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[1] The source of terrestrial gamma-ray flashes (TGFs) has remained a mystery since their
discovery in 1994. Recent Reuven Ramaty High-Energy Solar Spectroscopic Imager
(RHESSI) observations show that these intense bursts of MeV gamma rays likely
originate much deeper in the atmosphere than previously inferred from Burst and
Transient Source Experiment (BATSE) data, with the source altitude <21 km. Using
existing measurements of the intensity and duration of BATSE and RHESSI TGFs, along
with limits on the electric field set by the relativistic feedback mechanism involving
backward propagating positrons and x-rays, it is found that TGFs cannot be produced by
relativistic runaway electron avalanches acting on natural background radiation or
extensive cosmic-ray air showers alone, as has been assumed by many previous models.
Instead, the energetic seed particle production most likely involves either relativistic
feedback or runaway electron production in the strong electric fields associated with
lightning leaders or streamers, similar to the energetic radiation observed on the ground
from lightning.
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1. Introduction

[2] Despite over a decade of research, the sources of
terrestrial gamma-ray flashes (TGFs) remain a mystery. Not
only are the exact source locations unknown, the basic
mechanism for producing the energetic electrons that emit
the high-energy photons is still under active debate. When
TGFs were first reported using data from the Burst and
Transient Source Experiment (BATSE) on NASA’s Compton
Gamma-Ray Observatory (CGRO) [Fishman et al., 1994], it
was almost immediately suggested that the source was
associated with sprites or other high-altitude (>30 km)
phenomena [Franz et al., 1990;Roussel-Dupré and Gurevich,
1996; Inan et al., 1996; Nemiroff et al., 1997]. However, in
2003,Dwyer et al. [2004a] observed a similar flash of gamma
rays on the ground at sea level, apparently emanating from
the overhead thunderstorm. This led them to suggest that
TGFs originate not from sprites but from thunderstorms
deeper in the atmosphere.
[3] In 2005, new TGF observations from the Reuven

Ramaty High-Energy Solar Spectroscopic Imager (RHESSI)
satellite showed a spectral hardening above 1 MeV [Smith et
al., 2005]. Dwyer and Smith [2005] performed detailed
Monte Carlo calculations and showed that this spectral
hardening resulted from the propagation of the gamma rays
through a deep layer of atmosphere. Furthermore, they found
that the RHESSI gamma-ray spectrum is consistent with
bremsstrahlung emission from energetic electrons produced
by relativistic runaway electron avalanche (RREA) multipli-

cation [Gurevich et al., 1992] with a source depth in the
atmosphere between 130 g/cm2 and 50 g/cm2, depending
upon the amount of beaming. This corresponds to an altitude
range of 15–21 km above sea level, comfortably within the
range of thunderstorm heights and much too low for sprites.
[4] In addition, using sferic observations Cummer et al.

[2005] found that 13 of the RHESSI TGFs were associated
with positive polarity lightning discharges, but the charge
moment changes of these events were too small to be associ-
ated with sprites and were about two orders of magnitude
smaller than required by models that assumed that the emis-
sion was from high-altitude (>30 km) RREA multiplication.
[5] Not only is a low-altitude source, e.g., <21 km,

inconsistent with sprite models of TGFs [Williams et al.,
2006], it is also inconsistent with electromagnetic pulse
(EMP) models, which produce a very high-altitude source.
For example, Inan and Lehtinen [2005] proposed a model in
which very large and very fast lightning return strokes gener-
ate an EMP that, in conjunction with an extensive cosmic-ray
air shower, generates runaway electrons above 35 km, contra-
dicting inferred RHESSI source altitudes. For this reason,
EMP models will not be considered further in this paper.
[6] One reason that high-altitude models of TGFs were

initially favored is that gamma rays are rapidly attenuated in
the atmosphere, and so a source low in the atmosphere
would require very large fluxes of gamma rays at the source
in order to result in the observed fluxes at spacecraft
altitudes. Indeed, Dwyer and Smith [2005] estimated that
the number of runaway electrons at the source must be
about 1016 for a 21 km source and about 1017 for a 15 km
source. Exactly how such large numbers of energetic
electrons can be produced deep in the atmosphere in short
bursts, usually lasting less than a few milliseconds, is a great
theoretical challenge. Moreover, since the exact source
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location is not known, the ambient conditions that are
present at the time of the TGF are also not known, adding
to the difficulty of the problem. Nevertheless, it will be
shown in this paper that, using BATSE and RHESSI
observations, enough information about the source has been
established to constrain the possible source mechanisms. In
particular, the fluence (photons per unit area) and timing of
the TGFs shall be used to rule out the RREA models that
have been extensively developed over the last 15 year,
which use cosmic rays as the source of the energetic seed
particles. It also will be shown that the most likely TGF
source mechanisms involve either a recently introduced
mechanism called relativistic feedback [Dwyer, 2007] or
the energetic particle emission from lightning leaders or
streamers, similar to the energetic radiation observed on the
ground in association with lightning [Moore et al., 2001;
Dwyer et al., 2003, 2004b, 2005a] and laboratory sparks
[Dwyer et al., 2005b].

2. Cross-Sectional Area of the Source Region

[7] The time structure of individual gamma-ray pulses
within BATSE TGFs can be used to determine an upper
limit on the dimensions of the source region. This analysis
uses the same basic technique often used in astrophysics to
estimate the size of distant objects such as quasars. If
variations of the intensity are seen with a timescale, T, then
the size of the object over which the intensity is significant
can be no more than cT where c is the speed of light. If the
propagation speed of information is less than the speed of
light then the maximum size will be even smaller. The
argument is simple: in order for some region to switch states
from, for example, low gamma-ray emission to high gam-
ma-ray emission, sufficient time must elapse for the change
in state to propagate across the region. For example, if the
gamma rays are driven by a change in the electric field, then
this change cannot propagate faster than c.
[8] BATSE TGFs are often made up of several fast pulses.

Nemiroff et al. [1997] analyzed the time structures of these
pulses for 13 BATSE TGFs. They found that the variability
occurred over a timescale ranging from 26 ms up to 250 ms,
with 50ms being typical. To be conservative, the typical value
of 50 ms will be considered here. Nevertheless, BATSE TGF
1433, according to Nemiroff et al. [1997], had a minimum
timescale of 26 ms. Because 1433 appears to be a typical two
peaked BATSE TGF, with a fluence comparable to other
BATSE TGFs (see http://www.batse.msfc.nasa.gov/batse/
tgf/), any potential mechanism for explaining TGF gamma-
ray production should work as well for a source region size
less than or equal to that inferred from 1433. For signals
traveling at the speed of light, a 50 ms timescale corresponds
to a source region size less than 15 km. Alternatively, if
signals within the source region propagate via lightning return
strokes with v � 108 m/s, this gives a source region size no
larger than 5 km. If positive lightning leaders are the source,
taking v � 107 m/s as a typical leader speed, then the source
region would have a size of at most 500 m. Dart leaders
propagating along an existing warm channel typically prop-
agate at v� 107 m/s, which again corresponds to a source size
of only 500m. Finally, using the upper end of the propagation
speed of negative stepped leaders, v � 106 m/s, gives just
50 m for the maximum size of the source region, comparable

to the length of one step of a negative stepped leader. These
estimates of the upper limit on the TGF source region size,
which are summarized in Table 1, will be used later in this
paper when considering specific source mechanisms.

3. Relativistic Runaway Electron Avalanche
Models

[9] The generation of relativistic runaway electron ava-
lanches (RREAs) from cosmic rays has been the most
common mechanism used to model TGFs [Roussel-Dupré
and Gurevich, 1996; Gurevich and Zybin, 2001, Lehtinen et
al., 1996; Carlson et al., 2007]. The RREA mechanism
produces runaway electrons via hard elastic scattering of
energetic electrons with atomic electrons, resulting in an
avalanche of fast electrons that increases exponentially with
distance. The electric field threshold to generate such
runaway electron avalanches is Eth = 284 kV/m � (n/no),
where n is the density of air and no is the density of air at
STP [Dwyer, 2003; Coleman and Dwyer, 2006]. The RREA
mechanism is sometimes erroneously called ‘‘runaway
breakdown,’’ which is a misnomer, since it is not self-
sustaining (i.e., it relies on an external particle source to
operate) and thus is not a true electrical breakdown. Because
the RREA mechanism depends upon an external source of
energetic seed electrons to produce avalanches of runaway
electrons, the flux of runaway electrons cannot be calculated
without first specifying the flux of the seed population. As a
result, RREA models of TGFs are necessarily tied to the
source of energetic seed electrons. On the other hand,
relativistic runaway electron avalanches produce a unique
energy spectrum, nearly independent of the ambient con-
ditions occurring in the source region such as the gas
density, electric field strength or the details of the seed
population [Dwyer, 2004; Dwyer and Smith, 2005].
[10] The TGF energy spectrum as measured by RHESSI

is consistent with bremsstrahlung emission from relativistic
runaway electrons generated by relativistic runaway elec-
tron avalanches [Dwyer and Smith, 2005]. It is, therefore,
reasonable to assume that relativistic runaway electron
avalanches play a role in the source of TGFs. Furthermore,
the gamma-ray energy spectrum as measured by RHESSI
often extends to above 20 MeV [Smith et al., 2005]. This
means that the energetic electron spectrum at the source
must also extend up to at least this energy.
[11] The avalanche (e-folding) length of relativistic run-

away electrons is well fit by the empirical relation,

l ¼ 7300kV

E � 276kV=mð Þn=no½ � ; ð1Þ

Table 1. Maximum Possible TGF Source Radiusa

Propagation Speed, m/s
Maximum Source

Radius, m

Speed of light 3 � 108 15,000
Lightning return stroke 1 � 108 5000
Positive lightning leader 1 � 107 500
Lightning dart leader 1 � 107 500
Negative lightning stepped leader 1 � 106 50

aThe maximum radius is based on a 50 ms variability, for different
propagation speeds within the source region.
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valid over the range E = 300–3000 kV/m � (n/no), where
the electric field, E, is measured in kV/m [Dwyer, 2003;
Coleman and Dwyer, 2006]. For a uniform electric field of
length l, the maximum kinetic energy that an electron can
gain occurs when the electron traverses the entire length, l.
The maximum kinetic energy is then

DKmax ¼ eE � fd n=no½ �l; ð2Þ

where fd is the average energy loss per unit length owing to
interactions with air. Detailed Monte Carlo simulations
show that when averaged over the runaway electron
distribution function above 1 MeV, fd has a typical value
of 270 keV/m. Therefore, multiplying equations (1) and (2)
together gives a maximum energy gain by runaway
electrons over one avalanche length of about 7 MeV
[Dwyer, 2004]. This maximum energy is approximately
independent of the gas density and the electric field strength
present in the source region. Therefore, because electrons
with energies of more than 20 MeVoccur in the TGF source
region, a minimum of 3 relativistic runaway electron
avalanche lengths are likely to be present. This illustrates
that at least some RREA multiplication must be going on,
which justifies the use of the RREA spectrum when
modeling TGFs.
[12] On the other hand, just because relativistic runaway

electron avalanches are occurring in the source region of
TGFs does not automatically imply that this is the sole
mechanism for generating energetic electrons and hence the
gamma rays. For example, if we suppose that the TGF
source region contains just 3 relativistic runaway electron
avalanche lengths and has a cross-sectional area of 100 km2,
then the flux of energetic seed particles injected into the
avalanche region would have to be at least 5 � 109 m�2 s�1

in order to account for the RHESSI TGF observations. That
flux of energetic seed particles is about 500,000 times larger
than the maximum flux of atmospheric cosmic rays and
other sources of energetic background radiation (104 m�2

s�1). Consequently, there would have to be some other
mechanism to increase the flux of energetic electrons by a
factor of 500,000 before the modest increase of 20 owing to
relativistic runaway electron avalanche multiplication
occurs. By increasing the amount of avalanche multiplica-
tion and/or the cross-sectional area of the source region it is
possible to increase the role of the RREA mechanism.
However, as will be shown below, on the basis of the
current observations, it is not possible to find a scenario in
which RREA acting on external seed particles is the sole
mechanism for TGFs. Specifically, it will be shown that
constraints placed on the electric field strength and geomet-
ric size limit the avalanche growth. However, such limits on
the runaway electron production may be circumvented by
the feedback mechanisms introduced in the next section.

4. Relativistic Feedback

[13] Dwyer [2003, 2007] showed that a positive feedback
effect caused by backward propagating runaway positrons
and back-scattered x-rays can generate large numbers of
energetic seed electrons, allowing the runaway electron
discharge to become self-sustaining and no longer requiring
an external source of energetic seed particles [see also

Babich et al., 2005]. Dwyer [2007] referred to this mech-
anism as relativistic feedback and the state when the
discharge becomes self-sustaining as relativistic breakdown.
Unlike so-called ‘‘runaway breakdown,’’ relativistic break-
down produced by the relativistic feedback mechanism is a
true electrical breakdown under the standard use of the term,
since the discharge is self-sustaining and results in the
collapse of the electric field. Dwyer [2007] showed that
once relativistic breakdown commences it will discharge the
large-scale electric field in less than a millisecond and will
result in a flux of runaway electrons up to 1013 times larger
than from the RREA mechanism alone.
[14] A useful parameter for describing relativistic feed-

back is the feedback factor, g, i.e., the average number of
secondary runaway electrons, caused by relativistic feed-
back, per initial runaway electron (see Dwyer [2007] for a
more detailed discussion). Note that the feedback factor
should not be confused with the Lorentz factor, which
shares the same symbol and sometimes appears when
describing runaway electrons. Instead, the feedback factor
is analogous to the second Townsend coefficient for low-
energy discharges.
[15] According to Dwyer [2007], the feedback factor g �

exp(x)/exp(xo), where exp(x) is the runaway electron ava-
lanche multiplication factor; x is the number of avalanche
lengths; and exp(xo) and xo are the runaway electron
avalanche multiplication factor and the number of avalanche
lengths, respectively, that result in a self-sustaining runaway
discharge. If t is the time between successive generations of
runaway electrons produced by relativistic feedback, then
for g > 1 the flux of runaway electrons will increase
exponentially with an e-folding time t0 
 t/ln(g). The
runaway electron flux at time t � t after the relativistic
feedback begins is

Fre �
So exp xð Þ exp t=t0ð Þ= g � 1ð Þ; g > 1

So t=tð Þ exp xð Þ; g ¼ 1

So exp xð Þ= 1� gð Þ; g < 1

8<
: ; ð3Þ

where So is the flux of external energetic seed particles that
run away, e.g., the flux owing to atmospheric cosmic-ray
particles and radioactive decays (see section 8 for further
details). Because for g  1 the discharge becomes self-
sustaining, g = 1 is the relativistic breakdown threshold.
[16] In comparison to equation (3), the flux of runaway

electrons generated by the RREA mechanism acting on an
external source of seed particles without feedback is Fre �
So exp(x). Therefore, for the case where g < 1, relativistic
feedback simply serves to increase the flux of runaway
electrons by a constant factor of (1 � g)�1. In this case, the
behavior of the runaway discharge is the same as the RREA
mechanism as has been described in a large body of
previous work (see Gurevich and Zybin [2001] and refer-
ences therein), albeit with an enhanced flux. In contrast, for
the case g  1 and especially for g > 1, the runaway
discharge becomes an electrical breakdown with dramati-
cally different behavior. In this case, unlike the standard
RREA mechanism, the peak flux and total number of
runaway electrons generated are independent of both the
flux of seed particles and the avalanche multiplication factor
[Dwyer, 2007]. The characteristic timescale of the discharge
also decreases by many orders of magnitude.
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[17] The avalanche multiplication factor, exp(xo), that
results in g = 1 is plotted in Figure 1 against the total
potential difference in the avalanche region for a uniform
electric field above the runaway electron avalanche thresh-
old and with no external magnetic field. Because the g = 1
condition depends upon the width of the avalanche region
compared with its length, two extreme cases are considered
here: the width of the avalanche region in the simulation
equals the length of the region (diamonds and dashed-dotted
line) and the width is much larger than the length (triangles
and dashed line). The former case is a reasonable approx-
imation of the smallest lateral extent of the avalanche region
compared with its length, considering the electrostatic
configurations that are likely to be present inside and above
thunderstorms. The latter case is most relevant for applica-
tions of the RREA mechanism in TGFs, since, as will be
discussed below, models in which RREA acts on external
seed particles require very large lateral extents of the source
region.
[18] Because of the exponential increase in the number of

runaway electrons with time, once g > 1 the electric field in
the avalanche region will be rapidly discharged. As a result,
the data plotted in Figure 1 represent an upper limit on the
maximum sustainable runaway electron avalanche multipli-
cation factor in air.
[19] In the figure, the data are the result of Monte Carlo

simulations. The Monte Carlo, which includes all the
detailed physics of the runaway electrons, positrons and
energetic photons, is described in depth in the work of
Dwyer [2007] and references therein and so will not be
described here. In addition, the methodology for calculating
the data presented in this paper is also described in detail in

the work of Dwyer [2007], and so will be only summarized
here: Relativistic feedback was recorded by keeping track of
the electrons and photons that pass through the plane
midway between the top and bottom of the avalanche region
with a uniform electric field. Many simulations were per-
formed, varying both the length of the avalanche region and
the electric field strength, allowing the condition g = 1 to be
found. In the figure, the peak at �100 MV is caused by the
transition between the x-ray feedback dominated regime,
to the left of the peak, and the positron feedback domi-
nated regime to the right. To the left of the data points, the
solid curve is not due to relativistic feedback. Instead, it is
the limit set by the conventional breakdown field Eb =
3000 kV/m � (n/no). For a uniform electric field, the
number of avalanche lengths is x = U/(El), where U is the
electric potential difference in the avalanche region. Be-
cause El monotonically decreases with the electric field
strength, if we assume that Eb is the maximum large-scale
electric field that is likely to occur, then the maximum
multiplication factor is

exp xð Þ < exp
U

Ebl Ebð Þ

� �
< exp

U

7:3MV

� �
; ð4Þ

where l(Eb) is the avalanche length calculated at Eb. The
right most inequality in equation (4) was first derived in the
work of Dwyer [2004] and remains true for nonuniform
electric fields and is independent of the air density.
[20] On the basis of Figure 1, it is unlikely that the

avalanche multiplication factor can ever exceed about 105

for realistic conditions. In Figure 1, the rise to the far right
of the plot is caused by positron annihilation as the length of
the avalanche region becomes very large. This part of the
plot corresponds to electric fields extending over very large
distances with very large potentials. For example, in order
to exceed 105 in the right most part of the plot, the total
potential difference would have to be larger than 700 MV
and the overall length of the high field region with E >
305 kV/m � (n/no) would have to be longer than 8.5 km.
The right most data points correspond to an average electric
field of 305 kV/m and a potential difference of 1 GV.
Regardless of relativistic feedback, any average electric
field less than 300 kV/m would require more than 1 billion
volts potential difference in the high field region in order to
generate an avalanche multiplication factor greater than 105.
Such large voltages are not likely to exist in our atmosphere.
[21] As will be shown below, in order for RREA models

alone to account for TGFs, very large lateral extents must be
assumed. In this case, the R � L data in Figure 1 should be
used. In addition, it could be argued that potential differ-
ences of a few hundred MV are much more likely to occur
than 1 GV potentials, and so a limit of exp(x) < 104 could
also be used, albeit with some additional assumptions. For
example, if it is assumed that the maximum potential
difference inside a thunderstorm is 1 GV, then the largest
electrostatic potential difference that could be produced by a
lightning discharge in the space above the thunderstorm is
about 500 MV, so that for a discharge above the thunder-
storm, assuming an approximately electrostatic field, then
2 � 104 is the limit on exp(x).
[22] If relativistic feedback is not taken into account, as

was the case for most previous work on the subject, then

Figure 1. Maximum sustainable relativistic runaway
electron avalanche multiplication factor, exp(xo), versus
total potential difference within the avalanche region. The
data points (and the dashed and dashed-dotted lines) are the
result of Monte Carlo simulations and show the threshold at
which the discharge becomes self-sustaining (g = 1). The
data are calculated for the condition that the lateral radius,
R, is much larger than the length of the avalanche region, L,
and when it is one half the length. The solid curve on the
left side of the plot is given by equation (4).
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equation (4) would be the only limit on the avalanche
multiplication factor, exp(x), and the solid curve in Figure 1
would continue to rise rapidly as the potential difference
increased. To illustrate the dramatic difference that relativ-
istic feedback makes on limiting the avalanche multiplica-
tion factor, at U = 200 MV, according to equation (4), exp(x)
can be as large as �1012. However, when relativistic
feedback is included, exp(x) < 104 for the R � L case,
8 orders of magnitude lower than when relativistic feedback
is not considered. Note that limiting the avalanche multi-
plication factor does not mean that fewer runaway electrons
are being produced. Indeed, as can be seen in equation (3),
including relativistic feedback can result in many orders of
magnitude more runaway electrons by increasing the num-
ber of avalanches. Therefore, many previous RREA models,
which do not include effects of relativistic feedback, grossly
overestimate the avalanche multiplication, sometimes affect-
ing the validity of the results.
[23] The timescale required for relativistic feedback to

become important is plotted in Figure 2 for two source
altitudes (for R � L). This time, t0, as defined above, is the
time needed for the flux of runaway electrons created by
relativistic feedback to increase by one e-folding. For this
figure, the curves plotted assume that the g = 1 condition is
exceeded by 1 avalanche length, i.e., g = e1. In other words,
we add one avalanche length to a breakdown that is just
barely self-sustaining. For models in which RREA acts on
external sources of seed particles alone, in order to have an
avalanche multiplication factor greater than the limit shown
in Figure 1, a TGF described by these models could not
have a duration longer than shown in Figure 2. Because for
all cases, the feedback time shown in Figure 2 is less than
the duration of TGFs, the upper limit on the avalanche
multiplication factor in Figure 1 fully applies to TGFs.
[24] To augment the detailed Monte Carlo calculations,

Dwyer [2007] developed a simple model of the discharge of

the electric field owing to relativistic feedback. It was found
that the electric field at the end of the avalanche region was
reduced by 1/e in the time

tdis ¼ t0 ln
g � 1ð Þeo

lem0eSot02 exp xð Þ

� �
; ð5Þ

referred to as the discharge time. Here m0 =
me

1þ t0

ta

� �þ m�

1þ ta
t0

� �þ mþ, where ta is the attachment

time of free low-energy electrons and me, m� and m+ are the
mobilities of the electrons and ions (note: this notation has
changed from Dwyer [2007]). In equation (5), le is the
ionization per unit length caused by the runaway electrons
(see section 8 for further details), and all other symbols are
either defined above or have their usual meaning. Equation
(5) is plotted for a TGF source at 15 km and 21 km in
Figure 3, using results of Monte Carlo calculations for
exp(x) and t0 as presented in Figures 1 and 2 (for R = L 6¼2).
For the figure, the value So � 10000 m�2 s�1 is used [Hillas,
1972], the maximum that is likely to occur in our atmosphere
and g = e1. The values chosen for the other parameters in
equation (5) will be discussed below in section 8. Note this
figure differs slightly from Dwyer [2007, Figure 9], which
was calculated for a source at sea level. The discharge time
plotted in Figure 3 can be viewed as the approximate
duration of a TGF predicted by this simple relativistic
feedback model. Note that this time is in the exact range of
TGF durations observed by BATSE and RHESSI.
[25] The fluence (electrons/m2) of runaway electrons

generated by relativistic feedback is given by Dwyer
[2007, equation (39)]

Fluence ¼ eo
lem0et0

ð6Þ

Figure 2. Relativistic feedback time, i.e., the e-folding
time for the flux to increase owing to relativistic feedback.
The triangles are for a source altitude of 15 km, and the
diamonds are for a source altitude of 21 km. This is the
timescale required for relativistic feedback to become
important.

Figure 3. Discharge time owing to relativistic feedback.
The triangles are for a source altitude of 15 km, and the
diamonds are for a source altitude of 21 km. This is the time
for relativistic feedback to reduce the electric field at the end
of the avalanche region by 1/e.
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and is plotted in Figure 4 (for R = L6¼2). Note that equation
(6) does not depend explicitly on the amount of avalanche
multiplication. Because the fluence multiplied by the source
area must equal the number of runaway electrons at the
source, equation (5) along with the number of runaway
electrons at the source inferred by the RHESSI data give an
estimate of the TGF source radius. This source radius is
plotted in Figure 5 for source altitudes of 15 km and 21 km.
As can be seen, the source radii required by relativistic
feedback are quite modest and are on the order of only 100
m, which is very reasonable for the highest field region
inside thunderstorms. These radii are also consistent with
the upper limit on the size of the source region discussed in
section 2 above, with the exception of the case of negative
stepped leaders, which is probably not applicable to the
present discussion.
[26] Finally, because relativistic feedback is very efficient

at discharging electric fields, even for the case g < 1, the
question naturally arises: how does a thunderstorm manage
to develop a region with an electric field large enough to
produce a self-sustaining discharge (i.e., g > 1)? Dwyer
[2005] proposed such a mechanism, showing how a dis-
charge produced by runaway electrons could rapidly ramp
up the electric field in some parts of the avalanche region,
resulting in a self-sustaining discharge and possibly light-
ning initiation. Alternatively, a lightning discharge could
potentially produce local field enhancements that result in a
self-sustaining discharge.

5. RREA Models Involving Extensive
Cosmic-Ray Air Showers

[27] Extensive cosmic-ray air showers are often invoked,
along with the RREA mechanism, to explain a wide range
of atmospheric phenomena, including lightning initiation,
narrow bipolar pulses (NBPs) and TGFs [Gurevich and
Zybin, 2001, 2005]. The reason is that extensive air showers
can impulsively inject very large numbers of energetic seed

particles into the high field region where runaway electron
avalanches are occurring. The resulting avalanche multipli-
cation can in turn produce even larger numbers of runaway
electrons. However, despite the popularity of extensive
cosmic-ray air showers, there are several lines of evidence
that strongly suggest that they do not play a major role in
TGF production.
[28] For extensive cosmic-ray air showers, the number of

energetic seed particles, Ne, injected into the TGF source
region depends upon the energy of the primary cosmic ray.
In particular, the number of secondary energetic particles at
shower maximum (mostly electrons and positrons) is de-
scribed by the approximate relation

NEAS � 5� 10�2E1:1
o ; ð7Þ

where Eo is the total energy of the cosmic-ray primary
measured in GeV [Gaisser, 1990]. For example, NEAS is
�2 � 105 for a primary energy of 1015 eV.
[29] Using the upper limit on the avalanche multiplication

factor, exp(x) < 105, discussed above, in order to generate
1016 runaway electrons at the TGF source, the minimum
required, the air shower would have to inject at least 1011

particles. From equation (7), this would correspond to a
primary cosmic ray with energy above 1020 eV, near the
very maximum energy ever observed. The flux of such
ultra-high-energy cosmic rays is extremely small, and is
only about 1 km�2 sr�1 century�1 [Longair, 1992].
[30] After taking into account the gamma-ray propagation

through the atmosphere, the runaway electrons creating the
TGF are produced over a timescale ranging from about 0.1
to 10 ms. These relatively long timescales are very difficult
to explain when modeling TGFs using extensive cosmic-ray
air showers. Specifically, air showers propagate at the speed
of light, and most of the avalanche multiplication results
from seed particle injection in the first few avalanche
lengths. Below 21 km, for fields above 300 kV/m � (n/
no), this means that an extensive air shower should produce

Figure 4. Fluence of runaway electrons (electrons/m2)
owing to the relativistic feedback mechanism, assuming that
the production of runaway electrons terminates at time, tdis.
The triangles are for a source altitude of 15 km, and the
diamonds are for a source altitude of 21 km.

Figure 5. TGF source radius that would be required to
produce 1 � 1017 runaway electrons at 15 km (triangles)
and 1 � 1016 runaway electrons at 21 km (diamonds) given
the fluences of runaway electrons shown in Figure 4.

D10103 DWYER: SOURCE MECHANISMS OF TERRESTRIAL GAMMA-RAY FLASHES

6 of 12

D10103



a gamma-ray pulse lasting on the order of 10 ms, 10 times
too fast for even the shortest TGFs.
[31] An even bigger difficulty is the fact that BATSE and

RHESSI frequently observed multiple pulses within a TGF,
all of comparable size. This indicates that the frequency of
TGFs cannot be tied to the coincidence rate between the air
showers and events associated with the thunderstorm. For
example, suppose that owing to some unknown process
inside or above the thunderstorm, the electric field rapidly
increases to above the runaway avalanche threshold so that
many runaway avalanche lengths occur. Then, a short time
later the field rapidly discharges. Because the TGFs are
observed to often last several milliseconds, the field must
remain strong for at least this time. Assume for a moment
that a TGF is the result of a coincidence between an
extensive air shower and the occurrence of this high field
region. Because multiple pulses are often seen in TGFs,
recalling the timing discussion above, presumably each one
of these pulses should be identified with a separate air
shower. Therefore, the occurrence rate of these air showers
must be at least 1/ms. One conclusion is that every time that
the thunderstorm produces a high electric field capable of
making a TGF, there would be a high probability that an air
shower with sufficient energy occurred within that time
period. This occurrence rate of extensive air showers can be
used to estimate the size of the source region. The integral
flux of extensive air showers in the range 1010–1020 eV

(assuming an approximately isotropic arrival distribution
from above) is given roughly by

I >Eoð Þ ¼ 3� 104E�1:7
o m�2s�1 10GeV < Eo < 3� 106GeV

I >Eoð Þ ¼ 4� 107E�2:1
o m�2s�1 Eo > 3� 106GeV

;

ð8Þ

where Eo is the energy of the cosmic-ray primary particle in
GeV [Berezinskii et al., 1990].
[32] Requiring one air shower per millisecond implies that

I A > 1000s�1; ð9Þ

where A is the cross-sectional area of the source region. The
lower limit on the source radius, determined by equations
(8) and (9), is plotted in Figure 6. In the figure, the arrows
indicate which side of the line is allowed. For this case, only
the space above the upper diagonal line is permitted. Also
shown is the minimum required cosmic-ray energy of
1020 eV determined by relativistic feedback (vertical line).
The feedback limit and the limit from equations (8) and (9),
when combined, require that the area of the source region to
be several orders of magnitude larger than the entire surface
area of the earth. In contrast, the physical range of possible
extensive air showers and possible TGF source regions is
shown in Figure 6 as the gray shaded region. The top of the
gray region is limited (extremely conservatively) by the size
of the earth. The bottom is a reasonable lower limit based on
the likely lateral size of a high field region considering that
the length of the high field region must be at least 20 m (see
equation (1) and the discussion above). In addition,
extensive air showers can themselves have considerable
lateral extent. The right side of the gray region is determined
by the highest-energy extensive air shower ever measured: a
few times 1020 eV. There are also theoretical reasons, on the
basis of the propagation of the cosmic rays through
intergalactic space, to expect that the spectrum does not
extend much higher in energy.
[33] A final problem is that because the energy spectrum

of cosmic rays falls off so rapidly with primary cosmic-ray
energy, for every air shower above a given energy, there will
be many more with lower energies. For example, for every
cosmic ray above 1016 eV, there will be more than 50 with
energies above 1015 eV and so forth. The rate of all cosmic-
ray secondary particles is about So = 10000 m�2 s�1

for altitudes where shower maximum usually occurs
(�100 g/cm2) [Hillas, 1972]. For a Dt = 1 ms time interval,
a source region with a cross-sectional area Awill have

Ncr ffi 10
particles

m2
A ð10Þ

energetic seed particles. If cosmic-ray air showers are the
source of TGFs, then the number of secondary particles
injected by a single extensive air shower (e.g., equation (7))
must be at least as large as the number injected by the steady
state cosmic-ray background in 1 ms (equation (10)). This
means that NEAS > Ncr. Plugging equations (7) and (10) into
this inequality gives

A < 5� 10�3E1:1
o ; ð11Þ

Figure 6. Constraints on extensive cosmic-ray air showers
as a source of seed electrons for the RREA mechanism for
TGFs. The plot shows the required TGF source radius
versus primary cosmic-ray energy. The arrows show the
side of each curve that is allowed. The vertical line labeled
‘‘max. avalanche multiplication’’ is the required cosmic-ray
primary energy resulting from the maximum avalanche
multiplication factor shown in Figure 1. The upper curve
labeled ‘‘EAS rate > 1/ms’’ is the requirement of
producing multiple peaks within a TGF. The lower curve
labeled ‘‘EAS > CR bkg’’ is the requirement that the
extensive air shower produces more seed particles than the
ambient cosmic-ray background. The grey shade region
shows the range over which extensive air shows could be
considered.
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where Eo is measured in GeVand A is in m2. This inequality
is plotted in Figure 6 (bottom diagonal line). As can be seen
in the figure, because the upper limit set by equation (11) is
much below the lower limit set by equations (8) and (9),
there exists no source region that simultaneously satisfies
the necessary constraints set by TGF observations if
extensive air showers provide the seed runaway electrons.
In summary, it is extremely improbable that extensive air
showers and the RREA mechanism play any significant role
in TGFs.

6. RREA Models Involving the Steady State
Background Radiation

[34] If extensive air showers are not involved in TGFs,
then in order for the RREA mechanism alone to explain
TGFs we must search for an alternate source of the energetic
seed particles. The remaining candidate is the steady state
background radiation produced mainly by cosmic rays (of
all energies) with some possible contribution from radioac-
tive decays, such as from radon in the atmosphere.
[35] Consider the total number of runaway electrons that

can be produced by RREA models acting on atmospheric
cosmic rays. At sea level the vertical flux of atmospheric
cosmic rays is about 200 m�2 s�1. At thunderstorm altitudes
this number peaks at about 104 m�2 s�1 [Hillas, 1972].
Integrating the largest atmospheric cosmic-ray flux over the
typical TGF duration of 1 ms gives 10 m�2 (equation (10)).
Multiplying this by the largest possible avalanche multipli-
cation factor plotted in Figure 1 and requiring that 1016

runaway electrons be produced for a 21 km source altitude,
and 1017 runaway electrons be produced for a 15 km source
altitude, gives the minimum source radius plotted in Figure 7.
As can be seen, the source radius must be at least 30 km if the
source altitude is at 21 km and the source radius must be at
least 100 km if the source altitude is 15 km. However, both
these source radii are for the extreme case of nearly 1 billion
volts potential difference in the high field region. A more
reasonable potential difference, especially above the thun-

derstorm, of 500MVrequires a source radii of at least 100 km
and 400 km for 21 km and 15 km source altitudes, respec-
tively. In addition to contradicting the maximum size of the
TGF source region discussed in section 2, these numbers
seem unphysically large for a region that has an elevated
electric field >300 kV/m � (n/no).
[36] Because the timescale for relativistic feedback to

occur is usually a few microseconds to a few tens of
microseconds (see Figure 2), any proposed mechanism that
rapidly ramps up the electric field so that a self-sustaining
discharge occurs will also produce so much feedback over a
1 millisecond timescale that the cosmic-ray source will
become completely negligible compared to the relativistic
feedback mechanism. Therefore, regardless of the exact
mechanism for producing the large electric fields, RREA
models acting on external sources of seed particles appear to
be very unlikely for explaining TGFs owing to the very
large size of the source region that such models would
require.

7. High-Field Runaway Electron Mechanism

[37] Although relativistic feedback appears to be able to
explain many features of TGFs, in this section an alternative
mechanism will be discussed: runaway electron production
in the high electric fields associated with lightning leaders
or steamers.
[38] X-ray emission has been observed on the ground from

natural, negative cloud-to-ground lightning, rocket-triggered
lightning and long laboratory sparks in air. The x-ray emis-
sion is seen to occur in association with the stepped leader
formation in natural lightning [Dwyer et al., 2005a] and
during the dart leader phase in triggered lightning [Dwyer
et al., 2003, 2004b], with possibly some contribution from
the beginning of the return stroke. X-rays have also been
observed from both positive and negative rod-to-ground
plane sparks in air at STP, generated by a 1.5 MV Marx
generator, with gap lengths ranging from 0.1 m up to 1.5 m
[Dwyer et al., 2005b]. The x-ray emission from laboratory
sparks appeared to be very similar to the emission observed
from both natural and triggered lightning and so probably
shares the same runaway electron production mechanism.
[39] Dwyer [2004] showed that the energy spectrum and

intensity of x-ray emission from lightning is not consistent
with the RREA mechanism and suggested that instead the
so-called cold runaway electron mechanism was taking
place in the strong electric fields that may occur at either
the leader tips or the streamer heads. For the cold runaway
electron mechanism, when the electric field exceeds the
critical field, Ec � 30 MV/m � (n/no), about ten times larger
than the breakdown field, free thermal electrons may gain
sufficient energy to run away [Gurevich, 1961; Moss et al.,
2006]. As a result, no additional source of energetic seed
electrons is required.
[40] Because the exact mechanism for generating run-

away electrons and the accompanying x-rays in association
with lightning leaders and laboratory sparks is still under
debate [Gurevich et al., 2007], the mechanism for produc-
ing runaway electrons during lightning and laboratory
sparks shall be referred to as ‘‘high-field runaway electron
production.’’

Figure 7. TGF source radius that would be required to
produce 1 � 1017 runaway electrons at 15 km (triangles)
and 1 � 1016 runaway electrons at 21 km (diamonds) by the
RREA mechanism acting on the cosmic-ray background.
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[41] When lightning leaders are propagating in strong
electric fields inside thunderstorms, it is not unreasonable
that they would be producing energetic seed electrons as
they do near the ground. In fact, for leaders inside thunder-
storms, since the ambient large-scale electric field may be
much larger than near the ground, even if the leaders emit
the same flux of energetic seed electrons, these electrons
could undergo more avalanche multiplication via the RREA
mechanism. In addition, leaders propagating in a region
with a stronger electric field may also generate more seed
electrons, since the cold runaway process is sensitive to the
ambient electric field. Alternatively, a large-scale streamer
such as occurs in association with sprites could in principle
also produce large enough electric fields at its head that
cold runaway could be occurring. As with the lightning
leader emission, the runaway electrons could then acceler-
ate to relativistic energies, either in a large-scale ambient
electric field or the electric field produced by the streamer
itself.
[42] Estimating the average number of seed electrons

injected by lightning leaders is difficult. Dwyer et al.
[2004b] estimated that for negative dart leaders from
rocket-triggered lightning the number of x-rays generated
when the leader was within a few hundred meters of the
ground was probably on the order of 109. It is not possible
to directly calculate the number of energetic electrons that
produced these x-rays, since the distance that the electrons
propagated is not known. The mean free path of a 250 keV
electron (the maximum energy estimated by Dwyer et al.
[2004b] for triggered lightning dart leaders) for producing a
>30 keV x-ray via bremsstrahlung is about 200 m. Con-
sidering that the electric field produced by the dart leader
falls off over approximately 10 m [Miki et al., 2002; Jordan
et al., 1997], suggests that there are about 1010 runaway
electrons produced by the dart leader in the last 100 m from
the ground. Because we are interested in the number of
runaway electrons injected into the first avalanche length
(l � 100 m) where additional RREA multiplication can
occur, considering only runaway electrons produced over
100 m is reasonable for TGFs. Therefore, if the number of
energetic seed electrons were of this order inside the thun-
derstorm, then assuming the maximum avalanche multipli-
cation factor possible without feedback, only 10 such leaders
would be required at 21 km and 100 such leaders at 15 km
altitude.
[43] Using the return stroke speed of 108 m/s as the

characteristic speed that information in the source region
propagates gives an upper limit on the radius of the source
region of 5 km (Table 1). One such scenario might be a
return stroke transferring negative charge to existing nega-
tive stepped leaders within the thunderstorm, briefly inten-
sifying the runaway electron production by the leaders.
Such a source region would be about 100 times larger than
the area at the International Center for Lightning Research
and Testing (ICLRT) at Camp Blanding, FL, which is
covered by the Thunderstorm Energetic Radiation Array
(TERA) currently consisting of 24 x-ray measuring stations.
This implies that an event similar to a TGF source at 15 km,
seen near the ground, would only need to produce roughly
the same x-ray emission over the ICLRT site than is
currently observed from triggered lightning. Indeed, such

large x-ray events are also frequently observed during
natural lightning [Dwyer et al., 2005a].

8. Current and Charge Moment Changes
Produced by TGFs

[44] If the source of TGFs is located between 21 and 15 km
and produces 1016 to 1017 runaway electrons, respectively,
then regardless of the source mechanism such large numbers
of runaway electrons should produce measurable currents
and charge moment changes, even if no lightning is associ-
ated with the event. In this section, a simple model is used to
estimate the values of these current and charge moment
changes. This model will follow closely the simple model
presented in the work of Dwyer [2007]. However, in this
model, no specific mechanism for producing the runaway
electrons will be assumed. Furthermore, it will not be
assumed that the discharge resulting from the runaway
electrons is what necessarily terminates the TGF.
[45] Relativistic runaway electrons have an average energy

of about 7MeV, independent of the details of the acceleration
region, e.g., independent of the electric field and the gas
density. These electrons are nearly minimum ionizing, losing
energy in air at a constant rate of about 2.7 � 105 eV/m �
(n/no). It is well known that the average energy required to
ionize an air atom by energetic particles is 34 eV [Sauli,
1977]. This gives le = 8000 m�1 � (n/no) electron-ion
pairs per meter per runaway electron. When strong electric
fields are present and when the correct energy distribution
of runaway electrons is considered, this number will
increase slightly. Monte Carlo simulations show that the
electron-ion pairs per meter per runaway electron is
typically le � 9000 m�1 � (n/no).
[46] The low-energy electrons produced by ionization

attach to oxygen and water vapor very quickly to form
negative ions. As a result, there will be 9000 � (n/no) ion
pairs per meter per runaway electron. These negative ions,
along with the positive ions produced by the ionization, will
then drift in the ambient electric field. While drifting, the
ions can become attached to cloud droplets or cloud ice
crystals. However, using typical water and ice contents of
clouds, it is found that the ions will drift several meters
before sticking to droplets or ice crystals [Chiu, 1978].
[47] The drift speed of low-energy electrons and ions is

given by v = mE, where m is the mobility of the species. The
mobility scales as (no/n), where n is the density of air, and
no is the density of air at STP. At STP, the mobility for low-
energy electrons is 9.4 � 10�2 m2 V�1 s�1, for the positive
ions is 1.4 � 10�4 m2 V�1 s�1 and for the negative ions is
1.9 � 10�4 m2 V�1 s�1. As an example, at the runaway
breakdown threshold field, Eth = 2.84 � 105 V/m � (n/no),
this gives an average drift speed of about 50 m/s for the ions.
[48] For a flux, Fre, of runaway electrons moving though

a region with electric field strength, E, the electric current
density is given by

J ¼ e neme þ n�m� þ nþmþ
� 	

E þ eFre; ð12Þ

where ne is the number density of the free low-energy
electrons produced by ionization of the gas; n+ is the
number of positive ions and n� is the number of negative
ions produced when the electrons attach to oxygen and
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water molecules. The number densities are given by the
following equations

dne

dt
¼ leFre �

ne

ta
ð13Þ

dn�

dt
¼ ne

ta
ð14Þ

dnþ

dt
¼ leFre; ð15Þ

where ta is the attachment time of free low-energy electrons.
ta is a rather complicated function of electric field strengths,
gas density and composition. For air at STP, ta � 10�8 s and
for the altitude ranges and electric field strengths under
consideration here scales approximately with (no/n). For the
altitude range of 15–21 km, ta � 10�7 s.
[49] Because the timescale of TGFs is on the order of 1

millisecond, which is much longer than the attachment time,
ta, if we consider the steady state case for which t � ta,
equation (13) has the solution

ne ¼ taleFre: ð16Þ

As a result, the ratio of the current from the slow electrons
to that of the fast runaway electrons is

Je

Jre
¼ talemeE: ð17Þ

This ratio is approximately independent of altitude and has a
value of 2.5–25, depending upon the electric field.
Therefore, for TGFs, the current from the runaway electrons
themselves is less than that from the slow, low-energy
electrons.
[50] Integrating equations (14) and (15) for an approxi-

mately constant runaway electron flux that is switched on at
t = 0 gives

n� ¼ nþ ¼ tleFre; ð18Þ

where t is the time since the start of the TGF. The ratio of
the current from the drifting ions to the slow electrons is
therefore

Ji

Je
¼ t

ta

� �
m� þ mþ
� 	

me

: ð19Þ

[51] For TGFs, the current from the ions will dominate
over both that of the low-energy electrons and the runaway
electrons for t > 30 ms in the altitude range 15–21 km.
Because 30 ms is much shorter than the duration of all
TGFs, this implies that the drifting ions will completely
dominate the electrical current produced by a TGF dis-
charge. Note that in this paper, the current from any
lightning channels associated with the TGFs is not being
considered.

[52] Let Nre be the total number of runaway electrons
produced by the TGF and let R be the lateral radius of the
source region, assuming a vertically downward electric
field. Then, the runaway electrons will produce

ni ¼
Nrele

pR2
ð20Þ

ion pairs per m3 at the end of the avalanche region. The
positive and negative ions produce an electrical current
density of

J ¼
eNrele m� þ mþ

� 	
E

pR2
: ð21Þ

For a plane geometry, the change in the electric field at the
end of the avalanche region is

dE

dt
¼ � J

eo
: ð22Þ

Plugging in equation (21) into equation (22) gives an
e-folding time for discharging the field of

td ¼
eopR2

eNrele m� þ mþ
� 	 ; ð23Þ

assuming that the electric field is reduced owing to the current
produced by the TGF and not some other mechanism.
[53] Note the ionization per unit length and the mobility

have opposite dependencies on the gas density, so the sea
level values can be used in equation (23) for td. Since the
current density is proportional to the electric field, the
current will also have this td as its e-folding decay time.
Plugging in the numbers into the equations above gives td =
(6 � 10�9 s/m2) � R2 for a source at 21 km and td = (6 �
10�10 s/m2) � R2 at 15 km. In other words, the decay time
in the current can be used to constrain the size of the source
region.
[54] In addition, the total charge moment that is produced

by the collapse of the electric field is given by

M ¼ eoElpR2; ð24Þ

where l is the runaway avalanche length, with l � 100 m
being a typical number. A basic property of runaway
electron avalanches is El > 7.3 � 106 V for all electric
fields and densities. Therefore,

M > 7:3� 106V
� 	

eopR2 ¼ 2� 10�4C=m
� 	

� R2: ð25Þ

Measuring the total charge moment then gives an upper
bound on the source radius. Combining equations (23) and
(25) give the relationship between the total change in the
electric dipole moment and the timescale over which the
change occurs:

M > 7:3� 106V
� 	

eNrele m� þ mþ
� 	

td

¼
35C km=sð Þ � td 21 km

350C km=sð Þ � td 15 km
: ð26Þ
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[55] In equation (26) and in equations (27) and (28)
below the values for Nre inferred from RHESSI observations
are used in order to give numerical estimates. The combi-
nation of observational constraints on M and td should
allow additional information such as the number of runaway
electrons to be determined. Finally, the total peak current
from the TGF ions (not the lightning) is

I ¼ JpR2 ¼ eNrele m� þ mþ
� 	

E > eNrele m� þ mþ
� 	

Eth

�
0:1 kA 21 km

2 kA 15 km



; ð27Þ

where the lower limit on the electric field Eth in the
avalanche region is used. In addition, the total current
should decay with the characteristic time, td.
[56] Multiplying the peak current by the avalanche length

gives the peak current moment:

Il ¼ eNrele m� þ mþ
� 	

El > 7:3� 106eNrele m� þ mþ
� 	

�
35 A km 21 km

350 A km 15 km



; ð28Þ

which depends upon the number of runaway electrons but
has no other altitude dependence. Note that both the peak
current and the peak current moment are independent of the
source radius. Current measurements, therefore, could be
used to constrain Nre, the number of runaway electrons at
the source.
[57] Although the currents and charge moments are small,

they should be observable with existing instrumentation for
measuring sferics if the TGF is sufficiently close to the
sensor (S. Cummer, private communication, 2007). Espe-
cially important would be the observation of TGFs that
precede the lightning pulse by some time, so that the current
and charge moment changes from the TGF could be
separated from that of the lightning. Such observation could
place important constraints on characteristics of the TGF
source, such as the lateral extent of the source region and
number of runaway electrons, which would in turn allow the
flux of runaway electrons (number per unit area per second)
at the source to be inferred. Finding the flux at the source
region would provide a powerful way to discriminate
between the different source mechanisms.

9. Summary

[58] The key results of this paper are summarized as
follows:
[59] 1. Relativistic runaway electron avalanches (RREAs)

acting on an external source of seed particles is insufficient
to account for TGF fluxes because they require either
unrealistically large lateral sizes or unrealistically large
seed fluxes or unrealistically large avalanche multiplication
factors.
[60] 2. Extensive cosmic-ray air showers do not play a

major role in TGFs, on the basis of observed time structures
and fluences of TGFs, the energy spectrum of extensive air
showers, the resulting numbers of atmospheric cosmic-ray
particles, and the maximum avalanche multiplication factor
determined by relativistic feedback.

[61] 3. The relativistic feedback mechanism appears to
provide a good explanation of the observed properties of
TGFs. It can naturally explain the duration of TGFs and can
generate the required number of runaway electrons in a
realistic source region measuring just a few hundred meters
across.
[62] 4. Runaway electron production in high electric

fields, such as occurs in association with natural, triggered
lightning and laboratory sparks is a viable alternative to the
relativistic feedback mechanism.
[63] 5. The pulse shapes of the BATSE TGFs help

constrain the lateral radius of the source region and are
useful for constraining the possible source mechanisms,
including what lightning processes (if any) could potentially
be involved.
[64] 6. Basic properties of the current and charge moment

changes have been inferred, which can be compared with
sferics data to constrain further such properties as the size of
the source region and the number of runaway electrons.

[65] Acknowledgments. This work was supported by the NSF grant
ATM 0607885.
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