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[1] In the present paper, we demonstrate that the exponential expansion of streamers
propagating in fields higher than the critical fields for stable propagation of streamers
of a given polarity leads to the exponential growth of electric potential differences in
streamer heads. These electric potential differences are directly related to the energy that
thermal runaway electrons can gain once created. Using full energy range relativistic
Monte Carlo simulations, we show that the exponential growth of potential differences in
streamers gives rise to the production of runaway electrons with energies as high as
~100 keV, with most of electrons residing in energy range around several tens of keVs.
We apply these concepts in the case of lightning stepped leaders during the stage of
negative corona flash. The computation of electric field produced by stepped leaders
demonstrates for the first time that those energetic electrons are capable of further
acceleration up to the MeV energies. Moreover, the flux of runaway electrons produced by
streamers suggests that stepped leaders produce a considerable number of energetic
electrons, which is in agreement with the number of energetic photons observed from
satellites in terrestrial gamma ray flashes (TGFs). The results suggest that previously
proposed process of relativistic runaway electron avalanche is difficult to sustain in the
low-electric fields observed in thunderclouds and is generally not needed for explanation
of TGFs. The present work also gives insights on relations between physical properties
of energetic electrons produced in streamers and the internal electrical properties of
streamer discharges, which can further help development and interpretation of

X-ray diagnostics of these discharges.
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1. Introduction

[2] Terrestrial gamma ray flashes (TGFs) are high-energy
photons originating from the Earth’s atmosphere in associa-
tion with thunderstorm activity. TGFs were serendipitously
recorded by BATSE detector aboard the Compton Gamma-
Ray Observatory initially launched to perform observations
of celestial gamma ray sources [Fishman et al., 1994]. These
events have also been detected and further studied by the
Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESS]I) satellite [Smith et al., 2005], the Astrorivelatore
Gamma a Immagini Leggero (AGILE) satellite [Fuschino
et al., 2009; Marisaldi et al., 2010], and the Fermi Gamma-
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ray Space Telescope [Fishman and Smith, 2008; Briggs et al.,
2010]. In addition to these space-based measurements, X-ray
and gamma ray bursts have also been observed recently
during natural and rocket-triggered lightning discharges
[Moore et al., 2001; Dwyer et al., 2003, 2004a, 2004b, 2005;
Saleh et al.,2009]. The observed X-ray and gamma ray bursts
have been linked to the production of high-energy electrons,
so-called runaway electrons, in the Earth’s atmosphere
[Fishman et al., 1994]. The recent research efforts on com-
parisons between gamma ray flashes observed from satellites
and simulations of the propagation of energetic photons in
the atmosphere have converged toward a source of photons
with typical bremsstrahlung spectra located between ~15 and
~20 km altitudes, with a likely broad-beam geometry [Dwyer
and Smith, 2005; Carlson et al., 2007; Ostgaard et al., 2008;
Grefenstette et al., 2008; Hazelton et al., 2009].

[3] Numerous experimental and theoretical works have
strongly confined the conditions in which a TGF can occur
[e.g., Cummer et al., 2005; Dwyer and Smith, 2005; Stanley et al.,
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2006; Dwyer, 2008; Grefenstette et al., 2008; Shao et al.,
2010; Smith et al., 2010]. In particular, Stanley et al. [2006]
have correlated TGFs with normal polarity intracloud light-
ning that transports negative charges upward inside a cloud
(+IC), and more recently, TGFs were found to occur within
the initial development of +IC flashes [Shao et al., 2010; Lu
et al., 2010]. However, the exact underlying mechanisms of
the production of energetic electrons leading to the pro-
duction of observed X-rays or gamma rays are not known.

[4] Runaway electrons were discussed by Gurevich [1961]
and were defined by Kunhardt et al. [1986], who stated “an
electron is runaway if it does not circulate through all energy
states available to it at a given £/N, but on average moves
toward high-energy states.” The runaway phenomenon is a
result of decreasing probability of electron interactions with
atomic particles for electrons with energies in the range from
~100 eV to ~1 MeV [Gurevich, 1961]. In recent years, the
thermal runaway electron process, accelerating cold electrons
to high energies by extremely high electric fields [e.g., Moss
et al., 2006], has become a more and more convincing mech-
anism for production of TGFs as compared to the mechanism of
runaway breakdown initiated by relativistic electrons generated
by cosmic rays [e.g., Gurevich et al., 1992; Gurevich and Zybin,
2001; Gurevich et al, 2004; Gurevich and Zybin, 2005;
Roussel-Dupré et al., 1994; Dwyer, 2003]. In fact, it has been
found that TGFs observed from satellites cannot be produced
by relativistic runaway electron avalanches originating from
background radiation or extensive cosmic ray air showers
alone [Dwyer, 2008]. However, the fluxes of runaway elec-
trons from lightning leaders have been calculated to be
insufficient to fully explain the measured intensities of TGFs
from space, and further amplification from relativistic run-
away breakdown has been invoked [e.g., Carlson et al., 2009;
Dwyer et al., 2010].

[5s] Streamers are filamentary discharges propagating as
ionizing waves that represent a common electrical breakdown
process at ground level atmospheric pressure. The enhance-
ment of electric fields around tips of streamers is one of the
unique naturally occurring circumstances in which fields
reaching ~10E;, where Ej is the conventional breakdown
threshold field defined by the equality of the ionization and
dissociative attachment coefficients in air (£ ~ 30 kV/cm at
ground level), can be dynamically produced and sustained for
relatively extended periods of time. The ability of streamer tip
fields to generate runaway electrons was identified and dis-
cussed in the literature over two decades ago [Babich, 1982
and references therein], and a new insight on this phenome-
non has been given by recent laboratory experiments [Dwyer,
2008; Rahman et al., 2008; Nguyen et al., 2008, 2010].
Although the exact mechanism providing electrons with the
required energy to run away in electric fields typical of the
streamer zone of negative leaders has not yet been under-
stood, it has been proposed that with total potential differ-
ences on the order of tens of MV available from lightning
leaders, during a highly transient negative corona flash stage
of the development of negative stepped leader, runaway
electrons ejected from streamer tips near the leader head can
be further accelerated to energies of several tens of MeVs,
depending on particular magnitude of the leader head
potential [Moss et al., 2006]. Moreover, the current theories
of transient luminous events occurring above cloud tops and
termed blue and gigantic jets generally favor a phenomeno-
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logical link between jet discharges and streamer zones of
lightning leaders [Krehbiel et al., 2008 and references
therein], and it has been suggested that the thermal runaway
electron process operating in leaders may contribute to the
production of terrestrial gamma ray flashes from the jet dis-
charges [Moss et al., 2006]. This mechanism has been further
supported by recent analysis indicating that peak fields in
gigantic jets derived from spectrophotometric measurements
[Kuo et al., 2009] have been underestimated and are in fact
high enough to generate runaway electrons [Celestin and
Pasko, 2010b].

[6] The electric potential distribution in a streamer is directly
related to the energy that runaway electrons emitted from the
streamer head can gain. This potential distribution is therefore
crucial for possibility of further acceleration of runaway elec-
trons in the electric field produced by the lightning leaders. In
this paper, we demonstrate that the potential differences, or
‘potential drops’, in the region of the streamer head increase
exponentially as the streamer propagates, and for the first time,
we show that this effect facilitates the emission of sufficiently
energetic electrons right from the streamer tip so that their
probability of collisions with the molecules of air is reduced
enough to enable their further direct acceleration in the electric
field produced by a lightning leader tip. We also show that the
strength of the fluxes of runaway electrons emitted from
streamers during the negative corona flash stage of negative
leader propagation is consistent with that required to produce
TGFs.

[7] Bidirectional lightning leaders, that initiate intracloud
(IC) lightning discharges and propagate in relatively low
ambient fields ~0.2 kV/cm in thunderclouds [e.g., Marshall
et al., 1996, 2001], develop electric potential differences in
their heads with respect to the ambient potential on the order
of tens of MV as they extend over distances of several
kilometers. Although these potential differences are readily
available in the Earth’s natural environment, the high field
regions of positive and negative lightning leaders normally
are shielded by their respective streamer zones that prevent
direct production and acceleration of thermal runaway
electrons to MeV energies. The high fields in the vicinity of
leader tips can only exist for stepped leaders of negative
polarity during the very transient negative corona flash stage
of their development. As will be demonstrated below in this
paper these high fields are still much lower than is required
for thermal electron runaway phenomena. During the neg-
ative corona flash stage the high fields capable of driving
runaway electrons can only be realized in relatively compact
region of space in streamer heads. Due to the streamer
exponential expansion and the related growth of potential
differences in the streamer head mentioned above, the
individual streamer heads are capable of accelerating run-
away electrons to energies up to 100 keV. These electrons
are then capable of further acceleration and harvesting of the
available potential energy (tens of MeV) in the leader tip. As
will be demonstrated by results of the present work, the
runaway electrons created in streamers at near ground air
pressures can gain 100 keV energy in very compact regions
of space on the order one centimeter. We will also demon-
strate that the relativistic runaway electron avalanche multi-
plication process, which has an avalanche length ~50 m
[Gurevich and Zybin, 2001], is generally not necessary for
explanation of significant fluxes of runaway electrons with
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Figure 1. Cross-sectional views of (a) electron density and
(b) electric field in a negative streamer simulated in air at
ground pressure for a homogeneous applied electric field
of 50 kV/em at the time ¢ = 8.5 ns.

tens of MeV in the Earth’s atmosphere responsible for pro-
duction of TGFs.

[8] In section 2, we first illustrate the electric potential
distributions in streamers that are investigated in the present
study. We quantify the exponentially increasing potential
differences in streamers by numerical simulations in section
3. Then, we demonstrate the impact of the high-potential
differences on the energy that can be harvested by runaway
electrons in section 4, and we discuss the results in section 5.

2. Potential Distributions in Streamers

[9] The propagation of streamers in homogeneous applied
electric field E, higher than the stability field E; for propa-
gation of streamers of a given polarity results in the contin-
uous expansion of characteristic spatial dimensions in the
streamer (radius, distance traveled or length, and the width of
the charged layer in the head), as well as in increase of its
velocity [Kulikovsky, 1995]. In fact, it has been demonstrated
that the length of the streamer is proportional to its velocity
[Vitello et al., 1994], i.e., the streamer length increases
exponentially in time. In a number of works, the radius of the
streamer has been demonstrated to expand exponentially as
well [Naidis, 1996; Kulikovsky, 1997a, 1997b; Babaeva and
Naidis, 1997; Kyuregyan, 2008; Liu et al., 2009]. Moreover,
it is generally known that the maximum electric field in the
streamer head stays approximately constant (~5Ej;) during
such an expansion under normal conditions of propagation
because of the equality of the characteristic timescale of
ionization and the dielectric relaxation (or Maxwell relaxa-
tion) time of the electric field in the streamer head [Dyakonov
and Kachorovskii, 1988, 1989]. Therefore, under these con-
ditions, one expects the electric potential differences, or drops,
in the streamer head to increase exponentially as well.

[10] Figure 1 shows the electron density and electric field
in a negative streamer simulated in air at ground level for a

CELESTIN AND PASKO: PRODUCTION OF THERMAL RUNAWAY ELECTRONS

A03315

homogeneous applied electric field of 50 kV/cm at the time
t = 8.5 ns (the numerical model used to produce these results
is described in section 3.1). The applied electric field exceeds
the field of stable streamer propagation £y ~ 12.5 kV/cm
[e.g., Babaeva and Naidis, 1997]. Figure 1 clearly shows
the expansion of the streamer as it propagates in the simula-
tion domain. The purpose of this section is to define and
describe electric potential distributions in streamers on a
conceptual level. The full details of the streamer model used
to produce results in Figures 1 and 2 will be given in subse-
quent section 3.

[11] To illustrate the components of the electric potential
distribution in a streamer, the scans of the electric potential
and the electric field along the axis of symmetry in a neg-
ative streamer are shown in Figure 2. The negative streamer
represented in Figure 2 is generated at ground pressure in an
electrode gap of 3 cm. The cathode is set with a potential of
—150 kV, while the anode is grounded (see Figure 2a).
Therefore, as already mentioned above, the streamer pro-
pagates in a homogeneous electric field of 50 kV/cm (see
Figure 2b). In Figures 2a and 2b, the region in which a
significant charge density resides, when scanning along the
axis of symmetry (r = 0), is shaded. The maximum electric
field appears right at the end of this zone. We define the
potential drop in the streamer channel AU, as the difference
between the potential at z = 0 and the potential at the left
border of the significant charge density region. The potential
drop in the streamer head AUj, is the difference between the
potentials at the right and the left boundaries of the charged
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Figure 2. (a) Potential differences along the axis of sym-
metry in a negative streamer propagating in a plane elec-
trode gap with a Laplacian applied electric field of £y =
50 kV/cm at ¢t = 8.5 ns. (b) Corresponding electric field
along the axis of symmetry of the streamer.
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density region. We also introduce the potential difference
AU, as the potential on the right boundary of the charged
region minus the potential of the anode (see Figure 2a). In
order to make quantitative estimates, one can consider the
one-dimensional (1-D) Poisson’s equation:

02U:7£ (1)

622 €0

where U(z) is the electric potential along the axis of sym-
metry, p is the charge density, and ¢ is the permittivity of
free space. Considering that the charge density is significant
only in the streamer head, more precisely in the shaded
region of size § depicted in Figure 2, integration of (1) leads
to

P =2 @)

—dz =
5 €0 €0

E =
where Eyy is the maximum of the space charge electric field in
the streamer head, that is the maximum of the total electric
field minus the applied Laplacian electric field, and p is the
spatial average of p defined in this relation. In the present
work, we use the label “*” to represent space charge quanti-
ties as opposed to Laplacian (i.e., externally impressed)
quantities. Note that a similar relation to equation (2) has been
established by Kulikovsky [1997a]. One can determine the
potential drop in the streamer head due to the space charge:

*
_E§

The relation (3) clearly shows that for a constant £}, and an
exponentially increasing 8, the potential drop in the streamer
head would follow an exponential increase as well.

[12] It is interesting to note that one can define a char-
acterlstrc charge O in the streamer head so that the relation
E} = Ow/(4meoR2) is respected, where Ry is the radius of the
streamer. This leads to

*
On = 4neoE, R? (4)

From Q) one can estimate the field E;< in front of the
streamer head as

* _ O
Eg (Z) - 47TE()(Z . + Rs)2 (5)

for z > z.x, Where z,., is the location of the maximum
electric field. From equation (5), one can determine the drop
of potential in the region ahead of the streamer AU::

—+o0
AU::/ E,d: = O _p*

4meoRs En R (©6)
Similarly to the potential drop in the streamer head AU7,
equation (6) shows that for an electric field approximately
constant in the head, the exponential increase of the streamer
radius leads to the exponential increase of the potential drop
in the region ahead of the streamer AU The space charge
potential differences AU; and AU are related to the cor-
respondmg total potentral drops AUh and AU, represented
in Figure 2 as AU, = AU + AU and AU, = AU + AUL,
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respectively, where AUII;g indicate the corresponding dif-
ferences associated with the Laplacian electric potential. If
the streamer propagates in a homogeneous electric field E,
we have the relations: AUL = Ey6 and AUé‘ = U Zmax)-
Despite the simplicity of the relations described above, we
have observed that they accurately describe the potential
drops in actual simulated streamers during their expansion.
[13] If one considers streamers propagating in an electrode
gap, the relation (6) would remain valid as long as the
streamer head is far from the electrode, i.e., L — z. > R,
where L is the length of the electrode gap. When the streamer
head gets close to the electrode, the relation (6) should be
refined by including contribution from the image charges:

On (1 1
AU, ~—[——————————
& " 4meg \Rs  2(L — zmax) + Rs
*
E R
=E R, — h s @

2(L — zZmax) + Rs

[14] We note that the direct inspection of Figure 2a can be
used for understanding of the basic physical reason for the
growth of potential difference in the streamer head. This
growth can be linked to the fact that electric field in the
streamer body is lower than the ambient applied electric
field (as visually manifested in Figure 2a by smaller
potential gradient in the streamer body in comparison with
gradient of the Laplacian potential). In this regard, it is also
useful to mention that streamers propagating in so-called
stability fields for positive and negative streamers E;, in
which they do not accelerate, do not expand, and do not
increase the potential differences in their heads, have electric
fields in their bodies exactly equal to the ambient applied
field (i.e., the stability field). In the same vein, the well
developed streamers that form in a high field and then enter
a region with applied field lower than the stability field very
quickly decelerate and cease existence [Babaeva and Naidis,
1997].

3. Exponential Streamer Expansion

3.1.

[15] In order to simulate the dynamics of streamers, we
use the drift-diffusion equations coupled with Poisson’s
equation [Bourdon et al., 2007, equations (26)—(29)]. In this
study, we consider the streamer propagation as purely axi-
symmetric. The transport and source parameters are taken
from Morrow and Lowke [1997]. The drift of charged spe-
cies is solved using a flux-corrected transport (FCT) method
[see Bourdon et al., 2007]. The photoionization is taken into
account through the 3-Group SP; method derived by
Bourdon et al. [2007] and Liu et al. [2007].

[16] The negative streamer is initiated by placing a
Gaussian plasma cloud near the high-voltage cathode in a gap
with planar electrodes separated by 3 cm, where the ambient
electric field £y =50 kV/em (~1.5E}) is applied by setting the
cathode to a potential of —150 kV and the anode to 0 V.
We use a cylindrical computational domain L X R =3 cm %
0.6 cm, where L and R are axial and radial, respectively,
dimensions. The domain is discretized using a numerical
Cartesian grid with 3600 x 720 points. The initial Gaussian
density is defined with a maximum of no = 10'® m™> with a

Streamer Model
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Figure 3. Radius R, and width of the space charge layer 6 in a negative streamer propagating under an
applied electric field of 50 kV/cm for a (a) linear scale and (b) semilog scale.

characteristic width of 0.1 mm, and the air density is chosen to
be Np =2.688 x 10*° m >, corresponding to the ground level.
In the following, in order to extract the quantities AUj, and
AU, we first track the maximum of charge density pmax and
define the streamer head region as the region where p > p../
6. The streamer head region being defined, we obtain the
potential drops directly by computing differences of potential
in numerical simulation results. Note that the factor 1/6 is
chosen in order to obtain a good quantitative agreement with
relations discussed in section 2. We have observed that
varying this factor from 1/e to 1/10 only leads to slight
changes in the results and do not affect the conclusions.

3.2. Streamer Expansion and Potential Drops

[17] From the simulation results, one can obtain the width
of the space charge region ¢ and the radius of the streamer
R,. Concerning the latter, we have observed that relation (6)
is especially convenient for determination of the radius of
the streamer, since AU z and E}* are readily measurable from
simulation results. This gives an accurate estimate of the
electrodynamic radius of the streamer, that is defined by the
three-dimensional shape of the charge density layer in
the region of the streamer head. The time evolutions of 6
and R; for the case of a negative streamer propagating under
conditions of homogeneous electric field of 50 kV/cm are
shown in Figure 3. The simulation results show that after an
initial phase of formation, the streamer enters a continuous
phase of exponential expansion. We note that similar results
were already obtained for positive streamers by Kulikovsky
[1997a]. For the results presented in Figure 3, a fit with
an exponential function gives a characteristic growth time of
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%3 15000 o
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C
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o
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6 and R, of approximately T ~ 2 ns. It is interesting to note that
both characteristic length § and R; have the same growth rate.
This demonstrates that the expansion of the streamer is
homothetic. Moreover, the streamer length also grows expo-
nentially in time with the same rate as R;. Note that this effect
is responsible for the characteristic expanding shapes of long
streamers reported in Figure 1 of the present paper and by Liu
et al. [2009, Figure 1].

[18] Relations (3) and (6) involve the characteristic length
scales of streamers ¢ and Ry, respectively. Thus, the poten-
tial drop in the streamer head AUy and the potential drop
ahead of the streamer AU : increase exponentially as well.
Figure 4 represents the time evolution of the quantities AU}
and AU g directly obtained from the simulation results of the
same negative streamer using linear and semilog scales. The
results presented in Figure 4 clearly demonstrate the expo-
nential growth of AUy and AU ; that follows initial phase
of streamer formation. For the same case of applied field of
50 kV/cm, we calculate a time constant of approximately 2 ns
corresponding to the exponential growth of AUy and AU}
that agrees with the one found for 6 and R,. Having consid-
ered relations (3) and (6), this demonstrates the slow variation
of the peak electric field in the streamer head.

3.3. Production of High-Electric Field
in the Streamer Head

[19] Figure 4 demonstrates that potential drops in streamer
get to very high values extremely fast during the streamer
propagation. The propagation of the streamer discharge requires
production of electrons downstream the streamer head. These
electrons are believed to be produced by photoionization [e.g.,
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Figure 4. Potential drops in a negative streamer propagating under an applied electric field of 50 kV/cm

for a (a) linear scale and (b) semilog scale.
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Bourdon et al, 2007 and references therein]. While the
streamer expands exponentially, the length scale of photoion-
ization, which is related to the absorption length of photons by
oxygen molecules, remains constant. When the radius of the
streamer reaches the order of magnitude of this UV photons
absorption characteristic length, photoelectrons can no longer
be created in front of the streamer head and the streamer can
no longer propagate, finally leading to the branching of the
streamer [Liu and Pasko, 2004]. While during the most of
expansion dynamics of the streamer the maximum field in the
streamer head stays close to ~5E}, just prior to the branching of
the streamer this peak field in the streamer head can reach very
high values, and is even capable of exceeding the critical field
for production of thermal runaway electrons £, ~ 8FE; [Moss
et al., 2006]. Note that from the set of cross sections used
in our Monte Carlo code (see section 4), we obtain E, ~
240 kV/cm at ground level.

[20] Although the very moment at which the streamer
branches is difficult to determine in the framework of deter-
ministic drift-diffusion equations, simulations of streamers
show that branching is likely to happen when the radius of the
streamer reaches several times the characteristic length scale
of photoionization (X min poz)_l ~ 0.2 cm at ground pressure
in air [Liu and Pasko, 2004], where Xmin and po, are the
absorption coefficient and the partial pressure of molecular
oxygen, respectively. This effect of maximum radius before
branching has been recently observed for positive sprite
streamers along with the increase of the electric field and
related optical output from the streamer head at the moment
immediately preceding branching [McHarg et al.,2010]. The
maximum radius corresponding to negative streamers is
believed to be much greater than in the positive streamer case
[Liu and Pasko, 2004]. For the sake of simplicity, we define
the value of the branching radius as R, = 0.5 cm at ground
pressure, which is a conservative estimate for negative and
also for positive streamers based on numerical simulations
[Liv and Pasko, 2004] and experimental observations
[McHarg et al., 2010]. Assuming that the streamer branches
when its radius reaches R, = 0.5 cm, and using the clear
exponential trends depicted in Figure 3, one can accurately
find the corresponding time of branching commencement
t, ~ 11.2 ns and the corresponding streamer length /(#,) =
7 cm. Additionally, because of the well established expo-
nential growth of the potential drops in the streamers, one can
accurately estimate AU z(tb) ~ 86 kV and AU(#,) ~ 12 kV.
In addition to ambient electric field, a runaway electron ini-
tiated at the position of the peak electric field in the streamer
head will experience the potential difference AU z(tb) pro-
duced by the space charge of the streamer. For the considered
model case of ambient electric field of 50 kV/cm, a runaway
electron reaching a characteristic distance of one streamer
radius from the streamer head would have undergone the
significant difference of potential of AU, ~ 110kV. We note,
however, that due to collisions with air molecules, even
runaway electrons, for which the average friction force is
reduced, cannot convert all of this potential energy into
kinetic energy.

[21] It is generally believed that the steepness of the
application of voltage in time has a strong impact on the
development of the streamer zone of leaders [e.g., Petrov
and D’Alessandro, 2002]. For the purpose of understand-
ing the impact of the risetime of the applied voltage on the
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streamer dynamics, we have run simulations with applied
voltages increasing in time. In the general case of streamer
simulations, the applied voltage defines the ambient Laplacian
field in which the streamer propagates (see section 3.1). In the
particular study of the formation of streamer zones of negative
leaders, this applied voltage corresponds to the electric
potential generated by the leader during the negative corona
flashes. We have observed that although the electric field in
the streamer channel is not significantly affected by the vari-
ation of applied voltage, the electric field in the streamer head
increases with the reduction in risetime of the applied voltage.
By itself, this temporal variation of the applied voltage can
make the electric field in the streamer head greater than the
threshold for production of thermal runaway electrons without
invoking the effect of relative increase of streamer head radius
in comparison with photoionization length discussed above. In
this case, the streamer and related electric potentials expand
exponentially as well, or even over-exponentially since the
ambient electric field is increasing. The simulations repre-
sentative of conditions corresponding to negative corona
flashes, that are using rise rates of applied voltages lower than
10 MV/30 ns (see section 5.1), show that streamers propagate
over at least a few centimeters before the electric field in
the streamer head becomes greater than ... Thus, we consider
the potential differences in streamers given by the approach
discussed in the previous paragraph as a good estimate of the
potential differences in streamers after exponential expansion
at the moment of production of energetic electrons. We
emphasize that the exact relative contributions of the risetime
of applied field and the expansion of the streamer head in
comparison with the photoionization range to the production
of a high field in the streamer head are not known and should
be quantified in a separate dedicated investigation. We also
suggest that the increase of the peak electric field in the
streamer head due to the time derivative of the applied voltage
plays a significant role in the recently observed dependence of
X-rays production on the risetime of applied voltages in lab-
oratory spark discharges [March and Montanya, 2010].

[22] In section 4 we apply Monte Carlo simulations to
accurately quantify the kinetic energies that runaway elec-
trons can attain in the above discussed processes.

4. Energy of Runaway Electrons Produced by
Expanding Streamers

4.1. Monte Carlo Model

[23] The Monte Carlo model we have developed simulates
the propagation and collisions of electrons in air (80% N, and
20% O,) under an applied electric field similarly to Moss et al.
[2006]. This model is three-dimensional (3-D) in the velocity
space, 3-D in the configuration space, relativistic, and simulates
electrons from sub-eV to several MeVs [Celestin and Pasko,
2010a]. Excitation cross sections are taken from Bolsig+
database [Hagelaar and Pitchford, 2005] and are logarithmi-
cally extrapolated to high energies. The singly differential cross
sections of ionization of N, and O, are calculated over the full
range of energy through the relativistic binary-encounter-Bethe
(RBEB) model [Kim et al., 2000; Celestin and Pasko, 2010c].
The knowledge of this differential cross section allows for ob-
taining the energy of the secondary electrons [e.g., Moss et al.,
2006] after ionizing collisions. The scattering angles of primary
and secondary electrons are then obtained from the relativistic
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Figure 5. Trajectories of electrons with energies >1 keV
obtained in one Monte Carlo simulation and configuration
of applied electric field. The dotted-dashed line on the left
represents the peak electric field in the streamer head E ot =
260 kV/cm, and the dotted-dashed line on the right represents
the locus of points at a distance R = 0.41 cm of the peak elec-
tric field, which is taken as a surface of reference for presen-
tation of energy distribution of runaway electrons shown in
Figure 6.

equations of conservation of momentum and energy consid-
ering than the newly formed ion is static. The scattering angles
of any other collision than ionization are calculated from the
differential cross sections documented by Shyn et al. [1972]
and Kambara and Kuchitsu [1972] for energies lower than
500 eV. For higher energies, we use an analytical modified
Rutherford differential cross section [Moss et al, 2006,
equation (17)] that gives satisfactory agreement with the usual
relativistic multiple scattering formulation [e.g., Lehtinen et al.,
1999, equation (13)].

[24] Although elastic collisions do not play a significant
role in the electron energy losses, they are numerous enough
to have a significant impact on the angular scattering of
electrons [e.g., Lehtinen et al., 1999; Dwyer, 2010]. Elastic
cross sections are extrapolated for energies greater than
10 keV using a screened Rutherford cross section as described
by Murphy [1988]. The results given by the present full energy
range Monte Carlo model have been successfully compared
[Celestin and Pasko, 2010a] with results from intermediate
energy models [e.g., Hagelaar and Pitchford, 2005], purely
high-energy models [ Celestin and Pasko, 2010c], and recent full
energy range models [Colman et al., 2010]. For the sake of
brevity, these comparisons are not included in the present work,
and will be covered in a separate dedicated publication.

4.2. Peak Kinetic Energy of Runaway Electrons

[25] We note that our analysis presented in section 3 allows
to estimate accurately the potential differences and streamer
head dimensions preceding the streamer branching. How-
ever, as already noted in section 3.3, the exact morphology of
the streamer head just prior to branching is difficult to model
realistically in the framework of deterministic drift-diffusion
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equations. In our Monte Carlo formulation, we approximate
field distributions prior to branching using energy conserva-
tion considerations.

[26] In order to conserve energy during the increase of the
electric field prior to the branching process, the potential
differences in the streamer should stay constant. When for-
mulating input electric fields used in Monte Carlo simula-
tions, this consideration ensures that no artificial increase of
the electric potential differences occurs, despite the increase
of the peak electric field. Thus, considering that the magni-
tude of the peak electric field reaches a sufficient value for
generating runaway electrons from the streamer tip, that is
E.+=260 kV/cm (ZE,), one can easily calculate realistic 6
and Rj at this moment: &' = 2AU(tp)/(Ever — Eo) ~ 0.12 cm
and R} = AU;(tb)/(Eref — Ey) ~ 0.41 cm. In this way, we
formulate the configuration of electric field when the streamer
starts emitting runaway electrons and we can simulate the
realistic dynamics of electrons in this system (see Figure 5).

[27] Figure 5 illustrates the mechanism of emission of
thermal runaway electrons from the streamer tip. The initial
electrons with energy 1 eV are regularly injected at a rate of
1.6 x 10" s7!, at the location z = R, — 0.02 cm = 0.39 cm
(see Figure 5) on the axis of symmetry of the streamer. The
reported results are not sensitive to the specific value of the
initial low energy of electrons. At this location the electric
field is approximately 227 kV/cm, that is insufficient for
electrons to run away. The choice of this particular location
is made for convenience, since, while drifting in the electric
field, electrons have enough time to attain the thermal
equilibrium before the first runaway electrons appear. The
streamer field is static in the results we present in this paper.
We have verified that taking into account a moving electric
field in the simulations does not change the mechanisms we
present in this paper, although it introduces the phenomenon
of self-acceleration, which increases the maximum energy
possibly gained by electrons by a few of keVs [Babich,
1982; Moss et al., 2006]. While it does not bring a new
insight on specific effects discussed in the present paper, we
generally note that moving electric field configurations are
difficult to simulate accurately since the velocity of strea-
mers prior to and during branching is not accurately known
[e.g., Liu and Pasko, 2006, Figure 7].

[28] As discussed above, the electric field and the corre-
sponding potential difference that an electron experiences has
a space charge component and a Laplacian component.
Without accounting for the self-acceleration mechanisms, we
have calculated above that an electron running away from the
streamer head and traveling over a distance of one streamer
radius (either R = 0.5 cm or R ~ 0.41 cm), experiences a
difference of potential of AU, ~ 110 kV, and therefore the
maximum energy possible for such an electron is 110 keV.
This energy is not possibly reachable by electrons because of
the numerous collisions they experience with molecules of
air. However, because of their reduced probability of colli-
sion, the energy extracted by runaway electrons can approach
this upper limit. In fact, the highest energy of runaway elec-
trons after propagation over the distance Ry obtained in the
simulation corresponding to the situation of Figure 5 is
approximately 100 keV. In order to quantify the dynamics of
runaway electrons after emission and acceleration from the
streamer tip, we calculate the energy distribution function at a
reference distance R; ~ 0.41 cm from the position of the peak
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Figure 6. Energy distribution function of runaway elec-
trons crossing the surface located at a distance of one
streamer radius from the position of the peak electric field
(see Figure 5).

electric field (shown by dotted-dashed line on the right-hand
side of Figure 5). This result is presented in Figure 6.

[20] Figure 6 shows that despite the fact that the maxi-
mum energy can be approximately 100 keV, most of the
runaway electrons obtain an energy close to ~65 keV, which
represents an efficiency of conversion of the available
electric potential energy of ~60%. This tremendous energy
of runaway electrons emitted from the streamer tip is
acquired by electrons on a timescale of a fraction of nano-
second. In section 5, we show that the 65 keV energy gained
by runaway electrons from the emission process from
streamer tips is high enough for their further acceleration in
fields produced by lightning stepped leaders during negative
corona flashes.

5. Discussion

5.1.

[30] While the propagation of a positive lightning leader is
usually continuous, the propagation of a negative lightning
leader usually shows a stepwise dynamics [Bazelyan and
Raizer, 2000, p. 10]. Although details are not fully under-
stood, one of the key components of the stepping process is
the formation of a “space leader”, which originates near the
boundary of the streamer zone created by the previous
leader step [Bazelyan and Raizer, 2000, p. 197]. During the
connection between the main leader and the space leader,
the electric potential of the new leader step increases
extremely fast giving rise to a flash of a new negative
streamer corona, the so-called “negative corona flash”
[Bazelyan and Raizer, 2000, p. 199].

[31] Although very fast, the increase of electric field in
front of the new leader branch is not instantaneous. In fact,
the shortest timescale related to this process is on the order
Tg = ly/c,, where /,, is the length of the new leader branch, or
step length, and ¢, is the propagation speed of the wave of
electric potential in the new leader branch, which can be
approximated by the propagation speed of a return stroke.
The characteristic length of the new leader branch is /4, 2
10 m, and ¢, is close to the speed of light [e.g., Rakov and
Uman, 2003, Table 1.1]. Therefore, the timescale of the
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increase of electric field in front of the new leader branch
must be longer than 7g ~ 30 ns.

[32] Because of the exponential multiplication of electrons
in electric fields higher than Ej, high-electric fields cannot
persist for a long time. Indeed, as the conductivity of air ¢ is
exponentially increasing for such fields, the characteristic
timescale of screening of the electric field by the charges
induced in a conducting medium, namely the Maxwell
relaxation time eg/o, exponentially decreases. Once the
Maxwell time is shorter than the characteristic ionization
time, the increase of the electron density can no longer
proceed, and the electric field is significantly screened, as it
is in streamer heads [Dyakonov and Kachorovskii, 1988,
1989]. Thus, in order to obtain an estimate of the maximum
timescale over which a given electric field can exist, one can
consider conditions when the Maxwell time becomes equal
to the ionization time for several given magnitudes of a
homogeneous electric field £y in air in a uniform and infi-
nite space. Assuming that the mobility of ions is negligible
compared to the mobility of electrons, we have o ~ gnefte,
where g, n., and . are the elementary charge, the electron
density, and the electron mobility, respectively. We consider
the exponential increase of the electron density:

Ne = Neo exp[(yi — Uy — V3b)l‘} (8)

where v;, vy, and vy, are, respectively, the ionization fre-
quency, the two-body attachment frequency, and the three-
body attachment frequency corresponding to a given electric
field E,. These frequencies are calculated from the coeffi-
cients given by Morrow and Lowke [1997]. Since we only
seek an order of magnitude estimate of the critical time 7
over which an electric field can be sustained, it is assumed
that the trend of the electron density is purely exponential
(see equation (8)), that is feedback screening effects of
electrons on the applied electric field are not taken into
account. More elaborate descriptions are feasible and would
result in the characteristic inception time of streamers
[Raizer 1991, section 12.3.2]. In this way, we can easily find
the time for which the Maxwell time is equal to the ioni-
zation time 1/v;, i.e., eo/o = 1/u;, for a specified electric field
Ey. This critical time 7. along with the corresponding
electric field is presented in Figure 7. To calculate the results
shown in Figure 7, we have chosen an initial ambient
electron density of ney = 1 cm . Since the Maxwell time
decreases exponentially, various initial ambient electron
densities result in very close critical times. Indeed, we have
verified that multiplying the initial electron density by one
thousand only leads to variations of 7. on the order of 30%.
We have also verified that the effect of nonsimilar scaling
with atmospheric density due to the three-body attachment
does not affect results presented in Figure 7, and therefore
we consider that the result presented in Figure 7 is scalable
with air density N as 7. ~ 1/N and E, ~ N. These con-
siderations are important for relevant estimates at different
altitudes in the Earth’s atmosphere.

[33] Figure 7 shows that electric fields higher than 100 kV/cm
(~3E}) cannot be sustained over more than the nanosecond
timescale at ground pressure. In fact, Figure 7 shows that the
maximum electric field that can be sustained over the timescale
of increase of the electric field 7 ~ 30 ns due to the connection
between the new leader branch and the main lightning leader is
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Figure 7. Maximum time over which a given electric field
Eq can be sustained.

approximately £y = 50 kV/cm. The thermal runaway electron
threshold being £, ~ 240 kV/cm, it implies that the field gen-
erated by the leader during a negative corona flash is insufficient
to produce runaway electrons on its own. However, the pow-
erful streamer zone which is developed during this process on
the microsecond timescale is able to generate thermal runaway
electrons [Moss et al., 2006]. This shows that the production of
streamers, that dynamically produce and sustain high fields Z E,,
in small volumes around their heads, is required as a necessary
stage for production of energetic electrons from natural stepping
lightning leaders, and the physical characteristics of streamer
discharges have to be studied in order to quantify the properties
of those energetic electrons. Moreover, the preceding analysis
shows that the results obtained in section 4.2 using results on
negative streamers propagating in an ambient electric field £, =
50 kV/cm are consistent with the dynamics of streamers form-
ing the streamer zone of negative lightning leaders during
negative corona flashes.

5.2. Acceleration and Flux of Energetic Electrons
in the Leader Field

[34] Modeling the full dynamics of a leader is beyond the
scope of the present paper. However, the discussion of a few
physically representative quantities is insightful. The appli-
cation of the method of moments [Balanis, 1989, p. 670]
allows for computing the electric field generated by an
equipotential perfectly conducting leader channel immersed
in an ambient thundercloud electric field. In the present study,
we consider the negative part of a bidirectional lightning
leader representative of a positive intracloud lightning (+IC);
that is, the negative stepped leader is propagating upward.
Using a characteristic leader length of /; = 1 km, the negative
leader is considered to be propagating in a low-ambient
electric field E,.;;, = 0.2 kV/cm, which is close to the mag-
nitudes of electric fields usually observed in thunderclouds
[e.g., Marshall et al., 1996, 2001]. Because of the length of
the modeled leader and the magnitude of the ambient electric
field, the total potential differences between respective pos-
itive and negative leader heads and ambient potential are of
magnitude U ~ LE, /2 = 10 MV [see Bazelyan and Raizer,
2000, p. 54], which is in good agreement with typical char-
acteristics of lightning stepped leaders [e.g., Rakov and
Uman, 2003, Table 1.1]. Choosing a leader radius of 1 cm
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[Rakov and Uman, 2003, p. 134], and using the method of
moments [Balanis, 1989; Riousset, 2006], one obtains the
one-dimensional electric potential and field along the axis of
symmetry, representing the potential and field produced by
a negative leader during the corona flash, as depicted in
Figure 8. In the application of the method of moments, a 1 km
long cylindrically symmetric channel with radius of 1 cm is
assumed to be perfectly conducting and equipotential. The
solution allows accurate calculation of the electric charge
distribution induced on the channel due to application of
external homogeneous field E,.,,, and accurate reconstruc-
tion of three-dimensional electric field distribution of positive
and negative ends of the channel. We note that during most of
the time of advancement of positive and negative leader
heads, the extremely high fields around their tips are shielded
by the formation of corresponding positive and negative
streamer zones with effective radii Ry, = U//2E; [Bazelyan
and Raizer, 2000, p. 69], where U, is the magnitude of
potential difference formed by the leader head with respect to
ambient potential (U; ~ [\E,/2). The considered vacuum
solution does not account for the streamer zone effects and is
accurate only during the transient negative corona flash stage
of negative leader development when negative leader head
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Figure 8. (a) Characteristic magnitude of the free space
electric field calculated using the methods of moments pro-
duced by a perfectly conducting leader branch of 1 km
length with a radius of 1 cm immersed in an ambient thun-
dercloud electric field of 0.2 kV/cm. The corresponding
minimum energy for thermal runaway electrons e, is also
shown. When the streamer zone is formed, the electric field
in this region is approximately 12.5 kV/cm. The leader tip is
located at z = 0. (b) Corresponding electric potential pro-
duced by the leader (total electric potential minus ambient
potential) during the negative corona flash and when the
streamer zone is formed.
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becomes temporarily partially unshielded (Figure 8), which is
of primary interest in our present work. We account for finite
time 7 ~ 30 ns required for establishment of the new equi-
potential section of the leader. In particular, the electric field
higher than the maximum sustainable electric field during 7g
~ 30 ns (50 kV/cm) is represented in Figure 8a by the plateau
between 0 and ~15 cm, and the corresponding linear potential
in Figure 8b.

[35] Extrapolating the exponential variation of the
streamer length we obtained in section 4.2, indicates that the
branching would occur for a streamer of approximate length
I(t,) = 7 cm (see section 3.3). Considering this distance from
the leader tip and the time taken to reach this location (f, ~
11.2 ns) shows that the minimum required energy &, for an
electron to further accelerate, i.e., to become a runaway
electron [e.g., Moss et al., 2006, Figure 2], is defined by the
electric field of ~50 kV/cm, and is equal to €., ~ 3.5 keV.
The values of e, at different distances from the leader tip
and corresponding electric field values are included in
Figure 8a. Thus, one sees that electrons with energy calcu-
lated for streamers without accounting for their exponential
growth, that is ~2 keV [Moss et al., 2006], cannot become
runaway electrons in this system and will be unable to gain
much energy. However, from our present study it is obvious
that the typical 65 keV electrons obtained in section 4.2, that
continue to runaway in fields >6 kV/cm, will have space and
time to further accelerate to energies of several MeVs given
the potential differences available in the electric field pro-
duced by the leader tip.

[36] In Figure 8a, we also represent the electric field in the
negative streamer zone after the streamer zone has been
formed. This field is believed to be roughly equal to the
stability field of negative streamer propagation [Bazelyan
and Raizer, 2000, p. 69], that is E; ~ 12.5 kV/cm
[Babaeva and Naidis 1997, Figure 7]. In this low field,
attachment processes dominate over ionization processes,
thus, in order to explain the continuous production of
streamers once the streamer zone has been formed, as
observed in experiments, the field right at the surface of the
leader is believed to be approximately 50 kV/cm [Bazelyan
and Raizer, 2000, p. 68]. The space charge field produced
by the many propagating streamers forming the streamer
zone during the negative corona flash lower the electric field
down to E; ~ 12.5 kV/cm on a timescale of ~1 us [e.g.,
Moss et al., 2006]. The runaway electrons produced from
streamer tips with energies of ~65 keV considered in this
paper are able to further accelerate in the streamer zone.
However, since streamers do not expand in such low fields,
the production of very high electric fields in streamer heads
is not sustained any longer (see section 3.3), and the pro-
duction of runaway electrons from streamers is expected to
cease after the negative corona flash has completed estab-
lishment of the new streamer zone with average electric field
E; ~ 12.5 kV/em.

[37] In the Monte Carlo calculations presented above, we
introduced low-energy electrons (1 eV) at a rate of approxi-
mately 1.6 x 10'3 s™'. Comparing this number to the typical
frequency of runaway electrons we obtained in the simula-
tions 1.4 x 10" s7', gives a probability of 1/120 for an
electron to be a runaway among all of the electrons initially
introduced in this system. In a streamer head, the conduction
current is much lower than in the streamer channel, since the
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electron density drops fast in the charged region represented
in Figure 2. Instead, the displacement current is high and we
can consider an approximate continuity of the total current
(i.e., conduction plus displacement) in all transversal sec-
tions of the streamer [Vitello et al., 1994]. For this reason,
the number of charges flowing through the streamer head is
lower than that in the streamer channel. We have verified
that the total electric current and the conduction current in
the streamer head grow exponentially in time as the streamer
propagates and expands. Extrapolation from our numerical
results, such as those realized for potential distributions in
section 3, and analytical estimates of the conduction current
in the channel and displacement current in the head, both
lead to a conduction current in the streamer head of 2100 A
when the streamer radius reaches R, = 0.5 cm. Note that the
typical current of streamers produced in short laboratory
gaps is ~1 A [e.g., Celestin et al., 2008, Figure 9]. Since ions
are much less mobile than electrons, we consider that only
electrons participate in the production of the conduction
current, and therefore the =100 A of conduction current
found in the streamer head corresponds to a frequency of
passage of electrons through the streamer head of ~10%' s
Therefore, one obtains a frequency of runaway electrons
emitted from the streamer of approximately v, ~ 10Y 57,
that is a factor of 500 greater than the emission rate derived
previously from Moss et al. [2006]. We note that this dif-
ference mainly comes from two reasons. First, as we study
the case of streamers with large radii, the flow of electrons
(or electric current) in the streamer is naturally increased.
Second, large radii involve smooth gradient of electric fields
(see equations (4) and (5)) which are favorable to the
emission of runaway electrons [see Kunhardt and
Byszewski, 1980].

[38] The number of streamers present in a streamer zone
of a leader at every moment of time can be approximated as
N = Q4/qs, where Qy is the total charge in the streamer zone,
and ¢ is the characteristic charge carried by a streamer
[Bazelyan and Raizer, 2000, p. 70]. The quantity Qs is well
approximated by the relation Qg = wegR, U and ¢ is gen-
erally on the order of 1 nC [Bazelyan and Raizer, 2000,
p. 69-71]. As mentioned above, the size of the streamer
zone of a negative leader is Ry, = Uy/2E;, and therefore, for
Uy=10 MV and E; = 12.5 kV/cm, one gets Ry, = 4 m and
Os ~ 1 mC. The number of streamers constituting the
streamer zone of a lightning leader is then N ~ 10°. On the
other hand, the characteristic time of production of runaway
electrons by one streamer is related to the timescale over
which the electric field in the streamer head can be higher
than E.. Both mechanisms discussed in section 3.3, that is
the growth of electric field in the streamer head because of
growth of streamer radius with respect to photoionization
length or time rise of the applied voltage, would be on a
timescale not much longer than 1 ns. Indeed, branching
occurs on a timescale of 1 ns at ground pressure [e.g., Liu
and Pasko, 2006], and the increase of the applied voltage
produced from the negative leader tip during the negative
corona flash is on the order of 10 ns (see section 5.1). Thus,
if one consider that every streamer during the negative
corona flash, eventually constituting the streamer zone of
the negative leader, expands and produces energetic run-
away electrons, the total number of runaway electrons
produced is as high as Ny X vy x 107 s ~ 10'® which is in
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agreement with the number of electrons estimated to be
involved in the production of TGFs (~10'") [Dwyer and
Smith, 2005] without considering further amplification.
This suggests that either a few e-foldings of electron mul-
tiplication in relativistic avalanches, or even no amplifica-
tion at all in the low-electric fields present in thunderstorms,
could explain the number of energetic photons measured
from satellites. Indeed, electric fields typically measured in
thunderstorms (~0.2 kV/cm [e.g., Marshall et al., 1996,
2001]) are usually lower than the minimum electric field
required to produce a relativistic runaway electron ava-
lanche (~2 kV/cm at ground pressure, and ~0.3 kV/cm at
15 km altitude).

[39] We emphasize that TGFs have been correlated with
+IC lightning discharges [Stanley et al., 2006], and more
recently, TGFs were found to occur within the initial milli-
seconds of compact +IC flashes while the negative leader
developed upward [Lu et al., 2010]. During this stage, the
advancement of the negative lightning leader is believed to be
made by the stepping processes [Shao et al., 2010; Lu et al.,
2010]. In fact, Shao et al. [2010] have recently documented
nine TGF-related lightning events observed by the Los Ala-
mos Sferic Array. All TGF-related events detected by Los
Alamos Sferic Array (LASA) were exclusively related to +1C
discharges transporting electrons upward, whereas the
majority of LASA’s data were composed of cloud-to-ground
(CG) return strokes. Shao et al. [2010] note that “TGFs ap-
peared to be more closely related to precursor, small dis-
charge pulses than to the triggering, main pulses. With a
transmission line model and an assumption of 5 x 107 m/s for
the current propagation speed for the individual impulsive
events, the peak current for the TGF-related small pulses was
estimated to be in the range of 3—19 kA, with most below
10 kA.” In the work given by Shao et al. [2010], the heights
of the TGF-related lightning pulses were estimated to be in
the range of 10.5-14.1 km. Similarly, Lu et al. [2010] report
the observation of a TGF-related lightning by the North
Alabama Lightning Mapping Array. They estimated the
lightning current corresponding to the occurrence of the
TGF to be >5 kA by considering a leader channel of 2 km
long, and found that the leader had ascended to an altitude
of 10-11 km at the moment of the TGF production. Note
that the recently observed TGF-related lightning leaders
involve physical characteristics in agreement with those
used in the previous paragraph in order to estimate the flux
of energetic electrons given by the mechanism discussed in
the present paper.

[40] After the initial phase of upward propagation of the
main negative leader, the leader reaches the positively charged
regions lying in the upper part of the thunderstorm. During this
phase, negative leaders develop extensive branching and a
horizontal spreading in this region [e.g., Riousset et al., 2007].
One could believe that, since the lightning is highly branched,
the detection of energetic radiation from one of these leader
branches from satellites is even more likely. However, this
seems to contradict the observations [Shao et al., 2010; Lu
et al., 2010]. In fact, as stated above, the electric potential
differences with respect to ambient potential on opposite
ends of a straight lightning leader channel depend on both
leader length /; and ambient electric field E,,,, and have a
magnitude ~/E,.,/2. For typically low value of E,, cited
earlier in our paper, the leader length /; should reach values
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on the order of several kilometers before production of tens
of MeV electrons, whose radiation effects are observable
from satellites, becomes possible. When the leader channel
splits into branches, the total capacitance of the lightning
leader is known to increase correspondingly [Bazelyan and
Raizer, 2000, p. 166]. In fact, immediately after branching,
the charge carried by each of the branches is lower than the
charge on the original channel. Therefore, branching leads
to a lower-potential differences of each of the branches with
respect to the ambient potential and a reduction in peak total
energy runaway electrons can achieve. We suggest that this
mechanism is responsible for the extinction of TGFs at
early stages of +IC discharges as soon as the original single
negative leader with high-potential difference begins split-
ting in many branches. Carlson et al. [2010] have drawn
similar conclusion on the extinction of TGFs due to exten-
sive branching of the lightning leader. We emphasize that
although the conclusion is similar, the argument put forward
by Carlson et al. [2010] is based on the focusing of current in
extensively branched leader channel networks, which is quite
different from the idea of general decrease of the electric
potential differences in the leader tips. The contributions of
these mechanisms should be investigated further.

[41] As discussed above, the radius of the streamer zone is
proportional to the potential difference U; between the
leader tip potential and the ambient potential: R, = U)/2E; .
The charge of the streamer zone is O = wegR, U [Bazelyan
and Raizer, 2000, p. 69]. From those relations, one can
explicitly write the charge of the streamer zone as a function
of the potential in the leader tip:

TE U]2
Qs - T (9)
The quadratic dependence of O on the potential in the leader
tip is of great importance, since the number of energetic
electrons generated from the leader is proportional to Q.

[42] Concerning the generation of X-rays from natural
negative cloud-to-ground (—CG) lightning discharges, one
needs to consider that the lightning consists of a network of
branched leader channels. Because of branching, the indi-
vidual branches of descending negative leaders form much
lower-potential differences with respect to ambient potential
[Bazelyan and Raizer, 2000, p. 166] and transport much
lower values of charge than that expected in a single des-
cending leader. For example, in the case of a typical
potential of U; = 1 MV in the tips of —CG lightning leaders,
the number of streamers is 100 times less than that in the
case of unbranched +IC with U; = 10 MV discussed above.
Moreover, as already noted above, the characteristic length
in the streamer zone is proportional to U: Ry, = U)/2E; . In
the case of U; = 1 MV, the size of the streamer zone would
be Ry, ~ 40 cm, and the high field region where streamers
considerably expand during the negative corona flash (see
Figure 8a), would be approximately 2.5 cm. We can cal-
culate that although the potential drops of streamers with
length of 2.5 cm are sufficiently high to generate runaway
electrons, the flux of those electrons varying as R2 would be
significantly reduced by more than a factor of 10. This leads
to a number of runaway electrons generated per pulse of
~10"3. Dwyer et al. [2010] demonstrated that measurements
related to triggered lightning dart leaders by Saleh et al.
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[2009] involved 10'' runaway electrons per pulse. We
emphasize that the mechanisms of generation of X-rays by
dart leaders can be quite different from that in the negative
corona flashes of stepped leaders [see, e.g., Cooray et al.,
2009]. Furthermore, Dwyer et al. [2010] noted that “Mea-
surements by TERA [Thunderstorm Energetic Radiation
Array] have found that natural lightning stepped leaders are
almost always much more intense in X rays than triggered
(and natural) lightning dart or dart-stepped leaders, sug-
gesting that this number of seed electrons [10''] is probably
on the low side for natural lightning.” Thus, we consider
that the processes of streamer expansion in the negative
corona flashes discussed in this paper are also consistent
with ground-based observations within 1 order of magni-
tude. We note that, even though the potential differences in
leader tips of highly branched lightning is reduced, it is
conceivable that the numerous leader branches, for example,
at the end of IC lightnings [see, e.g., Riousset et al., 2007],
as well as the small precursors of lightning leaders could
still generate an abundant quantity of low-flux energetic
electrons, and corresponding X-rays in thunderclouds.

[43] The total number of energetic electrons from a
streamer or a leader, or potential drops in streamers are
invariant of pressure scaling [Moss et al., 2006]. Concerning
other physical parameters such as streamer lengths or
timescales, the scaling factor Ny/N, where N is the neutral
density at a given altitude and N, is the neutral density at sea
level, is ~3 at 10 km, and ~7 at 15 km. Although the models
developed in this paper are quite advanced, the complexity
of processes at play in the propagation of a negative leader
only allows to make order of magnitude estimates. The
scaling factors do not affect much physical characteristics
discussed in this paper.

6. Conclusions

[44] Principal contributions of this work can be summa-
rized as follows:

[45] 1. We have shown that the potential differences
(drops) in a streamer head and in the region ahead of the
streamer head increase exponentially when the streamer
propagates in a field higher than the stability field.

[46] 2. From the exponential growth of the potential dif-
ferences, we have been able to estimate the kinetic energy
that runaway electrons can gain in the region of the streamer
head.

[47] 3. Using a full energy range Monte Carlo model, we
have shown that the runaway electrons emitted from negative
streamers are able to reach energies as high as ~100 keV, with
a peak probability corresponding to energy on the order of
~60 keV. The exact values of those quantities depend on the
external conditions and on the mechanisms leading to high-
electric field in the streamer head (growth of streamer radius
with respect to photoionization length or time rise of the
applied voltage).

[48] 4. Quantitative considerations on the electric fields
produced by a negative leader have shown that runaway
electrons with energies 60—-100 keV are able to further
accelerate and extract the few tens of MeVs of potential
energy available in the leader tip fields.

[49] 5. We have obtained a flux of energetic electrons
from streamers and from negative corona flashes consistent
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with the typical number of energetic electrons (~10'7)
involved in production of TGFs without the need for addi-
tional amplification in relativistic runaway electron ava-
lanche process.

[s0] 6. We have suggested that the production of energetic
electrons from negative leaders stops when significant
branching of the leader develops, since branching process
results in lower-potential differences of the leader branches
with respect to ambient potential. This suggestion is con-
sistent with recent measurements showing that TGFs occur
within the initial milliseconds of compact +IC flashes while
the negative leaders developed upward.
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