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Abstract We report a 511-keV photon flux enhancement that was observed inside a thundercloud
and is a result of positron annihilation. The observation was made with the In-flight Lightning Damage
Assessment System (ILDAS) on board of an A340 test aircraft. The aircraft was intentionally flying through a
thunderstorm at 12-km altitude over Northern Australia in January 2016. Two gamma ray detectors showed
a significant count rate increase synchronously with fast electromagnetic field variations registered by
an on-board antenna. A sequence of 10 gamma ray enhancements was detected, each lasted for about
1 s. Their spectrum mainly consists of 511-keV photons and their Compton component. The local electric
activity during the emission was identified as a series of static discharges of the aircraft. A full-scale Geant4
model of the aircraft was created to estimate the emission area. Monte Carlo simulation indicated that the
positrons annihilated in direct vicinity or in the aircraft body.

1. Introduction

The first and the only report known to us on positron clouds inside thunderstorms was published in 2015
(Dwyer et al., 2015). The Airborne Detector for Energetic Lightning Emission flew on a Gulfstream V jet air-
craft through the top of an active thundercloud in 2009. It contained two similar sensor assemblies vertically
aligned and separated by 0.6 cm of lead. Each sensor consists of two 12.7-cm long 12.7-cm diameter BC-408
plastic cylinders, one NaI crystal of the same dimensions, and one small 2.54 × 2.54 cm2 plastic scintillation
detector intended to monitor high fluxes. At a certain moment during the flight the detectors showed a count
rate increase. After analysis it was concluded that the increase mainly consisted of 511-keV photons. Photons
of this energy are well defined and are a unique characteristic for positron annihilation process. The 511-keV
emission lasted for at least 200 ms and was accompanied with pulses recorded by an electric field antenna.
The pulses were assumed to be created by direct discharges on the antenna. Remarkably, no significant fluxes
of particles with energy higher than the pair production threshold 1.022 MeV were detected sufficiently to
explain the positron emission by this mechanism. Modeling indicated that the emission originated from a dis-
perse cloud of positrons of 2-km radius. Different generation mechanisms were considered in the paper, and
none of them was conclusive. Positron generation mechanism in thunderclouds remains a complete mystery
and undoubtedly needs more in situ observations.

Lightning is known to generate microsecond-fast bursts of X-ray radiation (Dwyer et al., 2003; 2004, Dwyer,
Rassoul, Al-Dayeh, et al., 2005; Dwyer et al., 2011; Hill, 2012; Hill et al., 2012; Howard et al., 2010, 2008; Mallick
et al., 2012; Montanyà et al., 2012; Moore et al., 2001; Saleh et al., 2009; Schaal et al., 2014, 2013, 2012; Yoshida
et al., 2008) and electron flux enhancements (Yoshida et al., 2008). Such bursts were detected from both
natural and triggered lightning. The energy spectrum is typically in the few hundreds of keV range, expo-
nentially decreasing without any specific lines. Lightning is seemingly also responsible for generation or
triggering of Terrestrial Gamma Ray Flashes (TGFs) with energies up to several tens of MeV (Briggs et al., 2010;
Connaughton et al., 2010, 2013; Cummer et al., 2011, 2005; Dwyer & Smith, 2005; Dwyer, Schaal, et al., 2012;
Fishman et al., 1994; Gjesteland et al., 2017, 2011, 2012, 2010; Grefenstette et al., 2008; Hare et al., 2016;
Marisaldi, Argan, et al., 2010; Marisaldi, Fuschino, et al., 2010; Marisaldi et al., 2014; Mezentsev et al., 2017;
Østgaard et al., 2013, 2012, 2008; Smith et al., 2005, 2011a, 2011b), or maybe higher (Tavani et al., 2011). Typical
TGF duration varies from tens to several hundreds of microseconds. On smaller scales meter-long laboratory
discharges are also able to generate X-ray bursts of nanosecond duration (Babich & Loiko, 2009; Carlson et al.,
2015; Dwyer, Rassoul, Saleh, et al., 2005; Dwyer et al., 2008; Kochkin, 2014; Kochkin et al., 2012, 2014a, 2014b;
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Kochkin, Köhn, et al., 2016; Kochkin, Lehtinen, et al., 2016; March & Montanyà, 2010, 2011; March et al., 2012;

Nguyen et al., 2008, 2009; Østgaard et al., 2016; Rahman et al., 2008; Rep’ev et al., 2008). The bursts were first
suggested to be generated in streamer encounters (Cooray et al., 2009), but encounters alone are apparently
not a sufficient condition (Babich & Bochkov, 2017; Ihaddadene & Celestin, 2015; Köhn et al., 2017). And finally,
microsecond-fast bursts of gamma radiation inside aircraft were reported in association with recoil processes
in lightning discharges (Kochkin et al., 2015).

Apart from these transient phenomena, long-lasting gamma ray glows of thunderclouds were reported in
association with strong electric fields (Eack et al., 1996a, 1996b, 2000; Kelley et al., 2015; Kochkin et al., 2017;
McCarthy & Parks, 1985; Parks et al., 1981). They last from seconds to hundreds of seconds, maybe even longer.
The glows were also observed from ground (Brunetti et al., 2000; Chubenko et al., 2000; Torii et al., 2002,
2009; Tsuchiya et al., 2007) and often accompanied by neutrons (Chilingarian et al., 2012, 2010; Gurevich et al.,
2012; Kuroda et al., 2016; Tsuchiya et al., 2012) and electron fluxes (Chilingarian, Vanyan, & Mailyan, 2013).
Their gamma ray spectra can be consistent with the Relativistic Runaway Electron Avalanche (RREA) mech-
anism (Babich et al., 2010; Tsuchiya et al., 2007) first introduced in Gurevich et al. (1992). Alternative models
for gamma ray flux enhancement can be found in Chilingarian, Hovsepyan, and Kozliner (2013) and McCarthy
and Parks (1992). A review of the currently known atmospheric phenomena and physical mechanisms behind
them can be found in Dwyer, Smith, and Cummer (2012).

Another new type of indirect TGF observations quickly attracts scientific attention. TGFs should seemingly
create a long-lasting neutron emission, with associated isotope production. Such emission was observed from
the ground (Bowers et al., 2017; Teruaki et al., 2017), though the TGF was not clearly detected, maybe because

of the limited count rate capability of the detectors. A similar phenomenon was modeled at higher altitudes
(Babich, 2006) and called a TGF afterglow (Rutjes et al., 2017). Neutrons in such afterglow are supposedly cre-
ated in photonuclear reaction and can remain detectable on a subsecond scale for at least downward directed
TGFs. The isotopes created from these photonuclear reactions are 𝛽+ emitters that can produce a 511-keV line
enhancement in the observed spectrum than can last for tens of seconds.

In this manuscript we report the observation of a particle emission in similar conditions as in Dwyer et al.
(2015). The aircraft intentionally flew through an active thunderstorm at 12-km altitude in Northern Australia.
Periodic electric field pulses were detected by the electric field antenna. Analysis of the recorded data allowed
to classify the pulses and their origin. The pulses were correlated with a second-long gamma ray emission.
The spectrum of the emission contains a prominent 511-keV line. Simultaneously, an on-board video camera
captured an optical phenomenon originated from the left wing of the aircraft. This is the first time when
positron annihilation has been detected synchronously with optical observations. A detailed full-scale Geant4
model of the aircraft was created. The model incorporates the gamma ray detectors, the aircraft, and most of
the massive equipment around them. It was used to estimate the size of the positron annihilation area.

2. Instrumentation

In-flight Lightning Damage Assessment System (ILDAS) is the airborne platform dedicated to flying through
thunderstorms and investigate lightning interaction with aircraft in situ. It was initially designed to measure
lightning current waveform and derive characteristics such as current entry and exit points, amplitude, and
to assess the possible structural damage to the aircraft. The system was later extended with two gamma ray
detectors. The extension allowed us to obtain unique measurements of gamma radiation inside the aircraft
synchronously with the lightning waveforms. The detectors are 4-cm-diameter 4-cm-long LaBr3 cylinders
attached to a photomultiplier tube in a sealed aluminum casing. Besides the detectors, the system contains
one electric field (E-field) sensor, and eight magnetic field (H-field) window sensors. The E-field sensor is a
flat plate antenna attached to the fuselage window from inside in the forward fuselage. It measures the local
electric field (not dE/dt) near the aircraft body, which should not be confused with the ambient electric field
in the cloud. The local field around sharp objects can be higher than ambient due to electrostatic induction.
The H-field window sensors are designed to determine the current direction through the aircraft and measure
the current sheet density in A/m. They are located at different positions along the fuselage. Photographs of the
sensors and gamma ray detectors can be found in Kochkin et al. (2015) Figures 2 and 3. Both E- and H-field
sensors are differentiating, and subsequent analog integration provides a flat response over the frequency
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band from 100 Hz to 10 MHz for H-field and 10 Hz to 500 kHz for E-field. The sampling rate for both sensors
is 83.3 MS⋅s−1, which corresponds to 12-ns resolution time. The gamma ray detectors are sampled with 10-ns
resolution.

The system provides two data acquisition methods: continuous and triggered. Continuous acquisition pro-
vides E- and H-field maximum, minimum, and average values in 17-ms time intervals for each individual
sensor. Pulses from photomultiplier are counted in six different individual energy channels for each gamma
ray detector in 15-ms time window. The total number of pulses summed over all channels will be considered
in this paper. Only gamma rays with energy greater than 100 keV are counted. Triggered acquisition pro-
vides data at the full sampling rate for a limited duration of 1.0 to 1.2 s. The trigger condition for the system
is based on real-time analysis of the E- and H-field sensor data. When a characteristic discharge signature is
identified, the system stores the measurement data from all sensors, including the gamma ray sensors. E- and
H-field data are stored with a 12-ns sampling interval for 1.2 s, while gamma ray data are stored with a 10-ns
sampling interval for 1.0 s. More details about ILDAS and its design can be found in Zwemmer et al. (2009),
de Boer et al. (2011, 2013, 2015), Stelmashuk et al. (2008, 2007), van Deursen and Stelmashuk (2011), and
van Deursen (2011).

There were nine video cameras in the frame of another research project on board the same aircraft with ILDAS.
The cameras were located inside the aircraft and pointed toward wings, ice accretion probes, cockpit wind-
shield, and instrument panel. The cameras were operating at 25 frames per second rate continuously and
allowed to monitor discharge activity near the aircraft during the entire flight.

To locate lightning strikes, data from two ground-based lightning location networks were used. One is the
global World Wide Lightning Location Network (WWLLN), the second is the local Australian network called
the Lightning Incident Archive Search (LIAS). It is a commercial network which is operated by The Global Posi-
tion and Tracking Systems Pty. Ltd. WWLLN location accuracy is estimated as 5-km radius over the region of
observation (Rodger et al., 2004). LIAS network has better accuracy with 250- to 500-m uncertainty. It reports
more sferics and provides additional data regarding event type, polarity, and peak current. While WWLLN is
mainly sensitive to cloud-to-ground lightning, LIAS can also detect intracloud discharges. WWLLN data were
available for this study on large scale than LIAS.

The data from HIMAWARI-8 satellite (HIMAWARI-8, 2017) were used to reconstruct cloud top hight (CTH) profile
during the flight. Reflectivity maps of the region of interest were obtained in infrared 11-μm range.

3. Observation

On 14 January 2016 an Airbus A340-600 factory test aircraft intentionally flew through a thunderstorm in
Northern Australia. Its starting base was at Darwin International Airport. Figure 1 shows the flight track and
the gamma ray count rate inside the aircraft. Top panel shows the zoomed in map on the aircraft path con-
taining the most interesting observations. Bottom panel shows the gamma ray count rate binned in 15 ms
from 07:15:00 to 08:00:00 UTC. Running average with 1-s window was applied to reduce the noise. LIAS sferics
detected during this time period are plotted on the top panel as gray dots. Only sferics within 50-km radius
from location A were available. Middle panel shows the altitude profile. The aircraft was flying from 11.2 to
12.5 km during this period. Three peaks can be identified on the plot, they are labeled from A to C. The gamma
ray count rate increase that happened before A, from 07:16:00 to 07:19:00, is partly caused by the altitude
change. In addition to the altitude effect, a gamma ray glow is also present at the moment A. The count rate
increases at B and C are also attributed to long-duration gamma ray glows. It is very important to have correct
altitude measurements and background count rates for any analysis. In our case, only background is measured
between A, B, and C.

The brief gamma ray pulses at A during the glow are the main object for investigation in this paper and will be
considered in greater detail below. Fifteen minutes after them, at 07:34:00 when the aircraft was at location B,
another gamma ray glow was detected. It was not accompanied by high electrical activity and was not termi-
nated by a lightning flash during the observation. ILDAS was not triggered during event B. The particle count
rate almost doubled at the peak of the glow with respect to background. And finally, 20 min after the glow, at
07:54:00, when the aircraft was at location C, another enhancement of gamma ray count rate was observed.
It resembles the phenomenon detected in location A but has much less number of counts for analysis.
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Figure 1. The flight path and the gamma radiation inside the aircraft. The top panel shows the color-coded path of the aircraft from earliest at 07:00:00 (blue) to
latest at 08:30:00 (red). Three specific locations are marked from A to C. Lightning Incident Archive Search sferics from 07:15:00 to 08:00:00 UTC are plotted and
also color coded from earliest (blue) to latest (red). The middle panel shows the altitude profile. The bottom panel shows the total gamma ray counts per 15 ms
during this period. A running average smoothing algorithm with 1-s window is applied to reduce the noise.

On bigger scale, Figure 2 shows the flight track as plotted on a temperature map. The three locations A, B,
and C are indicated. The map was obtained 10 min after the moment when the aircraft was at location A, at
07:30:00 UTC. By comparing the cloud top temperature from the map with the reconstructed troposphere
vertical profile as predicted by the European Center Medium Weather Forecast, the CTH can be estimated.
In our case, the CTH was higher than 15 km for the regions with temperature below −70∘. WWLLN lightning
sferics are plotted from moment A to C. During this period the aircraft speed was 230 m/s.

Figure 2. The infrared HIMAWARI-8 satellite image. Temperature scale is indicated on the right side in degree Celsius.
The red regions with t≤ − 70∘ correspond to the Cloud Top Height ≥ 15 km. World Wide Lightning Location Network
sferics are shown from moment A to C as black circles.

KOCHKIN ET AL. 8077
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Figure 3. The electrical activity and gamma ray count rate during 4 min of flight near location A. The photon counts are
binned in 15 ms and smoothed with 1-s running average. The aircraft moved 57 km during this period with speed 236
m/s (459 kts). Gamma ray enhancement was not observed during the first sequence of E-field pulses from 07:18:30 to
07:19:30, but remarkable count rate increase is evident during the second sequence from 07:20:30 to 07:21:00.

Figure 3 shows the local E-field measurements and gamma ray count rate during 4 min near location A. This
corresponds to 57-km traveled distance with speed 236 m/s (459 kts). E-field is plotted as maximum Emax and
minimum Emin values on 17-ms interval. The first group of E-field pulses starting from 07:18:30 to 07:19:30 are
not associated with any photon count rate increase. In contrast, the second group of pulses from 07:20:30 to
07:21:00 is clearly accompanied with periodic gamma ray enhancements. The ILDAS system triggered four
times during the plotted period. Below we consider each of these triggers individually.

Figure 4. Zoom in of the first group of E-field pulses plotted in Figure 3. Electric field is plotted as maximum and
minimum values in 17-ms intervals. Photon counts from both detectors are binned in 15-ms intervals and plotted
without smoothing. Only gamma rays with energy greater than 100 keV are counted. World Wide Lightning Location
Network (WWLLN) and Lightning Incident Archive Search (LIAS) sferic times are plotted as vertical dashed lines.

KOCHKIN ET AL. 8078
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Figure 5. Zoom in of the E-field pulses at the moment A. Gamma ray pulses from both detectors are counted in 15 ms
time bins. Only original Continuous Data File (CDF) data are plotted without smoothing. Up to 10 pulses are visible, and
each lasts for roughly 1 s. They all are associated with fast E-field changes. In-flight Lightning Damage Assessment
System double system was triggered two times and recorded triggers TR3 and TR4 with high resolution. World Wide
Lightning Location Network (WWLLN) and Lightning Incident Archive Search (LIAS) sferics do not correlate with the
E-field changes.

Figure 4 shows zoomed in plot on the first group of the E-field pulses. ILDAS recorded two subsequent triggers
TR1 and TR2. They are indicated as horizontal segments of 1.2-s duration. Both triggers can be conditionally
classified as aircraft-triggered discharges (Lalande et al., 1999; Laroche et al., 2012; Mazur et al., 1984; Mazur &
Ruhnke, 1993; Moreau et al., 1992). Conditionally because their characteristic E-field pattern still resembles an
aircraft-triggered discharge but develops much faster than previously observed at lower altitudes (Kochkin
et al., 2015). The aircraft-triggered discharge, in contrast to the aircraft intercepted, starts with initiation of a
leader from an aircraft extremity. Shortly after, another leader of opposite polarity initiates from the opposite
extremity. This happens when the aircraft is exposed to a strong ambient electric field. Two leaders propagate
in opposite directions, which leads to the formation of a lightning flash with high-current (tens of kiloam-
peres) recoil pulses. Triggers TR1 and TR2 are likely positive static discharges in the presence of significant
ambient electric field. Static discharges are periodic/pulsating discharges with relatively low current (tens to
hundreds of amperes). They usually do not develop into a lightning flash. The times of WWLLN and LIAS sfer-
ics are indicated as vertical dashed lines. There is no obvious association between the lightning sferics and the
E-field pulses measured by ILDAS. Time interval between the last sferic and the first E-field pulse was at least
250 ms. In addition, lightning activity right before TR2 was behind the aircraft 30 km away from the trajec-
tory to the right. As was demonstrated in Kochkin et al. (2017), ILDAS is capable to detect distant flashes with
17-ms uncertainty.

Figure 5 shows the E-field and gamma ray measurements at the moment A. Around 10 gamma ray enhance-
ments in association with fast E-field changes can be seen on the plot. ILDAS was again triggered two
times and stored high-resolution data for triggers TR3 and TR4. Trigger intervals are indicated on the plot.
Two gradually decaying photon enhancements were recorded with the highest possible 10-ns resolution.
Photon counts from both detectors are binned in 15-ms intervals and plotted without running average, back-
ground subtraction, or any other processing. Only photons with energy greater than 100 keV are counted.
The maximal single photon energy that was detected during this campaign is 10 MeV. The largest gamma ray
enhancements lasted for almost 1 s. The emissions decay with a half-life close to 200 ms. WWLLN and LIAS
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Figure 6. Both triggers TR3 (black) and T4 (gray) are plotted together. Top panel shows E-field data. Middle panel shows
photons from 0.1 to 10 MeV on logarithmic scale. Bottom panel shows photon counts from 0.1 to 10 MeV in 15-ms bins.

sferics were 20–40 km away behind the aircraft. The time interval between them and the E-field pulses was
more than 2 s.

The high-resolution data from two triggers TR3 (black) and TR4 (gray) are plotted in Figure 6. Top panel shows
the signal from E-field antenna. Fast-changing E-field pulses are seen, surprisingly similar in both triggers.
Middle panel shows the scattered plot where each dot corresponds to a single photon. All photons detected
by two detectors with energy greater than 100 keV are plotted. Neither pile-up nor multiphoton bursts were
found in the data after the analysis of each individual photomultiplier tube pulse and comparison with single
photon pulses measured in the laboratory. Not even an Extensive Air Shower that would lead to a simultane-
ously recorded signal by two detectors was identified. Bottom panel shows the photons binned in 15 ms. A
gradual count rate increase is seen that starts after the first E-field pulse at t = 0.

First remarkable observation is the periodic pulsation of the E-field signal. As can be seen for the top panel,
both triggers consist of electromagnetic pulses of similar shape and magnitude. The pulses appear with
∼200-ms intervals. Trigger TR3 (black line) contains three such pulses at 0, 200, and 600 ms, while trigger T4
(gray) registered four pulses at 0, 200, 400 (small), and 600 ms. These pulses can also be seen in low-resolution
data in Figure 5 during the indicated trigger intervals. Similar periodic pulsation was observed after the
gamma ray glow termination in Kochkin et al. (2017).

Second, it is clear from Figures 3 and 5 that these periodic E-field pulses are closely associated with gamma
ray emission. However, the association becomes less obvious when plotted on a finer time scale, such as in
Figure 6. There are no microsecond-fast photon bursts during the emission; each of the photon signals can be
fitted to a single-photon response function of the detector. In fact, the count rate increase has a longer dura-
tion than the E-field variation. In addition, they do not strictly correlate in time. After the first E-field pulse at
time zero the gamma ray emission gradually increases and reaches its maximum after 50–200 ms. Subsequent
E-field pulses have less such effect, if any. This figure clearly demonstrates that the E-field pulse happened
before the photon enhancement. This does not, however, imply direct causality.

3.1. Electrostatic Discharges
Static dischargers, or static wicks, are the devices with high electrical resistance but low voltage threshold
for corona initiation. They are installed on the trailing edges of the aircraft and are intended to control the
aircraft discharging into the surrounding atmosphere. The aircraft accumulates charge from charged cloud
particles directly or by friction with air in phenomenon known as triboelectric charging or precipitation static.

KOCHKIN ET AL. 8080
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Figure 7. The In-flight Lightning Damage Assessment System sensor recordings at the moment of the first pulse of TR3.
The inset shows the current direction (arrows) and the surface current density (values in A/m) through each window
sensor. The H-field sensors are the blue circles. The E-field sensor is the yellow circle located in the forward fuselage. The
current and E-field patterns indicate that electrons were emitted out of the aircraft in all directions. The E-field sensor
has 10 kV/m units for better visualization on the plot.

By dumping small controlled portions of charge out from the aircraft, the dischargers reduce the chance
to trigger a lightning strike. It will be shown below that the E-field pulses in Figure 5 are consistent with
this process.

It is well known that flying through high-level clouds can generate P-static (P for precipitation). When aircraft
fly through clouds, they usually accumulate negative charge on their outer surface (Illingworth & Marsh, 1986).
The total charging current Ich depends on many parameters such as ambient conditions, particle size and
shape, aircraft speed and material. In such conditions the aircraft potential V builds up as

dV
dt

=
Ich − Idis(V)

C
(1)

where C is the aircraft capacitance, Ich and Idis are the total charging and discharging currents. Assuming the
aircraft capacitance roughly C = 1 nF (Tanner & Nanevicz, 1961) and charging current somewhat below Ich = 1
mA the potential will increase with 1 MV/s maximal rate. This process will continue until the local electric
field near the aircraft extremities reaches a certain threshold value. The discharge current, Idis, is assumed to
be zero before crossing this threshold. Streamer corona can start forming at 100–300 kV/m field strength
at 12-km altitude. Due to the field enhancement on the extremities, even small charges on the aircraft can
initiate corona discharges. Therefore, the surface charge is practically limited to hundreds of 𝜇C, maximum
aircraft potential to several hundreds kilovolts, and charging time to a fraction of a seconds. Let us consider
these processes in more detail.

Figure 7 shows the ILDAS data at the moment of the first electromagnetic pulse of TR3. The H02 sensor is
missing because of the instrument’s limited buffer size and finite data transfer speed to the ILDAS on-board
computer. The inset shows the current density amplitudes (in A/m) and directions at the peak time. Most
of the current came from the nose. The electrons move against the current, hence out of the aircraft. But
the discharge certainly never evolved into a lightning flash, as was many times observed by ILDAS in other
occasions (Kochkin et al., 2015). The current pulse gradually falls down to zero until the next pulse comes
after 200 ms. To obtain the average current through the aircraft body, one needs to multiply the current sheet
density by a factor of 2𝜋R ≈ 20, where R is the fuselage radius 2.8 m. According to the data, the electrons
start to flow out of the aircraft, which leads to the local E-field reduction. Negative E-field change (dE/dt) can
indicate, (i) accumulation of positive charge on the aircraft surface or (ii) removal of negative charge from the
surface. The H-field sensors indicate that electrons were moving away from the aircraft in all directions. The
E-field change is linearly proportional to the charge removed from the surface.

KOCHKIN ET AL. 8081
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Charge accumulated on the surface and ambient electric field will be enhanced by the aircraft and both
contribute to the local electric field. Thus, the electric field strength at the surface can be described as

Es =
(

E0⋅k1 −
Q
𝜖0A

)
⋅k2 (2)

where Es is the local surface electric field, E0 is the ambient electric field, k1 is the enhancement coefficient
related to geometric form of the aircraft body, k2 is the additional multiplication factor introduced by sharp
objects, 𝜖0 is the free space permittivity, A is the aircraft surface area that roughly equals to 1,500 m2. The
k2 coefficient considered below is only valid for the local extremities under consideration and is in general
different for different sharp protrusions of the aircraft. In constant ambient field the local electric field change
is dictated by the static discharge and hence:

ΔEs = −ΔQ
𝜖0A

⋅k2 (3)

The E-field change caused by the discharge can be derived from the antenna measurements. Total charge
removed in one pulse can be obtained by integrating the H-field signals. For example, the current pulse that is
shown in Figure 7 removed ΔQ = 0.8 mC or 1015 –1016 electrons. This value is underestimated because ILDAS
does not measure charges sited on the wings. At the same moment the surface E-field decreased byΔE = 250
kV/m and overall aircraft potential is reduced by roughly ΔU = ΔQ∕C = 0.8 MV. Substituting the observed
E-field changes and the total removed charges to expression (3), the k2 coefficient can be found k2 ≈ 5. The
ambient electric field E0 and the field created by the surface charge is enhanced by this factor.

In the absence of surface charge, the equation (2) simplifies to Es = E0⋅k1k2. As discussed above, the surface
electric field cannot exceed streamer corona threshold for long time. Thus, E0⋅k1k2 ⩽ 100–300 kV/m. Coef-
ficient k1 is defined by aircraft geometric shape and the actual ambient field configuration. The aircraft can
be approximated by an ellipsoid with longitudinal and transverse to E-field lines components a and b. The k1

depends on the ratio a∕b and can be looked up in empirical tables for example in Muehleisen (1980). For the
A340-600 aircraft k1 only slightly exceeds 1 because its length and wingspan are almost even (75 and 63 m,
respectively). Thus, if the ambient electric field exceeds E0 = 20–60 kV/m the local surface field becomes
high enough to initiate static discharges. This value is on the order of the RREA threshold at this altitude
Eth = 50 kV/m. By the same reason, in the absence of local electric field the amount of charge that can be
accumulated on the surface is limited. It roughly equals to Qmax ⩽ 0.2–0.6 mC, very close to 0.8 mC that was
removed by the static discharge considered above. Thus, apparently all surface charges are removed from the
aircraft by the current pulse. This also implies that the local electric field was mostly created by the surface
charge and the ambient electric field must be weak. In this case, the static discharges should follow the wingtip
vortex channel core, instead of being guided by the field lines. Optical observation by video camera confirms
this suggestion.

Remarkably, no photon flux enhancement was observed in association with the first two triggers TR1 and TR2.
They start with a positive leader but quickly launch a negative leader from opposite side. The polarities were
derived from the H-field measurements and the associated current density direction. They are likely positive
static discharges developing in an ambient electric field. Identical current pattern scenarios were found in
both triggers, despite the fact they are 18 s apart, enforcing the suggestion that they are static discharges.
The analysis of the E-field pulses in all triggers TR1-TR4 allows us to conclude that they are caused by static
discharges.

3.2. Optical Observation
Figure 8 shows faint sparks from static dischargers at the wingtip device. Color-adjusted inset unveils the
second spark, which is not obvious on the original image. The video frame was taken at 07:20:38.80 UTC,
synchronously with TR4. The discharge is clearly initiated at the discharger device and propagated along the
vortex channel core of low pressure. This is certainly not an aircraft-intercepted lightning discharge. How-
ever, a more intense discharge could be formed from the nose since the largest current ran through it. The
ambient electric field is apparently weak, because in high fields the discharge follows the field direction as
was observed in Kochkin et al. (2017). However, most of the lightning activity is concentrated exactly on the
left side and behind the aircraft at this moment (see Figure 2). So the ambient field can actually be pointed
toward the left wing more or less aligned with the vortex core and may not alter the discharge direction. Direct
ambient field measurements with field mils would help to understand the electric field dynamics better.
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Figure 8. The image of the static discharge on the left wing. Color-adjacent inset is shown to enhance the visual
perception. The discharge follows the vortex channel core of reduced pressure. The time is indicated in the left corner
and corresponds to TR4.

Two more sparks have been detected at nearly this time. They are shown in Figure 9. Left image shows the
same left wing as was discussed above. Right image shows an ice accretion probe attached from outside to
the left side of the cockpit. The frames were taken at 07:20:43.20 and 07:20:46.24 UTC both synchronously
with gamma ray enhancements but without ILDAS triggers. The enigmatic bright spot at the right image is
present on entire video footage and not related to the discharge activity. It is likely a reflection in the cockpit
glass. Besides these three sparks shown in Figures 8 and 9, cameras did not observe other optical phenomena
during the gamma ray pulses. It does not mean, however, that discharges did not happen at this time. The
cameras did not monitor the entire aircraft surface.

3.3. Gamma Ray Spectrum
The gamma ray spectra during the four ILDAS triggers are shown separately in Figure 10. Photons are binned
in 80 logarithmic bins from 0.1 to 10 MeV. Top two panels correspond to the triggers without gamma ray
enhancement TR1 and TR2. Bottom two are the triggers during which the gamma ray flux was increased.
The TR3 spectrum has surprisingly bright 511-keV line. As can be seen from Figure 5, TR4 contains signifi-
cantly shorter photon flux enhancement than TR3. It explains why its 511-keV line is not as bright as in TR3.
Absorption efficiency for the used LaBr3 crystal decays from 100% to 50% in the plotted energy range (Rozsa
et al., 2009).

There were total 338 and 300 gamma ray photons between 0.1 and 10 MeV detected during TR1 and TR2,
respectively, which gives the average background count rate at this altitude 319±27 photons per second. Dur-
ing TR3 and TR4 there were 559 and 452 photons detected. This gives 240± 27 and 133± 27 photons from the
unknown emission source in TR3 and TR4. Considering only the 511-keV line, there were 5.5 ± 0.7 photons in
the energy bin from 0.483 to 0.512 MeV during TR1 and TR2. During TR3 and TR4 there were 28 and 13 photons

Figure 9. The original camera images of the discharge activity from the aircraft. Left image shows the vortex channel
re-brightening behind the left wing tip. Right image shows the probe for ice accretion measurement located on the
cockpit left top. Both images contain discharges that happened synchronously with gamma ray enhancements.
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Figure 10. The histogram of the photon energies during the four ILDAS triggers (no background subtraction). TR1 and
TR2 were recorded without gamma ray enhancement. In contrast, photon flux increased during TR3 and TR4. The
prominent 511 keV line can be seen in TR3 histogram. Notice that bins are constant in log scale, which means larger bin
size at higher energies.

detected in this energy range, respectively. In addition, there were 89± 17 potentially pair-producing photons
with energies above 1.022 MeV in TR1 and TR2. During TR3 and TR4 the number of such photons increased
to 140 and 102, respectively. Thus, more than 400% increase of 511-keV photons in TR3 was accompanied by
only 50% increase of pair-producing photons. The numbers are summarized in Table 1.

It is clear that the observed phenomena involve positron annihilation. The key questions are where and how
the positrons are produced. There are two reasonable ways to produce positrons, (i) pair production from
gamma rays and (ii) isotopes undergoing 𝛽+ decay. The second option is interesting, taking into account
recent observations of Teruaki et al. (2017) and Bowers et al. (2017). However, it has a conceptual problem
with the energy source and will be left to a future study. In section 4, we briefly examine the feasibility of pair
production. To investigate the nature of the observed phenomenon, a Geant4 model of the aircraft and the
detectors was created. The model was used in various Monte Carlo simulations to estimate the annihilation
area and the response to a hypothetical photon burst produced by a runaway electron avalanche. The model
description can be found in Appendix A.

4. Simulation Results

In this section, we compare simulated spectra against the measured background subtracted spectrum. The
last was obtained by subtracting counts of TR2 from counts of TR3. Error bars were estimated according to
uncertainty propagation 𝜎2

total = 𝜎2
TR2 + 𝜎2

TR3, where 𝜎total is the uncertainty of the background subtracted
spectrum, 𝜎TR2 and 𝜎TR3 are the standard deviations of TR2 and TR3, respectively.

Table 1
The Number of Gamma Ray Photons Detected in the Energy Range

Energy range (MeV) TR1 TR2 TR3 TR4

0.1–10 338 300 559 452

0.483–0.512 5 6 28 13

1.022–10 101 77 140 102
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Figure 11. The results of the Geant4 simulations compared to the observed background subtracted spectrum. All
positron spectra are normalized to have the same number of counts in 511 keV bin. The RREA photons spectrum is
adjusted to the best fit to the measurement. The smallest radii of positron spheres 20, 50 and 100 m give the best match
between simulation and observation. The spheres with 200 and 400 meter radii give the r-squared value of 0.23 and 0
respectively. The RREA photon model shows the r-squared value of 0.74 but is unable to reproduce the 511 keV bin.

4.1. Positron Annihilation Area
Simulating the spectral response to positron spheres of different sizes and fitting it to the measurement give
an estimation of the size of the region where the annihilation is taking place (roughly following the analysis
presented in Dwyer et al., 2015). Indeed, the larger the annihilation volume, the more Compton scattered pho-
tons will be detected. This results in a higher Compton component located roughly between 100 and 400 keV
of the observed spectra.

In our simulations, the positrons are randomly sampled within spheres with several radii centered on the
plane. They are generated in the air with density 3.035 × 10−4 g/cm3 at 12-km altitude outside the aircraft.
The results are shown in Figure 11. The photons are binned in 60-keV energy bins and plotted on logarithmic
scale to better represent the low-energy Compton component. Photons from 1 to 10 MeV are binned into two
5-MeV bins for better visualization. As can be seen from the figure, the positron spheres of 20 to 40 m around
the detector are already large enough to fit the size of the Compton continuum of the measured spectrum.
The similarity between the simulation and the measurement can be quantified using the r-squared value. The
20-m radius model gives a value of r2 = 0.85 excluding the last two bins above 1 MeV. Positron spheres with
radii larger than 100 m result in a too large Compton continuum compared to the 511-keV bin and therefore
fit less well (r2 = 0.65 for 50 m and r2 = 0.56 for 100 m). The r-squared value goes down to 0.23 for 200-m
radius and falls down to zero for 400 m and above. This suggests that the positrons annihilate locally, perhaps
at the aircraft itself.

In order to reproduce the detected 175 counts below 511 keV (background subtracted), it requires the annihi-
lation of 1.6×108 positrons within a radius of 20 meters, or 5.9×108 within a radius of 50 meters, or 1.85×109

Table 2
Positron Annihilation Rate for Different Annihilation Radii

Radius (m) Rate (cm3/s)

20 0.5 × 10−2

This work 50 1.1 × 10−3

100 0.5 × 10−3

450 (5.8 ± 2) × 10−4

Dwyer et al. (2015) 900 (2.2 ± 0.7) ×10−4

2000 (1.5 ± 0.5) × 10−4
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within a radius of 100 meters. The positron annihilation rates obtained in this work and in Dwyer et al. (2015)
are summarized in Table 2 for comparison.

4.2. Relativistic Runaway Electron Avalanche
Significant fraction of particles (1/3) in background subtracted spectrum have energy greater than 511 keV.
Taking into account the decreasing absorption efficiency of the detector at high energy, the fraction is even
larger. Therefore, the observed emission cannot be solely attributed to positron annihilation. In addition, the
flux enhancement at moment A is superimposed on a gamma ray glow, and gamma ray glows were previously
modeled by the RREA mechanism (Cramer et al., 2017; Kelley, 2014).

We tested the response of our Geant4 model to incident photons produced by RREA. If the RREA is fully devel-
oped, the emitted photon spectrum has approximately the analytical shape f (𝜖) = exp(−𝜖∕7.3 MeV)∕𝜖, where
𝜖 is the photon energy. Photons sampled from this spectrum were propagated toward the aircraft, and the
deposited energies on the detectors were recorded. Figure 11 shows the corresponding deposited energy
spectrum (green line) compared with the measurements. It can be seen that the overall shape of the observed
spectrum can be reproduced relatively well (r-squared value of 0.74), except the 511-keV bin. Therefore, the
RREA hypothesis is unable to explain the observed 511-keV enhancement. Nevertheless, this is a simplified
RREA simulation set-up and more advanced simulation should be performed following the full process of
electron multiplication with an applied electric field. The simulation results are also sensitive to parameters
like distance to the source, beaming, applied potential, and different seed electron spectra. In particular, it
was showed by Cramer et al. (2014) that under some electric fields, RREA spectra can vary quite significantly
from the standard exponential shape assumed here. A more detailed analysis of the RREA hypothesis is left
for a future work.

5. Conclusions and Discussion

A sequence of 10 gamma ray enhancements was detected inside thundercloud, each lasted for about a
second. Based upon the available data and analysis presented in this paper, we therefore conclude on
following.

1. The charge buildup on the aircraft surface leads to negative discharges from static wicks.
2. The photon count rate increase is associated with these discharges. This conclusion is supported by direct

optical observation and analysis of the ILDAS measurements.
3. The background subtracted spectrum of the photon emission contains 511-keV line that can only be

prescribed to positron annihilation.
4. Most of the positron annihilation is taking place in direct vicinity of the aircraft. It is necessary to have at

least 108 positrons annihilating to reproduce the measured flux.
5. A simplified RREA model cannot explain the observation.

Analysis of the E-field and H-field data allowed us to conclude that the discharges observed synchronously
with the photon pulses are static discharges. The charge was accumulated on the aircraft surface either in
collisions with neutral ice crystals or from charged particles of the cloud. The static discharges could induce
the positron emission themselves or stimulate background positrons to annihilate.

None of the known high-energy atmospheric phenomena can explain the observation at current level of
understanding. Some of the known emissions are too short (TGFs, lightning leader X-rays); some are too long
or inconstant in appearance dynamic and spectrum (gamma ray glows). TGF afterglows are not consistent
because the observed emission is clearly associated with periodic pulses of static discharges and not with a
TGF. With the present data and available models of the high-energy atmospheric processes we cannot draw
firm conclusions regarding the origin of the observed phenomenon. New airborne and spaceborne measure-
ments are strongly desirable to advance our understanding. In the next years, two space missions specifically
designed to study TGF will be in operation: the Atmosphere-Space Interaction Monitor (Neubert et al., 2006),
and the Tool for the Analysis of Radiation from lightning and Sprites (Lefeuvre et al., 2009; Sarria et al., 2017).

We demonstrated that RREA mechanism is unlikely the source of the observed emission. Atmospheric dis-
charges may possess another particle acceleration mechanism yet unknown to us. In addition to the new flight
campaigns, we encourage other experimentalists to look for a long-lasting positron emission in high-voltage
laboratories, especially after neutron generation events.
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Appendix A: Geant4 Model

Since the detectors are located inside a massive aircraft (≈250 tons), most of what is produced outside has to
interact with the air and the aircraft body before being detected. Furthermore, the detectors themselves have
a response to the incident flux; in particular, they cannot detect any energy deposition above about 10 MeV.
Therefore, to analyze the spectrum enhancement of this event, it is very important to model the whole system
response. One way of handling this problem is to build a Geant4 model. Geant4 was developed by the Euro-
pean Organization for Nuclear Research CERN associated with a worldwide collaboration. It is used to simulate
particle propagation through matter (Agostinelli et al., 2003; Allison et al., 2006), and it is an essential tool for
simulating high-energy particle detectors. It is also capable of simulating the Relativistic Runaway Electron
Avalanche mechanism, relativistic feedback (Skeltved et al., 2014), associated neutron emissions (Carlson et al.,
2010), and electromagnetic particles propagation in air in high-energy atmospheric physics context
(Rutjes et al., 2016).

The Geant4 mass model of the In-flight Lightning Damage Assessment System A340-600 aircraft has a size of
about 75 × 63 × 17 m3 and is mostly composed of aluminum, in terms of mass. The main structure is made
of a main tube of 2.8-m radius and 47-m length; several other tubes are added at the beginning and the end
of the main tube to reproduce the cockpit, the tail, the wings, and the fins. We assumed that each of the tubes
are made with a layer of aluminum with 4-mm thickness. The wings are approximated by several pieces of
aluminum with reduced density in order to give them the correct mass and the overall shape very close to
the real one. The inside of the aircraft is also modeled, including the floor, water tanks, racks, two computer
stations, and chairs. The model of the two LaBr3 detectors is very accurate and has been tested in a laboratory
as described in Kochkin, Köhn, et al. (2016). The detectors are placed inside a polyvinyl chloride box. There
is also a battery and a Sensor Assembly Electronics box located on the side of each detector. One detector is
located near the center of the aircraft (X15) and the other in the rear part (X14), as shown in inset in Figure 7
and in Kochkin et al. (2015). When particle propagation is simulated, all energy deposited inside the LaBr3

crystal are recorded. The detector resolution is assumed to be 4.5% full width at half maximum at 511 keV in
order to produce the simulated spectra.
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