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Abstract

Generation of X-rays due to multiple runaway breakdown inside thunderclouds is discussed. The model is based on the
recently developed kinetic theory of the runaway breakdown, and detailed theory of the X-rays propagation in the
atmosphere from the source to detector, which is determined by the Compton scattering. The model is shown to be in
qualitative agreement with observations of the X-ray spectrum. A comparison with the observed electric field distribution
and X-ray emission is consistent with the existence of a preconditioning fast charge transfer. Both fast electrons having short
lifetime and slow moving ions having long lifetime make a significant input into the charge transfer. © 1999 Published by

Elsevier Science B.V. All rights reserved.

1. Introduction

Recent observations made by airplanes [14] bal-
loons [3,4] and satellite-based detector [5] revealed
the X-ray and gamma-ray flashes generated inside
thunderstorm clouds. The generation of X-ray and
v-ray fluxes by thunderstorms has been attributed to
bremsstrahlung of high energy electrons produced by
the runaway breakdown [8,9,17]. The runaway
breakdown is triggered by secondary cosmic-ray
electrons, which are accelerated by the thunderstorm
electric field, producing an avalanche of high energy
electrons. The critical field for runaway breskdown
is an order of magnitude less than the threshold of
conventional air breakdown. Thus multiple runaway
breakdown, triggered by cosmic rays develops dur-
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ing the preconditioning stage of athunderstorm which
precedes lightning flash. Besides, it develops on a
scale length of order of tens or hundreds meters at
normal atmospheric pressure.

The objective of this paper is to present a quanti-
tative model of the X-ray generation inside thunder-
clouds due to the multiple runaway breakdown caused
by the thunderstorm electric field. The model is
based on the results of kinetic theory of the runaway
breskdown. The X-rays propagation in the atmo-
sphere, which is determined by the Compton scatter-
ing is considered. Comparison with the balloon ob-
servation [4] of the X-ray spectrum and intensity is
provided, which shows a sufficient agreement be-
tween the theory and observations.

In the next section we present a model of multiple
electron runaway breakdown caused by the thunder-
storm electric field and compute the spectral density
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of the bremsstrahlung emission. In Section 3 we
describe the X-rays propagation in the atmosphere
affected by the Compton scattering, obtain the inten-
sity and spectrum of the X-rays at different distances
from the source and compare them with the observa-
tions made by Eack et al. [3]. It alows us to estimate
the distance between the source and detector. In
Section 4 we estimate the amount of electric charge
transferred due to the multiple runaway breakdown,
and compare the changes in the electric field caused
by the above process with those observed in the
thundercloud.

2. Model of multiple runaway breakdown

Presented here model of multiple runaway break-
down inside thundercloud triggered by cosmic ray
secondary electrons is based on a following set of
assumptions. Since a typical charge layer within the
stratiform cloud has a horizontal extension of tens
and more kilometers while its vertical thickness is a
few hundred meters [15], we consider a one-dimen-
sional model of the multiple electron runaway break-
down. Besides, the mean free path of both the high
energy electrons and bremsstrahlung photons is much
shorter than the atmospheric density scale, therefore
we consider the atmosphere as uniform. We also
assume that thunderstorm electric field causing the
runaway breakdown is directed upwards. The colli-
sion frequency of runaway electrons is higher than
electron gyrofrequency up to the height of 20 km
[10], thus the runaway €electrons inside a thunder-
cloud can be treated as being unmagnetized.
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Fig. 1. Flux of cosmic secondary electrons which could trigger the
runaway breakdown at corresponding electric field §,, computed
for the height of 4 km.
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Fig. 2. The electron distribution function due to the runaway
breakdown versus electron energy computed for 6, = 2.0, and for
the height of 4 km.

The runaway breakdown develops when the elec-
tric field exceeds the critical field [8]

kv
E, = 2P(atm) . (1)

It is triggered by cosmic ray secondary electrons
having the kinetic energy ¢ greater than &, and
injected at an angle 6 to the electric field lesser than
0,. Here g, and 6, are determined by separatrix
which separates the angle-energy space into two
regions corresponding to the accelerating and decel-
erating €lectrons correspondingly [8,17].

The total flux @,,, of ambient cosmic ray sec-
ondary electrons involved in the runaway breakdown
can be found by integrating the unidirectional differ-
ential intensity of cosmic ray secondary electrons
J( m,€) over the solid angle 2 and the energy range

By, = [dO2 I p.€) de. (2)
(1, 8,)

Here u = cos6, 6 is the angle of the electron vector
velocity to the electric field, while 6, = E/E_. The
latter factor plays a critical role in the theory of
runaway breakdown. Proceeding we assume based
on the observations by Eack et a. [3], that the
runaway breakdown occurs at 4 km, and adopt the
values of the unidirectional differential intensity of
cosmic ray secondary electrons from Fulks and Meyer
[6] and Daniel and Stephens [2] we obtain the flux
®,., a a function of the electric field, which is
shown in Fig. 1.

The runaway breakdown has been started by cos-
mic ray secondaries that produce an electron beam
propagating downward along the vertical axis z, for
a distance z; which corresponds to the thickness of
the charge layer. As a result the flux of ambient

0
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cosmic ray secondary electrons will be magnified by
the factor exp{z/7,,,}, where /. (8,) is the charac-
teristic ionization length for the exponential growth
of the number of runaway electrons. Therefore the
density of the runaway electrons is described by the

following equation:

N(D) = B/ Lg=cBre (3)
where 7;( ;) is the avalanche time, while B(8,) =
vs/C is determined by the minimum velocity of the
runaway electrons.

The bremsstrahlung intensity and spectra caused
by the runaway electrons is determined by their
electron distribution function fg(€). The latter was
first obtained by solving numerically the relativistic
kinetic equation [17], and recently clarified by apply-
ing the proper ionization integral and boundary con-
ditions [18] Using those results we present the elec-
tron distribution function obtained for 6, = 2 and for
the 4 km altitude by averaging over the different
angles 6. Fig. 2 shows the electron distribution
function normalized in such away that (fz(e) de=1
when integrating over the range of the runaway
energy. Using this electron distribution function we
compute next the spectral density |, of the
bremsstrahlung emission

L=NN, [a(€) v(e) Tr(e)de, (4)

where o,( €) is the cross-section for the production
of photons in the frequency range dv by the incident
electron of energy e. The latter is adopted from
Kotch and Motz [13] for low electron energy e < (2—
3)mc?. Using Eq. (4) and taking into account the
electron distribution function illustrated by Fig. 2,
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Fig. 3. Spectral density of the bremsstrahlung emission computed
for 8, = 2.0, and for the height of 4 km.

we obtain the spectral density of the bremsstrahlung
emission. It is shown in Fig. 3 for the neutral density
N, = 1.5 X 10% cm™3 which corresponds to a height
of 4 km, and for a thickness of the charged layer
z, =200 m.

3. X-ray propagation in the atmosphere

The X-rays caused by bremsstrahlung of the run-
away €electrons propagate in the atmosphere from the
source to detector. X-ray photons having the energy
up to hundreds and even thousands keV experience
Compton scattering by the atomic electrons. As a
result, the photon energy gradually decreases, while
its scattering cross-section increases. When the pho-
ton energy drops below 20—-30 keV, they rapidly lost
due to photoionization. Moreover, we consider the
case when the photons propagate over a distance
much shorter than the atmospheric pressure gradient
scale, as well as and the horizontal extend of the
source. Therefore the photon propagation is similar
to 1D diffusion in the uniform atmosphere, which is
described by the following equation:

an 5 3’n  Av an 5

—=D— - ——+ ).

ot P2 o TAZY) (5)
Here n(v,zt) is the number of photons per cm™3
per frequency interval dv, and D is the coefficient
of photon diffusion in the atmosphere due to the
Compton scattering of cross-section o (v)

D(hv) = (6)

c
Ny a(hv)
while hAv is the energy loss by the photon in a
single collision, and A is the mean free path of the
photon

Ahv) = (7)

1
Nyo(hv) -
The mean energy losses and the Compton scattering
cross-section have been described by Bethe and
Ashkin [1]. Moreover we take into account that mean
free path of the X-ray photons is longer than the
characteristic ionization length for the exponentia
growth of the number of runaway electrons
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Fig. 4. Normalized photon spectral density n/n, versus y(v)
computed for different distances from the source. From top to the
bottom the value of ¢ — ¢, is equa to 0.05, 1, 2, 3, 4 respec-
tively.

(A>7,,,). Because of this most of the runaway
electrons were born just before escaping the area
filled with the intense electric field (8, > 1), in the
layer of thickness /,,. Thus the X-rays source in
Eqg. (5) can be presented as a point source described

by

Q=14 d(2-7). (8)
We consder then a stationary runaway discharge
similar to that observed by Eack [4], and using
dimensionless variables we present Eq. (5) in the
following form:

*n  an ngC L2

a2 &p c

Q=0,

_ _ v dv’
= L’ lp_/:) Av(ng'CL)z.

Furthermore we chose L such that L=1/N,Z¢,,
where ¢, = 6.65 X 10~2° cm? is the classical Thom-
son scattering cross-section [1] and Z is the mean
molecular charge which is equal to 14.4 for air. Thus
at 4 kilometer height L = 70m. Solution of diffusion
Eqg. (9) with the source described by (8) is

)

n=

NT‘IO- L ion
- f ‘/

xexp{—%}lv(w(v))- (10)

Eg. (10) was solved numerically by applying the
source spectral density of the bremsstrahlung emis-

sion shown in Fig. 3. Result of those computation is
illustrated by Fig. 4 which shows the normalized
photon spectral density n/n, versus (v) com-
puted for different distances from the source. Here
we define the value n, as the maximum value of the
curve ¢ — £, = 0.05 which is reached at ) = 8.

Since the source spectrum |, drops with v while
the photons mean free path increases with v, the
resulting photon spectral density peaks at a certain v.
Furthermore, at greater distances from the source this
peak shifts to higher energies (or higher ¢( v)) due
to increasing absorption, as revealed by Fig. 4.

Finally, in order to check our model by compari-
son against the spectrum observed by Eack [4] we
compute the X-ray fluxes integrated over three en-
ergy channels 30—60 keV, 60-90 keV, and 90-120
keV. Each of those channels has different efficiency
&(k) =0.94, 0.88 and 0.69 for the channels k=1, 2
and 3 correspondingly [4]. The total amount of pho-
tons observed per unit time by each of the detector’s
channelsis

No(¢) =09 [, nCu, z)—dw (11)

where Ay¥ is the width of the kth energy channel
in the terms of . From Eg. (11) we compute
relative amount of X-ray photons collected by each
of the above three channels of the X-rays spectrome-
ter. This is shown in Fig. 5 obtained for different
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Fig. 5. Relative number of photons which could be received by
each of three channels of the detector such as used by Eack et al.
[3] at a different distances from the X-ray source. Diamonds
correspond to computations at { =1(z=70m), asterisks corre-
spond to ¢ = 6(z=420m), while triangles show real measure-
ments by Eack et a. [3].
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distances from the runaway discharge to the detector,
along with the spectral observations [3]. Fig. 5 re-
veals that close to the photon source the low energy
channel 1 dominates over the higher energy channels
2 and 3, while at larger distances from the source the
channel 1 collects less photons than the channels 2
and 3, due to increasing attenuation. Comparison
between the theory and observations alows us to
determine the distance between the detector and
runaway region which acts as the source of X-ray
photons. This distance is about 400 m.

Based on the almost 1000 times increase of the
background X-rays intensity observed by Eack [4]
we can estimate from Eq. (3) the thickness of the
charged layer as z, = 7/,,,. Assuming &,=2 we
find that =i = 167 ns [18] while 8 = 0.68, thus Eq.
(3) gives z, =240m which is consistent with a
thickness of the charge layer of a few hundred
meters as observed in thunderclouds by Marshall et
al. [16].

4. Fast charge transfer

According to Gurevich et a. [8] fast electrons
produced by the multiple runaway breakdown cause
an intensive ionization of the air generating a large
number of secondary electrons having low energies
in the range of € ~ 10 eV. They rapidly loose their
energy through inelastic collisions with air molecules,
and becoming thermal electrons. The latter gradually
disappear due to attachment to O, molecules, and in
part to H,O molecules followed by the conversion
into heavy cluster ions. The electric charge is then
transferred by both electrons and ions. Those pro-
cesses are discussed below.

4.1. Electron charge transfer

Characteristic lifetime of free electrons in air at
the altitude 4 km is about 70 ns [11]. During their
lifetime the electrons are drifting under the action of
the thundercloud electric field, which leads to a
charge transfer. The drift is dominated by electron-
neutral collisions, thus regardless of the direction at
which electrons are emitted they drift along the
direction of the electric field. Besides, the electron
part of the fast charge transfer takes place till the

free electrons generated by the runaway discharge
exist. In our case the electric field is directed up-
wards, thus the electrons are moving downward pro-
viding the transfer of negative charge. Analysis of
the electric field data obtained during the balloon
flight through the thundercloud [3] allowed us to
estimate the total charge transferred per unit surface
of the clouds [11].

Q,=2x10"*C/m. (12)

From the other side, assuming that 6,= 2, and
taking the corresponding value of &,( 8, = 2), which
then is multiplied by the magnification factor 1000,
as discussed above, we obtain the flux of fast run-
away electrons

&, =2x10°e /m?s. (13)

This is consistent with estimates by Gurevich et al.
[11]

Each of those runaway electrons creates about 50
low energy electrons along 1 cm of its trgjectory, i.e.
the ionization rate is n =506 /cm. Since the slow
electrons are produced along the distance z, ~ 240m,
their total flux is

@y =z, =2.4x10%6e /m?s. (14)

Let us emphasize that in addition to high energy
runaway electrons, related to the X-rays production,
a significant input into the generation of thermal
electrons is caused by less energetic electrons having
a wide energy spectrum from about e, ~ 100 keV
down to the maximum energy needed per ionization
of the air molecules ¢, ~ 110 eV. Note that the
effect caused by the less energetic electrons was not
taken into account by Gurevich et al. [11]. Recent
development in the kinetic theory of runaway break-
down shows that the electron distribution function
grows appreciably in the low-energy range € < 100—
200keV. This leads to a significant increase in the
ionizetion rate in comparison with ionization by
runaway electrons only, given by a factor In%_/¢,,
[12]

Therefore the total flux of slow electrons becomes
equal to:

€,
Pt = |n26—° &, ~ 50, . (15)

m
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Furthermore consider the mean distance I4r tra-
versed by the free electrons about 2.5 cm [11], and
duration of the runaway breakdown process t,, = 90
s [3] we obtain that the charge transferred by elec-
trons per unit surface is

Q=edt, 1, =10*C/m. (16)

This value is of the same order of magnitude as
given by Eqg. (12).

4.2. lon charge transfer

Positive and negative ions produced by the run-
way €electron breakdown have long lifetime. There-
fore they can transfer a significant amount of charge
even when moving with a relatively low velocity.
We estimate next the timescale of this process, and
discuss the role of charge transfer by ions.

The tempora and spatial evolution of the electric
charge carried by the ions eN is described by the
following equations

deN
(9—t + VO’iE=O, VE=ENi/8O, (17)

where o, is the ion conductivity determined by the

density of background quasi-neutral ion plasma N§

= Ny= Ny, and g, isthe permittivity of free space.
Assuming that N, > N, we find that

N=Npe /", 7=¢/0;. (18)

The ion conductivity is related to the average ion
mobility w; by

o =eu;Ng. (19)
The average ion mobility in air is about 1.5 cm/V's
[7] Thus the characteristic relaxation time of the ion
concentration found from Egs. (18) and (19) be-
comes

7(s) =370 (20)

No(cm™?) l

A typical ambient ion plasmadensity in the air N, is
about 10 cm~3 [7]. The ion plasma is created due to
continuous ionization of air by the ambient flux of
secondary cosmic-ray electrons.

In the runaway breakdown region the number
density of fast electrons is growing up about three

orders of magnitude. Consequently due to the effec-
tive ionization of air during runaway breakdown
process and further attachment of thermal electrons
to O, and H,O molecules the number density of
ions in a quasi-neutral ion plasma N, 0 is growing up
strongly — more than an order of magnitude. It
became also height dependent N, = N(2), having
maximum value in the vicinity of lower boundary of
the runaway breakdown. The significant increase of
N, leads to generation of ion currents which effec-
tively reduce the thundercloud local electric charge
according to Egs. (18)—(20). Electric field height
distribution in this region acquires then a specific
flat-type form with the value | E| < E, been approxi-
mately constant. Note that the regions with character-
istic flat-type maximum value of electric field (with
| E| < E,) have been observed in thunderclouds[15,4].
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