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Abstract

Terrestrial Gamma-ray Flashes exhibit slopes of ionizing radiation associated with bremsstrahlung. Bremsstrahlung has a

continuous spectrum of radiation from radio waves to ionizing radiation. The Poynting vector of the emitted radiation, i.e.,

the radiation pattern around a single particle under the external lightning electric field during interaction with other particles

or atoms, is not quite well known. The overall radiation pattern arises from the combination of radiation of parallel and

perpendicular motions of a particle caused by the acceleration from the lightning electric field and the bremsstrahlung. The

calculations and displays of radiation patterns are generally limited to a low-frequency approximation for radio waves and

separate parallel and perpendicular motions. Here we report the radiation patterns of combined parallel and perpendicular

motions from accelerated relativistic particles at low and high frequencies of the bremsstrahlung process with an external

lightning electric field. The primary outcome is that radiation patterns have four relative maxima with two forward peaking

and two backward peaking lobes. The asymmetry of the radiation pattern, i.e., the different intensities of forward and backward

peaking lobes, are caused by the Doppler effect. A novel outcome is that bremsstrahlung has an asymmetry of the four maxima

around the velocity vector caused by the curvature of the particle’s trajectory as it emits radiation. This mathematical modeling

helps to better understand the physical processes of a single particle’s radiation pattern, which might assist the interpretation

of observations with networks of radio receivers and arrays of gamma-ray detectors.
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Key Points:6

• The total number of radiation lobes and peaks are found to be always even num-7

bers for the particles in the same orientation.8

• Every new radiation peak pair represents a new bunch of particles at the same en-9

ergy level.10

• Total odd numbers of radiation lobes were found to exist for the particles in dif-11

ferent orientations.12
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Abstract13

Terrestrial Gamma-ray Flashes exhibit slopes of ionizing radiation associated with bremsstrahlung.14

Bremsstrahlung has a continuous spectrum of radiation from radio waves to ionizing ra-15

diation. The Poynting vector of the emitted radiation, i.e., the radiation pattern around16

a single particle under the external lightning electric field during interaction with other17

particles or atoms, is not quite well known. The overall radiation pattern arises from the18

combination of radiation of parallel and perpendicular motions of a particle caused by19

the acceleration from the lightning electric field and the bremsstrahlung. The calcula-20

tions and displays of radiation patterns are generally limited to a low-frequency approx-21

imation for radio waves and separate parallel and perpendicular motions. Here we re-22

port the radiation patterns of combined parallel and perpendicular motions from accel-23

erated relativistic particles at low and high frequencies of the bremsstrahlung process24

with an external lightning electric field. The primary outcome is that radiation patterns25

have four relative maxima with two forward peaking and two backward peaking lobes.26

The asymmetry of the radiation pattern, i.e., the different intensities of forward and back-27

ward peaking lobes, are caused by the Doppler effect. A novel outcome is that bremsstrahlung28

has an asymmetry of the four maxima around the velocity vector caused by the curva-29

ture of the particle’s trajectory as it emits radiation. This mathematical modeling helps30

to better understand the physical processes of a single particle’s radiation pattern, which31

might assist the interpretation of observations with networks of radio receivers and ar-32

rays of γ-ray detectors.33

1 Introduction34

It was recently suggested that high-frequency radiation emissions observed in the35

atmosphere could originate from muons interacting with electric fields inside thunder-36

clouds. This novel idea is based on a reduction of the muon detection during thunder-37

storm occurrences by the ground based telescope GRAPES-3 located in Ooty, India (Hariharan38

et al., 2019). Gamma-Ray Bursts (GRBs) are commonly thought to result from the in-39

teraction of neutron stars in outer space or comet collisions. GRBs emit photons in the40

energy range from keV to MeV that last ∼10 seconds. However, a ∼90 minute long GRB41

was detected with photon energies ∼18 GeV (Hurley et al., 1994). When Terrestrial Gamma-42

Ray Flashes (TGFs) were first observed by detectors of the Compton Gamma Ray Ob-43

servatory (CGRO) (Fishman et al., 1994), their association with bremsstrahlung was demon-44

strated by the observation of the characteristic slopes of ionizing radiation (Dwyer et al.,45

2012a), supported by Monte Carlo simulations that included the bremsstrahlung pro-46

cess (Dwyer, 2007). Another example of bremsstrahlung associated with lightning dis-47

charges is the detection of ultra-low frequency (ULF) and very low frequency (VLF) ra-48

dio emissions of the same electrons that are also responsible for emitting terrestrial gamma-49

ray flashes (Connaughton et al., 2013). TGFs are associated with low-frequency radio50

emissions, and these observations were used to identify their source altitude (Pu et al.,51

2019; Cummer et al., 2014). The source altitude was located to lie between two charged52

cloud layers in a thunderstorm. All the above discoveries offer experimental evidence for53

the continuous radiation spectrum of bremsstrahlung to occur. Relativistic runaway elec-54

trons are the source of high-frequency X- and γ-ray emissions observed in the upper tro-55

posphere at altitudes from ∼12-14 km height (Celestin, 2016). High energy relativistic56

electrons have a larger mean free path such that they can attain larger velocities until57

they collide with an atom or molecule in the atmosphere. As these electrons are capa-58

ble of reaching large velocities, they can emit ionizing radiation through the bremsstrahlung59

process. Low energy electrons are much more likely to collide with atmospheric atoms60

or molecules, leading to an increase in the number of free electrons in the atmosphere61

(Celestin, 2016). Another working hypothesis is that bremsstrahlung radiation is emit-62

ted by thermal runaway electrons accelerated by intra-cloud lightning leader tips (Xu63

et al., 2015). Bremsstrahlung has a continuous electromagnetic spectrum. Low-frequency64

radio and optical emissions could also be due to fluorescence, where high-frequency TGFs65
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are absorbed by air molecules (Xu et al., 2015). Numerical Monte Carlo simulations demon-66

strated the significance of the bremsstrahlung process as the primary process behind high-67

frequency emissions (Dwyer et al., 2012b). Bremsstrahlung electrons emit radiation in68

forward peaking radiation patterns with an angle that scales with the inverse of the Lorentz69

factor of the relativistic electrons (Koch & Motz, 1959).70

Asymmetric signal of γ-ray bursts measured by the Gamma-Ray Burst Monitor71

on the Fermi Gamma-ray Space Telescope reveal the lightning leader charge structure.72

Asymmetric γ-ray pulses indicate the lightning leader charge flux, which exhibits a fast73

rise and slow decay of the leader tip electric field (Foley et al., 2014). The asymmetries74

in γ-ray pulses are thought to be caused by Compton scattering (Xu et al., 2019). The75

rise to decay time ratio of single γ-ray pulses was measured to be approximately 0.67 (Nemiroff76

et al., 1994). Data from the Burst and Transient Source Experiment (BATSE) reveals77

two different types of spectra of γ-ray bursts known as bright and dim GRBs. It was found78

that dim GRBs have less photon energy than bright GRBs (Norris et al., 1994). It was79

observed that as time passes, overall γ-ray photons transit from bright to dim photons80

as a photon bunch due to a time delay of approximately 100 µs between the peaks aris-81

ing from hard and soft photons (Grefenstette et al., 2008).82

Experimental measurements of ionizing radiation and optical emissions by the At-83

mosphere Space Interactions Monitor (ASIM) on the International Space Station recently84

reported the detection of 217 TGFs from June 2, 2018, to April 1, 2019 (Østgaard et al.,85

2019), some associated with radio emissions from charged particles that are observed on86

the ground. All these measurements reveal the properties of γ-ray bursts. After the com-87

bination of the measurements from ground-based radio receivers and spacecraft, it was88

found that TGFs are produced at the very beginning of the lightning discharge process.89

It is well known that the observed γ-rays originate from the bremsstrahlung process (Xu90

et al., 2015). There are approximately ∼ 1017–1019 Gamma-ray bursts emitted during91

the bremsstrahlung process. It is well known that the initially emitted ionizing radia-92

tion is not the same in terms of energy and direction compared to the radiation mea-93

sured by sensors. This difference is because the emitted radiation loses energy by back-94

scattering and interacting with other air molecules. The interaction causes an ionization95

and releases more electrons, which can explain why 1017 − 1019 γ-rays are emitted (Dwyer,96

2008). Another theory explains γ-ray bursts to originate from the large electric fields of97

leader tip streamers producing ∼ 1012 electrons which then increase the number of elec-98

trons within the relativistic runaway electron avalanche (RREA) process that emits γ-99

ray photons (Babich et al., 2014, 2015; Moss et al., 2006; Chanrion & Neubert, 2010; Ce-100

lestin & Pasko, 2011; Skeltved et al., 2017).101

This contribution reports the radiation interference of a four bremsstrahlung elec-102

tron system from the previous modeling of an asymmetric forward peaking radiation pat-103

tern and an asymmetric backward peaking radiation pattern of a single particle bremsstrahlung104

process.105

1.1 Aims & Objectives106

This contribution aims to study the radiation interference of four charged bremsstrahlung107

particles at different energy levels. In addition, the prediction of single bremsstrahlung108

particle radiation patterns for different energy levels comes from the previous detailed109

study (Yucemoz & Füllekrug, 2020).110

–3–
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2 Radiation Interference of the Four Bremsstrahlung Electron111

In order to track the radiation interference and to be able to interpret the overall112

radiation pattern, a system consisting of four bremsstrahlung electrons was created. The113

overall radiation patterns of the four bremsstrahlung electrons of different energies are114

presented in figure 1.115

forward peaking of interfered electromagnetic radiation patterns in figure 1 is ori-116

ented in the same direction for all four particles.117

As can be seen in figure 1, when all four particles are oriented in the same direc-118

tion, the number of radiation lobes and the number of radiation peaks are always even119

numbers.120

The radiation lobe refers to a single enclosed area whereas, the radiation peak refers121

to the maximum radiation intensity points that exist in between two minimum radia-122

tion intensity values.123

During wave interference study, energy, the bremsstrahlung asymmetry, R and emit-124

ted radiation frequency have been changed. The particle’s spatial initial positions and125

orientations of the velocity vector have been kept constant.126

–4–
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Figure 1. Each radiation pattern (a,b,c,d) is the interference of the radiation emitted by

each four bremsstrahlung electron. The relativistic and ultra-relativistic particles are set to emit

high-frequency ionizing radiation. In plot a), all four particles are high-energy relativistic par-

ticles and emits ionizing radiation. Their emitted radiation energy levels are high but not the

same. Therefore, there are four different radiation peaks in the forward direction. Each pair of

peaks indicated with one and two represents a certain group of particles emitting energy at sim-

ilar levels. In plot b) one particle is high energy ultra-relativistic, one particle is non-relativistic,

and the other two particles are medium energy relativistic particles. At low-energy relativistic

speed, the dipole radiation pattern collapses to form the initial stages of the forward-backward

radiation pattern. The peak at point three is the outcome of the interference of radiation from

non-relativistic and medium energy relativistic particles. In plot c) two of the particles are non-

relativistic, one particle is medium energy relativistic particle and one particle is high energy

relativistic particle. In plot d) one particle is non-relativistic, two particles are medium energy

relativistic particles and one particle is high energy relativistic particle.

–5–
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3 Radiation Interference of the Four Bremsstrahlung Electron Approach-127

ing and Radiating at Different Orientations128

In this section, during wave interference study, only particles orientation, energy,129

the bremsstrahlung asymmetry, R, and emitted radiation frequency have been changed.130

The particle’s spatial initial position has been kept constant.131

Different orientations mean differences in the orientation of the particle’s velocity132

vector.133

Besides bremsstrahlung asymmetry (R), orientations above π radians should not134

change the shape of the overall radiation pattern due to the symmetry in the angular135

direction of the radiation patterns.136

Figure 2. During the bremsstrahlung process particles randomly follow curved trajectories

and emit radiation at different orientations. Therefore, expected radiation patterns can be at

random orientations, and emitted electromagnetic waves can interfere with each other at these

random orientations.

–6–
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Independent of the radiation pattern of different particle velocities, radiation is highly137

in phase closer to the particle (i.e center of the radiation pattern where all radiation lobes138

start and end). As this region is the most common in phase region of all radiation pat-139

terns, it is the most sensitive region to destructive interference at the right orientation140

angles for all particles in a multi-particle system.141

Therefore, as displayed in figure 3, at right orientation angles for each particle in142

the multi-particle system (table 2). The radiation intensity closer to the particle located143

at the origin of the graph in all figures is zero. This produces an overall radiation pat-144

tern that looks like radiation is not emanated from the particle, as there is no radiation145

pattern connecting with the particle located in the origin, figure 3b.146

Figure 3. Theoretically, an observer very close to particle emitting radiation of any pattern

from dipole to forward-backward peaking, would not be able to distinguish and tell the type

(Relativistic or non-relativistic) of the radiation pattern. This can be observed by comparing

non-relativistic, dipole, and relativistic, forward-backward peaking radiation patterns at the ori-

gin where the particle is located. In this region close to the particle at origin, emitted radiation

intensity, hence frequency are very close to each other independent of the type of radiation pat-

tern. As this is a common region for all radiation patterns where they share the same physical

properties (frequency, amplitude), at the right orientation angle, complete destructive wave in-

terference is more likely to occur. Complete rather than partial destructive wave interference is

because of the same frequency match specific to this region. Therefore, this results in a radiation

pattern given in 3b, where the radiation pattern connecting to the particle at the origin disap-

pears due to destructive wave interference. Hence, the overall interfered radiation pattern emitted

by the four-particle at different orientations but on the same spatial position at origin seems to

be not emanated from the particle as there is no radiation pattern connecting to the particles at

the origin (Figure 3b).

It would be expected for all types of radiation patterns emanated from the accel-147

erated particle to be similar close to the particle where they are emitted. This is because148

parts of the radiation pattern close to the particle at origin are the start of the radia-149

–7–
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tion process. As the radiation changes temporally and as the bremsstrahlung is a con-150

tinuous spectrum of radiation, at the beginning of the radiation process closer to the par-151

ticle at origin, where the time is close to zero, there would be not enough temporal vari-152

ation in the radiation pattern. The radiation pattern requires time to change and at the153

early stage of the emission, the time is at its beginning. Hence, radiation patterns should154

share a similarity closer to the particle at the origin independent of the type of the pat-155

tern. Therefore, an observer closer to the particle should not be able to distinguish the156

type of radiation pattern (i.e. relativistic or non-relativistic radiation patterns).157

Speed and emitted radiation frequency of the four particle for overall radiation pattern, a in figure 3.

Particle
(Electron)

Scaled Bremsstrahlung
Electron Velocity β (Dimen-
sionless)

Emitted Radiation
Frequency (Hz)

Bremsstrahlung
Asymmetry, R

Orientation
angle, rads

Particle 1 0.67 3 MHz 1
3 -

Particle 2 0.01 5 kHz 1
9 -

Particle 3 0.93 80 MHz 1
8

π
3 -θnβ

Particle 4 0.89 9 MHz 1
6 π-θnβ

Table 1. Input parameters for figure 3a

Speed and emitted radiation frequency of the four particle for overall radiation pattern, b in figure 3.

Particle
(Electron)

Scaled Bremsstrahlung
Electron Velocity β (Dimen-
sionless)

Emitted Radiation
Frequency (Hz)

Bremsstrahlung
Asymmetry, R

Orientation
angle, rads

Particle 1 0.67 3 MHz 1
3 -

Particle 2 0.01 5 MHz 1
9 -

Particle 3 0.93 80 MHz 1
8

π
3 -θnβ

Particle 4 0.89 9 MHz 1
6

π
6 -θnβ

Table 2. Input parameters for figure 3b
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