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Abstract

We present  the  first  constraints  on the  TGF emission cone,  based  on  accurately  geolocated  TGFs.  The 
distribution of the observation angles for 106 TGFs are compared to Monte Carlo simulations. We find that TGF 
emissions within an isotropic half angle >30° can generate the observations. In addition, 36 events are used for 
spectral analysis. The result is a significant softening of the TGF energy spectrum for large observation angles,  
which is consistent with a TGF emission half angle <40°. The constraints 30° -40° indicates that the electrons which 
produce TGFs are accelerated in nearly vertical electric fields. 

1. Introduction

Terrestrial gamma ray flashes (TGFs) are short (~1 ms) gamma emission from the Earth's atmosphere, which 
were  proposed  nearly a  century  ago   [1]  and later   discovered  by the  Burst  and  Transient  Source experiment  
(BATSE) on board the Compton Gamma Ray Observatory (CGRO) [2] . TGFs are assumed to be bremsstrahlung 
emission from relativistic electrons which are accelerated in electric fields related to thunderstorms.  Several studies  
have determined the production  altitude of TGFs, detected by satellite instruments, to be ~15-20 km altitude [e.g 3-
6], which indicates that  TGFs originate in the upper troposphere, probably inside thunderclouds.

The geometry of the initial gamma emission is sketched in Figure 1. In the following we will call the half  
angle of the gamma emission θ, and the angle between the satellite nadir and the straight line to the TGF source α. 
The nature of the initial gamma emission is still under debate. Studies have  suggested a wide (θ~45°) emission 
cone [3,5], and a wide non- isotropic emission [7]. 

Figure 1: A sketch of the TGF emission cone  with half angle θ and the satellites observation 
angle α.

2. Gamma production and propagation in the atmosphere

Electrons are accelerated by electric  and magnetic  fields.  As long as the electron collision frequency is 
significantly larger than the gyro frequency the motion of the electron are predominantly in the direction of the 
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electric field.  The effect of the magnetic field on the electron is negligible at altitudes below 20 km [8]. As a result  
the electrons motion are align the electric field. Relativistic electrons  emits bremsstrahlung predominantly in the  
forward direction. This is shown by the Bethe-Heitler formula. From a MC simulation it is shown that the gamma  
emission from relativistic breakdown in a parallel electric field is beamed and drops one order of magnitude at ~30° 
off axis [7].

Figure 2: a) Energy reduction as a function of scattering angle. Y-axis is the energy before 
scattering and the contour curves represent photon energy after Compton scattering: 10 MeV, 
20 MeV, 30 MeV, and 40 MeV contours are labelled. b) Compton scattering schematics.

Gamma-photon flux propagating in air is attenuated, the most important interactions for photon energies in 
the range 10 keV-40MeV being the photoelectric absorption, Compton scattering and pair production. Photoelectric 
absorption is almost negligible for photon energies above 100 keV and pair production is only effective for energies 
above 1.22 MeV. While in the photoelectric effect, the photons are absorbed with a production of an electron, in the  
pair production process, both an electron and a positron are created. Compton scattering is effective for all photon  
energies and results in scattering of the photon momentum and a degeneration in the photon energy. The reduction  
in photon energy is dramatic for large scattering angles. Figure 2 shows the scattering angle as a function of initial  
photon energy when the photon energy after scattering is given. If the photon energy after scattering is 10 MeV  it 
cannot have been scattered by more than  18° , assuming the photon energy before interaction is <150 MeV. If the  
final energies are higher, i.e. 20 MeV, 30 MeV  or 40 MeV, the scattering angle is <~10°.  If a TGF is detected  
outside the emission cone only scattered photons will be seen, and the TGF energy spectrum should have a fall off at  
higher energies.

3. Angular distribution of TGFs

This study  have used  106 TGFs detected by the Reuven Ramaty High Energy Solar Spectroscopic Imager 
(RHESSI) which have been geolocated by the AWESOME network [9] and the World Wilde Lightning Location 
Network (WWLLN) [10].   The observation angle distribution of these measurements is compared to calculated  
distributions from Monte Carlo (MC) simulations of TGF through the atmosphere. The MC simulation is described  
in [11].  In the simulations the production altitude and initial emission angle are chosen. We also assumes that the  
number of initial photons in a TGF is distributed according to a power law with spectral index, k. In each run we 
assume the TGF to occur randomly below  the satellites. Figure 3 shows the observation angle distribution from the  
RHESSI measurements as a histogram. The best fit distribution from our simulations with various half angles is also  
shown. Half angle of  θ=30°  with k=2.0 is solid,  θ=40°  with  k=2.1 is dotted and  θ=60° with k=2.3 is dashed. 
Figure 3  shows that  θ>30°  can best represent the observed distribution.



Figure 3: The histograms show the distribution of geolocated TGFs per observation angle, α. 
The curves are the best results from MC simulations with   θ=30°, k=2.0  (Solid),  θ=40°, k=2.1 
(dotted)  and  θ=60°, k=2.3  (dashed).The calculations were performed for the TGF source 
altitude of  15 km.

4. Spectral analysis of TGF observed at large angles

The energy spectrum of the TGFs can give us further information on the TGF emission cone. From the total 
set of the TGFs with corresponding geolocated sferics, 36 occurred before the radiation damage to the RHESSI  
instrument in early 2006 [12], and only events occurring before this are valid for proper spectral analysis. We have 
used the data and detector response matrix (DRM) from the RHESSI TGF catalog [12].  For each RHESSI  TGF, the 
detected photons are too few to perform spectral analysis. Therefore we have  divided the measurements from these  
36 TGFs into three spectra each with a  20°  observation angle bin. Figure 4a  shows each energy spectrum with the 
average number of counts and the error bars representing one standard deviation of the mean value. Figure 4a  shows 
that RHESSI measures a significant softening of the energy spectrum in the  40°-60°  bin versus the two others since  
the first energy bin has significantly more counts and the two highest energy bins have significantly fewer counts. 
There is also a trend that the  20°-40°  spectrum is softer than the  0°-20°  spectrum since it has significantly fewer 
counts in the highest energy bin.

Figure 4: a) The average energy spectrum for various observation angles, α. The  40°<α<60° 
spectrum has significantly more counts in the lowest energy bin and significantly fewer counts 
in the two highest energy bins compared to the others. b):  Combined energy spectrum from 10  
RHESSI TGFs and the energy spectrum from MC-simulations with   θ=30°  (solid),  θ=40° 
(dotted),   θ=50°   (dashed)  and   θ=60°   (dot  dashed).  production  altitude  of  15  km.  The 
simulated spectra are normalized to the RHESSI measurements

 
Figure  4b shows a  combined  energy  spectrum of  the 10  RHESSI  TGFs observed  at   α >  40°,  which  

corresponds to more than  500 km between the TGF production and the sub-satellite point. The simulated spectra∼  
in Figure 4b are results from our MC simulations folded through the RHESSI DRM.  Simulated TGFs with  θ=50°  
or  θ=60° do not have a high energy fall off which is found in the RHESSI measurements.  A narrower emission  
cone fits the measurements, which  indicates that  θ<40° .



4. Summary

We have used accurate geolocation of RHESSI TGFs to confine the angular TGF emission. When assuming 
an isotropic emission cone the half angle is  confined to 30°<θ<40°, which is in agreement with earlier studies 
[3,5,7].  30°<θ<40° indicate that TGFs are produced in a vertical or slightly divergent (up to  20°  from vertical) 
electric field.  Our simulations shows that it  is  likely to detect  TGFs at  α>50°  which corresponds to >700km 
between the source sferic and the sub-satellite point. We have also found that TGFs detected at  α>40°  have a  
significantly softer energy spectrum, which is the result of Compton scattering. 
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