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ARTICLE INFO ABSTRACT

Keywords: Ground-based observations of energetic radiation (X-rays/gamma-rays) associated with natural lightning dis-
Lightning charges are presented and discussed. The emphasis is placed on relating X-ray/gamma-ray emissions to specific
X-rays

lightning processes. X-rays/gamma-rays have been observed in the following three contexts: (1) final stages of
the descending leader, (2) collision of opposite-polarity streamers at the onset of lightning attachments process,
and (3) in-cloud processes giving rise to energetic radiation bursts characteristic of Terrestrial Gamma-ray
Flashes (TGFs). In all three cases, the X-ray/gamma-ray production involves runaway electrons and can be
materially influenced (enhanced) by the presence of previously created but decayed lightning channels. Such
channels are characterized by elevated temperature (about 3,000 K vs. 300 K for ambient air), which signifi-
cantly lowers the friction curve (representing the spatial rate of electron energy loss), so that its peak is an order
of magnitude lower than that for cold air. As a result, in the electric field of about 4 MV/m (such and even higher
fields are briefly produced near the tips of lightning leaders), ambient electrons can be accelerated over the
friction-curve peak to the keV range and further to relativistic energies needed for production of X-ray/gamma-
ray emissions. Significant avalanching of runaway electrons seems to be possible. For one very intense (55 kA)
subsequent stroke, which was a prolific X-ray/gamma-ray producer, we estimated the spatial extent of strong
(>4 MV/m) electric field region associated with the descending leader tip to be about 1.5 m, which is sufficient
for multiplication of runaway electrons by a factor of 2 x 10 or so.

Gamma-rays

Subsequent leader

Attachment process

Terrestrial gamma-ray flashes (TGFs)
Runaway electrons

1. Introduction (b) bursts of X-rays/gamma-rays associated with all kinds of

descending leaders in natural and rocket-and-wire triggered

At present, the only viable mechanism for producing energetic ra-
diation by thunderstorms and lightning involves runaway electrons,
which occur when the energy gained by free electrons between colli-
sions, as they are accelerated by high electric field, exceeds the energy
that is lost to collisions with air molecules. An X-ray/gamma-ray (in
lightning research, the boundary between the two is usually placed at 1
MeV) photon is emitted when a free electron, passing by a nitrogen or
oxygen atom, is deflected by the electric field of its nucleus or, to a lesser
extent, by the field of its electrons. This process is called bremsstrahlung
(braking radiation).

All observations of X-rays/gamma-rays associated with thunder-
storms and lightning fall into three categories:

(a) surges in the gamma-ray background (gamma-ray glows) lasting
seconds to minutes,
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lightning flashes, as they approach the ground, and
(c) Terrestrial Gamma-ray Flashes or TGFs (typically less than 1 ms
in duration), which originate from the cloud.

Gamma-ray glows have been reported from both ground-based (e.g.,
[8, 51, 54]) and airborne observations (e.g., [22, 29, 32, 37]). The en-
ergy spectrum is thought to extend to some tens of MeV. The source of
gamma-ray glows is a high-electric-field region in the cloud (for
example, between the main negative and lower positive charge layers),
where energetic (0.1-1 MeV) electrons produced in the atmosphere by
very high energy cosmic rays are accelerated forming runaway electron
avalanches. When observed at ground level, usually when the distance
between the in-cloud charged-particle accelerator and ground-based
detector is small (high-elevation observation site or low-altitude
winter thunderclouds), they are also referred to as Thunderstorm
Ground Enhancements (TGEs). Note that TGEs were identified with
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Fig. 1. Gamma-ray glow/TGE, shown in blue and labeled “Particle flux” ("Count Rate”, per second, on the blue vertical axis), recorded on Mount Aragats (3.2 km
above sea level), Armenia, that was terminated around 13:56:30 UT (inside the vertically elongated magenta box) by a negative cloud-to-ground lightning flash
(-CG). The TGE was about 20% above the background and its duration was about 4 min. The corresponding electric field variation is shown in black; its abrupt
upward excursion and polarity reversal signify the removal of dominant negative charge (accelerating electrons in the downward direction) aloft. Distance to the -CG
(shown in red) was about 2 km. Adapted from Chilingarian et al. [10]. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

particle detectors [8] and besides gamma rays generally include ener-
getic electrons and neutrons. Gamma-ray glows/TGEs are often termi-
nated by lightning that suddenly removes their causative electric field
(e.g., [10, 111), as illustrated in Fig. 1.

It is thought that TGEs can be produced by two processes, RREA
(relativistic runaway electron avalanches) and MOS (modification of
energy spectrum of cosmic-ray secondaries) ([9, 5]). RREA can occur in
regions where the electric field exceeds a threshold of 284 kV/m (at sea
level) over a distance comparable to the avalanche length (tens to
hundreds of meters) with a minimum potential difference of 7.3 MV (e.
g., [21]). Only MOS occurs below the RREA field threshold and both
RREA and MOS can occur above that threshold.

It is worth noting that a long-lasting enhancement of energetic ra-
diation relative to the background level can also occur as a result of the
so-called radon washout effect (e.g., [7, 41]); that is, in the absence of an
in-cloud electron accelerator. It is associated with precipitation that
scavenges airborne radionuclides (mostly short-lived radon-222 prog-
eny) to the ground. Energies of radon-related emissions are thought to
be below 3 MeV (e.g., [50]).

Gamma-ray glows and other long-lasting energetic radiation en-
hancements (briefly reviewed here just for completeness) are no further
discussed in this paper.

Lightning leaders observed at close ranges (within 2 km or so) often
produce detectable X-ray/gamma-ray emissions. A number of studies
have shown that both natural (e.g., [19, 36, 38, 52]) and
rocket-and-wire triggered (e.g., [16, 20, 47]) lightning can produce such
emissions. They were observed during stepped, dart-stepped, and dart
leaders (also during less common chaotic leaders), usually within 1 ms
prior to the return-stroke onset, when the leader tip is within a few
hundred meters of the ground. While the typical photon energy is in the
tens to hundreds of keV ranges, individual photons with energies
exceeding several MeV have been documented.

TGFs are mostly observed from space (e.g., [6, 23, 40, 49]) and
relatively infrequently seen at the ground. TGFs recorded at ground level
are referred to as downward TGFs. To date, downward TGFs were
observed in Florida, Utah, and Japan. For TGFs observed from space, the
energy spectrum is thought to extend to some tens of MeV, while for
downward TGFs it seems to be somewhat softer.

In the following, we will present recent ground-based observations of
X-rays/gamma-rays either produced by natural-lightning processes near
ground (final stage of descending leader or ground attachment) or by
some in-cloud processes giving rise to an energetic radiation burst
indicative of TGF, this burst being concurrent with a natural cloud-to-
ground lightning discharge. The emphasis will be placed on relating
X-ray/gamma-ray emissions to specific lightning processes. We will also
identify the lightning channel properties and leader parameters that are
conducive to the production of energetic radiation. The results are
important for improving our understanding of the physics of lightning,
in particular its processes occurring in the presence of preconditioned
channels/branches. All the data were acquired at the Lightning Obser-
vatory in Gainesville (LOG), Florida. The paper is based on (is an
extended version of) the invited lecture [43] given by the authors at the
ICLP-SIPDA 2021 in Colombo, Sri Lanka.

2. Instrumentation

Asnoted above, all the data presented in this paper (except for Fig. 1)
were obtained at the Lightning Observatory in Gainesville (LOG), Flor-
ida. Those data, besides the X-ray/gamma-ray records, also include
electric field (E), electric field derivative (dE/dt), and magnetic field
derivative (dB/dt) waveforms. LOG is located on the roof of the five-
story New Engineering Building (NEB) on the University of Florida
campus (see Fig. 2).

The E-field measuring system included a 0.155 m? flush-mounted
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Fig. 2. South Side of the Lightning Observatory in Gainesville (LOG), Florida.

Table 1
Acceleration and multiplication of runaway electrons in air.

Process Source of seed Air Electric field,” MV/m
electrons temperature,
K

Relativistic Two-step process 300 =230
avalanchesincold  starting with
air (cold runaway  ambient
breakdown) distribution

Relativistic Cosmic-ray 300 ~0.2
avalanchesincold  secondaries
air (RREA)

Relativistic Ambient 3000 >3
avalanches in distribution
remnants of
decayed channel

Conventional (non- Ambient 300 ~3
relativistic) distribution

avalanches in cold
air

*Approximate values at sea level.

flat-plate antenna followed by a unity gain, high-input-impedance
amplifier with an active integrator. The E-field enhancement factor
due to the presence of NEB was estimated to be 1.4 [1]. The E-field
measuring system (one of the two, with a lower gain) had a useful fre-
quency bandwidth of 16 Hz to 10 MHz, with a decay time constant of 10
ms. The output signal was transmitted through a fiber-optic link to a
digitizing oscilloscope which sampled at 100 MHz. The dB/dt antenna
was a vertical loop with an area of 0.533 m?. Its plane was oriented in
the east-west direction. The dB/dt measuring system had a -3 dB upper
frequency response of 16 MHz. The E and dB/dt records were used to
identify different lightning processes, determine the return-stroke onset
times, and estimate leader durations.

The X-ray/gamma-ray detector consists of a NaI(Tl) scintillator of
cylindrical shape with both its height and diameter equal to 7.6 cm
coupled to a photomultiplier tube (PMT) and associated electronics. The
detector was powered by a 12 V battery and housed in an aluminum box
with a wall thickness of 0.32 cm that shielded it from electromagnetic
coupling, moisture, and light, but allowed photons with energies down
to 30 keV to enter. The detector’s output signal was transmitted through

a fiber-optic link to the digitizing oscilloscope which sampled at 100
MHz. The 662 keV photons emitted by a radioactive source (Cs-137)
were used to calibrate the detector. The upper and lower measurement
limits of the detector (determined by the voltage range of the fiber-optic
link and the noise level) were 5.7 MeV and 75 keV, respectively. Using
this detector, Mallick et al. [36] estimated the occurrence of detectable
background (not lightning related) X-rays/gamma-rays at LOG to be 1 in
8 ms.

3. Data presentation and results

We first discuss, in subSection 3.1, X-rays/gamma-rays associated
with descending leaders and with the lightning attachment process and
then Terrestrial Gamma-ray Flashes (TGFs) in subSection 3.2.

3.1. X-rays/gamma-rays associated with descending leaders and with the
attachment process

Mallick et al. [36] discovered that subsequent-stroke leaders in
natural negative lightning discharges could be more prolific producers
of X-rays/gamma-rays than the first-stroke leader in the same flash, even
when the peak current reported by the NLDN (U.S. National Lightning
Detection Network) for the subsequent stroke was comparable to or
lower than that for the first stroke. In their study, conducted at LOG, five
out of seven subsequent-stroke leaders produced more detectable
X-ray/gamma-ray pulses than their corresponding first-stroke leaders.
An example of such an event is shown in Fig. 3. They used the relatively
short subsequent-leader durations measured in their electric field and
electric field derivative records to argue that their subsequent leaders
followed the same path to ground as the first leader, as opposed to
deviating from the previously formed channel and forging a new path to
ground through cold air. Later, Tran et al. [52], also working at LOG,
presented optical evidence that subsequent strokes following previously
formed channels can indeed produce more X-rays/gamma-rays than the
corresponding first stroke.

Mallick et al. [36] and Tran et al. [52] attributed their findings to the
fact that normal subsequent-stroke leaders traverse channels whose air
density is considerably lower than that of the virgin air in which
first-stroke leaders have to develop. Their implicit assumption was that
the only difference between the first- and subsequent-leader paths in
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Fig. 3. X-rays/gamma-rays produced by Stroke 1 (top), Stroke 2 (middle), and Stroke 3 (bottom) of 13-stroke Flash 3832. Strokes 4 to 13 were not recorded at LOG.
NLDN-reported distances for strokes 1 to 3 were 0.5 to 0.8 km. Vertical broken lines labeled RS indicate the position of the return stroke. Some pulses seen in the plots
are due to multiple photons arriving within the response time of the X-ray/gamma-ray detector; that is, are actually each a superposition (pile-up) of two or more
individual pulses. There are a total of 22 such pile-ups, 3 of which are clipped at 5 to 6 MeV level. All discernible individual pulses are included in the pulse count

given on the plots. Adapted from Mallick et al. [36].

their studies was the air temperature (ambient, 300 K, for first leaders
vs. about 3000 K for subsequent leaders), with the total particle density
at 1-atm pressure for the latter being about an order of magnitude lower
than for the former [55]. This an order of magnitude difference in air
density results in the lowering by an order of magnitude the friction
force (rate of electron energy loss per unit distance) relative to the
ambient (cold) air case, as further discussed in Section 4.

X-ray/gamma-ray emissions have been also observed during the
lightning attachment process, at the time of collision of negative and
positive streamers of the descending and upward connecting leaders,
respectively [28, 52]. One example is shown in Fig. 4, where energetic
radiation is seen in coincidence with the so-called leader burst (LB), but
not with the leader step pulses (marked in panels (a) and (b)). The LB
occurs at the beginning of the breakthrough phase (part of the attach-
ment process), when the leaders collide via their streamer zones and
form the common streamer zone. This corresponds to the beginning of
the slow front in electric field waveforms (marked in Fig. 4a). More
details on the breakthrough phase and its relation to the return-stroke
slow front can be found in work of Rakov and Tran [44].

To summarize, it appears that X-rays/gamma-rays can be produced
in the course of leader stepping and in the course of collision of opposite
polarity leaders during the lightning attachment process. On the other
hand, not every leader step is associated with a detectable X-ray/
gamma-ray burst (see, for example, Fig. 4, where none of the four
marked step pulses produced an energetic radiation burst) and there can
be detectable emission in the absence of detectable stepping as, for
example, in the case of dart leaders. Clearly, further research is needed
to distinguish the absence of energetic radiation at the source from an
insufficient X-ray/gamma-ray flux toward the detector, as well as to
better understand the nature of energetic radiation from dart (non-
stepped) leaders. It has been suggested (e.g., [27]) that X-rays/gam-
ma-rays from stepped or dart-stepped leaders are associated with the
corona streamer burst (see, for example, Fig. 2 of Kostinskiy et al. [33])
completing the formation of each step. Dart leaders apparently do not
produce such bursts, but should have a kind of guided streamer zone

ahead of the leader tip. Moss et al. [39] suggested that super-fields
briefly occurring near streamer heads can serve to accelerate some
ambient electrons to energies in the 2-8 keV range and that the latter
can be further accelerated to relativistic energies (up to tens of MeV) in a
larger-scale field of the corona streamer burst. Note that Moss et al.’s
scenario applies to stepped leaders in cold air. It has been shown (e.g.,
[12, 13, 31]) that the Coulomb force associated with a descending
subsequent leader can overcome the friction force in warm air without
considering any streamer processes near the leader tip.

3.2. Terrestrial gamma-ray flashes (TGFs)

Tran et al. [53] reported on a TGF observed in 2014 at the Lightning
Observatory in Gainesville (LOG), Florida. It was associated with a
single-stroke 224 kA -CG at a distance of 7.5 km from LOG. The TGF had
a duration of 16 ps and was composed of 6 detectable photons, four of
which were in the MeV-range, with two exceeding the 5.7 MeV satura-
tion level (reaching 13 MeV after pulse reconstruction). It is shown,
along with the corresponding wideband electric field and electric field
derivative (dE/dt) records, in Fig. 5. The E-field and dE/dt records are
shown using the atmospheric electricity sign convention (e.g., [45],
Section 1.4.2), according to which the downward directed electric field
or electric field change vector is assumed to be positive. Besides the RF
electromagnetic field signatures recorded at LOG, electric field wave-
forms at larger distances (not shown here) recorded by the U.S. National
Lightning Detection Network (NLDN) and the Earth Networks Total
Lightning Network (ENTLN) were also examined. The TGF occurred 202
ps after the return-stroke onset and was accompanied by a dE/dt burst
(marked in Fig. 5b). The temporal coincidence of TGF and dE/dt burst
was reported by Tran et al. [53] for the first time and suggested that
relativistic processes responsible for the TGF production and the
low-energy streamer formation process responsible for the dE/dt burst
can be taking place concurrently.

Essentially no energetic radiation was seen prior to the return-stroke
onset (during the preliminary breakdown and stepped leader stages).
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Fig. 4. Flash 2014-00530. (a) Electric field, (b) dE/dt, and (c) X-ray records for Stroke 5. Only one detectable X-ray pulse was produced by this stroke, which
occurred in coincidence with the leader burst (LB) seen at the beginning of the slow front marked in (a). The occurrence of the X-ray pulse at the time of LB suggests
that the X-ray emission was associated with the collision of streamer zones of opposite polarity of the downward negative leader and upward positive connecting
leader. Solid vertical lines in (a), (b), and (c) indicate the position of the LB peak in (b). Broken vertical line at t = 0 in (c) indicates the position of initial electric field
peak in (a). Adapted from Tran et al. [52]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The stepped-leader duration was as short as 3.9 ms, which, according to
Zhu et al. [58], indicates that the leader was about an order of magni-
tude faster than typical stepped leaders in -CGs. The lack of detectable
X-rays/gamma-rays from leader steps is likely related to the relatively
large distance (7.5 km) from the channel to ground, even though the RS
peak current (and by inference leader tip potential) was very high. The
process giving rise to the observed TGF probably occurred inside the
cloud and involved a branch at a considerably smaller distance from the
detector than the channel to ground. For comparison, the TGF producer
reported by Dwyer et al. [18] was an intense (99 kA) first (and the only)
stroke in a -CG, whose stepped-leader emitted a copious amount of
X-rays/gamma rays at a distance of 800 m. The TGF had a duration of 53
s, was composed of 19 pulses, and started 191 ps after the RS onset,
very similar to the TGF reported by Tran et al. [53] and discussed above.

We now present the most recent Florida TGF, which was recorded at
LOG in 2018 and occurred in a rather unusual context, between opposite
polarity strokes of a bipolar cloud-to-ground lightning flash. Bipolar
lightning discharges sequentially transfer to ground both positive and
negative charges during the same flash [42]. They constitute about 10%
of the global lightning activity. The flash in question created a total of
three channels to ground, the first one taken by Stroke 1 only, the second
one taken by Strokes 2 and 3, and the third one by Strokes 4 and 5. The
overall E-field, dB/dt, and X-ray/gamma-ray records of this flash are
shown in Fig. 6. The E-field record is shown using the atmospheric
electricity sign convention (e.g., [45], Section 1.4.2), according to which
the downward directed electric field or electric field change vector is
assumed to be positive.

Data for Stroke 3 (TGF producer) are shown on expanded time scales

in Figs. 7 and 8. Based on the NLDN data, 28 kA Stroke 3 followed the
remnants of the channel to ground created by 12 kA Stroke 2, about 200
m from LOG. This is confirmed by the <3-ms duration of the leader of
Stroke 3 (see Fig. 7a and b), which is characteristic of a leader devel-
oping in previously created channel (leaders creating a new channel to
ground usually have durations of the order of tens of milliseconds).
Kereszy et al. [30] inferred from the entirety of their data that the
negative leader initiating Stroke 3, while developing inside the cloud
along the residual channel of Stroke 1, entered the remnants of the
warmer channel to ground created by Stroke 2 (the time elapsed since
the RS of Stroke 2 was 10 ms, considerably shorter than 22 ms elapsed
since the RS of Stroke 1), where that negative leader produced the TGF
marked in Figs. 6¢, 7c, and 8b.

The TGF had a duration of 35 ps and consisted of 18 pulses with
amplitudes ranging from 114 to 912 keV. The energy spectrum of this
TGF is considerably softer than for the one presented in Fig. 5a, where
the average energy is about 5 MeV vs. some hundreds of keV for the
event presented in Fig. 8b. This disparity implies that there is no char-
acteristic energy spectrum for downward TGFs. Mailyan et al. [35]
studied energy spectra of individual TGFs observed from space (upward
TGFs) and found them to exhibit considerable diversity.

The leader of Stroke 3 also produced X-ray pulses characteristic of
the stepping process (marked in Fig. 7c), which implies that it was a
dart-stepped leader (although dart leaders are also known to produce X-
rays as they approach the ground). The pattern of the X-ray-pulse
sequence associated with leader stepping near ground was very different
from that of the TGF. Specifically, the 15 leader-step pulses that
occurred over about 700 ps were separated by time intervals ranging
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from 6.6 to 177 ps (mean = 47 ps) and tended to increase in amplitude as
the leader was approaching the ground (moving into the increasing
electric field region). In contrast, the TGF was a compact (35 ps) burst
with interpulse intervals ranging from 0.9 to 7.7 ps (mean = 1.9 ps) and
pulse amplitudes showing an increasing trend followed by an irregular
variation (see Fig. 8c). This disparity suggests that the TGF was not
associated with leader stepping, but rather with the negative in-cloud
leader entering the upper part of a warmer channel to ground created
by the preceding stroke and encountering a relatively sharp air-density
gradient (probably related to the relative age of the residual channels of
Strokes 1 and 2) there.

Besides the two Florida TGFs described above, ground-based TGF
observations in Florida include three events recorded at Camp Blanding,
two associated with rocket-and-wire triggered lightning [17, 25] and
one with natural lightning [18]. All those three events, as well the one
recorded at LOG in 2014 (see Fig. 5), occurred in the presence of steady
current carrying negative charge to ground, well after the flash initiation
processes. The Florida TGF that was recorded at LOG in 2018 also
occurred long after the onset of the flash (see Fig. 6).

In contrast, Belz et al. [4] reported TGFs associated with the initial
(preliminary) breakdown or first-leader process from recent
ground-based observations in Utah. NLDN-reported peak currents,
inferred from the RF field signatures of the initial breakdown, were a few

tens of kiloamperes. TGFs occurring in a similar context, but in associ-
ation with larger-amplitude (>100 kA) intracloud (IC) pulses were also
observed at ground level during winter thunderstorms in Japan. Spe-
cifically, the context of two TGFs presented by Wada et al. [[56], [57]]
and one TGF presented by Hisadomi et al. [26] was described by the
authors as a gamma-ray glow (typical duration of the order of minutes;
see Section 1 of this paper) terminated by a lightning discharge pro-
ducing a wideband RF electromagnetic field signature referred to as
“negative energetic intracloud pulse” or -EIP associated with negative
charge moving downward (the term EIP was introduced by Lyu et al.
[34]). The magnitudes of the associated peak currents were estimated to
be 260 and 197 kA in Wada et al. [57] and 122 kA in Hisadomi et al.
[26]. The nature of EIPs is presently not clear.

4. Discussion

As noted in the Introduction, the X-ray/gamma-ray emission occurs
when runaway electrons experience deflection by the electric field of
other charged particles (typically atomic nuclei), the process that is
referred to as Bremsstrahlung or braking radiation. The rate of electron
energy loss per unit distance is often called the friction force and its
dependence on electron energy is represented by the so-called friction
curve. Two such curves, for cold air and for air at 3000 K, are shown in
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Fig. 6. Overall records of (a) low-gain electric field (t = 10 ms), (b) magnetic field derivative (dB/dt), and (c) X-rays/gamma-rays for the five-stroke bipolar flash
during which the TGF recorded at LOG in 2018 occurred. In (a), PB stands for the preliminary breakdown and the boxed numbers indicate stroke order. Leaders of
Strokes 1 and 3 produced X-ray/gamma-ray bursts as they approached ground, but no energetic radiation was detected during PB. Full time scale is 175 ms. t =
0 corresponds to the onset of the return-stroke stage of Stroke 1. Adapted from Kereszy et al. [30]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Fig. 9.

Table 1 compares the various scenarios of acceleration and multi-
plication of runaway electrons in terms of the source of seed electrons,
air temperature, and characteristic electric field. Conventional (non-
relativistic) avalanches are additionally included in the last row, as a
reference. In Table 1, the ambient electron-energy distribution includes
electrons with energies less than 30 eV or so, while the so-called cosmic-
ray secondaries (electrons produced by very high energy (10'°-10'¢ ev
or greater) cosmic-ray particles) have energies exceeding 0.1-1 MeV.
For comparison, the average energy of electrons in conventional electric

breakdown is just a few electron-volts. It follows from Table 1 that there
are three main factors/scenarios that can lead to acceleration and
multiplication of runaway electrons: (1) super-high electric field (much
higher than the conventional breakdown value), (2) energetic electrons
supplied by external sources (cosmic rays), and (3) elevated air tem-
perature (reduced air density). Scenario 1 is referred to as cold runaway
breakdown and Scenario 2 as relativistic runaway electron avalanches
(RREAs). Referring to Fig. 9, Scenario 1 relies on lifting the horizontal
line representing the Coulomb force above the friction-curve peak and
Scenario 3 on lowering the friction curve so that it is peak is below the
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Fig. 7. Same as Fig. 6, but for Stroke 3 (TGF producer), shown on expanded (5 ms) time scale. Stroke 3 was negative and followed the channel created by Stroke 2
(positive) at a distance of 200 m from LOG. TGF, marked in (c), is shown on a 110 ps time scale in Fig. 8. t = 0 corresponds to the onset of the return-stroke stage of
Stroke 3. Also marked in (c) are leader step pulses (X-rays/gamma-rays associated with the leader of stroke 3). Adapted from Kereszy et al. [30].

Coulomb-force line, without imposing any requirement on the energy of
seed electrons. In contrast, Scenario 2 requires the presence of energetic
electrons supplied by an external agent.

The cold runaway breakdown and RREA are widely discussed in the
literature (e.g., [15, 24, 39]), while the elevated-temperature scenario is
relatively new. It was first introduced by Mallick et al. [36] and further
elaborated and discussed by Tran et al. [52,53] and Kereszy et al. [30,
31]. The elevated-temperature scenario requires the presence of
pre-conditioned (decayed by still warm) channel. Such channels/-
branches are abundant in both cloud-to-ground (CG) and cloud (IC)
discharges, and they are often traversed by transients carrying high
electric potentials. For example, subsequent leaders in negative CGs
typically develop along warm (reduced air density) channels for which
the critical electric field needed to overcome the friction curve is about
an order of magnitude lower than in cold air (compare the first and next
to the last rows of Table 1). In the following, we present the calculated
electric field waveform produced by a descending subsequent-stroke
leader to demonstrate that the corresponding Coulomb force can be
high enough to overcome the friction force for warm air, as per the 3000

K (red) friction curve shown in Fig. 9.

Kereszy et al. [31] found from modeling that the electric field near
the descending leader tip strongly depends on the prospective
return-stroke peak current (a proxy for the leader tip potential) and
leader propagation speed. Specifically, the peak of electric field wave-
form increases with increasing the return-stroke current peak and with
decreasing the leader speed. For a typical subsequent stroke, the electric
field peak is a few MV/m, comparable to the electric field required for
ambient electrons to run away in a warm (3000 K) channel (see next to
the last row of Table 1). This means that even ordinary subsequent
strokes are capable of producing energetic radiation in the absence of
super-fields (Z 30 MV/m) or energetic (0.1-1 MeV) electrons produced
by external agents. For subsequent strokes with higher return-stroke
peak currents and lower leader propagation speed (but still in the
observed ranges of their variation), the electric field peak can briefly
reach a few tens of MV/m, as shown in Fig. 10. Details of the leader
model used are found in Kereszy et al. [31].

The event presented in Fig. 10 can be viewed as representing the very
intense X-ray/gamma-ray producer presented in Fig. 3 (bottom panel) of
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Fig. 8. (a) Electric field waveform corresponding to the initial stage of the leader of Stroke 3 (negative). (b) TGF inferred to be associated with an in-cloud part of
Stroke 3 (negative leader entering the decayed but still warm channel to ground created by Stroke 2 (positive)). t = 0 corresponds to the onset of the return-stroke

stage of Stroke 3. Full time scale is 110 ps. Adapted from Kereszy et al. [30].

this paper. That stroke followed the previously formed (warm) channel
to ground and had the NLDN-reported peak current of 55 kA (same as in
Fig. 10) and the leader speed v = 8.3 x 10° m/s. This leader speed is
inferred from the measured leader duration of 0.9 ms and assumed total
channel length of 7.5 km. It is not too far from the value, v =5 x 10® m/
s, used in computing the electric field waveform shown in Fig. 10. The
stroke whose X-ray/gamma-ray emission is shown in the bottom panel
of Fig. 3 produced at least one individual photon with energy exceeding
5 MeV (the highest recorded to date for subsequent-stroke leaders). The
total number of detectable energetic-radiation pulses was 109, with
about 80% of them showing no evidence of piling-up. If we neglect the
piling-up effect, 13% of the 109 pulses exceed the 2 MeV level and 6%
exceed the 4 MeV level.

As seen in Fig. 10, the calculated electric field peak at the descending
leader tip for a subsequent stroke with I, = 55kAandv =5 x 108 m/sis
20 MV/m. The corresponding Coulomb force acting on an electron is
considerably larger than the peak of the friction curve for warm air
(corresponding to ~4 MV/m; see red curve in Fig. 9), which allows
ambient free electrons to run away. Thus, as noted above, a runaway
process does not require the presence of a super-energetic cosmic-ray
particle and can start from the ambient electron distribution. Further,
super-high electric fields (Z 30 MV/m; see row 1 in Table 1) are not
required in warm air either; a relatively low field of ~4 MV/m (even
lower if the tunneling effects [14] are included) should be enough.
Conventional electron avalanches in remnants of a decayed channel will
occur at a field of about 300 kV/m, a factor of 10 lower than in cold air,
providing abundant seeds for a thermal runaway process accelerating
ambient electrons over the peak of the red friction curve in Fig. 9 to the
keV energy range, which are further accelerated, via a relativistic

runaway process, to the MeV range. The rise of electric field from 300
kV/m to 4 MV/m is very fast (much less than 1 ps; see Fig. 10), so that no
significant field reduction due to conventional breakdown should occur.
According to Bakhov et al. [[3], Fig. 7], the runaway delay time in strong
(24-40 MV/m in nitrogen under normal conditions) electric fields,
defined as the time necessary for the first electron with energy of a few
keV to emerge from the ambient electron distribution, is very small, of
the order of 0.01 ns.

The E-field vs. time waveform in Fig. 10 has a half-peak with of 90 ns,
a width at the 4 MV level of 290 ns, and 710 ns at the 2 MV/m (10% of
peak) level. Assuming that the magnitude and shape of the E-field pulse,
as it travels along the channel, do not change much with height, we can
obtain the corresponding spatial waveform parameters by multiplying
the above time intervals by the leader extension speed of 5 x 10° m/s.
The resultant E-field vs. distance pulse is 3.6 m wide at the 2 MV/m
level, and its part within which the electric field exceeds 4-MV/m is 1.5-
m wide. Thus, the vertical extent of the region within which ambient
electrons can run away is 1.5 m and it moves with the leader tip
downward, illuminating progressively lower sections of the channel.
Interestingly, Shaal et al. [48], using a pinhole X-ray camera, estimated
the maximum radii of the descending energetic radiation source region
associated with leaders in rocket-and-wire triggered lightning to be
between 2 and 3 m. This finding seems to be consistent with our estimate
of the spatial extent of the strong (>4 MV/m) field region associated
with the subsequent-stroke leader represented in Fig. 10. Overall, it
appears that an electron accelerator that is pushed along the precondi-
tioned but decayed channel by the downward-extending leader can
explain the fact that subsequent-stroke leaders (particularly dart leaders
moving without discernible steps) can produce energetic radiation,
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energy for cold air (blue) and for air at 3000 K (red). The curves include the
effects of both inelastic scattering of the electron with air molecules and
bremsstrahlung emission. The horizontal lines represent the Coulomb force
acting on the electron (eE, where E is the electric field intensity and e is the
electron charge) corresponding to E = 1 MV/m and E = 5 MV/m (see the right
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the friction force. For cold air (blue curve) and E = 5 MV/m, only electrons with
energy greater than 5 keV (much higher than the energy of ambient electrons,
which does not exceed 30 eV or so) can run away, while for the air at 3000 K
(red curve, whose peak corresponds to about 4 MV/m) all free electrons can do
so. Adapted from Dwyer [15] and Kereszy et al. [30]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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although other factors (e.g., super-fields near streamer heads) probably
also play a role. Note that leader steps produce both corona streamer
bursts and transient E-field changes, and that the latter can briefly
enhance the field of the steadily extending leader channel, illustrated in
Fig. 10.

We now discuss the likelihood of significant avalanche multiplica-
tion of runaway electrons in the scenario in which ambient electrons are
accelerated to relativistic speeds in non-luminous but still warm chan-
nels (see row 3 in Table 1). This could be done by comparing the extent
of the strong (>4 MV/m) E-field region with the distance (1) required for
an e-fold increase in the number of runaway electrons. Unfortunately,
the information on that distance for such high electric fields is presently
unavailable. Still, some reasonable estimates can be made. Babich [2]
presented the calculated values of A for different values of “overvoltage”
which he defined as 6 = E/[217(N/Ng)], where E is the electric field
strength in kV/m, N is the density of the gas medium in question, Ny is
the air density under normal conditions, and 217 represents the break-
even electric field (in kV/m), corresponding to the minimum of the
friction curve, for air under normal conditions. In our case, the medium
in question is air at 3000 K, so that N/Ny = 0.1 and 6 = E/21.7.

Values of A (along with other parameters) as a function of & are given
by Babich [2] (see his Table 3) up to & = 100, which corresponds to 22
MV/m for cold air and 2.2 MV/m for air at 3000 K (N/Ng = 0.1). For 6 =
100, A = 0.16 m, with the corresponding e-folding time of avalanche
enhancement of 0.6 ns, the relativistic runaway electron energy
threshold of 1.6 keV, and the average electron energy of 3.46 MeV.
There is a clear trend for A to decrease with increasing 3, so for E = 4
MV/m A should be smaller than 0.16 m (computed for 2.2 MV/m; N/Ngo
= 0.1). Within the estimated 1.5 m extent of the strong (>4 MV/m)
E-field region, there will be more than 10 e-folding distances, which
means that each runaway electron can produce more than 2 x 10* (e!%)
new runaway electrons within that region. Note that the runaway
avalanche velocity, about 0.9c [2], where c is the speed of light, is more
than a factor of 50 higher than 0.017c (5 x 10° m/s), the velocity of the
leader tip for the event represented in Fig. 10. As a result, the avalanche
will extend beyond the strong (>4 MV/m) E-field region before it
eventually decays. For example, for the event represented in Fig. 10, the

E-field peak
20.4 MV/m

1.5 2 2.5 3 3.5 B

Time, us

Fig. 10. Calculated electric field waveform at a fixed observation point at an altitude of 150 m above ground level as the descending leader tip passes through that
point at t = 0. At t < 0, the leader tip is above the observation point and at t > 0 below it. The following model input parameters were used: prospective return-stroke
peak current I = 55 kA, height of the upper end of the channel above ground level H = 7.5 km (electric field is insensitive to this parameter), and leader speed v = 5
x 10 m/s. The leader stepping process was not included in the model. The electric field waveform does not change much if the observation point height is increased

to 750 m. Full time scale is 5 us. Adapted from Kereszy et al. [31].
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width of the spatial E-field pulse at the 2 MV/m level is 3.6 m. Thus,
runaway electron multiplication should be expected not only inside the
1.5-m region, but also ahead of that region, as long as the decreasing
E-field remains above the level (a few hundred kV/m) sufficient for
accelerating runaway electrons in a warm (reduced air-density) channel,
thereby enlarging the size of the energetic radiation source.

It is important to note that the above discussion of acceleration and
multiplication of runaway electrons is with reference to the unusually
intense (peak current = 55 kA) subsequent stroke represented in Fig. 3
(lower panel) and Fig. 10. For typical subsequent strokes (peak currents
in the 10 to 15 kA range), the peak of the E-field waveform associated
with the descending leader tip is between 2 and 3 MV/m [31], which is
lower than needed to overcome the friction curve peak (see Fig. 9, red
curve). The observed dependence of the occurrence/detectability of
energetic radiation on the RS peak current is as follows. Mallick et al.
[36] reported that only 50% of natural-lightning events (both first and
subsequent strokes combined) with peak currents in the 10-40 kA range
produced detectable X-rays vs. 100% for the 40-60 kA range. Similarly,
Tran et al. [52] reported 23%, 83%, and 100% for the 4-40 kA, 40-60
kA, and 60-140 kA ranges, respectively. Saba et al. [46] observed four
natural-lightning strokes in the same channel some hundreds of meters
from the detector, only one of which produced detectable X-rays; its
estimated peak current was 38 kA vs. 6 to 12 kA for the other three
strokes. The X-ray producer was the second stroke in the channel and
was initiated by dart leader. For the four strokes in Saba et al.’s study,
the detection efficiency was 25%. For rocket-and-wire triggered light-
ning (containing only subsequent-type strokes), the occurrence/detect-
ability of X-rays appears to be higher than for natural lightning (about
80% for all peak currents, up to 40 kA or so, combined), possibly due to
detectors being usually within a few tens of meters of the source vs.
hundreds of meters or more for natural lightning. Note that some elec-
trons can “tunnel” through the friction-curve barrier when the field is
well below the so-called cold runaway threshold, as discussed in [14].

The observational fact that not all leader steps are associated with X-
ray bursts (see, for example, Fig. 4) can be explained, among other
things, by channel tortuosity, such that some steps produce insufficient
X-ray flux in the direction of the detector. For the case of dart leader,
Saba et al. [46] presented evidence that channel sections directed to-
ward the detector are more likely to produce detectable X-rays.

Further studies, including detailed modeling of X-ray/gamma-ray
production, are needed to see if the elevated-temperature scenario (see
next to the last row of Table 1) can quantitatively explain the ground-
based observations of energetic radiation (including its energy spec-
trum) from subsequent leaders traversing pre-conditioned channels to
ground, as well as downward TGFs occurring in the presence of decayed
channels/branches in the cloud.

We now discuss the context in which downward TGFs occur. TGFs
observed to date at ground level in Florida (a total of five) all occurred
well after the flash initiation processes. In contrast, Belz et al. [4], from
recent ground-based observations at 1.4 km above sea level in Utah,
reported TGFs associated with the preliminary breakdown (PB) process,
when there was undisturbed (cold) air between the cloud base and
ground. TGFs recorded in a similar context at ground level during winter
thunderstorms in Japan were reported by Wada et al. [56], and Hisa-
domi et al. [26]. The lack of observations of TGFs associated with the
preliminary breakdown process in Florida could be related to the larger
altitude of lightning initiation above the sea-level terrain in Florida
compared to the 1.4-km elevated terrain in Utah and to low-altitude
winter thunderclouds in Japan. It is not clear why no TGFs occurring
well after the cloud-to-ground lightning initiation process; that is, when
there exists a strong (hot-channel; [17,18,25,53]) or weak (decay-
ed-channel; [30]) electric connection to ground, were reported from the
studies in Utah and Japan. All TGFs observed in Florida occurred in the
presence of lightning channels/branches at different stages of develop-
ment or decay, which suggests that the elevated-temperature scenario of
X-ray/gamma-ray production discussed above could be involved.
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5. Summary and concluding remarks

1 All types of negative lightning leaders, whether they exhibit
discernible stepping or not, can produce energetic radiation.
Some subsequent-stroke leaders are more prolific X-ray/gamma-
ray producers than their corresponding first-stroke leaders.

2 The energy of individual photons associated with the stepping of
either first (stepped) or subsequent (dart-stepped) leaders can
exceed several MeV.

3 Besides leader stepping, energetic radiation has been observed
during collisions of opposite-polarity streamers at the onset of the
breakthrough phase of the lightning attachment process.

4 TGFs can be observed either from space (upward TGFs) or from
ground (downward TGFs). To date, downward TGFs were
observed in Florida, Utah, and Japan.

5 Downward TGFs observed in Florida (a total of five to date)
occurred either in the presence of steady current carrying nega-
tive charge to ground or during the initial stage of a subsequent-
stroke leader; that is, in all the cases well after the flash-initiation
process.

6 In contrast, Belz et al. [4], from recent ground-based observations
in Utah (1.4 km above sea level), reported TGFs associated with
the preliminary breakdown; that is, during the flash-initiation
process. Similar observations were reported for winter lightning
in Japan.

7 The reasons for the disparity between TGF observations in Florida
on the one hand and in Utah and Japan on the other hand are
presently not clear. Further research is needed to better under-
stand the lightning processes giving rise to TGFs recorded at
ground level.

8 There are three factors/scenarios that can lead to acceleration
and multiplication of runaway electrons: (1) super-high electric
field (much higher than the conventional breakdown value), (2)
energetic electrons supplied by external sources (cosmic rays),
and (3) elevated air temperature (reduced air density).

9 Subsequent-stroke leaders traverse elevated-temperature (3000 K
or so) channels and are capable of producing short electric field
pulses with peaks up to several MV/m and more. Such fields are
sufficient for acceleration of ambient electrons over the friction-
curve maximum to the keV range and further to relativistic en-
ergies needed for production of X-ray/gamma-ray emissions.
Significant avalanching of runaway electrons seems to be
possible.

10 Further studies, including detailed modeling of X-ray/gamma-ray
production, are needed to see if the elevated-temperature sce-
nario can quantitatively explain the ground-based observations of
energetic radiation (including its energy spectrum) from subse-
quent leaders traversing pre-conditioned channels to ground, as
well as downward TGFs occurring in the presence of decayed
channels/branches in the cloud.
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