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A B S T R A C T   

Thunderstorm and lightning related energetic radiation can generally be categorized as (1) leader X-rays, (2) 
Terrestrial Gamma-ray Flashes (TGFs), or (3) Thunderstorm Ground Enhancements (TGEs). TGFs are usually 
recorded from satellites, and, on some occasions, they have been recorded from the ground, but only a few 
attempts have been made to measure TGFs from aircraft. Thunderstorm Ground Enhancements (TGEs) are much 
longer duration than TGFs, and they are recorded at ground level. Energetic radiation associated with thun
derstorms and lightning is a relatively recently recognized hazard. It can have possible adverse effects on 
commercial and general aviation avionics, thus an experimental understanding of the impulsive and prolonged 
radiation enhancements onboard aircraft is essential (Eack et al., 1996). In this paper, we present artificial TGFs 
and TGEs, which were acquired in the lab with a compact CsI scintillator detector, along with commercial and 
general aviation aircraft-based measurements to assess the feasibility of a large-scale aircraft-based study. Our 
preliminary results include 180 h of aircraft-based measurements, the longest aircraft-based TGF search to date, 
and show that the detector hardware, installation protocol, processing software, and search algorithm can be 
used for a large-scale study of energetic radiation from thunderstorms and lightning.   

1. Introduction 

Terrestrial Gamma-ray Flashes (TGFs) with individual pulse energies 
ranging from 80 keV up to 40 MeV or more have mostly been observed 
from orbiting satellites and only a handful of events were recorded at 
ground level [1–3]. Thunderstorm Ground Enhancements (TGEs) are 
much longer duration than TGFs, and they are recorded from the ground 
[4–8]. Satellite-based observations of TGFs include those obtained in the 
Burst and Transient Source Experiment (BATSE) aboard NASA’s 
Compton Gamma-ray Observatory (CGRO) [9,10], with the Reuven 
Ramaty High Energy Spectroscopic Imager (RHESSI) [11,12], a NASA 
small satellite, the Gamma-ray Burst Monitor (GBM) on NASA’s 
satellite-based Fermi Gamma-ray Space Telescope (Fermi) [13–15], and 
the Italian satellite AGILE [16–18]. In the datasets obtained by these 
satellites, TGFs mostly happened in tropical and coastal regions, as 
opposed to occurring inland or over oceans [19]. 

One difficulty in the interpretation of satellite observations of TGFs is 
the lack of detailed information on lightning processes (besides the 
often-used locations from the World Wide Lightning Location Network 
(WWLLN)) that potentially cause TGFs. Such information is available at 
ground-based lightning observation stations, but those, with a few ex
ceptions in Florida, Utah, and Japan, are not equipped with adequate 
TGF detectors. Another inherent deficiency of satellite records is the 
timing uncertainty of a few milliseconds due to the large field of view of 
onboard detectors and unknown long propagation paths from thunder
storms to the detectors. Aircraft-based measurements are much more 
informative as they are closer to the source (expected to be at cloud 
altitudes) than either ground-based or satellite-based detectors. Fig. 1 
shows a summary of the various approaches. 

Energetic particles can interact with commercial and general avia
tion avionics with possible negative impacts; thus an experimental un
derstanding of the impulsive and prolonged radiation enhancements 
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onboard aircraft is essential [20–22]. While there are several publica
tions about the measurement of TGFs from aircraft and balloons 
[23–25], they are limited in terms of duration and spatial extent, as well 
as temporal and spectral resolution, and they never fully addressed the 
question of in-flight radiation. Such aircraft-based measurement cam
paigns include the In-Flight Lightning Damage Assessment System 
(ILDAS) which used an Airbus A340 test aircraft that intentionally flew 
near thunderstorms. This experiment detected gamma-ray enhance
ments 20 times higher than the background levels that lasted between 
20 and 30 s [26,27]. Similarly, the Airborne Detector for Energetic 
Lightning Emissions (ADELE) used a Gulfstream V jet near thunder
storms and recorded both a TGF and gamma-ray glows [28,29]. These 
papers serve as valuable evidence for the value of aircraft-based TGF and 
gamma-ray glow search. There is a need for a more systematic study, but 
it has not been done thus far [19,26–31] . We propose to use a set of 
innovative, small, and lightweight radiation detectors with good spec
tral resolution to explore diverse conditions and radiation sources, as 
well as collect potentially far more data than was possible before. The 
most thorough aircraft based TGF measurements to date include the 
ILDAS and ADELE experiments, but they have been carried out by in
dividual aircraft over only 37 flight hours [26,28]. 

We performed the calibration of the prototype instrument, devel
oped a self-contained battery-based power supply, and created the in- 
flight data management protocols. These were tested and refined dur
ing our trial run that included 16 flights over 180 h of flight data (vs. 37 
h in previous studies), and several different aircraft types. This approach 
is novel, because it does not require dedicated scientific aircraft that are 
costly to rent and operate. Instead, it relies on a new method of con
ducting extensive measurements onboard commercial and general 
aviation aircraft during their routine operations. This mission is unique 
and improves on previous studies, as it enables measurements during 
real-world flight scenarios and significantly reduces costs. The pre
liminary results support the need for a larger-scale study that builds on 
our current results which demonstrated the technical and scientific 
feasibility of systematically searching for TGFs and TGEs using aircraft. 

Historically, there has been a disciplinary divide between those who 

study the incidence and atmospheric transport properties of galactic 
cosmic rays and solar energetic particles, and those who conduct 
research on lightning and TGFs. During our research we aimed to 
combine the lightning and TGF related measurements that we conduct at 
the Lightning Observatory in Gainesville (LOG) and the astroparticle 
physics and cosmic-ray related calculations to result in location specific 
cosmic radiation, lightning, and TGF models. In a combination of 
theoretical calculations and experimental measurements we were able 
to calibrate the instruments, redesign them for flight, calculate altitude 
dependent baseline levels, develop aircraft-based X-ray measurement 
routines, and write TLE and TGF search algorithms. This is key for a 
holistic understanding of cosmic rays, lightning, TGFs, and the 
connection between space and terrestrial weather systems. Specifically, 
the source of the initial relativistic electrons, which lead to the 
avalanche multiplication of electrons that result in TGFs and may play 
an important role in lightning initiation, is still not known. Cosmic rays 
may act as the necessary high energy seed particles [19]. Finally, our 
modeling work can serve as the basis for the addition of thunderstorm 
related radiation to the Federal Aviation Administration’s (FAA) CARI-7 
framework for monitoring in-flight radiation doses for passengers and 
crew, in order to lower the energetic radiation risks in flight for all of us. 

The objective of the present study was to better understand the en
ergetic radiation environment encountered by commercial and general- 
aviation (GA) aircraft and its potential hazard for passengers and crew 
members. Extensive calibration measurements were conducted using 
eight different radioactive isotopes to test the portable gamma-ray de
tector photopeak response. Dynamic track measurements were 
completed to test how the detector will respond to both slow and fast 
impulses, and large intensity sources were used to test detector perfor
mance when it is saturated. We found that the detector had a photopeak 
measurement uncertainty of ±20 keV, and that it had a memory over
flow problem when it reached saturation. We used high-intensity short 
pulses to test how the detector would respond to Terrestrial Gamma-ray 
Flash (TGF) events and what detector response would be triggered by 
Thunderstorm Ground Enhancements (TGEs) that are much longer than 
TGFs. 

2. Methods and technical approach 

Previous studies considered the average flux of cosmic-ray primary 
particles and their anisotropy at various energies [32–34] confirming 
that cosmic-ray arrival is a stochastic process with large locational 
dependence due to geomagnetic shielding. Both satellite based and 
ground based cosmic-ray telescopes tend to not fully grasp directionality 
and location dependence. On the other hand, our aircraft-based de
tectors serve as moving pixels that detect cosmic-rays and accurately 
represent the conditions at that specific location and altitude. 

The new GOES-R series of geostationary satellites provide real time 
publicly accessible data on the heliospheric magnetic field and energetic 
particle flux, including an expanded variety of ions, which allows a more 
complete analysis of solar cosmic radiation and galactic cosmic radia
tion. The National Oceanic and Atmospheric Administration’s (NOAA) 
Space Weather Prediction Center has already started to use these data 
for the creation of advance warning systems for aircraft that calculate 
the flux of energetic primary and secondary particles at various altitudes 
and locations. Currently, FAA’s CARI-7 radiation monitoring system 
uses the aforementioned satellite data through the program Maps of 
Ionizing Radiation in the Atmosphere (MIRA). 

2.1. Aircraft-based TGF and TGE search 

Our study includes a systematic aircraft-based TGF search, so it can 
improve the models to accurately forecast radiation at given locations, 
altitudes, and times with a view toward the lowering of energetic radi
ation risks in flight. All measurements presented in this paper were 
performed under fair-weather conditions. A small self-contained Cesium 

Fig. 1. Schematic illustration of ground-based and aircraft (ADELE) observa
tions of gamma-ray glows (Thunderstorm Ground Enhancements or TGEs) and 
satellite (FERMI) observations of TGFs. Adapted from Chilingarian et al. [16]. 
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Iodide scintillator-based Gamma-ray detector has been placed on each 
aircraft participating in the study. This detector was used for all of the 
data collection in the present study. For the aircraft-based TGF and TGE 
search, the general method was similar to previous aircraft-based cam
paigns, such that the background radiation was determined and then the 
statistical significance of gamma-ray glows and TGF radiation peaks 
were calculated [26–29]. However, it is important to note that in this 
study, the data analysis included measurements taken during real 
commercial and general aviation flights, thus the flight altitudes and 
background radiation levels were constantly changing. Extensive 
lab-based calibration was conducted, as described in Section 2.2, to 
determine the response of the detector to radiation of varying intensity 
and spectral hardness. Here the same approach was taken as in previous 
studies, whereby isotopes with known emission lines were used to 
calibrate the energy response of the detector, and pulsated fields were 
used to test the temporal response [35]. We used the detector on various 
routes, but in the future we will especially focus on routes that fly close 
to the equator due to higher numbers of TGFs there, and close to the 
poles due to increased exposure to cosmic rays. 

Terrestrial Gamma-ray Flashes (TGFs), known to originate from 
thunderstorms, are the highest-energy natural photon fluxes on Earth. 
While the FAA advises pilots to avoid flying through or close to thun
derclouds, each commercial aircraft is struck by lightning (usually 
during take-off or landing) on average once a year [36]. According to 
Dwyer et al. [30], the radiation dose received by passengers and crew in 
flight, when airborne vehicles are close to a TGF event, could reach a 
biologically harmful level (0.1 Sv) in less than 1 ms. The mechanism of 
TGFs remains the subject of debate [37,38]. To shed more light on the 
nature of TGFs, we have conducted an aircraft-based X-ray and 
Gamma-ray measurement campaign. Systematic radiation measure
ments were performed onboard commercial aircraft using a prototype 
Cesium Iodide scintillator-based Gamma-ray detector (Fig. 2). The data 
acquisition system had time bins of 100 µs and recorded photons from 
300 keV to 10 MeV in five energy bins, and the sixth energy bin was 
reserved for all photons with energies above 10 MeV. Preliminary results 
based on several months of systematic observation are presented below. 
We found that in certain energy bins the radiation levels at cruising 
altitudes are a factor of 160 higher than the levels measured on the 
ground with the same instrument, which we used to develop both TGE 
and TGF search algorithms with a redefined baseline radiation levels. 

Furthermore, it permitted us to search for the presence of gamma-ray 
glows at various altitudes. 

2.2. Instrumentation and its lab-based testing 

A Cesium Iodide scintillator-based Gamma-ray detector was exten
sively tested in the laboratory and deployed on both general aviation 
and commercial aircraft. We calibrated the instrument using 8 different 
types of isotopes (Co-57, Cs-137, Co-60, K-40, Eu-152, Mn-54, Na-22, Tl- 
208) over a wide energy range (122 keV to 2614 keV). This covers the 
energy range practically attainable with widely accessible radioactive 
isotopes and this is the range that was used for the calibration to comply 
with the single photon calibration methodology. Due to the pileup effect 
the energies of individual photons are linearly added up within a single 
time window, so energies within the entire measurement energy range 
were observed, as noted in Section 3.5. This gave us insights into the 
response of the detector at various photon energy levels, and we were 
able to link gamma photopeak energy value to detector channel read
outs. Linear and quadratic fits were used to find the equation that best 
approximates the observed data. Table 1 shows the isotopes used, their 
photopeak energies, and the channel that they triggered in the detector. 

Calibration was performed during the summer of 2021 at the Nuclear 
Security Department of the Hungarian Centre for Energy Research (EK), 
where we performed various studies to better understand the temporal 
and spectral responses of the detector. The following five detector per
formance characteristics were studied:  

1. Photopeak energy response  
2. Directional dependence  
3. Temporal resolution (Artificial TGE)  
4. Spectrum consistency at varying intensities  
5. Response to short impulses (Artificial TGF) 

Directional dependence of the crystal, dose rate - count rate - channel 
interconnection and saturation behavior were tested at calibrated dose- 
rate points in stationary radiation field up to a thousand times the value 
of the natural background radiation. Despite the elongated crystal shape 
(5 cm x 5 cm x 15 cm), there is no significant directional dependence. We 
developed a TGE search algorithm which plots and detects TGE events 
and separates them from background noise. We tested the algorithm 
both on the ground during laboratory experiments and in-flight. 

3. Data collection and analysis 

In order to calibrate the CsI scintillator-based gamma-ray detector 
used at LOG, we performed a series of tests using radioactive isotopes 
with known emission lines. 

3.1. Photopeak analysis 

These measurements allowed us to calibrate the a, b, and c factors 
used in the second-degree polynomial 

Fig. 2. Prototype Cesium Iodide scintillator-based Gamma-ray detector that 
has been deployed on commercial aircraft. The current data acquisition system 
uses time bins of 100 µs, and records photons from 300 keV to 10 MeV in five 
energy bins. Initial detector design and image provided by the University 
of Kyoto. 

Table 1 
List of radioactive isotopes used for calibration, along with their gamma pho
topeak energies and detector channel readouts.  

Isotope Gamma energy [keV] Channel 

Co-57 122 25 
Cs-137 662 64 
Mn-54 834 90 
Co-60 1173 123 
Na-22 1274 138 
Co-60 1332 142 
Eu-152 1408 153 
Tl-208 2614 284  
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a ∗ ch2 + b ∗ ch + c (1)  

to accurately relate the channel number (ch) to photon energy in keV. 
We were also able to determine the maximum precision of the detector 
by fitting a Gaussian curve to the photon spectrum reported by the de
vice. In addition, we tested the time response of the detector, the 
maximum flux that it can accurately report, as well as the detector 
response above saturation level. In Figs. 3 and 4 we can see the photo
peak analysis for Na-22. 

We performed the linear, quadratic, and cubic fitting for all 8 iso
topes. The cubic term is negligible and we present the other coefficients 
in Table 2. 

It is clear from the above that the quadratic term makes a very small 
contribution, even for the largest channel numbers (maximum channel 
number is 1019), so that a linear approximation is sufficient, especially 
for the lower energy levels. We now drop quadratic terms in both Dr. 

Enoto’s and our equations and compare just the b-values. In our study, 
the largest b value is associated with the quadratic fit for all 8 isotopes (b 
= 10.62), and the smallest b value is associated with the quadratic fit for 
the 7 isotopes, excluding Co-57 (b = 8.18, 23 % smaller). The value of b 
= 8.4787 provided by Dr. Enoto is within this range. There is consid
erable difference in the constant term (c) of the polynomial equation, 
which ranges from −89.52 to 113.38. The c values are positive for the 
cases where the fit was achieved for the seven isotopes excluding Co-57 
and negative when all eight isotopes were used. The low photopeak 
energy of Co-57 (130 keV) has a large effect on the c values since the c 
values are most relevant near the lowest energy channel readouts (the 
lowest channel value is 20). It is important to note that the detector 
channel readout is related to the energy deposited in the detector and 
not to the total energy of the X-ray or Gamma-ray. This means that there 
is an inherent uncertainty in measuring X-ray energies with scintillators. 

3.2. Distance dependence and saturation 

We located the crystal center along the three axes and positioned the 
detector such that in each configuration these markings would line up 
with the axis of the gamma-ray beam (Fig. 5). A 46 MBq Cs-137 source 
was used throughout the distance measurements. 

The source was fixed and the detector was placed on a trolley that 
moved along a track parallel to the axis of the gamma-ray beam. In 
addition to the relative distance between the source and the detector, the 
orientation of the detector was also switched between the long axis and 

Fig. 3. Measured X-ray count per second rate (CPS) as a function of detector 
energy channel (ch) for part of the energy spectrum (channels 20–200). 

Fig. 4. Cubic fit for the Na-22 photopeak located near channel 138 (1274 keV). Contains datapoints both inside and outside the photopeak. The plot symbols labeled 
C (red circles) represent the points that lie outside the photopeak (these are the points used to calculate the baseline). The plot symbols labeled B (black squares) 
represent the points that are part of the photopeak calculations. 

Table 2 
Summary of the equation types and constants (a,b,c) used to convert detector 
energy channel readouts to energy in keV.   

Original 
quadratic 
equation 
[] 

Linear 
fit for all 
8 
isotopes 

Quadratic 
fit for all 8 
isotopes 

Linear fit 
for the 7 
isotopes 
excluding 
Co-57 

Quadratic 
fit for the 7 
isotopes, 
excluding 
Co-57 

Equation 
type 

a⋅ch2 + b⋅ 
ch + c 

b⋅ch + c a⋅ch2 + b⋅ 
ch + c 

b⋅ch + c a⋅ch2 + b⋅ 
ch + c 

a 0.0015 NA −0.004 NA 0.0022 
b 8.4787 9.36 10.62 8.97 8.18 
c −17.13 −14.64 −89.52 54.72 113.38  
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short axis configurations after each measurement. As the separation 
between the detector and the source decreased, the intensity of the X-ray 
beam measured in counts per second (CPS) increased quadratically, 
until it reached saturation. The results are summarized in Table 3. 

At 25,000 CPS the system became saturated and further decrease in 
the distance between the detector and the source did not result in CPS 
increases. This means that the detector is capable of distinguishing two 

pulses only if they are at least 40 μs apart. The time resolution of the 
timestamps generated by the detector is 100 μs, which means that when 
the detector is saturated, multiple pulses have the same timestamp. 

As the orientation of the detector is changed from the long orienta
tion to the short orientation, the configuration of the CsI scintillator 
changes relative to the gamma-ray beam. In the long orientation the 
cross-sectional area of the detector is 75 cm^2 (15 cm by 5 cm), while in 
the short configuration the cross-sectional area is 25 cm^2 (5 cm by 5 
cm). On the other hand in the long orientation the photons entering the 
scintillator travel 5 cm in the detector, while in the short orientation 
they travel 15 cm so the portion of photons absorbed relative to the 
number that entered is expected to be higher. 

3.3. Directional dependence of X-ray detections 

The center of the CsI scintillator was placed at a distance of 3779 mm 
from the Cs-137 radiation source, and this distance remained unchanged 
throughout the experiment. The orientation of the longer axis the de
tector was slowly changed relative to the gamma-ray beam, 15◦ at a 
time, in order to map out the response of the detector to radiation 
coming from different directions (See Fig. 6). Measurements were taken 
for 60 s for each orientation and the results are presented in Table 4. 

3.4. Artificial TGEs 

In order to look for TGEs, we needed to create a dynamic testing 
environment where the radiation levels change on a slow timescale 
similar to the timescales of gamma-ray glows,tens of seconds to minutes 
as seen in ground-based studies. A dynamic track with a radiation source 
attached to an automated cart with an adjustable speed was used to test 
the response of the detector and the performance of the algorithm on 
various time scales. 

A 46 MBq Cs-137 radiation source with a 662 keV photopeak was 
placed on the moving cart. The CsI gamma-ray detector was shielded 
with lead from the radiation source except for a small opening, such that 

Fig. 5. Locating the crystal center along the three axes. The 15 × 5 × 5 cm CsI scintillator is visible in (a). The outside of the detector was marked at the crystal 
centers (b). 

Table 3 
Measured X-ray intensity (CPS) as a function of distance from Cs-137 source. The 
CPS values stabilize once the saturation level is reached.  

Measurement number Orientation Distance (mm) Intensity (CPS) 

Measurement 1 Long axis 4365 180 
Measurement 2 Short axis 4370 120 
Measurement 3 Long axis 4384 170 
Measurement 4 Short axis 4423 160 
Measurement 5 Long axis 2316 500 
Measurement 6 Short axis 2321 320 
Measurement 7 Long axis 1405 800 
Measurement 8 Short axis 1412 600 
Measurement 9 Long axis 678 1800 
Measurement 10 Short axis 678 1400 
Measurement 11 Long axis 325 2500 
Measurement 12 Short axis 325 2300 
Measurement 13 Long axis 225 2500 
Measurement 14 Short axis 225 2500  

Fig. 6. The long axis of the gamma-ray detector was gradually reoriented 
relative to the gamma-ray beam. 

Table 4 
Measured X-ray intensity (CPS) as a function of detector orientation. The CPS 
values stabilize once the saturation level is reached.  

Measurement number Orientation (degrees) Intensity (CPS) 

Measurement 1 0 2100 
Measurement 2 15 2100 
Measurement 3 30 2100 
Measurement 4 45 2000 
Measurement 5 60 1800 
Measurement 6 75 1500 
Measurement 7 90 1300  
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the gamma-ray beam could only impact the detector for the brief period 
when the moving source was in front of the opening (see Fig. 7). Thus, 
depending on the speed of the source, enhancements of varying dura
tions were produced and recorded by the detector. 

These signals correspond to the dynamic track measurements, and 
the peaks occur when the gamma-ray source passes in front of the 

detector. As these are count-per-second (CPS) values integrated over one 
second, we expect that at slower speeds the enhancement will be larger 
as the time the radiation source spends in front of the 3 cm by 3 cm 
opening is longer. Thus, a larger number of photons can be deposited 
during the impulse. We can see in Fig. 8b how, despite the lead shield
ing, there is a visible gamma-ray enhancement from the 200 CPS level to 
the 1000 CPS level as the radiation source approaches the detector. This 
slow enhancement pattern that can last for tens of seconds or minutes is 
similar to a Terrestrial Ground Enhancement (TGE) and shows how the 
search algorithm that we used can be employed to effectively search for 
TGEs on the second, tens of second, and minute timescales. 

Before the main peak, the CPS value briefly decreases and a similar 
pattern is visible on the other side of the gamma-ray intensity peak. This 
is due to the additional shielding provided by the lead when the radia
tion source is near and the number of reflected photons reaching the 
detector is reduced. The peak itself represents the period when the 
gamma-ray source passes in front of the 3 cm by 3 cm opening in the lead 
shielding. As the motion of the automated cart is symmetric (i.e. it 
moves from the starting position to the final position along a straight line 
with a constant speed, and it returns to the starting position with the 
same speed), we expect the gamma-ray emission signature to be sym
metric as well. Indeed, this symmetry can be observed in the pulse dis
played in Fig. 8b These experiments show how the detector responds to 
gamma-ray enhancements that last up to minutes, as well as how it re
cords impulses with lengths ranging from three seconds (for the 1 cm/sec 
speed) down to approximately 100 ms (for the 220 cm/sec speed). 

As the background radiation level changes with altitude, it is 
important to adjust the probabilities to account for altitude-dependent 
radiation baseline levels. First, we recalculated the probabilities for 
three altitudes:  

1. Sea level  
2. 1000 m (flight level for general aviation aircraft)  
3. 10,000 m (flight level for commercial aircraft) 

The Poisson distribution is used to determine the probability of 
having a certain number of photons reaching the detector within a given 
timeframe. With the expectation of λ events in a given time interval, the 
probability of k events in the same interval is: 

P(k) =
λke−λ

k!
(2) 

Fig. 11 illustrate the expectation values for the number of photons of 

Fig. 7. Lead structure shielding the detector from the moving radiation source. The small 3 cm by 3 cm opening is shown by shining green laser light through it. This 
small opening allows the gamma-ray beam to pass without shielding when the moving radiation source is directly in front of the detector. 

Fig. 8. (a) Interpretation of raw gamma-ray intensity data from artificial TGE 
measurements. The orange part is enlarged in (b) to show the gradual X-ray 
energy increase followed by the peaks, as the radiation source on the dynamic 
track passes the slits in the lead shielding. 
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various spectral hardness hitting the detector at different altitudes. This 
is important for the TGE and TGF search algorithm because as λ changes 
with altitude, the statistical significance of the detection of k events 
changes as well. 

3.5. Artificial TGFs 

Then using the sea level gamma-ray radiation probabilities we can 
look at the short bursts of gamma-rays that were produced in the lab to 
test the TGF search algorithm. These artificial TGF pulses have durations 
down to 100 µs and they enable us to better understand how the detector 
would respond to a natural TGF event. 

A special rotary disk experimental machine (gamma-chopper) was 
used to generate pulses with durations of 0.1 to 1.0 ms (See Fig. 9). This 
experimental setup consists of a high intensity gamma source and a 
rotating collimator to achieve a pulsating artificial signal of the desired 
duration. Lab-based tests were carried out using the gamma-chopper 
instrument in order to simulate the short, pulsed gamma-radiation 
characteristic of TGFs. 

We achieved an angular velocity of 3035 rpm with the rotating disk, 
which corresponds to 50.6 revolutions per second (rps). If we consider 
the fact that for a full rotation there will be two times when the rotating 
collimator allows the radiation to pass through, then we see that the 
collimator will modulate the radiation signal with a frequency of 101.2 
Hz and the corresponding period is ~10 ms. With the disk diameter of 
202 mm (634 mm circumference) and the collimator hole diameter of 22 
mm, the hole will be uncovered 44/634 = 7 % of the time, leading to a 
pulse width of 0.7 ms. 

The distance from the 6 GBq Cs-137 radiation source to the detector 
was 1392 mm which lead to a 350 µSv/h dose rate pulses and the 
background level in the lab when the rotating collimator was not aligned 
with the detector was 1–3 µSv/h. For comparison, during a trans
continental flight the passengers and crew are exposed to a dose rate of 
~10 µSv/h. The signal-to-noise (signal-to-background) ratio of 100 in 
this experiment allows for the pulses to be clearly delineated. 

In Fig. 10a we can see that the number of photons reported per 100 µs 
interval never goes above 5. This is due to the data acquisition system of 
the gamma-ray detector which cannot resolve individual photons that 
occur within 20 µs. Thus, within 100 µs there can be a maximum of five 
pulses reported (all with the same 100 µs resolution time stamp), and the 
energies of the photons within the 20 µs window are added up leading to 
the pile-up effect seen in Fig. 10.b. We can see that up to ten photons 

were reabsorbed during a single time window which lead to channel 
read-outs near channel 500 (5200 keV) even as the characteristic source 
energy for the Cs-137 isotope was 662 keV. 

The results show that the detector is more suited for TGE measure
ments, and that photon count alone is not an adequate criterion when 
searching for TGFs with this detector. The artificial gamma-ray flashes 
allowed us to better understand the spectral and temporal responses of 
the detector and test our TGF search methods with a view toward future 
ground- and aircraft-based measurements. 

3.6. In-flight measurements and preliminary results 

The prototype gamma-ray detector has been placed on each aircraft 
participating in the study. In 2020–2021, we deployed the detector on 
16 commercial airline flights and 20 private flights in the Northern 
Hemisphere, and we plan to deploy it on Embraer test flights in the 
Southern Hemisphere in late 2024. 

Results of this pilot study demonstrated the feasibility of using these 
detectors onboard both commercial and general aviation aircraft. The 
detector radiation safety certification was obtained, data acquisition 

Fig. 9. (a) The full layout of the gamma-chopper experiment showing the ra
diation source, the 202 mm diameter rotating disk, the 22 mm diameter colli
mator, the gamma-ray detector, and the positioning laser pointer. (b) The 
gamma-chopper is shown from the perspective of the laser pointer, with the 
electric motor visible. 

Fig. 10. (a) The detector response to the artificial gamma-ray flash. Note that 
due to the data acquisition system the counts per 100 µs interval never increase 
above five. (b) Energy channel response during the artificial gamma-ray flash. 
The Cs-137 isotope emits at 662 keV which corresponds to channel 66, yet we 
see those channels well above 66 responded. This is due to the pileup effect that 
occurs when several photons are counted together during a time window that is 
equivalent to the response time of the detector. 
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protocols were developed, GPS signal and power requirements were 
tested in-flight, and feedback from the flight crew was documented. 
Thus, the pilot study enables a more seamless implementation of a 
larger-scale study. 

Throughout the aircraft-based measurement campaign, we measured 
the spectrum of the incoming gamma-radiation at various altitudes. 
Similar to the total gamma-ray flux data, the spectrum also varies with 
altitude, thus it is interesting to analyze not only the overall intensity 
variations, but also the changes in count per second (CPS) values at 
specific energy levels. This allows one to understand the measured data 
and apply energy dependent baseline radiation levels when calculating 
the Poisson distributions needed to determine the statistical significance 
of TGF and TGE events. 

We analyzed the spectra at three altitudes, (0 m, 1000 m, and 10,000 
m) under fair-weather conditions, and they are shown in Fig. 11. 

We can see that the radiation values measured at 1000 m are lower 
throughout the spectrum than those measured at 10, 000 m, and they are 
also lower than the ground-based measurements. The radon radiation 
from the ground is diminished at 1000 m, yet radiation of cosmic origin 

is not yet increased in a significant way, so the flights conducted with 
general aviation aircraft revealed the lowest radiation levels. 

It is worth noting the photopeaks near channel 55 for the commercial 
aircraft-based measurements (10,000 m), and near channel 160 for the 
ground-based detection (see Fig. 11). Channel 55 corresponds to an 
energy of 500 keV with a measurement uncertainty of ±20 keV, and 
channel 160 corresponds to a gamma-ray energy of 1480 keV with a 
measurement uncertainty of ±20 keV. Potassium-40 has an emission 
line at 1460 keV. This isotope is known to contribute to the ground- 
based background radiation, so it is likely that the photopeak near 
channel 160 is due to Potassium-40. The strong photopeak near channel 
55 is most likely due to electron-positron annihilation which emits the 
well-known 511 keV line. This observation amounts to the detection of 
antimatter (positrons) in the atmosphere under fair-weather conditions. 
It is important to understand how the detector behaves during flight 
both for the efficient operation of the hardware and to measure the 
baseline radiation level that we expect at various altitudes (see Figs. 12 
and 13). 

General Aviation (GA), the term used to refer to non-commercial air 

Fig. 11. The gamma-ray spectrum on the ground (blue), at 1000 m (orange), and at 10,000 m (gray). At 10,000 m a photopeak is visible near channel 55, and on the 
ground a photopeak is detected at channel 160. 

Fig. 12. Deposited energy vs. photon energy at ground level and at an altitude of 10 km. The black dashed line indicates the spectrum observed at ground level and 
the red dashed line indicates the spectrum at 10 km. This shows that the energy deposited per energy bin (bin size of 1 MeV) per second during airborne observations 
is considerably higher and has a differently shaped spectrum than at ground level. At 10 km, the energy per bin only slowly decreases with increasing photon energy. 
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transport aircraft, represent more than 90 % of the 210,000 aircraft 
registered in the US [39], so it is important to explore ways to under
stand how energetic radiation can affect GA. Measurements have been 
conducted using GA aircraft during the Summer of 2021 in Hungary 
with the purpose of developing a testing protocol and conducting 
measurements. The GA flights in this study were conducted using a 
Cessna 172 airplane which flew at Flight Level 30 (~1000 m). The ra
diation intensity values for general aviation flights are shown in Fig. 14. 

The CPS below the 1.6 MeV level changed from (1) 110 CPS in 
Jakabszállás to (2) 20 CPS in-flight to (3) 230 CPS in Pécs to (4) 19 CPS 
in-flight to (5) 185 CPS in Békéscsaba to (6) 22 CPS in-flight to (7) 115 as 
the plane reached its destination in Jakabszállás. It is interesting to note 
that the CPS at this energy level in-flight at 1000 m is up to an order of 
magnitude lower than the radiation level measured at ground level. As 
primordial radionuclides - such as uranium and thorium found in the 
ground, soil, and water - decay they produce decay products such as 
radon and thoron which contribute to terrestrial radiation. As the 
airplane takes off, its distance from the terrestrial radiation sources in
creases and the intensity of the radiation in this energy range (which is 
due to terrestrial sources) decreases. This is visible in Fig. 11, and it also 
shows spikes during the landing and takeoff at Pécs airport. There are 
uranium mines near Pécs, and its soil is rich in uranium, so it is possible 
that during the takeoff and landing pattern the airplane overflew such 
uranium-rich soils. 

At an altitude of 1000 m the increase in cosmic radiation is still less 
than a factor of two, as shown in Fig. 15. This means that unlike com
mercial airline flights, general aviation flights with cruising altitudes 
close to 1000 m, do not experience a significant increase in radiation 
doses as CPS values at lower energies due to terrestrial sources being 
suppressed (see Fig. 14) and the higher energy radiation intensity only 
increases marginally (see Fig. 15). 

3.7. Thunderstorm ground enhancement (TGE) search 

Measurements of gamma-ray glows have been conducted in clouds 
(e.g. Eack et al. 1996a, 1996b, 2000) as well as on the ground (Chi
lingarian et al. 2010,2011; Wada et al., 2019). These generally last for 
tens of seconds or more and represent an enhancement of up to one to 

Fig. 13. (a) Radiation measurements conducted in-flight onboard a commercial 
aircraft during an about 10-hour long round trip. The CPS above the 10 MeV 
level increased from 2 to around 150 as the plane reached its cruising altitude 
of 10,000 m. (b) Radiation measurements conducted in-flight onboard a GA 
aircraft with a cruising altitude of 1000 m during a route which lasted for a 
total of 6 h. CPS below 1.6 MeV is shown. A comparison of panel a with panel b 
confirms that low energy radiation is dominated by ground sources while high 
energy radiation is dominated by cosmic sources. 

Fig. 14. Interpretation of raw gamma-ray data from Dr. Enoto’s detector.  

Fig. 15. Search for TGF triggers using raw gamma-ray data from Dr. Eno
to’s detector. 
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two orders of magnitude in the gamma-ray levels. They are not associ
ated with lightning processes, but they are due to runaway electrons 
accelerated toward ground in the high-field regions of the thundercloud. 
Lightning can terminate TGEs (Chilingarian et al. 2010, 2011, 2017, 
2020). 

We developed a TGE search algorithm which plots and detects TGE 
events and separates them from background noise. Fig. 16 outlines how 
we interpret the raw data from Dr. Enoto’s gamma-ray detector, and 
how we calculate radiation doses. 

3.8. Terrestrial gamma-ray flash (TGF) search 

As shown in Fig. 17, we developed a TGF search algorithm to locate 
possible TGF events within the gamma-ray dataset. This approach con
siders the 100 µs timing bins of the detector and the statistical proba
bility of false positives. 

4. Discussion and summary 

Lightning related energetic radiation has traditionally been 
measured from satellites or from the ground. Here we present new 
measurement, calibration, and detection approaches with the aim of 
better understanding the energetic radiation emitted from lightning and 
thunderclouds. Both commercial and general-aviation aircraft travel at 
different cruising altitudes, creating different radiation environments 
for passengers and crew members. The lab-based measurements allowed 
us to verify the spectral and temporal response of the prototype gamma- 
ray detector. Extensive calibration measurements were conducted using 
eight different radioactive isotopes to test the detector photopeak 
response. Dynamic track measurements were performed to test how the 
detector responds to both slow and fast impulses, and high-intensity 
sources were used to test detector response when it is saturated. We 
found that the detector had a photopeak measurement uncertainty of 
±20 keV, and that it had a memory overflow problem when it reached 
saturation. We also measured the directionality of the detector, which is 
essential for the interpretation of aircraft-based measurements, as ra
diation can be coming from all 3 dimensions in this case. In the lab we 
were able to test both the temporal response of the detector and the 
detection algorithm by creating artificial Terrestrial Gamma-ray Flashes 
(TGFs) and artificial Thunderstorm Ground Enhancements (TGEs). 

Both TGF and TGE search algorithms were developed and tested 
using airplane-based measurements during fair-weather conditions (i.e. 
the aircraft did not encounter thunderclouds nor did it fly near them) 
over a total of 180 h. Both general aviation flights (with characteristic 
cruise altitudes of 1000 m) and commercial flights (with characteristic 
cruise altitudes of 10,000 m) were conducted. We can see that the ra
diation profiles at sea level, 1000 m, and 10,000 m are very different. We 
observed signatures of the 511 keV positron-electron annihilation line in 
the 10-km altitude measurements and identified the Potassium-40 
emissions in the ground-based records. These initial aircraft-based 
measurements will enable larger-scale and more comprehensive 
studies in the future. 
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