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We report the observation of two isolated clouds of positrons inside an active thunderstorm.
These observations were made by the Airborne Detector for Energetic Lightning Emissions
(ADELE), an array of six gamma‐ray detectors, which flew on a Gulfstream V jet aircraft
through the top of an active thunderstorm in August 2009. ADELE recorded two 511 keV
gamma-ray count rate enhancements, 35 seconds apart, each lasting approximately 0.2 seconds.
The enhancements, which were about a factor of 12 above background, were both accompanied
by electrical activity as measured by a flat-plate antenna on the underside of the aircraft. The
energy spectra were consistent with a source mostly composed of positron annihilation gamma
rays, with a prominent 511 keV line clearly visible in the data. Model fits to the data suggest
that the aircraft was briefly immersed in clouds of positrons, more than a kilometer across. It is
not clear how the positron clouds were created within the thunderstorm, but it is possible they
were caused by the presence of the aircraft in the electrified environment.
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1. Introduction and previous observations
The physics of particle transport in gaseous media with strong electric fields has proven to
be a rich topic with many surprising new phenomena discovered in recent years. It has been
established that electric fields generated by both thunderstorms and lightning accelerate electrons
to relativistic energies, emitting x-rays and gamma rays. Specifically, lightning leaders have
been observed to emit bright sub-microsecond pulses of x-rays with energies typically in the few
hundred keV range (Moore et al. 2001; Dwyer et al. 2003, 2004a, 2005a, 2011; Yoshida et al.
2008; Howard et al. 2008, 2010; Chubenko et al. 2009; Hill et al. 2012; Hill 2012; Mallick et al.
2012; Saleh et al. 2008; Schaal et al. 2012, 2013, 2014). Long laboratory sparks have been
shown to produce similar x-ray emissions (Dwyer et al. 2005b, 2008a; Kostyrya et al. 2006;
Rahman et al. 2008; Rep’ev and Repin 2008; Nguyen et al. 2008, 2010; Nguyen 2012; Babich
and Loĭko 2009; March and Montanyà 2010, 2011; March et al. 2012; Gurevich et al. 2011).
Thunderstorms produce bright sub-millisecond bursts of gamma rays, called terrestrial gammaray flashes (TGFs), with energies reaching several tens of MeV (Fishman et al. 1994, 2011;
Smith et al. 2005; Cummer et al. 2005, 2011; Dwyer and Smith 2005; Grefenstette et al. 2008;
Briggs et al. 2010; Connaughton, et al. 2010, 2013; Gjesteland et al. 2010, 2011, 2012; Marisaldi
et al. 2010a,b; Tavani et al. 2011; Østgaard et al. 2012). Terrestrial gamma-ray flashes are
usually observed by spacecraft in low-Earth orbit, but have also been observed by an aircraft and
on the ground (Dwyer et al. 2004b; Smith et al. 2011b; Dwyer et al. 2012). They are so bright
that they may be radiation hazards to individuals in aircraft (Dwyer et al. 2010). For both the
lightning/laboratory spark emissions and TGFs, the x-rays and gamma rays are produced by
bremsstrahlung interactions of energetic electrons with air. However, it is a theoretical challenge
to explain how so many high-energy electrons are generated in our atmosphere on such short
time scales.
As the TGF gamma rays propagate up and out of the atmosphere, they also generate
energetic secondary electrons via photoelectric absorption and Compton scattering and energetic
secondary electrons and positrons via pair production. Some of these electrons and positrons
escape to space, travelling along the geomagnetic field line where they may be observed by
spacecraft. These events are called terrestrial electron beams (TEBs) and have been observed by
the CGRO, RHESSI and Fermi spacecraft (Dwyer et al. 2008b; Cohen et al. 2010; Briggs et al.
2011; Carlson et al. 2011).
Another kind of emission from thunderclouds is the gamma-ray glow. Gamma-ray glows
appear as sub-second to minute long emissions of gamma rays (Torii et al. 2004; Tsuchiya et al.,
2007; Chilingarian et al. 2010; Babich et al. 2010). Like TGFs, the glows are produced by
bremsstrahlung emissions from energetic electrons and in some cases have been found to have
spectra similar to those of TGFs. However, glows last much longer than TGFs and have much
lower fluxes. Gamma-ray glows have been observed by aircraft, balloon and on the ground. For
example, using a NASA F-106 jet carrying NaI scintillation detectors, Parks et al. (1981) and
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McCarthy and Parks (1985) demonstrated that active thunderstorms produce gamma rays
(originally referred to as x-rays) that last tens of seconds, with energies greater than 110 keV.
They found that the gamma-ray emissions were generally terminated, rather than caused, by
lightning. In a series of balloon flights, Eack et al. (1996a, 1996b, 2000) flew scintillators and
electric field sensors through and above active thunderstorms and measured gamma-ray glows of
up to 120 keV in energy. They found that the gamma-ray emissions occurred at an altitude of 4
km where the electric field was highest (Eack et al. 1996a). The emission persisted while the
balloon passed through the strong-electric-field region within the storm, except that it terminated
and then restarted following two lightning flashes. In other balloon soundings by Eack et al.,
similar high gamma-ray fluxes were recorded in an anvil at 14 km and above the thundercloud at
15 km altitude (Eack et al. 2000,1996b).
Gamma-ray glows have been measured in regions of Japan from thunderclouds with low
charge centers (e.g., Torii et al. 2002, 2011; Tsuchiyu et al. 2007, 2011) and on high mountains
(Brunetti et al. 2000; Chubenko et al. 2000, 2003; Alexeenko et al. 2002; Torii et al. 2009;
Tsuchiya et al. 2009; Chilingarian et al. 2010, 2012a, 2012b, 2013). For example, Torii et al.
(2002) measured gamma-ray enhancements of up to 70 times the local background level at the
Monju nuclear reactor in Japan during a winter thunderstorm. Chilingarian et al. (2010) reported
that energetic particle count rates at Mount Aragats more than doubled when a thundercloud was
100-200 m above the detector. For more details about earlier observations, we refer the reader to
Suszcynsky et al. (1996), Dwyer, Smith and Cummer (2012) and Dwyer and Uman (2014).

2. Runaway electrons
In this paper we present two cases of an aircraft suddenly being immersed in positronannihilation radiation. Each potential source of the positrons that will be considered depends on
the same fundamental physics, which we outline in this section.
The key building block for producing energetic radiation from thunderstorms and lightning
is the runaway electron, first identified by Wilson in 1925 (Wilson 1925). When an electric field
is present in air, or any gaseous medium, electrons will run away when the rate of energy gain
from the electric field exceeds that rate of energy loss from interactions with the gas (see figure
1). For energetic electrons, ionization and bremsstrahlung emission are the dominant sources of
energy loss.
As can be seen in figure 1, an electron (or positron) may run away if it has an initial kinetic
energy above the threshold, εth. Such seed particles may be supplied by atmospheric cosmic rays
or radioactive decays. In addition, as the runaway electrons propagate, they will experience hard
elastic scatters with atomic electrons (Møller scattering), resulting in energetic secondary
electrons ejected from the atoms. If the energies of these secondary electrons are above εth, they
may also run away. In this way, more and more runaway electrons are created, resulting in a
Relativistic Runaway Electron Avalanche (RREA) (Gurevich et al. 1992; Roussel-Dupré and
Gurevich 1996; Lehtinen et al. 1999; Gurevich and Zybin 2001; Dwyer 2003; Babich et al. 2004;
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Roussel-Dupré et al. 2008; Milikh and Roussel-Dupré 2010). Simulations have found the
threshold electric field for RREAs to develop is Eth = 2.84×105 V/m × n, where n is the density
of air relative to that at sea level (Dwyer 2003; Babich et al. 2004), a field value within the range
of measured thunderstorm electric fields (McGorman and Rust 1998; Rakov and Uman 2003).
Because of elastic scattering of the electrons around the electric field line, Eth is slightly larger
than the minimum of the energy loss curve (eEb) seen in figure 1.
For very strong electric fields, with E > Ec, because the energy loss rate is insufficient to
prevent electrons from accelerating, nearly all free electrons will run away, potentially reaching
relativistic energies. This is the so-called cold runaway electron mechanism (also called thermal
runaway or high-field runaway) and may explain the x-ray emissions from lightning and
laboratory sparks (Gurevich 1961; Dwyer 2004; Moss et al. 2006).

FIGURE 1. Energy loss per unit length of an energetic electron moving through air at standard
conditions. The solid curve shows the energy losses due to ionization and atomic excitations. The dashed
curve shows the losses due to bremsstrahlung emissions. The solid horizontal line shows an example of
the energy gain per unit length from an external electric field. When the rate of energy gain from an
electric field is greater than the rate of energy loss, the electrons will “run away.” From Dwyer (2004).

Finally, when the propagation of the x-rays, gamma rays and runaway positrons is
considered, it has been shown that a positive feedback effect may result, with backward
propagating positrons and backscattered x-rays and gamma rays seeding new runaway electron
avalanches. This mechanism, called relativistic feedback, could explain the large number of
energetic particles generated during TGFs (Dwyer 2003; 2007; 2012; Babich et al. 2005; Liu and
Dwyer 2013; Skeltved et al. 2014). Relativistic feedback effects could also be important for
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gamma-ray glows, especially for the brightest glows.
For relativistic feedback, an
understanding of the propagation of the positrons is very important, since in most cases it is the
positrons that cause the feedback. It has been suggested that runaway positrons can not only
generate the explosive growth of energetic particles, but also may help to regulate the electric
field inside thunderstorms (Dwyer 2003).
Bright gamma-ray glows are probably produced by electrified regions of thunderstorms
in which a substantial amount of RREA multiplication is occurring. For smaller-electric-field
regions, the RREA will mostly be seeded by atmospheric cosmic-ray particles. In this case the
thunderstorm is acting like gigantic gas proportional counter, enhancing the number of energetic
electrons by a factor that could reach thousands. As a thunderstorm charges, more and more of
the RREAs will be generated by relativistic feedback (mostly positron feedback), increasing the
intensity of the gamma ray glow. As the intensity increases, the discharge current will increase
from the elevated conductivity caused by ionization. This discharge may limit the intensity of
the glow and eventually cause it to cease. On the other hand, for cases where the thunderstorm
electric field is too low to produce runaway electrons and positrons, i.e., E < Eth, the electric field
can still modify cosmic-ray air showers and the cosmic-ray background, altering the momenta
and energies of the charged particles. This effect could be responsible for some enhancements
seen on the ground. For example, Chilingarian et al. (2013) observed gamma-ray enhancements
on a mountain (which they called thunderstorm ground enhancements, TGEs) and differentiated
between events in which runaway electrons are produced and events in which the spectrum of
atmospheric cosmic rays is modified by the thunderstorm electric field, referred to as
modification of the energy spectra (MOS).

3. Airborne Detector for Energetic Lightning Emissions
To study the production of energetic radiation by thunderstorms, the Airborne Detector
for Energetic Lightning Emissions (ADELE) was flown on an NCAR/NSF Gulfstream V (GV)
jet aircraft in and around Florida in August and September of 2009. ADELE consisted of two
sensor heads (referred to here as top and bottom), each containing a 12.7 cm diameter by 12.7 cm
long cylinder of plastic (BC-408) scintillator attached to a photomultiplier tube (PMT) detector, a
12.7 cm diameter by 12.7 cm long cylinder of NaI(Tl) attached to a PMT detector and a small
2.54 cm by 2.54 cm plastic scintillation/PMT detector for measuring high fluxes. To help
discriminate between upward and downward moving particles (photons, electrons and positrons),
lead attenuator sheets (0.3 cm thick) were wrapped around the bottom halves of all the detectors
in the top sensor head and around the top halves of all the detectors in the bottom sensor head.
The NaI/PMTs provided good stopping power and energy resolution (e.g., <10% FWHM at
662 keV). They were read out by direct flash digitization of the PMT signal with a Gage
Octopus TM PCI card, sampling at 12.5 MHz. These data were continuously recorded in a
circular buffer on the card, but were only stored during 1 sec intervals when a trigger was
generated by high count rates in the plastic detectors. A fast flat‐plate antenna consisted of a 30
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cm by 30 cm aluminum plate, mounted on the bottom of the aircraft and terminated with 50
Ohms. Signals from the flat‐plate antenna were digitized simultaneously in another channel of
the Gage card and recorded along with the two NaI/PMT channels. The antenna measured the
derivative of the electric field (dE/dt), with a full range of ±12 kV/(m µsec), making it sensitive
primarily to local lightning activity.
Because the NaI/PMT detectors saturate at count rates above ~105 counts/s, the plastic
scintillators were designed to operate at higher rates (up to 3×106 counts/s). Signals from these
detectors were sent to a network of clamping amplifiers with no shaping, and the amplified
signals were then split out to four discriminators with threshold energies set to ∼50 keV, 300
keV, 1 MeV and 5 MeV. The discriminator rates from the plastic detectors were recorded
continuously and, unlike the NaI detectors, did not require a trigger for the data to be saved.

4. Thunderstorm observations by ADELE
During the August and September of 2009 campaign, which consisted of 9 flights lasting 37
hours in Colorado and Florida, ADELE recorded at least 12 gamma-ray glows and one TGF
(Smith et al. 2011a, 2011b; Dwyer et al. 2012). In particular, on 21 August 2009, the GV was
flying at an altitude of 14.1 km over coastal estuaries on the southeast coast of Georgia near the
town of Brunswick when it inadvertently entered the upper part of an active thunderstorm cell.
The plane experienced moderate to severe turbulence with rapid altitude changes, but no
lightning strikes to the plane were noticed. While inside the thunderstorm, ADELE recorded
four gamma-ray events, which are shown in figure 2. The last event, labeled 4 in figure 2, was
the brightest gamma-ray glow recorded by ADELE. During this time period, ADELE triggered
twice, saving the data from the NaI/PMT detectors and the flat-plate antenna. The triggered
events are labeled 1 and 3 in the figure. While the data were being saved, ADELE could not
record data from additional triggers. As a result, NaI/PMT and flat-plate antenna data were not
recorded for the events labeled 2 and 4. For these two events, only crude energy spectra were
available from the plastic scintillation detectors, which are presented next.
Figure 2 shows the background subtracted count rates recorded by the plastic scintillator for
two energy channels, 300 – 1000 keV (red data) and >1000 keV (blue data). Constant
background rates of 1000 counts/sec and 1700 counts/sec were subtracted from the 300 – 1000
keV and >1000 keV data, respectively. As can be seen, the first three events appear to be very
similar to each other, with matching time profiles and larger enhancements in the low-energy
channel compared with the high-energy channel. These are in contrast to event 4, which is much
brighter, lasts longer and has similar enhancements in both the low and high-energy bands. An
analysis of event 4 suggests that ADELE entered a downward beam of runaway electrons, i.e.,
the source region of a gamma-ray glow. As will be shown below, for events 1 and 3, the
gamma-ray enhancements in the 300- 1000 keV channel were almost entirely due to 511 keV
emissions. Although the energy spectrum for event 2 is not available because the instrument did
not trigger, based upon the similarities of the count rate profiles and the similar channel ratios for
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events 1, 2 and 3, we conclude that event 2 was likely to also be a 511 keV enhancement similar
to events 1 and 3.
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FIGURE 2. Background subtracted count rates in two energy channels recorded by the ADELE plastic
scintillation detector versus time when ADELE was inside the thunderstorm on 21 August 2009. Four
gamma ray events are labeled 1 – 4. The ratios of the low-energy channel to the high-energy channel
were quite different for the first 3 events compared to the last event, showing that for these 3 events the
emission is dominated by lower energy photons. Events 1 and 3 are the ones with triggered data and so
are the subject of this paper.

Figure 3 shows the 1 second of the NaI/PMT detector data (bottom panel) and the flat-plate
antenna data (top panel) for the two triggered events (events 1 and 3). The trigger time for both
events is at 0.8 seconds in the records, which is why both count rate enhancements occur at that
same time. It should be noted that the two events, which are separated by 35 seconds and
approximately a 7.8 km distance, appear surprisingly similar in terms of the count rate time
profiles, peak rates and the electrical discharge activity seen with the flat-plate antenna. To
within statistical uncertainties, both gamma-ray enhancements appear to begin at the same time
as the large deflections in the flat-plate antenna data at 0.787 sec in the records. If we integrate
the electric field derivatives from the flat-plate antenna, unphysical large electric fields are
inferred, suggesting that the antenna was experiencing electrical discharges during the events.
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FIGURE 3. Top panel: The electric field derivative (dE/dt) recorded by a flat-plate antenna on the
underside of the GV aircraft for events 1 and 3 shown in figure 2. Event 1 is the lower pink waveform
and event 3 is the upper purple waveform. Note the two waveforms have been shifted vertically so that
they may be seen more clearly. Bottom panel: The 400 – 600 keV gamma ray count rates from the top
and bottom NaI detectors for the two events. The pink diamonds are event 1, and the purple triangles are
event 3.
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A scatter plot of the deposited energies versus time for the two events is shown in figure 4.
The data points are the deposited energies of individual photons (or particles) recorded by the top
NaI detector. As can be seen, a very clear and prominent excess of counts occurs at and around
511 keV (yellow dashed line), the positron two-photon annihilation line. There is only a slight
enhancement at energies above the annihilation line, but there is large enhancement at lower
energies. As can be seen in the figure, the energy spectrum of the background appears to remain
constant with time prior to the start of the event at approximately 0.8 sec, and then at 0.8 sec the
enhancement appears simultaneously at both 511 keV and at low energies. However, as we shall
show below, the low-energy enhancement is consistent with Compton scattering of the 511 keV
photons in the material in and around the detectors (i.e., in the aircraft and the air surrounding it).
An analysis of the events separately shows that they have nearly identical spectra.
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FIGURE 4. Scatter plot of detected photon energies versus time for the two events combined. The data
are from the top NaI detector. The yellow dashed line shows 511 keV.

Figure 5 is the energy spectra of the two events combined. The data include both the top
and bottom NaI detectors. The blue triangles show the energy spectrum for the times 0 – 0.75
sec in the records, before the gamma-ray enhancements. We take this spectrum to represent the
local background at the time of the events. The black diamonds are the data for times 0.8 – 0.9
sec, during the peak of the 511 keV enhancements. The spectra were divided by the time periods
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over which the data were accumulated to give the counts per unit energy per second.
To estimate how much the 511 keV line was enhanced above the background value, the
continuum below the 511 keV peak must be subtracted. This was done for each spectrum by
fitting a power-law to the continuum at energies above 700 keV and then subtracting this power
law component below the 511 keV peaks. Using this method, we found that the count rate of
511 keV photons was 12±2 times larger than the local background during the enhancements. In
contrast, the count rate enhancement above 700 keV, away from the 511 keV line, was only a
factor of 1.52±0.03 above background. As will be discussed next, the enhancements at energies
below 511 keV are consistent with Compton scattered 511 keV photons and so may be
considered part of the positron annihilation emission.
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FIGURE 5. Combined energy spectra of the two events during times 0.8 – 0.9 sec (black diamonds) and
times 0 –0.75 sec (blue triangles) in the records. The data are from both the top and bottom NaI detectors
on ADELE.

Figure 6 shows the background-subtracted spectrum for the two events combined, found by
subtracting the background data seen in figure 5 (blue triangles) from the data for the 511 keV
enhancement (black diamonds). The data in figure 6 are for times 0.8 – 0.9 sec and are from
both the top and bottom NaI detectors. When looking at the top and bottom detectors separately,
the background-subtracted spectra are very similar, with a top to bottom count rate ratio of
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0.86±0.09 in the 200 – 400 energy range and 1.17±0.11 in the 400 – 600 keV range. The ratio
for 100 – 600 keV is 0.99±0.07, showing that to within statistical uncertainties the counts
arriving from below and above are the same. The colored curves are the model results.
The models were created using GEANT 3. As the positrons annihilate, they primarily emit
two photons, in opposite directions, each with an energy of 511 keV, the rest mass energies of
the electron and positron. The light blue curve (labeled 0 m) is for a positron source located
immediately outside the aircraft. For this model, the 511 keV photons strike the aircraft directly
without passing through any surrounding air. The simulations include the material in the aircraft
and the instrument. In the simulations, some of the photons strike and deposit all of their energy
in the NaI crystals, resulting in the line seen at 511 keV in the figure. The other curves are for a
uniform and isotropic source of stationary positrons in the air surrounding the aircraft out to the
specified radius. An isotropic source was chosen because a source located just above or below
the aircraft would not result in nearly the same count rates in the top and bottom detectors, as
was observed. Photons Compton scatter in the air (extended sources only), the aircraft and the
instrument material surrounding the detectors, or deposit only a fraction of their energy in the
NaI crystal, resulting in the low-energy Compton component seen below the 511 keV line.
As can be seen, the source models with no air and with a source radius of 450 m are not
consistent with the data, producing too few counts at low energies. The models with large source
volumes (900 m and 2000 m) agree better with the data, approximately matching both the line
emission and the low-energy Compton component. As a check, the aircraft mass model was
doubled, and even in this unrealistic case, the local source at the aircraft could be ruled out.
These results show that the observed enhancement is consistent with being mostly from 511 keV
emission from positrons and that the emission originated in a large volume of air surrounding or
next to the aircraft. Specifically, the source radius appears to be greater than approximately 450
m and is most consistent with a radius of more than 1 km.
The small enhancement in counts at energies above the 511 keV line seen in figures 4 and 5
is also visible in figure 6. Since we did not attempt to model this component, a small
discrepancy between the models and the data exists at these higher energies.
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FIGURE 6. Background-subtracted energy spectrum showing the 511 keV enhancement. The data are the
combined energy spectra of the two events, from both top and bottom NaI detectors, during times 0.8 –
0.9 sec in the records. The colored curves are the model results with the positrons filling a volume of air
out to the specified radius in the figure.

The fit of the 900 m extended-source model (purple curve) found that for each event the GV
was in or near a region with a positron annihilation rate of approximately (2.2±0.7)×10-4 /(cm3
sec). This corresponds to approximately 6.6×1011 positron annihilations per second in the
volume 900 m in radius, which is equivalent to approximately 18 Curies. The red curve
corresponds to (1.5±0.5)×10-4 /(cm3 sec) and 5.0×1012 positron annihilations per second in a
2000 m radius volume for each event, and the dark blue curve corresponds to (5.8±2)×10-4 /(cm3
sec) and 2.2×1011 positron annihilations per second in a 450 m radius volume for each event.

5. Discussion
We are not aware of 511 keV enhancements within thunderstorms being reported before and
so this appears to be a new phenomenon. Because the lifetime of positrons is very short and the
emission for each event lasts approximately 0.2 seconds, there must be a source of positrons that
lasts 0.2 seconds. Moreover, since the aircraft only moved tens of meters in the time that the 511
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keV enhancements turned on and since the attenuation length of the 511 keV photons is ~500 m
at that altitude, the change in the count rates could not be because the aircraft entered a spatial
structure. Instead, the time profile must represent a temporal change in the density of positrons.
Positrons are commonly produced by pair production when gamma rays (εϒ > 2mc2)
interact with atomic nuclei. These gamma rays may be provided by the bremsstrahlung emission
of runaway electrons, as discussed above, or during cosmic-ray air showers. Alternatively,
positrons may be emitted by radioactive decays. In any case, the positrons are usually created
with relativistic energies above εth, and so the positrons may run away, similarly to the electrons
but in the opposite direction. Even if the positrons are created with their momentum in the
opposite direction of the electric field vector, a large fraction of the positrons may turn around
and run away [Dwyer 2012]. It should be noted that the energy loss curve for positrons is very
close to that of the electrons seen in figure 1, and so the physics of runaway positrons is similar
to that of runaway electrons. One difference, however, is that there will be no avalanche
multiplication of the positrons and so there is no RREA analogue for positrons. Because in a
strong electric field the positrons quickly accelerate to highly relativistic energies (many tens of
MeV) the annihilation cross-section is low and so they may propagate large distances, of the
order of a kilometer through air at standard conditions and several kilometers at the altitude of
the GV. The propagating beam of positrons will also generate bremsstrahlung gamma rays with
energies reaching perhaps 100 MeV in thunderstorm electric fields.
We next discuss the three possible sources of the positrons.
Positron Feedback. Relativistic runaway electron avalanches create positrons that run away in
the opposite direction, traveling hundreds of meters, if not kilometers. Indeed, this is the
principle behind relativistic feedback. Runaway electrons produce gamma rays from
bremsstrahlung interactions with air. Some of these gamma rays interact with atomic nuclei via
pair production. Many of the positrons then turn around in the electric field and run away to the
start of the avalanche region. After exiting the high-field region, the energetic positrons slow
down and annihilate. Because many more bremsstrahlung gamma rays experience Compton
scattering than pair production, a large flux of backscattered photons will also be present. These
backscattered photons, which mostly have energies below a few hundred keV, may interact with
air and produce additional seed runaway electrons. This is the principle behind gamma-ray
feedback (also called x-ray feedback). ADELE did not record a large flux of low-energy photons
during the 511 keV enhancements, which suggests that, if the 511 keV events were produced by
relativistic feedback, ADELE must have been far from the end of the avalanche region where the
bulk of the runaway electrons were produced. Furthermore, a nearby source of low-energy
photons, such as backscattered photons from RREAs, would produce very different count rates
on the top and bottom detectors in the 100- 400 keV range if the source region were either above
or below the aircraft, which was not observed. In addition, as the positrons propagate, they
generate high-energy bremsstrahlung photons. Because ADELE only recorded a small

To be published in J. Plasma Phys.

14

enhancement at high energies, it could not have been within the positron beam, since it would
then have recorded these high-energy photons and the energetic positrons directly.
One possible scenario is that as ADELE approached a gamma-ray glow source region, the
electric field experienced by the aircraft also increased. When the field reached a large enough
value, an electrical discharge was initiated from the aircraft, moving electric charge and
temporarily steering the runaway positrons closer to the aircraft. Based upon the altitude of the
aircraft, we believe that ADELE was between the upper negative screening layer of the cloud
and the main positive charge region, and so the runaway electron avalanches would have been
directed downward and the positrons directed upward. For event 3, the aircraft may have
subsequently entered the runaway electron avalanche region, seen as event 4. However, no
enhancement was seen before or after event 1, so, if present, the glow must have been weaker
than event 4, since ADELE can record glows even without entering their source region.
The advantage of this mechanism is that relativistic feedback can produce almost arbitrarily
large fluxes of positrons. The challenge will be to explain how the positrons are steered towards
the aircraft without hitting it and without producing large fluxes of high-energy photons. It is
also not clear why the two events are so similar.
Altering the cosmic ray background. If the GV initiated a positive leader that traveled some
distance, the aircraft and its immediate surroundings might charge negative, drawing in
atmospheric cosmic-ray secondary positrons and repelling atmospheric cosmic-ray secondary
electrons, increasing the local density of positrons. Perhaps the increase in the high-energy
positrons is offset by the decrease in high-energy electrons (Carlson et al. 2008), resulting in
little change in the counts at higher energies. A leader discharge may have been the response of
the aircraft entering a high-electric-field region. We note that the 511 keV count rate increase is
almost simultaneous with large signals occurring on the flat-plate antenna, possibly indicating
that the aircraft was experiencing electrical discharges. Because the production of positrons by
cosmic rays is roughly constant with time, in order to increase the number of positrons near the
aircraft, the positrons must have been steered in from a relatively large volume. The attenuation
length of 511 keV photons is approximately 500 m at the 14.1 km altitude, so the positrons
would have to propagate inward over a length scale larger than this. For instance, to increase the
positron count rate by a factor of 12, as observed, positrons would need to be efficiently
propagated inward over a volume of more than 1 km in radius. These positrons would generate
bremsstrahlung gamma rays, similarly to the positron feedback case. A challenge for this model
will be to explain how a large enough electric field could be generated to bring cosmic-ray
positrons in from such a large distance and why only relatively small enhancements are seen at
higher energies. As with the positron feedback case, it is not obvious why the two events would
be so similar. If this scenario is correct, it is interesting that an aircraft could influence such a
large volume of the thunderstorm. It is also interesting that the GV did this twice, if not three
times in a 35 second time period.
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Radioactive Decays. Some radioactive isotopes found inside thunderstorms are a source of
positrons. A beam of runaway electrons and the resulting gamma rays could create a localized
region of enhanced radioactivity. For example, 13N and 15O are both positron emitters, with halflives of 10 min and 2 min respectively. Along with neutrons, they are byproducts of
photonuclear interactions of the energetic gamma rays with air. Simulations of the photonuclear
interactions of TGF gamma rays with air have found that somewhere between 1012 and 1015
neutrons are produced (Babich and Roussel‐Dupré 2007; Carlson et al. 2010). The radioactive
products such as 13N and 15O have not been investigated, as far as we know, but similarly large
numbers of these radioactive isotopes should also be produced. Because runaway electrons or
the bremsstrahlung that they produce would cause a large flux increase at higher energies, which
was not seen by ADELE, if the 511 keV emission was from these radioactive decays, then the
RREAs must have occurred earlier, before the aircraft was in the vicinity. On the other hand,
since the half-lives of these radioactive isotopes are much longer than the 0.2 second durations of
the 511 keV enhancements, there would need to be some mechanism for bringing the positrons
closer to the aircraft. It should be noted that the mobility of ions is too low for them to drift a
significant distance during the 0.2 seconds of the events, and so the time structure of the event
cannot be from the motion of the radioactive isotopes. One possibility is that an electric field
change caused by a discharge from the aircraft resulted is these positrons being steered towards
the aircraft. During the radioactive decays, the positrons are emitted with energies above 1 MeV,
and so they could easily run away in fields above the RREA threshold, traveling large distances
from the source. However, the problem with bremsstrahlung photons produced by the energetic
positrons, discussed above, also occurs with this mechanism.
Alternatively, it is conceivable that the aircraft was already in a region filled with the
radioactive isotopes and the positrons were being accelerated away by a strong electric field
before the events. When the discharge occurred, it could have shorted out the electric field,
causing the positrons to stop running away and to decay locally. If the 511 keV emissions are
caused by radioactive byproducts of RREAs, then this offers a new way of studying TGFs,
which are fairly rare, since a balloon or aircraft could measure the 511 keV signature of TGFs
well after the TGF occurred.

6. Summary
In summary, the ADELE instrument on a Gulfstream V aircraft detected two, possibly
three, enhancements in 511 keV emissions inside an active thunderstorm, indicating that the
aircraft was briefly emerged in or near clouds of positrons. It is not clear where the excess
positrons came from, but the enhancements were accompanied by electrical activity near the
aircraft, suggesting that the electrical environment near the aircraft may have played a role in
creating the enhancements or bringing them nearer to the aircraft. However, detailed modeling is
needed before conclusions can be drawn about the likely sources of the positrons.

To be published in J. Plasma Phys.

16

This work was supported in part by NSF awards AGS 1519236, 1160226, 0619941 and
0846609 and NASA award DPR S-15633-Y.

REFERENCES
Alexeenko, V. V., N. S. Khaerdinov, A. S. Lidvansky, V. B. Petkov 2002 Transient variations of
secondary cosmic rays due to atmospheric electric field and evidence for pre-lightning
particle acceleration. Phys. Lett. A 301, 299-306.
Babich, L. P., E. N. Donskoy, R. I. Il’kaev, I. M. Kutsyk, R. A. Roussel-Dupré 2004
Fundamental parameters of a relativistic runaway electron avalanche in air. Plasma Phys.
Rep. 30, 616–624.
Babich, L. P., E. N. Donskoy, I. M. Kutsyk, R. A. Roussel-Dupré 2005 The feedback mechanism
of runaway air breakdown. Geophys. Res. Lett., 32, L09809, doi:10.1029/2004GL021744.
Babich, L. P., R. A. Roussel‐Dupré 2007 Origin of neutron flux increases observed in correlation
with lightning. J. Geophys. Res. 112, D13303, doi:10.1029/2006JD008340.
Babich, L. P., T. V. Loĭko 2009 Subnanosecond pulses of runaway electrons generated in
atmosphere by high-voltage pulses of microsecond duration. Dokl. Phys. 54, no. 11, 479482.
Babich, L. P., E. I. Bochkov, E. N. Donskoi, I. M. Kutsyk 2010 Source of prolonged bursts of
high-energy gamma rays detected in thunderstorm atmosphere in Japan at the coastal area
of the Sea of Japan and on high mountaintop. J. Geophys. Res. 115, A09317.
Briggs, M. S., et al. 2010 First results on terrestrial gamma ray flashes from the Fermi Gamma‐
ray Burst Monitor. J. Geophys. Res. 115, A07323, doi:10.1029/2009JA015242.
Briggs, M. S., V. Connaughton, C. Wilson-Hodge, R. D. Preece, G. J. Fishman, R. M. Kippen, P.
N. Bhat, W. S. Paciesas, V. L. Chaplin, C. A. Meegan, A. von Kienlin, J. Greiner, J. R.
Dwyer, D. M. Smith 2011 Electron-positron beams from terrestrial lightning observed
with Fermi GBM. Geophys. Res. Lett. 38, Issue 2, CiteID L02808.
Brunetti, M., S. Cecchini, M. Galli, G. Giovannini, A. Pagliarin 2000 Gamma-ray bursts of
atmospheric origin in the MeV energy range. Geophys. Res. Lett., 27, 1599-1602.
Carlson, B. E., N. G. Lehtinen, U. S. Inan 2008 Runaway relativistic electron avalanche seeding
in the Earth’s atmosphere. J. Geophys. Res. 113, A10307.

To be published in J. Plasma Phys.

17

Carlson, B. E., N. G. Lehtinen, U. S. Inan 2010 Neutron production in terrestrial gamma ray
flashes. J. Geophys. Res. 115, A00E19.
Carlson, B. E., T. Gjesteland, N. Østgaard 2011 Terrestrial gamma-ray flash electron beam
geometry, fluence, and detection frequency. J. Geophys. Res. 116, A11217.
Chilingarian, A., A. Daryan, K. Arakelyan, A. Hovhannisyan, B. Mailyan, L. Melkumyan, G.
Hovsepyan, S. Chilingaryan, A. Reymers, L. Vanyan 2010 Ground-based observations of
thunderstorm-correlated fluxes of high-energy electrons, gamma rays, and neutrons, Phys.
Rev. D 82, Issue 4, id. 043009.
Chilingarian, A., B. Mailyan, L. Vanyan, 2012a Recovering of the energy spectra of electrons
and gamma rays coming from the thunderclouds. Atmospheric Research 114–115, 1–16.
Chilingarian, A., H. Mkrtchyan 2012b Role of the Lower Positive Charge Region (LPCR) in
initiation of the Thunderstorm Ground Enhancements (TGEs). Phys. Rev. D 86, 072003.
Chilingarian, A., G. Hovsepyan, and L. Kozliner 2013 Thunderstorm ground enhancements:
Gamma ray differential energy spectra. Phys. Rev. D 88, 073001.
Chubenko, A. P., V. P. Antonova, S. Yu. Kryukov, V. V. Piskal, M. O. Ptitsyn, A. L. Shepetov,
L. I. Vildanova, K. P. Zybin, and A. V. Gurevich 2000 Intense x-ray emission bursts
during thunderstorms. Phys. Lett. A 275, 90-100.
Chubenko, A. P., et al. 2003 Effective growth of a number of cosmic ray electrons inside
thundercloud. Phys. Lett. A 309, 90-102.
Chubenko, A. P., et al. 2009 Energy spectrum of lightning gamma emission. Physics Letters A
373, Issue 33, 2953-2958.
Cohen, M. B., U. S. Inan, R. K. Said, M. S. Briggs, G. J. Fishman, V. Connaughton, S. A.
Cummer 2010 A lightning discharge producing a beam of relativistic electrons into space.
Geophys. Res. Lett. 37, Issue 18, L18806.
Connaughton, V., M. S. Briggs, R. H. Holzworth, M. L. Hutchins, G. J. Fishman, C. A. WilsonHodge, V. L. Chaplin, P. N. Bhat, J. Greiner, A. von Kienlin, R. M. Kippen, C. A.
Meegan, W. S. Paciesas, R. D. Preece, E. Cramer, J. R. Dwyer, D. M. Smith 2010
Associations between Fermi Gamma-ray Burst Monitor terrestrial gamma ray flashes and
sferics from the World Wide Lightning Location Network. J. Geophys. Res. 115, Issue
A12, CiteID A12307.
Connaughton V., M. S. Briggs, S. Xiong,. J. R. Dwyer, M. L. Hutchins, J. E. Grove, A.
Chekhtman, D. Tierney, G. Fitzpatrick, S. Foley, S. McBreen, P. N. Bhat, V. L. Chaplin,
E. Cramer, G. J. Fishman, R. H. Holzworth, M. Gibby, A. von Kienlin, C. A. Meegan, W.
S. Paciesas, R. D. Preece, C. Wilson-Hodge 2013 Radio signals from electron beams in
Terrestrial Gamma-ray Flashes. J. Geophys. Res. 118, 2313–2320.

To be published in J. Plasma Phys.

18

Cummer, S. A., Y. Zhai, W. Hu, D. M. Smith, L. I. Lopez, M. A. Stanley 2005 Measurements
and implications of the relationship between lightning and terrestrial gamma ray flashes.
Geophys. Res. Lett. 32, L08811, doi:10.1029/2005GL022778.
Cummer, S. A., G. Lu, M. S. Briggs, V. Connaughton, S. Xiong, G. J. Fishman, J. R. Dwyer
2011 The lightning-TGF relationship on microsecond timescales. Geophys. Res. Lett. 38,
L14810, doi:10.1029/2011GL048099.
Dwyer, J. R., M. A. Uman, H. K. Rassoul, M. Al-Dayeh, E. L. Caraway, J. Jerauld, V. A. Rakov,
D. M. Jordan, K. J. Rambo, V. Corbin and B. Wright 2003 Energetic radiation produced
during rocket-triggered lightning, Science 299, 694-697.
Dwyer, J. R. 2003 A fundamental limit on electric fields in air. Geophys. Res. Lett. 30, 2055.
Dwyer, J. R. 2004 Implications of x-ray measurements of lightning. Geophys. Res. Lett. 31,
L12102, doi:10.1029/2004GL019795.
Dwyer, J. R., M. A. Uman, H. K. Rassoul, V. A. Rakov, M. Al-Dayeh, E. L. Caraway, B.
Wright, J. Jerauld, D. M. Jordan, K. J. Rambo, A. Chrest, and C. Smyth 2004a
Measurements of x-ray emission from rocket-triggered lightning. Geophys. Res. Lett. 31,
L05118, doi:10.1029/2003GL018770.
Dwyer, J. R., M. A. Uman, H. K. Rassoul, V. A. Rakov, M. Al-Dayeh, E. L. Caraway, B.
Wright, J. Jerauld, D. M. Jordan, K. J. Rambo, A. Chrest and C. Smyth 2004b A ground
level gamma-ray burst observed in association with rocket-triggered lightning. Geophys.
Res. Lett. 31, L05119, doi:10.1029/2003GL018771.
Dwyer, J. R., M. A. Uman, H. K. Rassoul, V. A. Rakov, M. Al-Dayeh, E. L. Caraway, B.
Wright, J. Jerauld, D. M. Jordan, K. J. Rambo, A. Chrest, E. Kozak 2005a X-ray bursts
associated with leader steps in cloud-to-ground lightning. Geophys. Res. Lett. 32, L01803,
doi:10.1029/2004GL021782.
Dwyer, J. R., H. K. Rassoul, Z. Saleh M. A. Uman, J. Jerauld, J. A. Plumer 2005b X-ray bursts
produced by laboratory sparks in air. Geophys. Res. Lett. 32, L20809,
doi:10.1029/2005GL024027.
Dwyer, J. R., D. M. Smith 2005 A Comparison between Monte Carlo simulations of runaway
breakdown and terrestrial gamma-ray flash observations. Geophys. Res. Lett. 32, L22804,
doi:10.1029/2005GL023848.
Dwyer, J. R. 2007 Relativistic breakdown in planetary atmospheres. Physics of Plasmas 14,
Issue 4, pp. 042901-042901-17.
Dwyer, J. R., Z. Saleh, H. K. Rassoul, D. Concha, M. Rahman, V. Cooray, J. Jerauld, M. A.
Uman, V. A. Rakov 2008a A study of X-ray emission from laboratory sparks in air at
atmospheric pressure. J. Geophys. Res. 113, D23207, doi:10.1029/2008JD010315.
Dwyer, J. R., B. W. Grefenstette, D. M. Smith 2008b High-energy electron beams launched into
space by thunderstorms. Geophys. Res. Lett. 35, L02815, doi:10.1029/2007GL032430.

To be published in J. Plasma Phys.

19

Dwyer, J. R., D. M. Smith, M. A. Uman, Z. Saleh, B. Grefenstette, B. Hazelton, H. K. Rassoul
2010 Estimation of the fluence of high-energy electron bursts produced by thunderclouds
and the resulting radiation doses received in aircraft. J. Geophys. Res.
doi:10.1029/2009JD012039.
Dwyer, J. R., M. Schaal, H. K. Rassoul, M. A. Uman, D. M. Jordan, D. Hill, H. K. Rassoul 2011
High-speed X-ray Images of Triggered Lightning Dart Leaders. J. Geophys. Res. 116,
D20208.
Dwyer, J. R., D. Smith, S. A. Cummer 2012 High Energy Atmospheric Physics: Terrestrial
Gamma-ray Flashes and Related Phenomena. Space Science Rev, DOI 10.1007/s11214012-9894-0.
Dwyer, J. R. 2012 The relativistic feedback discharge model of terrestrial gamma ray flashes. J.
Geophys. Res. 117, A02308, doi:10.1029/2011JA017160.
Dwyer J. R., M. M. Schaal, E. Cramer, S. Arabshahi, N. Liu, H. K. Rassoul, J. D. Hill, D. M.
Jordan, and M. A. Uman 2012 Observation of a gamma-ray flash at ground level in
association with a cloud-to-ground lightning return stroke. J. Geophys. Res. 117, pp.
A10303.
Dwyer, J. R., M. A. Uman 2014 The Physics of Lightning. Physics Reports 534, Issue 4, 30,
Pages 147-241.
Eack, K. B., W.H. Beasley, W.D. Rust, T.C. Marshall, M. Stolzenburg 1996a Initial results from
simultaneous observation of X rays and electric fields in a thunderstorm. J. Geophys. Res.
101, D23, 29637-29640.
Eack, K. B., W.H. Beasley, W.D. Rust, T.C. Marshall, M. Stolzenburg 1996b X-ray pulses
observed above a mesoscale convective system. Geophys. Res. Lett. 23, 21, 2915-2918.
Eack, K. B., D.M. Suszcynsky, W.H. Beasley, R. Roussel-Dupré, E. Symbalisty 2000 Gammaray emission observed in a thunderstorm anvil. Geophys. Res. Lett. 27, 185-188.
Fishman, G. J., et al. 1994 Discovery of intense gamma-ray flashes of atmospheric origin.
Science 264, 1313-1316.
Fishman, G. J., et al. 2011 Temporal properties of the terrestrial gamma-ray flashes from the
Gamma-Ray Burst Monitor on the Fermi Observatory. J. Geophys. Res. 116, A07304,
doi:10.1029/2010JA016084.
Gjesteland, T., N. Østgaard, P.H. Connell, J. Stadsnes, G.J. Fishman 2010 Effects of dead time
losses on terrestrial gamma ray flash measurements with the Burst and Transient Source
Experiment. J. Geophys. Res. 115, Issue 3, A00E21.
Gjesteland, T., N. Østgaard, A. B. Collier, B. E. Carlson, M. B. Cohen, N. G. Lehtinen 2011
Confining the angular distribution of terrestrial gamma ray flash emission. J. Geophys.
Res. 116, A11313, doi:10.1029/2011JA016716.

To be published in J. Plasma Phys.

20

Gjesteland, T., N. Østgaard, A. B. Collier, B.E. Carlson, C. Eyles, D.M. Smith 2012 A new
method reveals more TGFs in the RHESSI data. Geophys. Res. Lett. 39, L05102.
Grefenstette, B. W., D. M. Smith, J. R. Dwyer, G. J. Fishman 2008 Time evolution of terrestrial
gamma ray flashes. Geophys. Res. Lett. 35, Issue 6, CiteID L06802.
Gurevich, A. V. 1961 On the Theory of Runaway Electrons. Soviet Phys. Jetp 12(5), 904-912.
Gurevich, A. V., G.M. Milikh, R.A. Roussel-Dupré 1992 Runaway electron mechanism of air
breakdown and preconditioning during a thunderstorm. Phys. Lett. A 165, 463-467.
Gurevich, A. V., K.P. Zybin 2001 Runaway breakdown and electric discharges in thunderstorms,
Physics-Uspekhi 44, 1119.
Gurevich, A. V., et al. 2011 Laboratory demonstration of runaway electron breakdown of air.
Phys. Lett. A 375, 2845-2849.
Hill, J. D., M. A. Uman, D. M. Jordan, J. R. Dwyer, and Hamid Rassoul 2012 “Chaotic” dart
leaders in triggered lightning: Electric fields, x-rays, and source locations. J. Geophys.
Res. 117, D03118, doi:10.1029/2011JD016737.
Hill, J. D. 2012 The Mechanisms of Lightning Leader Propagation and Ground Attachment,
PhD Dissertation. University of Florida.
Howard, J., M. A. Uman, J. R. Dwyer, D. Hill, C. Biagi, Z. Saleh, J. Jerauld, H. K. Rassoul 2008
Co-Location of Lightning Leader X-ray and Electric Field Change Sources. Geophys. Res.
Lett. 35, L13817, doi:10.1029/2008GL034134.
Howard, J., M. Uman, C. Biagi, D. Hill, J. Jerauld, V. A. Rakov, J. Dwyer, Z. Saleh, H. Rassoul
2010 RF and x-ray source locations during the lightning attachment process. J. Geophys.
Res. 115, doi:10.1029/2009JD012055.
Kostyrya, I. D., V. F. Tarasenko, A. N. Tkachev, S. I. Yakovlenko 2006 X-ray radiation due to
nanosecond volume discharges in air under atmospheric pressure. Techn. Phys. 51, no. 3,
356-361.
Liu, N., J. R. Dwyer 2013 Modeling Terrestrial Gamma-Ray Flashes Produced by Relativistic
Feedback Discharges. J. Geophys. Res. 118, 2359–2376.
Lehtinen, N. G., T. F. Bell, U. S. Inan 1999 Monte Carlo simulation of runaway MeV electron
breakdown with application to red sprites and terrestrial gamma ray flashes. J. Geophys.
Res. 104, 24,699 – 24,712, doi:10.1029/1999JA0900335.
MacGorman, D. R., W. D. Rust 1998 The electrical nature of storms. Oxford University Press,
New York.
Mallick, S., V. A. Rakov, J. R. Dwyer 2012 A Study of X-ray Emissions from Thunderstorms
with Emphasis on Subsequent Strokes in Natural Lightning. J. Geophys. Res. 117
doi:10.1029/2012JD017555.
March, V., J. Montanyà 2010 Influence of the voltage-time derivative in X-ray emission from
laboratory sparks. Geophys. Res. Lett. 37, Issue 19, L19801.

To be published in J. Plasma Phys.

21

March, V., J. Montanyà 2011 X-rays from laboratory sparks in air: The role of the cathode in the
production
of
runaway
electrons.
Geophys. Res. Lett.
38,
L04803,
doi:10.1029/2010GL046540.
March V., J. Montanya, D. Romero, G. Sola, O. Van der Welde 2012 X-rays from laboratory
sparks in air: The relationship between runaway electrons and the electric field.
International Conference on Lightning Protection (ICLP), 1-7.
Marisaldi, M., et al. 2010a Detection of Terrestrial Gamma-Ray Flashes up to 40-MeV by the
AGILE Satellite. J. Geophys. Res. 115, A00E13.
Marisaldi, M., et al. 2010b Gamma-Ray Localization of Terrestrial Gamma-Ray Flashes. Phys.
Rev. Lett. 105, 128501.
McCarthy, M., G. K. Parks 1985 Further observations of x-rays inside thunderstorms. Geophys.
Res. Lett. 12, 393-396.
Milikh, G., R. Roussel-Dupré 2010 Runaway Breakdown and Electrical Discharges in
Thunderstorms. J. Geophys. Res., doi:10.1029/2009JA014818.
Moore, C. B., K. B. Eack, G. D. Aulich, and W. Rison 2001 Energetic radiation associated with
lightning stepped-leaders, Geophys. Res. Lett. 28, 2141-2144. Moss, G. D., V. P. Pasko,
N. Liu, G. Veronis 2006 Monte Carlo model for analysis of thermal runaway electrons in
streamer tips in transient luminous events and streamer zones of lightning leaders. J.
Geophys. Res. 111, A02307, doi:10.1029/2005JA011350.
Nguyen, C. V., A. P. J. van Deursen, U. Ebert 2008 Multiple x-ray bursts from long discharges
in air. J. Phys. D. Appl. Phys. 41, 234012.
Nguyen, C. V., A. P. J. van Deursen, E. J. M. van Heesch, C. J. J. Winands, A. J. M. Pemen 2010
X-ray emission in streamer-corona plasma. J. Phys. D., Appl. Phys. 43, 025202 (5pp),
doi:10.10880022-3727/43/2/025202.
Nguyen, C. V. 2012 Experimental study on hard radiation form long laboratory spark discharges
in air, PhD Dissertation. Technische Universiteit Eindhoven.
Østgaard, N., T. Gjesteland, R. S. Hansen, A. B. Collier, B. Carlson 2012 The true fluence
distribution of terrestrial gamma flashes at satellite altitude. J. Geophys. Res. 117,
A03327, 8 PP., doi:10.1029/2011JA017365
Parks, G. K., B. H. Mauk, R. Spiger, J. Chin 1981 X-ray enhancements detected during
thunderstorm and lightning activities. Geophys. Res. Lett. 8, 1176-1179.
Rahman, M., V. Cooray, N. A. Ahmad, J. Nyberg, V. A. Rakov, S. Sharma 2008 X-rays from 80
cm long sparks in air. Geophys. Res. Lett. 35, L06805, doi:10.1029/2007GL032678.
Rakov, V. A., M. A. Uman 2003 Lightning: Physics and Effects. Cambridge University Press,
Cambridge, UK, 2003, 687 pages; paperback edition, Cambridge University Press, 2006,
pp. 116-121, 331-337.

To be published in J. Plasma Phys.

22

Rep’ev, A. G., P. B. Repin 2008 Spatiotemporal parameters of the x-ray radiation from a diffuse
atmospheric-pressure discharge. Techn. Phys. 53, no. 1, 73-80.
Roussel-Dupré, R., A.V. Gurevich 1996 On runaway breakdown and upward propagating
discharges. J. Geophys. Res. 101, A2, 2297-2312.
Roussel-Dupré, R., J. J. Colman, E. Symbalisty, D. Sentman, V. P. Pasko 2008 Physical
processes related to discharges in planetary atmospheres. Space Sci. Rev. 137, 51-82.
Saleh, Z., J. Dwyer, J. Howard, M. Uman, M. Bakhtiari, D. Concha, M. Stapleton, D. Hill, C.
Biagi, H. Rassoul 2009 Properties of the x-ray emission from rocket-triggered lightning as
measured by the Thunderstorm Energetic Radiation Array (TERA). J. Geophys. Res. 114,
D17, doi:10.1029/2008JD011618.
Schaal, M. M., J. R. Dwyer, Z. H. Saleh, H. K. Rassoul, M. A. Uman, J. D. Hill, D. M. Jordan
2012 Spatial and energy distributions of X-ray emissions from leaders in natural and
rocket triggered lightning. J. Geophys. Res. 117, D15201, doi:10.1029/2012JD017897.
Schaal M. M., J. R. Dwyer, H. K. Rassoul, J. D. Hill, D. M. Jordan, M. A Uman 2013 The
angular distribution of energetic electron and X‐ray emissions from triggered lightning
leaders. J. Geophys. Res. 118, DOI: 10.1002/2013JD019619, 2013.
Schaal, M. M., J. R. Dwyer, S. Arabshahi, E. S. Cramer, R. J. Lucia, N. Y. Liu, H. K. Rassoul,
D. M. Smith, J. W. Matten, A. G. Reid, J. D. Hill, D. M. Jordan, and M. A. Uman 2014
The Structure of X-ray Emissions from Triggered Lightning Leaders Measured by a
Pinhole-Type X-ray Camera. J. Geophys. Res. 119, doi:10.1002/2013JD020266.
Skeltved, A. B., N. Østgaard, B. Carlson, T. Gjesteland, and S. Celestin 2014 Modeling the
relativistic runaway electron avalanche and the feedback mechanism with GEANT4. J.
Geophys. Res. 119, 9174-9191.
Smith, D. M., L. I. Lopez, R. P. Lin. C. P. Barrington-Leigh 2005 Terrestrial Gamma-Ray
Flashes Observed up to 20 MeV. Science 307, 1085-1088.
Smith, D. M., et al. 2011a The Rarity of Terrestrial Gamma-ray Flashes. Geophys. Res. Lett. 38,
L08807, doi:10.1029/2011GL046875.
Smith, D. M., et al. 2011b A Terrestrial Gamma-ray Flash Observed from an Aircraft. J.
Geophys. Res. 116, D20124, doi:10.1029/2011JD016252.
Suszcynsky, D. M., R. Roussel-Dupré, G. Shaw 1996 Ground-based search for X rays generated
by thunderstorms and lightning. J. Geophys. Res. 101, 23,505.
Tavani, M., et al. 2011 Terrestrial Gamma-Ray Flashes as Powerful Particle Accelerators. Phys.
Rev. Lett. 106, Issue 1, id. 018501.
Torii, T., T., M. Takeishi, T. Hosono 2002 Observation of gamma-ray dose increase associated
with winter thunderstorm and lightning activity. J. Geophys. Res. 107, 4324.

To be published in J. Plasma Phys.

23

Torii, T., T. Nishijima, Z.-I. Kawasaki, T. Sugita 2004 Downward emission of runaway electrons
and bremsstrahlung photons in thunderstorm electric fields. Geophys. Res. Lett. 31,
L05113.
Torii, T., T. Sugita, S. Tanabe, Y. Kimura, M. Kamogawa, K. Yajima, H. Yasuda 2009 Gradual
increase of energetic radiation associated with thunderstorm activity at the top of Mt. Fuji.
Geophys. Res. Lett. 36, L13804.
Torii, T., T. Sugita, M. Kamogawa, Y. Watanabe, K. Kusunoki 2011 Migrating source of
energetic radiation generated by thunderstorm activity. Geophys. Res. Lett. 38, L24801,
doi:10.1029/2011GL049731.
Tsuchiya, H., et al. 2007 Detection of High-Energy Gamma Rays from Winter Thunderclouds.
Phys. Rev. Lett. 99, 165002.
Tsuchiya, H., et al. 2009 Observation of an energetic radiation burst from mountain-top
thunderclouds. Phys. Rev. Lett. 102, 255003.
Tsuchiya, H., et al. 2011 Long-duration γ ray emissions from 2007 and 2008 winter
thunderstorms. J. Geophys. Res. 116, D09113.
Wilson, C.T.R. 1925 The electric field of a thunderstorm and some of its effects. Proc. Phys.
Soc. Lond. 37, 32D-37D.
Yoshida S., T. Morimoto, T. Ushio, Z.-I. Kawasaki, T. Torii, D. Wang, N. Takagi, T. Watanabe
2008 High energy photon and electron bursts associated with upward lightning strokes.
Geophys. Res. Lett. 37, L10804, doi:10.1029/2007GL032430.

