the spatial distribution of
electrons; some electrons reach the run-away regime and produce Bremsstrahlung photons with energies
of up to 10 MeV. Photons with energies above 1 MeV are emitted forward relative to the direction of the
incident electrons. In our simulations we obtain approximately 5000 photons with energies from 0.01 eV up
to 10 MeV, hence 100 photons per initial electron.
We have provided approximations for photon absorption and lepton and hadron generation for photons
of any energy between 5 and 100 MeV crossing through an arbitrary air layer, as illustrated in Figure 10.
Accordingly, photons with energies above 5 MeV and below 50 MeV will most likely lose most of their
energy within 4 km distance after being emitted upward at 16 km altitude. They will either disappear
through the production of leptons or hadrons or lose most of their energy through Compton scattering.
Thus, most photons with energies between 5 MeV and 50 MeV produced at 16 km altitude cannot reach
satellite altitudes; this creates the Compton tail in the photon energy distribution as described by Østgaard
et al. [2008] and Gjesteland et al. [2010] that is independent of the initial photon energy distribution.
Photons with energies around 100 MeV, on the other hand, do have a probability of about one half to reach
a satellite when generated at 16 km altitude and traveling upward.
Using the photon distribution of section 2 as a test case, we have calculated the motion of photons and the
generation of positrons and hadrons. The positron distribution shows a maximum at 5 MeV and energies
up to approximately 35 MeV. Most of the positrons are emitted in forward direction; a relativistic beam is
formed moving with nearly the speed of light. Positrons with energies below 5 MeV can be found rather in
the back of the beam. We have calculated the energy dissipation of positrons in air moving upward from
16 km altitude, and we have seen that the positron distribution does not change considerably in time.
We have shown that photons from a negative stepped lightning leader are also able to produce neutrons
and protons. The energies of neutrons and protons range from 5 MeV up 33 MeV; Babich [2007] predicts
mean energies of 10 MeV for neutrons by calculating neutron ﬂuxes with rate coeﬃcients and cross sections
starting from a relativistic run-away electron avalanche. In contrast, we have taken a more realistic photon
spectrum and more photon processes into account, and thus, we have obtained a more accurate energy
spectrum of neutrons, and even of protons that have not been predicted or measured before.
In future work, a proper model for the motion of hadrons is developed which contains appropriate cross
sections for the interaction of neutrons or protons with air molecules. Consequently, it will be possible to
estimate the ﬂux of hadrons upward and downward. This will be of interest to estimate how many hadrons
will reach Earth’s surface or satellites and hence can be measured.

Appendix A: The Electric Field of a Negative Leader
A1. Calculation of the Electric Field of a Negative Leader
Adopting the model of Xu et al. [2012a], we need to calculate the electric ﬁeld of a stationary negative leader.
We here calculate E(r) analytically assuming the leader be spheroidal; i.e., an ellipsoid of revolution with one
long and two very short equal axes.
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The spheroidal coordinates are deﬁned by the solutions u of
x2 + y2
z2
+ 2
= 1, a > b
(A1)
2
b +u
a +u
where (0, 0, 0) is the center of the ellipsoid and the small half axis b is the same in x and y direction. The
electric potential of a conducting ellipsoid in an ambient electric ﬁeld E0 in the z direction is [Landau and
Lifshitz, 1963]
∞

⎡
∫ (s+ads2 )R
⎢
s
𝜉
Φ(r) = −E0 z ⎢1 − ∞
⎢
∫ (s+ads2 )R
⎢
s
⎣
0

⎤
⎥
⎥
⎥
⎥
⎦

(A2)

√
(s + a2 )(s + b2 ) and
]
[
√
1
𝜉(r) =
(A3)
−a2 − b2 + z2 + 𝜚2 + (−a2 − b2 + z2 + 𝜚2 )2 + 4(−a2 b2 + b2 z2 + a2 𝜚2 )
2
as a solution of (A1) with 𝜚2 (x, y) ∶= x 2 + y2 , 𝜉(r) ≥ −a2 and 𝜉(r) ≡ 0 on the leader surface. The components
of the electric ﬁeld are

with Rs =

E𝜚 = −

𝜕Φ
=
𝜕𝜚

E0 z
∞

∫
0

∞

ds
(s+a2 )Rs

⎡
∫ (s+ads2 )R
⎢
s
𝜉
𝜕Φ
= E0 ⎢1 − ∞
Ez = −
⎢
𝜕z
∫ (s+ads2 )R
⎢
s
⎣
0

𝜕𝜉
1
,
(𝜉 + a2 )R𝜉 𝜕𝜚

⎤
⎥
E0 z
𝜕𝜉
1
⎥+
.
⎥ ∞ ds (𝜉 + a2 )R𝜉 𝜕z
⎥ ∫ (s+a2 )R
s
⎦ 0

(A4)

(A5)

Furthermore

∇𝜉(r) = r + √

⎛ x(a2 − b2 + z2 + 𝜚2 ) ⎞
⎜ y(a2 − b2 + z2 + 𝜚2 ) ⎟
⎟
⎜
⎝ z(−a2 + b2 + z2 + 𝜚2 ) ⎠
(−a2 − b2 + z2 + 𝜚2 )2 + 4(−a2 b2 + b2 z2 + a2 𝜚2 )

(A6)

and
ds
2
=
√
∫ (s + a2 )Rs
2
2
(a − b ) s + a2
(√
)
√
s + a 2 − a2 − b2
1
+√
ln √
+C
√
3
s + a 2 + a2 − b2
a2 − b2

(A7)

where C is an integration constant. By inserting (A6) and (A7) into (A4) and (A5), we obtain the electric ﬁeld
of a negative leader in the ambient ﬁeld E0 :
(√
)
√
√
⎡
⎤
𝜉+a2 − a2 −b2
2 a2 −b2
√
√
+
ln
√
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( √
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2
2
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⎦
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)
3
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A2. Field Enhancement Close to the Tip
To estimate the ﬁeld close to the tip, we evaluate (A8) on the symmetry axis x = y ≡ 0 for z = a + a0 where
a0 is the distance from the tip. Obviously, Ex = Ey ≡ 0 and

Ez
=1−
E0
−

√
2 a2 −b2
a+a0

(
+ ln

√
2 a2 −b2
a

)
√
a+a0 − a2 −b2
√
a+a0 + a2 −b2

(
+ ln

)
√
a− a2 −b2
√
a+ a2 −b2

1

2
)
(
(a + a0 ) (a + a0 )2 − a2 + b2

2
(a2 −b2 )a
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