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Abstract During Airbus aircraft campaigns flying into thunderstorms in 2014-2016, X-rays were
observed during two stages of aircraft-triggered lightning: nanosecond pulses of X-rays associated with
negative leader steps and bursts of X-rays during recoil events. This work will focus on the observations of
X-ray bursts associated with recoils. Recoils are observed as microsecond-fast changes in the local electric
field, associated with large currents passing through the aircraft, and are found to sometimes be
associated with bursts of X-rays. From over 200 aircraft-triggered lightning strikes, 54 recoil events were
found to be associated with microsecond bursts of X-rays. The majority of the bursts consist of 1-3 X-ray
pulses, with some bursts containing as many as 29 X-ray pulses. We compare the observed superposed X-ray
spectrum with modeled spectra using a GEANT4 model of the detector and aircraft, to determine the
source potential needed to accelerate the electrons that produce the observed X-rays. A model of the recoil
leader was made to determine the gap distance and gap potential between the recoil leader and the
aircraft. From the modeling, we determine a solution space for the gap and leader lengths where the gap
length is constrained by the observed minimum and maximum times between the onset of the X-ray pulses
and the onset of the current pulses detected at the aircraft (1 to 93 m). We also find two constraints

from the fitting of the modeled spectra to the superposed spectrum, limiting the leader length

to between 1 and ~240 m.

1. Introduction

Most lightning strikes to aircraft are not intercepted but triggered by the aircraft itself. The triggering of a
lightning strike happens as the aircraft enters a sufficiently large ambient electric field, such as those found
in thunder clouds. In the presence of the ambient electric field, the aircraft will be polarized, and the local
electric field on the aircraft and its vicinity will become amplified. The sharper parts of the aircraft (nose, tail,
and wing tips) will experience the most intense amplifications, as they will enhance the electric field the
most. This intensification can lead to the triggering of a lightning discharge from the aircraft. The triggered
lightning will consist of a bidirectional leader originating from the aircraft. Commonly, the bidirectional lea-
der will start with a positive leader initiating at one extremity of the aircraft, which propagates in the direc-
tion of the ambient electric field. This will further polarize the aircraft, and a negative leader will shortly
after be initiated at a different extremity, which will propagate in the opposite direction of the ambient elec-
tric field. The bidirectional leaders may then connect to oppositely charged regions in the thunderclouds and
trigger a lightning flash, with the aircraft as part of the lightning channel (Mazur, 1989a).

There have been four major airborne lightning-characterization studies that have laid the groundwork for
our understanding of the aircraft-lightning relationship. These are as follows: Rough Rider project in the
1960s, NASA's Storm Hazards Program, the Lightning Characterisation Program, and the Transall
Program in the 1980s. These four programs collected data on the various stages of thunderstorms, lightning
attachment points and current measurements on the aircraft during lightning strikes, ambient and local
electric field measurements, X-ray measurements, and optical observations (Fisher et al., 1988; McCarthy
& Parks, 1985; Miller, 1968; Parks et al., 1981; Uman & Rakov, 2003). There has also been three aircraft cam-
paigns (ALOFT, ADELE, and ILDAS) dedicated to the study of high-energy emissions from lightning and
thunderclouds, such as terrestrial gamma-ray flashes (TGFs), gamma-ray glows, and X-rays generated
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Figure 1. Figure illustrating the initiation of an aircraft-triggered lightning strike and the formation of a recoil leader. (I)
The aircraft initiates the positive leader (blue line) after becoming charged and polarized. (II) A few milliseconds

later, the negative leader (red line) is launched from an opposite extremity of the aircraft. (IIT) Tens of milliseconds later,
after the current cutoff, the positive leader will continue to propagate, while the lower end (dotted blue line) will cool
down and lose conductivity. The leader will obtain induced charges, which will be distributed as a dipole. (IV)

The induced charges may lead to negative electric breakdown at the lower end of the positive channel, initiating an
ionization wave, which will form a negative recoil leader (red arrow on the left side of the aircraft), which will propagate
back toward the aircraft inside the cooled channel (Mazur & Ruhnke, 1993).

during aircraft-triggered lightning strikes (Dwyer et al., 2012; Kelley et al., 2015; Kochkin et al., 2015, 2017,
2018; Ostgaard et al., 2019).

In the early 2000s, it was discovered that both natural and triggered lightning can generate microsecond-fast
bursts of X-rays (Dwyer, 2004, 2003; Dwyer et al., 2004, 2005, 2011; Howard et al., 2010; Kochkin et al., 2015;
Montanya et al., 2014; Moore et al., 2001; Saleh et al., 2009; Schaal et al., 2012). The observed energies of the
bursts are typically in the range of a few hundreds of keV. The bursts of radiation have since been tied to the
stepping of negative leaders and to the so-called recoil events during a lightning flash.

According to Mazur (2002) and Mazur et al. (2013), recoil events are a collective term for dart and recoil lea-
ders observed during a lightning flash. During recoil events, large currents pass through an already existing
leader channel. These events are some of the most luminous and noticeable parts of a lightning flash. Ogawa
and Brook (1964) suggest that the events known as K-changes are negative recoil leaders occurring when a
positive leader propagates into a negative charge in a cloud. From analysis of aircraft-triggered lighting
flashes, it was hypothesized that recoil leaders are initiated when the positive part of a bidirectional leader
extends into a region of negative charge, where an ionizing wave will initiate and propagate back toward the
aircraft, along the channel of the preceding positive part of the bidirectional leader attached to the aircraft.
The mechanism for the occurrence of a recoil leader is still unknown. Figure 1 shows an illustration of the
steps from lightning initiation to recoil leader formation, which we observe in most aircraft-triggered light-
ning strikes. In Step I, the aircraft has entered a thundercloud, been polarized, and initiated a positive leader.
The positive leader will travel in the direction of the ambient electric field and causes negative charge to
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accumulate on the aircraft. Step IT happens a few milliseconds after Step I,
when the aircraft launches a negative leader from a different extremity.
The negative leader will propagate in the opposite direction of the ambi-
E00 ent electric field and remove negative charge from the aircraft. Step III
HO3 happens tens of milliseconds later, after the current cutoff. Now the posi-
tive leader channel continues to extend away from the aircraft, while the

connected end cools down and loses conductivity, all the while maintain-

ing its net positive charge. The positive leader will obtain induced charges,
which will be distributed as a dipole. Step IV shows how the charging may

' H09 lead to negative electrical breakdown at the active part of the positive lea-
O — F  — S der end close to the aircraft, initiating an ionizing wave, which forms the

| negative recoil leader. This negative recoil leader will propagate back-

<2a, wards through the cooled channel, until it reaches the origin of the posi-

tive leader (the aircraft) (Kochkin et al., 2015; Lalande et al., 1999;

| | Laroche et al., 2012; Mazur, 1989a, 1989b; Mazur & Moreaut, 1992;
X14 1@ ¢

Mazur & Ruhnke, 1993; Moreaut et al., 1992).

M In this paper, we will report observations of X-rays associated with light-
i
/ ) U \ ning recoil events during aircraft-triggered lightning and use these obser-

vations to define a constraint on recoil leader properties.

2. Instruments and Data

Figure 2. Distribution of the ILDAS instruments on board the Airbus
aircraft in 2014 to 2016. The sensor named E00 is the onboard local During 2014-2016, three thunderstorm-penetrating aircraft campaigns

electric field sensor, HXX sensors are the H-field sensors, and the XXX were conducted by Airbus. The aircraft was equipped with the In-flight

sensors are the X-ray sensors. Image from Kochkin et al. (2015).

Lightning Damage Assessment System (ILDAS) (Royal Netherlands
Aerospace Centre, 2015), which consisted of one local electric field sensor,
two X-ray detectors, and eight H-field detectors, distributed as shown in Figure 2. The system was created by
the Royal Netherlands Aerospace Centre in collaboration with 12 partners to measure lightning flash para-
meters and to determine lightning leader entry and exit points on the aircraft. This system is extensively
described in Boissin et al. (2012), Deursen (2011), de Boer et al. (2011), de Boer, Boissin, et al. (2013), de
Boer, Bardet, et al. (2013, 2015), van Deursen et al. (2013), Herv et al. (2014), and Zwemmer et al. (2009).

Both the E- and H-field detectors are differential detectors with a frequency band from 10 Hz to 500 kHz for
the E-field sensor and 100 Hz to 50 MHz for the H-field sensor. Both sensors have a sampling rate of 83.3
MHz, which corresponds to a sampling interval of 12 ns. The main purpose of the E-field sensor is to act
as a trigger for data recording during lightning flashes. The E-field sensor is mounted on the edge of a win-
dow toward the front of the aircraft, where it enhances the local electric field over the homogeneous electric
field of the fuselage. As the local electric field signal is time differentiated, the zero value for the electric field
is of an unknown magnitude. The polarity of the E-field sensor signal is chosen such that a positive signal
corresponds to electric field lines pointed toward the detector (Kochkin et al., 2015). The H-field sensors
are used to find the current passing through the hull of the aircraft. Six of the detectors are set up to measure
the current passing from nose to tail, and sensors H04 and HO5 measure the current entering the main fuse-
lage from the wings. The X-ray detectors consist of two cylindrical LaBr;(Ce) scintillators of 38 x 38 mm?
size, connected to photomultipliers. The photomultiplier has a rise time of 11 ns, during which we cannot
distinguish single photons. The sampling rate of the X-ray detectors is 100 MHz, which corresponds to a sam-
pling interval of 10 ns. The X-ray detectors can measure up to 10 MeV, but the sensitivity of the instrument
decreases from ~550 keV, as seen in Figure 10 in Kochkin et al. (2018).

The measurements are continuously stored in a 1.2 s ring buffer memory. When a lightning flash occurs, the
local electric field sensor will trigger, and data will be collected and saved for all the sensors for a period of
0.2 s before the trigger and up to 1s after the trigger. Most data used in this paper were obtained from the
2014-2015 campaigns, consisting of 9 days where the aircraft flew into thunderclouds at an average altitude
of 4 km over southern Europe and the Mediterranean Sea. Six X-ray-producing recoil events were also found
in the 2016 campaign data, consisting of 6 days where the aircraft flew at 10 km altitudes over northern
Australia.
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Figure 3. (Top panel) Local electric field measurements during the aircraft-triggered lightning on board the aircraft. The
number I and IT arrows show when the positive and negative lightning leaders are initiated, the number III arrow
indicates the time of the current cutoff, and the red arrows show 15 recoil events. The dotted red ellipse shows a recoil
event with associated X-ray burst. (Bottom panel) X-ray measurements during the aircraft-triggered lightning, with red
asterisks showing nonbackground X-ray bursts.

3. Observations

During the ILDAS campaign, over 120 aircraft-triggered lightning strikes were observed over 15 days.
Figure 3 shows the local electric field signature and accompanying X-ray measurements of one of these
aircraft-triggered lightning strikes, with numbers indicating the different steps, as shown in Figure 1. The
lightning strike is initiated as the positive leader is launched (I), which results in the local electric field
increasing as the aircraft accumulates negative charge. A few milliseconds later, the negative leader is
initiated (IT), followed by a decline in the local electric field. Approximately 80 ms later, after the current cut-
off (III), the first of 15 recoil processes are seen (red IVs) as a fast and large pulse in the local electric field,
caused by the wave of negative charges passing through the aircraft. In the bottom panel, 12 background
bursts with X-ray energies over 50 keV and multiple with lower energy can be seen. We define background
as any count without an associated change in the local electric field. The red asterisks show the X-ray bursts
associated with changes in the local electric field during the aircraft-triggered lighting strike. The majority of
these background events stem from cosmic-ray background, but some are also from the radioactivity of the
scintillation crystal. The background counts are heavily dependent on the flight altitude, with average values
of 37 and 45 background counts per second for the 2014 and 2015 campaigns.

The recoil event marked with the dotted red ellipse is shown with a finer timescale in Figure 4. The top panel
shows a ~400 kV/m change in local electric field caused by the sudden influx of negative charge from the
recoil leader. The middle panel shows the currents passing through the aircraft as the recoil leader connects
to the aircraft. The bottom panel shows the associated burst of five X-ray pulses. The dotted red lines show
the delay of ~0.6 us between the onset of the X-ray observations and the onset of the current pulse. This type
of delay was manually identified for all the recoil processes that had associated bursts of X-rays and were
found to vary from 0.1 to 9.3 us with a mean of 1.75 us.

During the test flights, a total of 54 recoil events were found to be accompanied by detectable X-ray bursts.
These recoil events produce microsecond-fast bursts of multiple nanosecond-fast X-ray pulses. The majority
of these bursts consists of 1-3 pulses, but some were found to contain as many as 29 pulses. Due to instru-
mental limitations, the nanosecond-fast X-ray pulses can consist of multiple X-ray photons. The recoil events
are all associated with large (average of 240 kV/m) changes in the local electric field, happening on a scale of
microseconds, and with large (hundreds to thousands of amperes) long-lasting (microseconds long) current
pulses flowing over the aircraft body. From the 54 observed recoil events, we identified 245 individual
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Figure 4. (Top panel) Local electric field signature of connecting recoil leader as observed on the aircraft. Electric field is
plotted in such a way that a positive signal corresponds to electric field lines pointed toward the detector. (Middle
panel) Measurements of the current passing through the aircraft fuselage during the recoil event. (Bottom panel)
Associated X-ray burst, consisting of five pulses lasting approximately 1 ps. The dotted red lines show the

onset of the X-ray burst and the onset of the current pulses.

nanosecond pulses of X-rays. Out of the 245 ns pulses, 175 of them were observed before the current wave
entered the aircraft. The X-rays produced after the current entered the aircraft are believed to be produced
at different extremities of the aircraft by sparks, created by the change in surface potential on the aircraft
by the connecting recoil leader. The full width at half the maximum of the X-rays pulses were then
compared to each other and to a **’Cs calibration source of 662 keV photons. Pulses with widths found to
be over 25% broader than the calibration pulse were removed (19 such pulses were found), as they likely
consist of multiple X-rays of lower energies. Figure 5 shows the energy spectra of the nanosecond X-ray
pulses observed before the current wave enters the aircraft. As observed, there is a cutoff at 500 keV,
which is a real cutoff, as the X-ray detectors can measure energies up to 10 MeV. The error bars are
calculated as the square root of the counts of each bin of the spectrum. A bootstrapping method applied
to the same modeled spectra (not shown) also gave the same error bars, except for the last two bins where

they were a bit larger with the bootstrapping method.
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Figure 5. Superposed spectrum of 156 X-ray pulses associated with recoil processes in aircraft-triggered lightning,
binned to 50 keV from 0 to 300, and 100 keV bins from 300 to 500, with error bars.
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Figure 6. Modeled spectra of 20 keV seed electrons accelerated 0.5, 1, 1.5, 2, and 3.5 MV potentials over a 10 cm distance.

4. Method and Modeling

Our modeling efforts to find the potential difference in the gap between the recoil leader and aircraft, and
recoil leader lengths are performed in three steps: (1) a GEANT4 model of the acceleration of 20 keV seed
electrons over a small length analogue to the streamer zone, to ascertain if the electrons would all be accel-
erated to the full applied potential. (2) A second GEANT4 model of the detector and aircraft to model the
X-ray spectra that should be detected with the various accelerated electrons from the first GEANT4 model
as the input. We then use these modeled spectra to find the best fits to the superposed X-ray spectrum.
(3) An electrostatic conductor model (ECM) of a converging lightning leader and aircraft in an ambient elec-
tric field, to obtain the potential in the gap between them. Using the potentials found from the second
GEANT4 model as potential limits, together with the results of the ECM model and the time difference
between the onset of the X-ray bursts and the onset of the currents, we find a solution space for the gap
and recoil leader length limited by the lowest potential fit.

4.1. GEANT4 Model 1

A GEANT4 model (Agostinelli et al., 2003; Allison et al., 2006, 2016) was made to model the acceleration of
electrons for different potentials over a short distance, analog to the streamer zone, to ascertain if the elec-
trons would be accelerated to the full applied potential. In this model, we start with 20 keV seed electrons
(we assume that the electrons have attained this energy from cold runaway, but we do not model this
mechanism ourselves). We accelerated the electrons in an electric field that extend over 10 cm. Figure 6
shows the modeled electron spectra of the 20keV seed electrons accelerated by potentials from 500 to
3,500 kV over a 10 cm distance, normalized by seed number. The figure shows that most electrons are accel-
erated to the full potential. Going forward, we use the accelerated electrons as a source of the observed
X-rays in the second GEANT4 model of the Airbus test aircraft, with the ILDAS equipment on board (as pre-
viously used by Kochkin et al., 2018).

4.2. GEANT4 Model 2

In the second GEANT4 model, we model and fit the detected X-ray spectra, with the various accelerated elec-
trons from the first GEANT4 model as input. In this model, we have included the response of our instrument
with the aircraft fuselage. Considering that most electrons were accelerated to the full potential in the first
GEANT4 model, we assume a monoenergetic electron source as input for this second model. The gap
between the leader tip and the aircraft nose was set to 17.5 m, which corresponds to the average observed
time between the onset of the X-ray bursts and the onset of the current pulse. A change of up to some tens
of meters in the gap distance would not significantly affect the results of this model as it would be much less
than the photons mean free path at 4 km altitude in air. In order for the X-rays to reach the detector, the
initial electrons have to be within an approximately 20° half angle cone. Outside of this cone, the probability
to observe an X-ray photon from the seed electrons is negligible. Therefore, only electrons within the

SKEIE ET AL.

6 of 12



Ay

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD032151

Table 1

Constant Parameters Used in the Modeling of the Electric Field and
Potential Between the Approaching Negative Recoil Leader and the Aircraft

half-angle cone were modeled. For the smallest gap distance we use, it is
possible for electrons to reach the aircraft itself and interact with the fuse-
lage and detector; this is accounted for in the model.

Tc.core Taircraft

[m] [m]

Eambient Qleaders  Altitude scaling
[kV/m] [C] factor 4.3. ECM Model

0.1 3

0 ~0.607 A model of the electric field, potential, and charge transferred between the

Note. r is the conductive core/aircraft radius, L is the aircraft length, E is

aircraft and the approaching negative leader was created, using the

the assumed ambient electric field, and Q is the assumed leader charge. method of moments code as described in Harrington (1993) and

Skeltved et al. (2017). The method of moments allows electrostatic model-

ing of an axially symmetric system of conductors. Multiple disconnected
conductors were modeled by having the corresponding number of constraints as a part of the system of
equations A4 in Skeltved et al. (2017), which fix the total charge on each of the conductors. The rest of
the system is obtained by minimization of the function A5 in Skeltved et al. (2017). The minimization with
constraints requires use of Lagrange multipliers, which are the unknown potentials at each of the conduc-
tors. When the two disconnected conductors (aircraft and approaching negative leader) electrically connect,
their potentials will equalize, while the sum of the charges will stay the same (mathematically, this means
that the two constraints become a single constraint). This causes a charge transfer from the conductor that
previously had the higher potential to the one with the lower potential. We model both the approaching
negative leader and the aircraft as conducting cylinders with hemispherical caps at both ends, with a shared
axis of symmetry. The leader channel during the recoil process is analogous to that of a return stroke in
cloud-to-ground lightning and has a highly conductive core, with a conductive corona sheath of several
meter diameter around it (Lehtinen, 2012). The length and position of the negative recoil leader in the model
is variable, while the constant parameters are shown in Table 1.

In the model, we use a leader with conductive core radius of 10 cm, which is somewhat wider than the com-
monly accepted width of a leader channel; this radius was used because there is high conductivity also
around the channel in the corona sheet. To check the results, a conductive core radius of 1 cm was also mod-
eled, in which case the resulting gap potentials showed a mean difference less than 0.1%. The model does not
take into consideration the corona sheath, same as in Skeltved et al. (2017). The aircraft is modeled as a con-
ductive cylinder of 67 m length and 3 m radius, which is the actual length and radius of the Airbus A350-900
test aircraft. As the ambient electric field was not measured during the ILDAS campaign, we have chosen to
set the value to —24 kV/m. This is the streamer propagation field, scaled to 4 km altitude (average flight alti-
tude) using the scale height of Earth's atmosphere and reduced by a factor of 10, which corresponds to the
amplification caused by the geometry of the aircraft (calculated from the ECM model). The initial charges
of both the aircraft and the leader were set to zero, as we neglect them compared to the charge separation
on both the leader and the aircraft, due to the ambient electric field. These assumptions may slightly affect
the gap potential. Figure 7 shows the modeled electric field in the gap between the incoming negative recoil
leader and the aircraft. Using the modeled electric field in the gap, we calculate the potential difference
between the two leaders for gap distances between 1 and 93 m (from the minimum and maximum time
between the onset of the X-ray bursts and the onset of the current pulses) and various recoil leader lengths.

5. Results

An important constraint is the time between the onset of the X-ray observations and the onset of the current
pulse through the aircraft, which varies from 0.1 to 9.3 us, with an average value of 1.75 ps. We assume that
the recoil leader speed is similar to that of a dart leader, 10’ m/s (Howard et al., 2010; Mazur & Moreaut,
1992; Rakov & Uman, 2003), as both leaders are initiated and propagate through an already existing semi-
conductive channel. From this time span and a recoil leader speed of 10’ m/s, we get a gap distance between
the recoil leader and aircraft ranging from 1 to 93 m, with an average gap distance of 17.5 m. Using the
GEANT4 model, we simulate X-ray spectra from electrons accelerated in the average gap of 17.5 m between
the aircraft and the recoil leader, to get the spectral shapes for the different potentials. This was done using
different leader-to-aircraft potentials ranging from 500 to 1,000 kV in steps of 250 kV and from 1,000 to 4,000
kV in steps of 500 kV.

Figure 8 shows the modeled spectra (dotted lines) for 500, 750, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, and
4,000 kV potentials in the top panel. The bottom panel shows the results of a likelihood analysis in black,
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Figure 7. Electric field between lightning leader (left side) and aircraft (right side) in a 17.5 m gap, at 4 km altitude in a
—24 kV/m ambient electric field.

performed as in Mailyan et al. (2016); see their Equation 1. According to this test, the best fit is given by
minimizing —2log(L), and a difference in —2log(L) larger than 5 means that the minimum value, in this
case 1,500 kV, is the preferred solution with a confidence level of 99%, compared to the values above 5
(the dotted black line). We consider all the solutions below the dotted line to be possible solutions (1,000
to 3,500kV). In the plot, the black line is showing the calculated —2log(L) values subtracted by the
minimum —2log(L) value. The bottom panel shows the values of the Pearson y test in blue (Hauschild &
Jentschel, 2001). The test has a critical value of 12.6 (using a 95% threshold) shown as a dotted blue line.
The test indicates that the models with potentials between 1,500 and up to 3,500 kV are good fits to our
measured data. Due to instrumental limitations, only energies over 50 keV were included in the modeling
and calculations of the fits. When calculating the Pearson y* value, we have merged the 300 to 400 keV
and the 400 to 500 keV bins, to get at least five measured counts in each bin (Eadie et al., 1971). The
modeling also shows X-ray counts over 500 keV, which we have included in a large bin spanning from
500 to 4,000 keV. The calculated Pearson )(2 values are not dependent on the size of the bins, and as such,
the difference in bin widths does not affect the y* value. The minimum potential to yield a fit was found
to be 1,500 kV for the Pearson y* analysis, while the likelihood analysis results in a minimum potential of
1,000 kV. As seen in Figure 8, the Pearson ){2 value crosses the target threshold a bit before 1,500 kV, but
we have chosen to use 1,500 kV as the lowest potential fit as this is the first tested value under the target
threshold. The maximum potential to yield a fit was found to be 3,500kV for both Pearson y* and the
likelihood analysis.

Using the GEANT4 model, we also estimate the number of 20 keV electrons needed to produce a single
detected bremsstrahlung photon of minimum 50 keV for the different source potentials, within the 20° half
angle. In a 1,500 kV potential, approximately 1.5 x 10° electrons were needed, while for a 3,500 kV potential,
the amount of electrons needed is reduced to approximately 1.1 x 105, The calculated luminosity for the
observed recoil leaders with minimum energies of 50 keV are then found to vary from 2.8 x 10° electrons
per microsecond for the 3,500 kV source potential up to 3.9 x 10° electrons per microsecond for electrons
accelerated in the 1,500 kV source potential.

Using the ECM model, we estimate the relationship of the gap potential and the recoil leader lengths for cer-
tain chosen gap distances. This is done by keeping the gap distances fixed and adjusting the recoil leader
length. The increase in length results in an increase of the gap potential. Figure 9 shows the relationship
between the estimated gap potentials and recoil leader lengths for gap distances between 1 and 75 m, shown
by the solid colored lines. The dotted black lines represent the minimum and maximum fit potentials (1,000
and 3,500 kV) found from the GEANT4 model that fit the observed spectrum.

From the intersects of the potential fits found from the GEANT4 model and the solid lines, we find the rela-
tionship between the gap and leader lengths for a given source potential. Figure 10 shows the relationship

SKEIE ET AL.

8of 12



Ay

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2019JD032151

2= Modeled spectrum of X-rays from 0.5 MeV electrons
-~ Modeled spectrum of X-rays from 0.75 MeV electrons
Modeled spectrum of X-rays from 1 MeV electrons -
12 “Modeled spectrum of X-rays from 1.5 MeV electrons | error
|- Modeled spectrum of X-rays from 2 MeV electrons
Modeled spectrum of X-rays from 2.5 MeV electrons

10% -

10

10(] L

Number of X-ray pulses

1071
0

100 200 300

50 -

Energy [keV]

\““Modeled spectrum of X-rays from 3 MeV electrons
Modeled spectrum of X-rays from 3.5 MeV electrons
“"Modeled spectrum of X-rays from 4 MeV electrons |

CISuperposed spectra

4000
50

Pearsson y°

-2log(L) - min(-2log(L))

500 1000 1500 2000

2500 3000

3500

Potential [kV]

Figure 8. (Top) Observed (black) and modeled (dotted) X-ray spectra with minimum energies of 50 keV, with accompanying error bars in red. The modeled
spectra sources are 500, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, and 4,000 keV electrons, accelerated in a 17.5 m gap between the recoil leader and the aircraft.
(Bottom) Fit values for Pearson )(2 and likelihood analysis, with accompanying dotted lines representing the target values.

between the gap and leader length for 1,500, 2,000, 2,500, 3,000, and 3,500 kV potentials, where the dotted
line represents the average measured gap distance calculated from the time between the onset of the
X-ray observation and the onset of the current pulse.

6. Discussion

The observed X-ray emissions are all found to be associated with the onset of recoil leaders during

aircraft-triggered lightning. A total of 54 X-ray emissions was found, where the emissions consist of submi-

crosecond bursts of nanosecond-short X-ray pulses. The average burst lasts for ~2 ps and consists of ~4.5
pulses, which is similar to the observations reported by Dwyer et al. (2004), who found submicrosecond
bursts of X-rays associated with dart leaders in rocket-triggered lightning. The measured energy spectra

5000 —Gap = 93 m

—Gap = 85 m
Gap =77 m
—Gap = 69 m
Gap = 61 m
Gap = 53 m
—Gap =45 m
—Gap =37 m
—Gap =29 m
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Gap=1m
--3500 kV line
--1500 kV line

4000

[
=3
S
S

2000

Potential [kV]
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Leader length [m]

Figure 9. Gap potential as a function of leader length at different gap
lengths. The dotted lines represent potentials of 1,500 and 3,500 kV,
which is the minimum and maximum potential found to fit the
superposed X-ray spectrum.

extend up to 500 keV, with an average energy ~130keV. X-rays with
higher energies are ruled out, and not included as the few cases where
these have been found the measured width of the X-ray pulse is found
to be broader than for the calibration pulses, indicating that these X-ray
pulses most likely consist of multiple X-rays of lower energies detected
within a single sample period.

For the GEANT4 X-ray spectrum, we assumed a recoil leader speed simi-
lar to that of a dart leader as both are leaders developing in an already
existing conductive lightning channel. With a recoil leader speed of 10”
m/s combined with the average observed duration between the onset of
the X-rays and the onset of the current pulse gives us a gap distance of
17.5m. The time delays between the onset of the X-ray emissions and
the onset of the current pulse vary from 0.1 to 9.3 us, where the majority
of events have delays of less than 2 us. With the assumed recoil leader
speed, this would make the gap distance between 1 and 93 m, with the
majority of events having gap distances less than 20 m. As the measured
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Figure 10. Potential limitations of the gap and leader lengths. The colored lines symbolize the potentials found to fit the
superposed spectrum (1,000 up to 3,500 kV) from the second GEANT4 model. The gray areas represent our solution
spaces with gap distances restricted by the minimum and maximum measured time between the onset of the X-rays
and the onset of the current pulses, as well as the minimum and maximum potential found to fit the superposed
spectrum (black/blue and red line). The light gray area is only valid from the likelihood analysis, while the darker
gray area is valid for both the likelihood and Pearson )(2 analysis. The dotted blue line represents the average gap
distance also found from the time between onset times.

gap distance is only an indication of the distance to the X-ray source, we cannot conclude that this is the
location of the recoil leader head. However, the recoil leader head is the most likely candidate to produce
the observed X-rays, and the gap distance is therefore used as the location of the recoil leader head in our
models. Changing the gap distance toward either the minimum or maximum value would result in a
change of the hardness of the GEANT4 spectra, as the amount of air the X-rays would travel trough
would change. Another factor that would lead to a softer spectrum is if the X-rays were not produced by a
monoenergetic source of electrons; however as seen in Figure 6, the majority of the modeled source
electrons are accelerated to the full potential for a length equal to the assumed leader radius.

From our comparison of the measured X-ray spectrum to the GEANT4 X-ray spectra, we observe that the
source of the X-rays is consistent with bremsstrahlung from electrons accelerated in potentials between
1,000 (likelihood)/1,500 (Pearson x*) and 3,500 kV. Based on the electron energies, it is thought that the
initial seed electrons needed to produce the observed X-rays are most likely accelerated by the strong electric
field in front of the recoil leader and streamers (cold runaway mechanism) as the leader travels back through
the still conductive, but somewhat cooled leader channel toward the aircraft (Dwyer, 2004; Moss et al., 2006).
The calculated electron luminosity for the X-ray source was found to be 3.9 x 10° electrons per microsecond
for the minimum potential of 1,500 kV and 2.8 x 10° electrons per microsecond for the best fit potential of
3,500 kV, which is similar to what Saleh et al. (2009) and Schaal et al. (2012) report for X-ray sources in
stepped and dart stepped leaders in rocket-triggered lightning. The calculated electron luminosities of the
events are based on the assumption that the X-rays are emitted isotropically within the 20° half angle cone;
if the emissions were completely isotropic, it would change the calculated luminosities, but it would not
affect the modeled spectra and therefore not affect the constraint of the gap and leader lengths.

From the cutoff value in the superposed energy spectrum, we find that there is a limited amount of potentials
from the second GEANT4 model that will fit the superposed spectrum. As the modeled potentials increase,
so does the amount of modeled X-rays with energies over 500 keV, which increases our Pearson y* and like-
lihood analysis values over the target values.
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In Figure 10, we find a solution space for viable leader lengths and gap lengths. In the figure, the gap dis-
tances are constrained by the observed minimum and maximum times between the onset of the X-ray bursts
and the onset of the current pulses (1 to 93 m with the assumed dart leader speed of 10’ m/s). Furthermore,
the solution space has a lower and upper constraint found from the lowest and highest potential fit from the
second GEANT4 model. These potentials limit the leader length to between 1 and ~240 m. Together, these
four constraints limit our solution space to the gray-shaded areas. The model does not give a preferred
solution within this solution space; however, from the average time between the onset of the X-ray bursts
and the onset of the current pulses, we find the average gap distance (dotted blue line) to be 17.5 m, which
limits the average leader length to between ~1 (likelihood)/25 (Pearson *) to 200 m depending on selection
of fitting method.
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