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[1] Using a Monte Carlo technique to simulate the transport of runaway electrons (REs)
and X-rays in the atmosphere and through attenuators covering detectors, we have modeled
the results of experiments to detect X-rays from triggered lightning and stepped leaders of a
natural cloud-to-ground lightning. In the model, bremsstrahlung of high-energy runaway
electrons (REs) generated at the leader front is assumed to be the origin of X-rays. Specific
fluxes (per one RE) of photons and bremsstrahlung energy at the detectors were calculated.
The analysis was executed with monoenergetic and exponential initial energy distributions
of REs with different angular distributions. To reproduce the detected radiation energy of
~1–2MeV, a generation of ~1010–1011 REs per flash is required in the case with the beam
angular distribution of monoenergetic REs with the energy in the range 1–10MeV. The
same result was obtained with the exponential energy distribution of REs with the average
energy 7MeV, i.e., with the average energy in the RE avalanche. The electric field
amplifies the flux of the radiation energy, and the amplification becoming stronger as the
RE source approaches the ground. In the case with an isotropic angular distribution of REs
in the bottom hemisphere, with no electric field, (4–5)� 109 REs are required for
reproducing ~1–2MeV of detected X-ray energy. In addition, fluxes of photons and fluxes
of their energy at the detectors, energy distributions of photons and their average energy
were calculated.
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1. Introduction

1.1. Overview

[2] The first experiments to detect penetrating radiation
correlated with thunderstorm activity were executed soon
after C.T.R. Wilson published the idea about acceleration
(“runaway” [Eddington, 1926]) of electrons in thundercloud
electric fields [Wilson, 1925]. Over many decades, a few
attempts were undertaken to detect the amplification of
penetrating radiation in thunderstorm atmospheres, the
results of which are believed to be statistically insignificant
(cf. review in [Babich, 2003]). At the end of the twentieth
century, interest in the idea of Wilson sharply increased.
Observations were being carried out using modern sensitive
instruments. Pulses of penetrating emissions of atmospheric
origin correlated with thunderstorms have been reliably

detected using a variety of experimental configurations.
Thus, using airborne instruments, Parks et al. [1981] and
McCarthy and Parks [1985] (plane) and Eack et al. [1996a;
1996b; 2000] (balloon) observed X-ray and gamma-ray
enhancements inside and above thunderclouds above the fair
weather background with durations of tens of seconds and
often switched off by lightning discharges. Aboard artificial
satellites, millisecond bursts of hard gamma-rays (Terrestrial
Gamma-ray Flashes—TGFs) [Fishman et al., 1994; Smith
et al., 2005; Briggs et al., 2010] and high-energy electrons
[Dwyer et al., 2008a; Briggs et al., 2011] have been detected,
some correlated with lightning discharges [Cummer et al.,
2005; Dwyer and Smith, 2005; Inan et al., 2006; Cohen
et al., 2006;Williams et al., 2006;Gurevich et al., 2007; Babich
et al., 2001, 2004a, 2008a, 2008b, 2008c, 2008d;Carlson et al.,
2009; Dwyer et al., 2010; Smith et al., 2010; Splitt et al., 2010;
Connaughton et al., 2011]. X-ray and gamma-ray pulses from
thunderstorms and lightning have been observed from the
ground [Suszcynsky et al., 1996; Moore et al., 2001; Torii
et al., 2002; Dwyer et al., 2003; Dwyer et al., 2004a, 2004b,
2005a; Tsuchiya et al., 2007; Saleh et al., 2009] as reviewed
by Dwyer et al. [2012]. The study of high-energy processes
in the thunderstorms, as part of the physics of atmospheric
electricity, is important for understanding processes that affect
thunderstorm fields and, as a consequence, for understanding
thunderstorm activity of the atmosphere as a whole. Information
on the secondary effects of penetrating emissions is important
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for predicting their influence on the human activity and design-
ing adequate protection. Penetrating radiation of thunderstorm
origin is possibly dangerous for electronic equipment of flying
vehicles, for crews and passengers of airliners [Dwyer et al.,
2010; Kutsyk et al., 2011]. With the fluence of high-energy
electrons at the plane skin (Al, 6mm) 1011–1012m�2 the irra-
diation dose of people was estimated to have a magnitude of
0.01–0.1 Sv per lightning flash [Kutsyk et al., 2011].
According to the available literature data, for instance, [Kozlov,
1987], the dosage irradiation limit is 5 � 10�4 Sv per annum. In
governmental corporation “Rosatom”, the limit 2�10�4 Sv per
annum is accepted.
[3] It is clear that for the penetrating emissions from thun-

derstorms, the elementary process of electron bremsstrahlung
is responsible. However, the macroscopic processes able to
account for the generation of the high-energy electrons still re-
main obscure in spite of the increasing number of publications
containing analyses and numerical simulations. The high-
energy electrons can be generated by large-scale electric fields
of thunderclouds and by relatively localized fields of lightning
leaders and return strokes. In thundercloud fields, the high-
energy electrons are produced by relativistic runaway electron
avalanches (RREA) [Gurevich et al., 1992; Roussel-Dupré
et al., 1994] initiated by seed electrons produced by cosmic
rays and airborne radionuclide. Although for the RREA
development, strong fields are not required, as are neces-
sary for the ordinary breakdown with low-energy electrons
(i.e., the threshold field strength required for the RREA devel-
opment is an order of magnitude lower than for the ordinary
breakdown), vast domains are needed in the atmosphere with
a voltage many times exceeding a value corresponding to the
mean energy of the electrons in RREA (~7МeV [Babich
et al., 2004b, 2004c; Dwyer, 2004, 2008]). In another case
of so called, “thermal runaway” [Gurevich et al., 2007], or,
more accurately “high-field runaway” [Dwyer, 2008],
analyzed for the first time in connection to gas discharges by
Babich and Stankevich [1972], the high-energy electrons are
generated in strong fields at the front of the developing chan-
nels of the lightning leaders with the field strengths exceeding
the ordinary self-breakdown limit. The high-field runaway and
runaway breakdown was first observed in laboratory
discharges in the open atmosphere [Stankevich and Kalinin,
1967; Tarasova and Khudyakova, 1969; Kremnev and
Kurbatov, 1972] and was studied in the subsequent research
(сf. [Tarasova et al., 1975; Babich et al., 1975; Lo ko, 1980;
Babich et al., 1982, 1990; Babich, 2003, 2005; Dwyer et al.,
2005b; Dwyer et al., 2008; Nguyen et al., 2008; Rep’ev and
Repin, 2008; Babich and Lo ko, 2009, 2010; Gurevich et al.,
2011] and literature cited therein). The mean energy of high-
energy REs in the case of “high-field runaway” is significantly
lower than that in RREA. Obviously, the high-field runaway
is capable of being a source of seed electrons initiating
RREA development as was proposed in one of the TGF
theories [Dwyer, 2008]. In thunderstorm fields, the discharges
with REs are developed similar to the volumetric laboratory
discharges in open atmosphere initiated by a subnanosecond
RE pulse generated in the initial stage of the discharge
[Tarasova and Khudyakova, 1969; Tarasova et al., 1975;
Babich et al., 1982, 1990; Babich, 2003, 2005], or discharges
with artificial preionization by external electron beam
intended for pumping high-pressure gas-discharge lasers
[Mesyats and Korolev, 1986].

[4] In view of the possibility of electron runaway at the
leader front, the experiments in which X-ray pulses have
been detected at sea level with sources in the leaders of arti-
ficial (triggered) [Dwyer et al., 2003; Dwyer et al., 2004a;
2004b; Saleh et al., 2009] or natural [Dwyer et al., 2005a]
lightning are of particular interest for understanding the
physics of tropospheric lightning. Emissions from triggered
lightning are often measured much better than those of
natural lightning. The location of the artificial channel
attachment to the ground is known beforehand; therefore,
detectors can be positioned at desired distances close to the
X-ray source such that the detectors would be irradiated by
fluxes with intensities sufficient for statistically significant
information. Therefore, analysis of data of experiments with
triggered lightning is often more reliable than analysis of
data of observations of natural lightning. An experiment
with triggered lightning was analyzed by Saleh et al.
[2009] who used a Monte Carlo technique to simulate the
transport of the RE bremsstrahlung from sources in the
leader channel to detector positions.

1.2. This Work

[5] This work is devoted to numerical simulations of the
X-ray pulses observed in correlation with steps of leaders
of natural lightning [Dwyer et al., 2005a], and is motivated
by differences in characteristics of the motion of leaders of
artificial and natural lightning, and, hence, by differences
in emission properties of the leaders. As the discharges of
the natural lightning are random events, it is impossible
beforehand to place a detector near the lightning strike. In
the observations of Dwyer et al. [2005a], the detectors were
rather distant from the location of the lightning strike to the
ground, ~300m. Therefore, the detected photon numbers
were small, such that results were obtained at the limit of
the sensitivity of the instrumentation. We solved a task of
calculating the spatial distribution of fluxes of photons and
fluxes of bremsstrahlung energy at the ground relative to
the location of the lightning strike and energy distribution
of photons. The number of high-energy REs generated by
the leader was estimated, fitting the results of the calculations
to the data in Dwyer et al. [2005a].
[6] Data from detectors No. 8–11 [Dwyer et al., 2005a]

were analyzed, allowing for the radiation attenuation in the
detector windows (a layer of aluminum with thickness of
1/8 inches� 0.32 cm) and additional screening of the
detector No. 8 by a bronze attenuator cap 0.32 cm thick
[Dwyer et al., 2005a]. Below the aluminum windows,
detectors No. 9–11 are unshielded. The irradiated surface
of detectors was let to be a plane. Its area was estimated as
Sdet� 0.45 � 10�2m2 according to the detector diameter
7.6 cm [Saleh et al., 2009]. Numerical simulation of trans-
port of electrons and their bremsstrahlung with energies
≥1 keV at large distances was carried out using the Monte
Carlo code ELIZA [Donsko , 1993], allowing for all variety
of elementary processes with electron, positron, and photon
participation, improved by Donsko to allow for the electric
field [Babich et al., 2004b, 2004c]. Specific (per one RE)
fluxes of photons dΦph/dNe and bremsstrahlung energy
dΦE/dNe are the results of the simulations. These numbers
are required for interpreting enhancements of penetrating
emissions observed in correlation with thunderstorms and
for further development of lightning mechanisms. Modern
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theoretical models are rather speculative because of the
insufficient knowledge of processes responsible for the
generation and energizing of electrons in lightning. Therefore,
obtaining numbers of high-energy REs from experimental
data, such as available in Dwyer et al. [2005a], has important
implications for other work in this field.

2. Numerical Simulation of the Experiment
With Artificial Lightning

[7] Before we start the analysis of the observations of
natural lightning by Dwyer et al. [2005a], we believed it is
expedient to estimate whether it is possible without simulating
the radiation transport to directly use the results that Saleh
et al. [2009] obtained for triggered lightning using the initial
exponential energy distribution of REs in the source at the
leader front

f eeð Þ / exp �ee=�eð Þ (1)

with the characteristic energy �e varied from 300 keV up to
7MeV, i.e., up to the average energy of electrons in RREA.
Two variants of the angular distribution of electrons, without
allowing for the electric field, were analyzed: isotropic in the
bottom hemisphere (below isotropic) and beam (delta-like).
The source of electrons was located at a vertical axis z
and is uniformly distributed in its sections Δz = 17–87m,
87–287m, 287–487m, and 487–797m. For these Δz values,
with RE angular distributions as specified above and various
values of the energy�e, an RE number was selected so that the
flux of the bremsstrahlung energy at the detector locations
agreed with the measurement data. The best agreement with
all sets of experimental data was reached with �e= 1MeV and
an isotropic angular distribution if the rate of RE generation
by the sources in the range of altitudes 17–797m was as
follows [Saleh et al., 2009]:

Se � 30� 3ð Þ�1015 s�1: (2)

[8] With the leader velocity Vlead = 4.8 � 106m/s, the follow-
ing number of high-energy REs emitted by a unit length of the
leader, corresponds to this rate

dNe=dl ¼ Se=Vlead � 6� 0:6ð Þ�109 electrons=m: (3)

[9] If the distance between the location of the lightning
strike at the ground and the unshielded detectors are chosen
to be L� 300m, we estimated according to Figures 10

and 11 in Saleh et al. [2009] values of the radiation
energy flux at the detector to be ΦE(L)� 6 � 104 keV/m2

and ΦE(L)� 2 � 105 keV/m2 , respectively, for the sources
at the altitudes z= 17–87m (Δz= 70m) and z = 87–287m
(Δz=200m). Then, the energy of the radiation of one flash,
i.e., the emission of one step of the leader of the natural light-
ning with the length of lst� 50m [Uman, 2001; Rakov and
Uman, 2003], irradiated the detectors Estep =EΔz � lst/Δz=ΦE �
Sdet(L) � lst/Δz is estimated to have magnitudes 200 keV
and 220 keV, almost 10 times less than the energy
Estep = 1–2MeV detected by unshielded detectors in the
experiment with the natural lightning [Dwyer et al., 2005a].
Hence, the specific RE number (3) corresponding to the
RE generation rate (2) in the experiment with the triggered
lightning [Saleh et al., 2009] underestimates the radiation
energy of natural lightning.
[10] With a goal of testing our model, we applied it to the

experiment with the artificial lightning [Saleh et al., 2009].
Calculations were carried out for the configuration with
which Saleh et al. [2009] reached the best agreement of
numerical simulations with the experimental data, namely,
the isotropic angular distribution of electrons; exponential
energy distribution (1) with �e= 1MeV; and the source local-
ized in the altitude intervals specified above. The specific
flux of the radiation energy dΦE/dNe calculated using the
ELIZA code with the homogeneous altitude distribution of
the injected electrons in the range of altitudes Δz is presented
in Table 1. The calculated magnitudes of dΦE/dNe are com-
pared to the magnitudes of the flux ΦE/Ne calculated from
results given in Saleh et al. [2009]: the energy flux ΦE for
the same ranges of altitudes of the source Δz was taken from
Figures 10–12 in Saleh et al. [2009]. The corresponding
number of REs was calculated as Ne = Se �Δt by the RE
generation rate Se in Figure 13 in Saleh et al. [2009] with
the measured time Δt of passage by the leader over the
distance Δz [Saleh et al., 2009].
[11] Most magnitudes of the flux dΦE/dNe calculated

using the ELIZA code with a statistical error of 10–30%
exceed the fluxes ΦE/Ne, we calculated using the data of
Saleh et al. [2009]. The magnitudes dΦE/dNe and ΦE/Ne

calculated for the unshielded detector are well coordinated
with each other. The divergence can be explained by differ-
ences in the ELIZA code and the Monte Carlo technique by
Saleh et al. [2009], different libraries of cross-sections of
elementary processes, values of the statistical errors of sim-
ulations, inaccuracies in the reading of results of calculations
given in figures in the paper [Saleh et al., 2009]. Large,

Table 1. Comparison of the Specific Flux of RE Bremsstrahlung Energy at the Detectors Calculated Using ELIZA Code With Fluxes
Calculated According to the Experimental Data [Saleh et al., 2009]

Δz (m) = 17–87, Δt= 7 ms Δz (m) = 87–287, Δt= 57ms Δz (m) = 287–487, Δt = 50ms

Specific Flux of Bremsstruhlung
Energy, MeV⁄ (cm2 ∙ el) L, м L, м L, м

75 100 150 200 300 75 100 150 200 300 75 100 150 200 300

Unshielded detector (Al, 0.32 cm) [Saleh et al., 2009].

1014 �ΦE/Ne [Saleh et al., 2009] 316 132 42 16 2.6 77 51 26 15 3.3 4.8 3.6 2.9 2.4 1.2
1014 � dΦE/dNe [ELIZA] 344 142 37 13 2.2 103 77 34 14 3.9 6.5 6.1 4.8 3.4 1.7

Shielded detector (Al 0.32 cm+Pb 0.32 cm) [Saleh et al., 2009].

1014 �ΦE/Ne [Saleh et al., 2009] 78 37 10.5 4.2 0.7 19 15 7.7 4 1.3 1.9 1.4 1 0.9 0.5
1014 � dΦE/dNe [ELIZA] 123 41.5 8.6 3 0.4 43 33 13 5.5 1.4 4.3 4 3 2.3 1.1
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sometimes, 2–3 times, difference between dΦE/dNe and ΦE/
Ne calculated for the shielded detector, most likely, are
connected not only with the inaccuracy of the calculations
but also with the plane model of the detector and the absorb-
ing layers accepted in our calculations, ignoring the vertical
walls of the lead screen. However, in view of the radiation
flux experienced many orders of attenuation between the
source and the detectors; the results given by either
technique can be considered as being satisfactory and the
differences in the details of the models insignificant.
[12] Thus, the RE source in the altitude range of 17–797m

with isotropic angular distribution, and exponential energy
distribution (1) with �e = 1MeV, and the generation rate of
Se� (30� 3) � 1015 s�1 corresponds to the results of exper-
iment with the artificial lightning [Saleh et al., 2009].
Although the accepted angular and energy distributions
are rather arbitrary, apparently, their combination is ade-
quate for describing the averaged results of the experiment
with significant numbers of photons reached the detectors,
i.e., agreement is reached thanks to the average description.

3. Numerical Simulation of Experiment
With the Natural Lightning

[13] Analyzing the experiment with the natural lightning
[Dwyer et al., 2005a], we let the X-rays be produced by
high-energy REs generated in the domain with the strong
electric field at the front of the negative stepped leader
moving vertically downwards. For simulating the transport
of bremsstrahlung photons, it is necessary to know the
energy and angular distributions of emitting REs. Is it possi-
ble, following Saleh et al. [2009], for the electron energy �e
to be equal to 1MeV and an isotropic angular distribution?
To answer this question, it was necessary to estimate the
voltage drop at the leader front, a magnitude of which
defines the RE energy, and to take into consideration the
RE propagation along the field lines away from the front.
[14] We modeled the leader channel by a thin rod with a

length l with a linear charge density l (Figure 1). The rod
is located at the vertical axis z. Taking into account the field,
the charges induced in the earth, the vertical component of
the field intensity of the rod, the bottom end of which is
located at the altitude H, at the point at the distance r from
the axis at the altitude z above the earth’s surface is described
by the known formula:

Ez z; rð Þ � l
4pe0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ H � zð Þ2

q � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ H þ l � zð Þ2

q
8><
>:

þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ H þ zð Þ2

q � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ H þ l þ zð Þ2

q
9>=
>;: (4)

[15] At the earth’s surface (z= 0) at the distance r from the
lightning strike point the maximum value of the vertical
component of the intensity is reached at the moment when
the leader contacts the surface, i.e. H= 0:

Emax
z rð Þ ¼ l

2pe0

1

r
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ l2
p

� �
:

[16] To estimate l, we took advantage of the electric field
intensity in Figure 2 in Dwyer et al. [2005a]. Letting r<< l
and allowing for that, the field detector was located at the
distance r = 240m from the location of the lightning strike
at the earth [Dwyer et al., 2005a] where at the moment of
the leader approach to the earth the maximum value of the
intensity was measured to be Emax

z rð Þ� 38 kV/m, we found
l ¼ 2pe0r�Emax

z rð Þ ¼ 5:1�10�4 C/m. It is possible to
believe that the leader crown, in which the field intensity
exceeds the self-breakdown magnitude Ebr� 1MV/m in
the inhomogeneous field, is limited by a cylindrical surface
with radius

Rcr ¼ l
2pe0Ebr

¼ r
Emax
z rð Þ
Ebr

� 3 m: (6)

[17] Then, the voltage drop at the axis of the leader with
length l ~ 1 km at the distance ~Rcr from the leader bottom
end is estimated by the magnitude

Δ’ � l
4pe0

ln
l

Rcr
¼ rEmax

z

2
ln

l

Rcr
� 21:5 MV; (7)

significantly surpassing the characteristic energy �e = 1MeV
accepted by Saleh et al. [2009] while simulating the experi-
ment with the triggered lightning. Proceeding from this
magnitude of Δ’, a number of the RREA e-fold amplification
lengths can be estimated by ~3 and, accordingly, the ava-
lanche amplification by ~20.
[18] The processes of electron energizing and multiplica-

tion in strong fields near streamers and lightning leaders
were analyzed by many authors (cf. for instance, papers of
Moss et al. [2006], Chanrion and Neubert [2010], Ebert
et al. [2010], Kutsyk et al. [2011], Celestin and Pasko [2011]
and citations therein). However, even if the idiosyncrasies of

Figure 1. Simulation scheme. L is a distance between a
point of lightning strike to the detector, l is a length of the
charged leader channel, z0 is an altitude of the RE source
location (d = 1.3).

(5)
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the processes in the domain of strong field were known and
well studied, the details of the particular leader propagation
and evolution of the strong field near the leader are unknown
in each observation. Many lightning bolts and numerous
detectors are required to have an averaged picture. Therefore,
we avoid considering processes in the domain of a strong field
and start the simulation of the transport of high-energy
electrons and their bremsstrahlung beginning with some point
away from the front.
[19] The start position of the electron (beginning of the

simulated trajectory) was set at the distance from the leader
end z0 (Figure 1) where the overvoltage of the leader field
d = еЕ/Fmin relative to the minimum of the electron drag
force Fmin/P� 218 keV/(m�atm.) is decreased down to the
threshold magnitude 1.3, limiting the RREA development.
In our model, with l= 5.1 � 10� 4 C/m, this happens at the
distance of ~20m, much less than the distances between
the location of the lightning strike and detectors. Variations
of l within reasonable limits did not lead to dramatic
changes in the obtained results, because with any l the
electron trajectory was followed up beginning with a point
where d = 1.3. At such distance, the initial anisotropy of
RE distribution obtained in the super strong field at the
leader front decreases. The field lines are strongly divergent
only in the front domain. Away from the front at distances
significantly larger than Rcr, the lines become almost

collinear, such that the beam approximation of the angular
distribution of electrons in the source is adequate. For this rea-
son, the isotropic assumption is not fully adequate. Initially,
the beam is directed downward (along the rod modeling the
leader). Afterwards, electrons experience interactions with
the air species and scatter in different directions. So, while
moving through the atmosphere, electrons “forget” their
beam-like initial distribution. In our simulations, we mainly
use the beam distribution. It is, of course, a certain approxima-
tion because it would be more consistent to take into account a
divergence of the field lines at the leader front and stochastic
wandering of the leader. The simulations with the isotropic
distribution were carried out to obtain strongly overestimated
effects making the electron motion chaotic.
[20] We executed simulations for two variants of the

initial energy distribution of REs: monoenergetic with the
energy �e and exponential with a mean energy < e>. The
energy �e was varied in a wide range limited from above
10MeV in view of the estimation (7) of Δj. As the eΔj
essentially exceeds the mean energy of electrons in RREA
~7MeV [Babich et al., 2004b; 2004c; Dwyer, 2004; 2008],
RREAs possibly develop near the leader front. This possibil-
ity we took into account using the exponential initial
distribution with < e>= 7MeV without allowance for the
field in the domain of simulation where d< 1.3.
[21] We let the distance from the location of the lightning

strike to all detectors to be the same: L= 300m. A difference
in distances (300m, 310m, and 260m accordingly to the
detectors No. 1–9, No. 10, and No. 11) weakly affects results
of calculations. The altitude z0 (Figure 1) of the electron start
relative to the location of the lightning strike at the ground
was varied from 50 to 200m.
[22] Specific (per one electron) photon flux dΦph/dNe and

flux of their energy dΦE/dNe at the detector planes at the
ground for different altitudes z0 of the point source of
electrons are the results of calculations. Results of the
calculations for two values of z0, two variants of angular
and energy distributions of electrons, with and without
allowing for the electric field, are presented in Tables 2
and 3. The maximum amplitude of signals from the
unshielded detectors No. 9–11 ~1V [Dwyer et al., 2005a]
corresponds to the radiation energy of ~2.5MeV. The detec-
tor No. 8 shielded by the bronze cover detected considerably

Figure 2. Photon spectra at detector surface. Delta-like
angular (beam) RE distribution.

Table 2. Specific Flux of Radiation Energy, Specific Photon Flux, and Average Photon Energy at Unshielded (Al, 0.32 cm) and Shielded
by Bronze Plate (Al, 0.32 cm+ bronze, 0.32 cm) Detectorsa

Monoenergetic RE Beam With Energy �e.
Electric Field Is Taken Into Account.

Exponential RE Energy Distribution With Mean Energy
< e>= 7MeV. Electric Field Is Not Taken Into Account.

�e= 1MeV �e= 10MeV

Angular Distribution

Beam Isotropic in Lower Semispace

Detector number [Dwyer et al., 2005a] 9–11 8 9–11 8 9–11 8 9–11 8
Attenuator Al Al + screen Al Al + screen Al Al + screen Al Al + screen

1011 dΦE
dNe

, MeV⁄ (m2 ∙ el) 12.3 2.06 1320 859 257 111 5830 4200

Ne/10
11 24 0.23 1.17 0.05

1011 dΦph

dNe
, 1⁄ (m2 ∙ el) 106 7.97 4000 1650 1110 149 5920 2030

< eph>, MeV 0.12 0.26 0.33 0.53 0.23 0.74 0.98 2.10

aL= 300m distant from the point of the lightning leader strike on the earth. Sdet� 0.45m2. The source altitude z0 = 100m. The RE number Ne is in average
corresponding to the detected energy of the radiation Estep = 1–2MeV.
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less number of pulses; the amplitude of the maximum
signal, of ~0.25V, corresponds to the radiation energy of
~0.66MeV.
[23] The unshielded detectors No. 9–11 repeatedly regis-

tered pulses with the energy Estep =ΦE � Sdet = 1–2MeV
[Dwyer et al., 2005a]; hence, ΦE=Estep/Sdet = 200–400MeV/
m2, i.e., on the average 300MeV/m2. Proceeding from this
estimation of ΦE, the results presented in Tables 2 and 3 were
analyzed; the RE number produced by the source required for
reproducing the flux of the radiation energy ΦE at the detector
was estimated as follows:

Ne ¼ ΦE

dΦE=dNe
: (8)

[24] A generation of Ne� 1.3 � 1010–3.5 � 1011 electrons
per flash and, accordingly, Ne/lst ~1.3 � 109–3.5 � 1010 el/m
by the leader step with length lst ~10m is required for repro-
ducing the flux of the radiation energy ΦE = 300MeV/m2 at
the unshielded detectors No. 9–11 in the case of the beam
angular distribution of monoenergetic electrons with the
energies in the range 1–10MeV with allowing for the elec-
tric field. For the electron beam with the exponential energy
distribution with < e> = 7MeV without taking into account
the field, almost the same numbers of electrons per flash
Ne� 3.1 � 1010–1.2 � 1011 and, accordingly, Ne/lst ~3.1 � 109–
1.2 � 1010 el/m correspond to the flux ΦE = 300MeV/m2. In
the case of the isotropic angular distribution of electrons with
< e>=7MeV, without allowing for the field, much smaller
numbers of electrons per flash Ne� (4–5) � 109 correspond to
the flux ΦE = 300MeV/m2, such that the required numbers
of electrons per unit length of the leader decrease to Ne/lst to

~(4–5) 108 el/m. Note that the step length was let to be equal
to lst ~ 10m according to the step duration of ~15ms in Figure 2
in Dwyer et al. [2005a] and velocities of the stepped leaders
propagation of 1.5 � 105–2.6 � 106m/s [Uman, 2001; Rakov
and Uman, 2003].
[25] According to Tables 2 and 3 in the case of the

isotropic distribution, the calculated fluxes of photons and
radiation energy at shielded and unshielded detectors differ
less than for the beamed case. Hence, with the isotropic
distribution, it is difficult to explain the differences in the
readings of the detector No. 8, shielded by the bronze cover,
versus the unshielded detectors No. 9–11. The shielding
leads to an increase in the average energy of photons< eph>
and in a several times reduction of their flux at the detector.
Thus, according to the data in Tables 2 and 3, in the case of
the beam distribution with the mean energy < e> = 7MeV
without allowing for the field, the photon energies are
equal to < eph> =230–370 keV and < eph> =740–920 keV,
respectively, at unshielded and shielded detectors. Proceed-
ing from the measured magnitude of the radiation energy
Estep = 1–2MeV [Dwyer et al., 2005a] and these values of
< eph>, an estimation follows of the average photons
numbers Nph ~ 3–10 per one flash detected by the unshielded
detector and Nph ~ 1–3 by the shielded one. These estimations
possibly explain the smaller numbers of pulses detected by
the shielded detector as the measurements were carried out
at the sensitivity limit.
[26] In Tables 4 and 5, results are presented illustrating the

electric field influence at the radiation energy flux at detec-
tors for two values of the source altitude location z0. The
closer the radiation source is to the ground, the stronger is
the flux amplification at the expense of the field; most likely,

Table 3. Specific Flux of Radiation Energy, Specific Photon Flux, and Average Photon Energy at Unshielded (Al, 0.32 cm) and Shielded
by Bronze Plate (Al, 0.32 cm+ bronze, 0.32 cm) Detectorsa

Monoenergetic RE Beam With Energy �e.
Electric Field Is Taken Into Account.

Exponential RE Energy Distribution With Mean Energy
< e>= 7MeV. Electric Field Is Not Taken Into Account.

�e= 1MeV �e= 10MeV

Angular Distribution

Beam Isotropic in Lower Semispace

DETECTOR NUMBER [Dwyer et al., 2005a] 9–11 8 9–11 8 9–11 8 9–11 8
Attenuator Al Al + screen Al Al + screen Al Al + screen Al Al + screen

1011� dΦE
dNe

, MeV⁄(m2 ∙ el.) 8.57 2.62 2350 1450 966 552 7480 5810

Ne/10
11 35 0.13 0.31 0.04

1011� dΦph

dNe
, 1⁄(m2 ∙ el) 57.8 7.22 5200 1190 2620 602 6280 2520

< eph>, MeV 0.15 0.36 0.45 1.22 0.37 0.92 1.19 2.30

aL= 300m distant from the point of the lightning leader strike on the earth. Sdet� 0.45m2. The source altitude z0 = 200m. The RE number Ne is in average
corresponding to the detected energy of the radiation Estep = 1–2MeV.

Table 4. Effects of Electric Fielda

109� dΦE
dNe

, MeV⁄ (m2 ∙ el)
Attenuator Al Al + Pb Al + bronze Al Al + Pb Al + bronze

L, m Electric field is taken into account. Electric field is not taken into account.

50 9250 6320 6170 4370 3110 3610
100 588 300 348 421 205 277
200 27 7.85 10.6 20.7 6.26 8.75
250 10.8 4.82 3.90 8.23 2.35 3.7
300 4.47 1.33 1.38 2.57 0.77 1.11

aExponential RE energy distribution with mean energy < e>= 7MeV. z0 = 100m. Attenuator layers: Al (0.32 cm), Pb (0.32 cm), bronze (0.32 cm).
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this is connected with that strengthening of the field by the
charges induced in the earth as the RE source (leader end)
approaches the earth.
[27] In Figure 2, photon spectra normalized per unity at

the surface of the detector for the beam of monoenergetic
electrons with the energy �e = 1MeV and electrons with
exponential energy distribution with < e> = 7MeV are
illustrated. The histogram bin sizes are irregular; the error is
from 10 to 20% in the range above 50 keV. Photons with
energies 200–300 keV and with energies below 100 keV dom-
inate, respectively, at the shielded and unshielded detector. At
the unshielded detectors, the photon spectra weakly depend on
the electron energy. At the shielded detector, the spectra with
various electron energies are rather close in total; however,
the spectra maxima are significantly different. The proximity
of the spectra with different electron energies is not obvious
a priori; thus, the specific photon fluxes calculated with elec-
tron energies 1 and 7MeV (Tables 2 and 3) differ many times.
[28] In Figure 3, the dependence of the specific flux of

the radiation energy on the distance between the location
of the lightning strike and detector L is illustrated. The fluxes
at the detectors located at 25m and 350m differ from each
other by almost four orders of magnitude for electron beam
and by more than two orders for the isotropic electron distri-
bution. As noted above, the beam-like electron distribution
is adequate for 1-D leader motion [Dwyer et al., 2005a].

The isotropic distribution, possibly, can be only used in the
scenario with averaging of stochastic deviations of the
leader trajectory from the vertical. The isotropic distribution
describes rather well the averaged results of the experiment
with the triggered lightning, which are trustworthy owing
to large number of pulses detected by instruments located
at various distances from the strike point. At the same time,
isotropic source assuming the averaging of the emission
direction over the stochastic deviations is not fully adequate
to the experiment with the natural lightning, because a single
event was observed using small numbers of detectors located
at large distances to the source, such that only single photons
were detected. With the beam distribution, there are other
difficulties: the deviations of the leader trajectory from the
vertical and, accordingly, the trajectories of the emitting
electrons and, hence, the direction of the photon emission
leads to variations in the length of the photon path and the
incident angle at the detector. In a sense, the effect of these
factors is equivalent to variations of the distance L: according
to Figure 3, the radiation flux is strongly dependent on the L.
Because of its unpredictability, all this makes it difficult to
analyze experiments with natural lightning: perhaps, flashes
of the leader emissions were detected by particular instrument
only in those cases when the leader declined in the direction to
this instrument. Fluctuations of the photon flux at the detec-
tors, which actually detected single photons, also hampered
the analyses. Possibly there were events, in which one of the
detectors registered a flash, whereas another did not register,
in spite of both were located close to each other.
[29] Using the same formula (8), we estimated from above

a number of REs Ne in one pulse. We proceeded from that in
the experiment by Dwyer et al. [2005a] a number of pulses
detected by unshielded instruments No. 9–11, significantly
exceeds a number of pulses detected by shielded instrument
No. 8 since at large distances from the source the photon flux
is so weak that instruments with a small surface did not
detect each pulse. The detector No. 8 did not register a pulse if

Φshield
ph �S det < 1; (9)

from which an inequality follows:

Φshield
ph �Sdet ¼ Φshield

E

< eph >
� Sdet ¼ Ne

dΦshield
E

dNe
� Sdet
< eph >

< 1: (10)

[30] The number of electrons, Ne, generated by one leader
step and the number of electrons per unit length of the step,
Ne /lst, were estimated using the maximum value of the

Table 5. Effects of Electric Fielda

109�dΦE
dNe

, MeV⁄(m2 ∙ el)

Attenuator Al Al + Pb Al + bronze Al Al + Pb Al + bronze

L, m Electric field is taken into account. Electric field is not taken into account.

50 9490 7370 8310 5160 4310 4750
100 1590 1210 1310 939 691 814
200 122 73.9 89.5 70.1 35.5 44.2
250 45.2 20.9 25.4 25.5 13.4 16.7
300 16.4 6.86 9.19 9.66 4.18 5.52

aExponential RE energy distribution with mean energy < e>= 7MeV. z0 = 200m. Attenuator layers: Al (0.32 cm), Pb (0.32 cm), bronze (0.32 cm).

Figure 3. Dependence of the specific flux of the radiation
energy at the detector versus the distance between the
detector and the location of lightning strike at the ground
for different altitudes of RE source z0. Exponential RE
energy distribution with < e> =7MeV and delta-like (beam)
angular distribution. The dotted line is for the isotropic
distribution in the bottom semispace at z0 = 100m.
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photon energy < eph> =2.3MeV and the minimum value of

the specific energy flux
dΦshield

vE
dNe

= 1MeV⁄(m2 ∙ el) at the shielded
detector calculated with the exponential energy distribution of
electrons in the source with the average energy< e>=7MeV
available in Tables 2 and 3; the result with lst ~ 10m is
as follows

Ne <
< eph >
S det

� dΦshield
E

dNe

� ��1

� 4�1013; e 4�1012el=m: (11)

4. Conclusions

[31] A simplified model was proposed for generation of
X-rays by lightning leaders assuming that bremsstrahlung
of high-energy runaway electrons (REs) generated at the
leader front is the source of X-rays. As the details of the
RE generation are unknown, while analyzing experiments
on detection of X-ray emissions from the leaders, we
limited ourselves to numerical simulations of emissions of
localized RE sources with a priori set initial angular and
energy distributions. The model was tested simulating the
on-ground experiment that detected X-rays from the leader
of triggered lightning [Saleh et al., 2009]. The calculated
specific X-ray fluxes at detectors are close to the results
of numerical simulations by Saleh et al. [2009] with the same
initial characteristics of the RE source (exponential energy dis-
tribution with a mean energy 1MeV, isotropic angular distri-
bution in the bottom semispace) and linear RE concentration
in the leader channel, with dNe/dl� (6� 0.6) � 109 el/m fitting
the RE generation rate in experiment by Saleh et al. [2009].
These parameters are shown to not fit results of X-ray observa-
tions from the stepped leader of natural cloud-to-ground
lightning [Dwyer et al., 2005a]. This difference is possibly a
consequence of differences in “electric structure” of leaders
of artificial and natural lightning, in particular, in the
magnitude of the voltage drop in the domain of the strong field
at the leader front.
[32] While analyzing the experiment with the stepped

leader of the natural lightning [Dwyer et al., 2005a], we note
that strong sensitivity of the photon flux at detectors to
stochastic deviations of the direction of leader motion along
with the fluctuations of the flux affected the detector
readings and hampered their interpretation using numerical
simulations. While simulating the X-ray emissions of the
stepped leader in the experiment by Dwyer et al. [2005a],
we started simulating the RE trajectories beginning from
the domain with relatively weak fields (outside the localized
domain of RE energizing and multiplication at the leader
front), where electrons lose their energy and development
of RREAs terminates. However, even in this weaker field,
with weakly divergent lines, the electron angular scattering
and energy loses are still much smaller than they would be
if the field was absent. The range of initial RE energies
was chosen based upon the voltage drop at the leader front
of 21.5MV, estimated using the measured local field
strength [Dwyer et al., 2005a]. The RE and bremsstrahlung
transport in the atmosphere and penetration of the radiation
through the shielding of the detectors were simulated using
the Monte Carlo technique. Specific (per one RE) fluxes of
photons and bremsstrahlung energy at detectors were
calculated for various altitudes of the RE source with

monoenergetic and exponential initial energy distributions
and delta-like (beam) and isotropic angular distributions. In
view of the focusing of REs by the leader electric field, the
beam distribution is believed to be more adequate. For
reproducing the detected radiation energy of ~1–2MeV
[Dwyer et al., 2005a], a generation of Ne ~ 10

10–4 � 1011 of
high-energy REs by one leader step with the linear density
of Ne/lst ~ 10

9–4 � 1010 el/m is required, somewhat exceeding
(6� 0.6) � 109 el/m in the leader of the triggered lightning
[Saleh et al., 2009). From the analysis of results obtained
with the monoenergetic RE beam, it is found that the electric
field strengthens the flux of the radiation energy. The closer
to the ground are the emitting electrons, the more
pronounced is the field influence. In the case of an isotropic
angular RE distribution, without allowing for the field, to
obtain the detected energy of the radiation of ~1–2MeV,
the required number of REs was estimated to be of the
magnitude ~(4–5) 109. The numbers of photons of ~3–10
at the unshielded detectors and only individual photons at
the detector shielded by the bronze plate were calculated.
This result helps explain the significantly fewer numbers of
X-ray pulses at the shielded detector.
[33] In addition to the magnitude Ne/lst ~ 10

9–4 � 1010 el/m,
which is the main result of our simulations, additional quanti-
ties to the experimental data available in the paper by Dwyer
et al. [2005a] were calculated: for different distances L between
the detector and the location of the lightning strike to the ground
specific (per one electron) fluxes of photons and radiation en-
ergy at detectors, and energy distributions of photons and their
average energy < eph>. Thus, at L=300m, in the case of the
beam distribution with the average energy 7MeV, the photon
average energy is< eph>� 200–400 keV at unshielded detec-
tor and < eph>� 700–900 keV at the shielded one.
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