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Abstract. We report on tlie spectral analysis of two individual Terrestrial Gamma-ray Flashes (TGFs) observed with the Fermi Gamma- 
ray Burst Monitor (GBM). The large GBM sample provides some events suitable for individual spectral analysis: sufficiently bright, 
localized by ground-based radio, and with the gamma rays reaching a detector unobstructed. We account for the low counts in individual 
TGFs by using Poisson likelihood, and we also consider instrumental effects. The data are fit with models obtained from Monte Carlo 
simulations of the large scale Relativistic Runaway Electron Avalanche (RREA) model, including propagation through the atmosphere.
Two beaming geometries were considered: In one, the photons retain the intrinsic distribution from scattering (narrow), and in the other, 
the photons are smeared into a wider beam (wide). Large-scale RREA models can accommodate both narrow and wide beams, with narrow 
beams suggest large-scale RREA in organized electric fields while wide beams may imply converging or diverging electric fields. Wide 
beams are also consistent with acceleration in the electric fields of lightning leaders, but the TGFs that favor narrow beam models appear 
inconsistent with some lightning leader models.

1. INTRODUCTION

High-energy atmospheric phenomena include 
Terrestrial Gaimna-rav Flashes (TGFs), which are usually 
observed with near-Earth low orbit satellites [Fishman et al., 
1994; Smith et al., 2005; Briggs et al., 2010; Marisaldi et al., 
2010], X-ray bursts from negative cloud-to-ground 
discharges observed from the ground [e.g. Dwyer et al., 
2005], and Thunderstorm Ground Enhancements (TGEs) or 
gamma-ray glows [Torii et al., 2002; Tsuchiya et al., 2009; 
Chilingarian et al., 2010, 2012, 2013; Kelley et al., 2015], A 
review of the various high-energy phenomena is given in 
Dwyer e tal. [2012a].

TGFs are short, sub-millisecond bursts of gamma-ray 
radiation, which are believed to be generated due to the 
bremsstrahlung of electrons that have been accelerated to 
relativistic velocities in the high electric fields of 
thunderstorms. The basic idea of particle acceleration in 
atmospheric electric fields was first suggested by Wilson 
[1925], Gurevich et al. [1992] developed the idea further by 
describing a mechanism by which avalanche multiplication 
could occur. There are several competing theories for the 
production of TGFs. To explain the extremely high 
brightness of TGFs, Dwyer [2012] proposed the large-scale 
Relativistic Feedback Discharge (RFD) mechanism, which 
includes the physics of electrons, gaimna rays and back- 
scattering positrons in the avalanche and significantly 
increases the particle multiplication. In this model, the 
acceleration occurs in the large scale electric field produced 
by thunderstonns or by lightning. An alternative theory is 
that electrons are accelerated at the tips of lightning leaders 
via the cold runaway process

[Stanley et al., 2006; Carlson et al., 2009; Shao et al., 
2010; Celestin and Pasko, 2011; Babich et al., 2015], There 
are also models in which the seed electrons are provided by 
lightning leader tips while the acceleration takes place in

large-scale electric fields [Moss et al., 2006; Dwyer et al., 
2012a]. The models differ in whether or not lightning leaders 
are the sources of the seed electrons, and whether the 
acceleration takes place in large-scale electric fields or in 
small-scale regions at the tips of lightning leaders. For our 
purposes, the more important characteristic is the 
acceleration site since the beam width can depend on the 
geometry of the electric field that accelerates the electrons.

As TGFs are observed at large distances (hundreds of 
km) from the source, only a small number of photons will 
typically reach the detectors. Often, the data from different 
TGFs are superimposed to get enough statistics for spectral 
analysis. Dwyer and Smith [2005] generated such a 
cumulative spectnun, using 289 Reuven Ramaty High 
Energy Solar Spectroscopic Imager (RHESSI) TGFs and 
compared it to Monte Carlo models. The average source 
altitude of TGFs estimated in this way was 15-21 km, the 
exact value depending on the beaming of the gaimna rays in 
the Monte Carlo simulations. Xu et al. [2012] estimated a 
lower source altitude of 12 km for the same dataset, 
assuming the alternative acceleration mechanism by 
lightning leaders. Based on the cumulative count spectrum 
analysis o f 130 TGFs observed by Astrorivelatore Gaimna 
ed Iimnagini Leggero

(AGILE), Tavani et al. [2011] found a significant power 
law emission component reaching up to 100 MeV. However, 
Marisaldi et al. [2014] note that such high-energy emission is 
visible only in ~  15 % of the TGFs observed by AGILE.

In this paper, for the first time, we present the individual 
spectral analysis of two bright TGFs detected by the Gamma- 
ray Burst Monitor (GBM) on the Fermi satellite. Unlike 
previous studies, which were adding counts from different 
events, smearing out the spectral diversity, we fit the 
individual events using Relativistic Electron Avalanche 
Model (REAM) [Dwyer, 2003],
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2. DATA AND METHODS

The GBM instrument is made up of 14 individual, 
uncollimated scintillators, 12 thallium-doped sodium iodide 
(Nal(Tl)) and two bismuth gennanate (BGO) detectors 
[Meegan et al., 2009], The Nal (Tl) detectors are positioned 
in clusters of three around the spacecraft, so that any cosmic 
source unocculted by the Earth will illuminate at least one 
cluster. The BGOs are positioned on opposite sides of the 
spacecraft. The effective energy range is 10-1000 keV and 
0.2-40 MeV for the Nal (Tl) and BGO detectors respectively, 
and the spectra are divided into 128 pseudo-logarithmically 
spaced energy channels. The relative timing resolution of the 
measurements is 2 ps, which is an important factor for 
studying sub-millisecond bursts like TGFs. The nominal 
dead time is 2.6 ps. However, if  a count is registered in the 
overflow channel (>1 MeV for the Nal (Tl) and >40 MeV for 
the BGO detectors), the dead time is 10.4 ps.

During the period from 2008-2015, GBM has detected 
about 3400 TGFs, of which ~1200 have associated radio 
signals that allow their localization. The TGFs without a 
radio association may occur anywhere within about 800 km 
of the sub-spacecraft position. The TGF detection rate 
significantly increased after new data collection modes and 
analysis methods were introduced in 2012. These include an 
updated onboard triggering algorithm and off-line search 
algorithms of the high time resolution data [Briggs et al., 
2013], In this paper, we analyze the spectra of TGFs using 
the data from BGO detectors, which have a broad energy 
range and large effective area.

We also made corrections for the effects of dead time 
and pulse pileup, taking into account the extremely short 
durations and brightness of the flashes. Spectral distortions 
may occur caused by multiple photons hitting the detector 
close in time (within ~2.6 ps for GBM BGO detectors). As 
the GBM electronics pulse shape is bipolar, the overlapping 
pulses may be observed as a higher (peak pileup) or lower 
(tail pileup) energy counts. These contributions are 
calculated analytically using the method described in 
Chaplin et al. [2013], whiclj have been verified by Monte 
Carlo simulations and experiments with radioactive sources

[Bhat et al., 2014], In addition to this, a more realistic pulse 
shape was used in the calculations, which is an input for the 
method described by Chaplin et al. [2013],

The details of the spectral fitting procedure can be found 
in Mailyan et al., [2016],

3. TGF120120412

In Figure 1, the measured and simulated differential 
count spectra histograms are presented for TGF120120412, 
which occurred at a distance of 475 km from the spacecraft 
nadir. The measurements are compared with 8 different 
models, which have source altitudes ranging from 11.6 to 
20.2 km. When pulse pile-up correction is not used [see the 
details in Mailyan et al., 2016], the rate is not fit, but is 
instead calculated so that the model total counts equal the 
total observed counts.

The observed spectrum is very soft and there are no 
photons above 3 MeV. This can be explained by the distance 
from the source to the detectors. Only gamma rays scattered 
at large distances from the avalanche axis are observed. The 
effect o f the spectral softening with increasing offset 
distance, was studied statistically in previous works 
(Hazelton et al. [2009], Ostgaard et al. [2008], Gjesteland et 
al. [2010], Celestin and Pasko [2012], Fitzpatrick et al. 
[2014]). The expected pulse pileup corrections for this TGF 
are minor. The analysis of the pulse pileup corrections 
showed that the incident photon rate was relatively low, and 
that corrections are not required to obtain a good fit.

For analyses with and without the pulse pileup filter, the 
narrow models provide the best fit and the wide models can 
be rejected. Having broader angular distributions, wide 
models provide more high energy photons at large nadir- 
source offsets. In narrow models, because of a larger 
contribution from particles scattered at large angles, the 
photon spectrum is much softer, which is the case for 
TGF120120412. In Figure 2, - 2  log L values (the quality 
function describing the goodness of the fit obtained from the 
likelihood analysis) are presented for all 8 models after pulse 
pileup corrections. As we can see all models predict 
relatively low rates and consequently small pulse pileup 
effects

Figure 1. Spectral histograms o f  the measured TGF120120412 and 11.6, 13.4, 16.0, 20.2 km altitude wide and narrow beam models. Histograms are 
compared by scaling total number o f  counts in simulation to be equal the measured number. As data values in some histogram bins fo r some TGF's are equal 
to zero, model values are used to estimate the error bars. The narrow beam models are in a better agreement with the data. The corresponding likelihood 
analysis results are shown in Figure 2.
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Figure 2.The likelihood analysis results fo r  the different models fo r  the TGF120120412, showing the variation in -2 Log L  as a function o f  rate. Smaller 
values o f  -2 Log L  meaning better fits  are observedfor narrow models. The rate corresponding to the minimum is about 0.15 and 0.2 photons per psec fo r  
10 and 20 km  altitude models respectively. There is a second, less probable minimum at rates higher than 0.5photons/psec.

4. TGF100909539

This bright TGF occurred relatively close to the 
footprint of Fermi, at a distance of 102 km. In Figure 3, the 
observed TGF 100909539 spectrum and the 11.6 km narrow 
model spectra with and without pulse pileup are shown. This 
is a spectrally hard TGF, with 26 counts in BGO-1. The 
analysis is a more complicated due to the higher count rates 
and consequent spectral distortion owing to the effects of 
pulse pileup effects. The model with pulse pileup corrections 
shows much better agreement with the data, unlike no pulse 
pileup model, which shows an excess of counts at low 
energies. The best fit is obtained for an incident rate of ~  
0.45 pli/ps.

In Figure 4, the measured and simulated differential 
count spectra histograms are presented for TGF100909539 
for all models after pulse pile-up corrections. The best fit is 
the narrow beam, 11.6 km altitude model. The application of 
pulse pileup corrections reduces the excess at lower energies, 
resulting in a better agreement between the models and the 
data (Figure 3). High source altitude models are less 
favorable, because of their softness compared to the 
observed spectrum.

Figure 3. Observed counts spectrum fo r  TGF100909539 (in black), with 
11.6 km narrow beam model spectrum overlaid. The red curve is the model 
spectrum, and the blue is the same curve without pulse pileup effects 
modelled As can be seen, taking into account pulse pile-up effects 
significantly improves the fit.
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Figure 4. Spectral histograms o f  TGF100909539, f i t  with the 11.6, 13.4, 
16.0, 20.2 km altitude, wide and narrow models after pulse pile-up 
corrections. Narrow beam, low altitude models best f i t  the data.
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CONCLUSION
In this work, we have presented the first analysis of 

individual TGF spectra observed with GBM. The observed 
spectra are diverse, implying that summed analyses miss 
important information. Comparisons of Monte Carlo 
simulations to the data allow us to study the effect of 
modifying the source altitude and beaming geometry. In 
spite o f the complications arising due to the low statistics and 
the distortion from pulse pileup, our analysis has placed 
constraints on the photon beam geometry, altitude and 
incident rate.

The good agreement of the modeled and measured 
individual TGFs indicates that the Relativistic Runaway 
Electron Avalanche (RREA) model [Gurevich et al., 1992; 
Dwyer, 2003, 2007] is a plausible mechanism for explaining 
the particle acceleration processes in the Earth’s atmosphere. 
Future work will include the comparative studies of other 
models, assuming other 517 mechanisms of particle 
acceleration and electric field parameters.
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