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Chapter 1

Introduction

This thesis objective is to study Terrestrial Gamma ray Flashes (TGFs), which are short
burst (~ 1 ms) of gamma-radiation from thunderstorms first discovered by Fishman
et al. [1994]. The measured photons energies in TGFs are found to be up to several
tens of MeV [Smith et al., 2005; Marisaldi et al., 2010a], which make them the most
energetic natural photon phenomenon on Earth. The physics behind the production of
TGFs are not well established. TGFs are assumed to be bremsstrahlung from relativis-
tic electrons which are accelerated in strong electric fields related to thunderstorms.
However, it is not known how frequent TGFs are, what are the altitude range in which
they can be produced, the spatial extent of their source region, the angular distribution
of the photons at the production altitude or to what kind of thunderstorms and lightning
they are related to. There is a few suggested theories of how TGFs can be produced,
but there are so far no consensus.

The aim of this thesis is to study TGFs in order to understand what this recently dis-
covered natural phenomenon is. In the papers presented in this thesis several questions
regarding the nature of TGFs are addressed. The main contributions can be summarized
in three points.

1) Determine the production altitude of TGFs. The production altitude will give
constraints on the electric fields that produces TGF and which type of lightning and/or
thunderstorms that produces TGFs. The production altitude is investigated by compar-
ing Monte Carlo simulations with measurements from the Burst And Transient Source
Experiment (BATSE). The conclusions of Paper I [@stgaard et al., 2008] and Paper II
[Gjesteland et al., 2010] of this thesis is that the TGFs measured by BATSE are pro-
duced in ~ 10 — 20 km altitude.

2) Determine the angular distribution of the photons produced in a TGF. The distri-
bution of emitted photons will reflect the direction of the electric fields that produces
the TGFs. Paper III [Gjesteland et al., 2011] argue that TGFs are emitted within a cone
of 30° —40° indicating that TGFs are produced in nearly vertical electric fields.

3) Examine how common TGFs are. When TGFs were discovered they were
thought to be a rare phenomenon since they were only observed ~ once a month [Fish-
man et al., 1994]. More recent results based on more sensitive instruments have ob-
served ~ 10 TGFs a month [Grefenstette et al., 2009], which is more frequent but still
rare. Paper IV [Gjesteland et al., 2012] describes a method to lower the sensitivity
threshold for the RHESSI satellite. Applying this method has more than double the
number of identified TGFs. The increase of identified TGFs indicates that so far only
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the top of an ’iceberg’ of TGFs are observed. Paper V [@stgaard et al., 2012] use an
analytical approach, by comparing the relative TGF count rates of the RHESSI and
Fermi satellites, to show that one cannot reject the hypothesis that all lightning produce
TGFs. If this is the case, then TGFs are a very common phenomenon which may have
important impacts of the coupling between the lower atmosphere and space.

This thesis starts with a historical walk trough the TGF research starting almost
hundred years ago. Chapter 3 describes the two satellites instruments, BATSE and
RHESSI, which are used in the studies of this thesis. Also, a brief overview of other ex-
periments which have measured TGFs are presented. The same chapter also describes
radio measurements of lightning which are found to be associated TGFs. Chapter 4 de-
scribes the basic theory behind TGFs. In chapter 5 present a brief summary of each
of five papers, which is the scientific contribution in this thesis. The five papers are
presented in chapter 6.



Chapter 2

History of terrestrial gamma ray flashes

2.1 Early years

Lightning have always fascinated mankind. In ancient times lightning and thunder
were described by mythological creatures such as Thunderbirds or Thor and his ham-
mer Mjglne. The modern understanding of lightning started with the famous kite ex-
periment by Benjamin Franklin. Two hundred and fifty years ago he flew his kite into
a thunderstorm and showed that lightning is electricity.

In the early 1920 C. T. R. Wilson, the Noble prize winner for the discovery of the
cloud chamber, studied the electrical field of thunder clouds [Wilson, 1924]. He made
a very simple model where he assumed that the thundercloud is an electric dipole.
Above the thunderstorm the electric force on electrons, due to the electric moment of
the dipole, decreases approximately with 1/z> where z is the hight above the cloud. The
threshold for dielectric breakdown in air scales approximately as the densities, which,
in our atmosphere, decreases exponentially with a scale hight of ~ 7 km. Therefore
there will be a point above the thundercloud, estimated by Wilson to be 60 km [Wilson,
1924], where breakdown occurs. This was a prediction for red sprites as they are known
today [Williams, 2010]. Red sprites are transient luminous events (TLE), caused by
electrical discharges that occur above thunderclouds.

In the cloud chamber Wilson found that the ionization tracks of electrons straight-
ened with increasing energy [Williams, 2010]. In other words he found that the friction
force on electrons decrease at increasing energies. With an applied electric field, such
as those in thunderclouds, the electric acceleration force can exceed the friction force
due to collision and the electron would run away and gain energy. Wilson stated:

Thus, B-particles which have traversed a few metres in the direction of the field
have already acquired energies exceeding those of the fastest known B-particles from
radioactive substances. [Wilson, 1924, p. 37D].

Such electrons, which experience a decreasing drag force at increasing energies,
are now called runaway electrons. When high energy electrons, such as those Wil-
son discovered in the cloud chamber, collide with air molecules they will produce
bremsstrahlung. Wilson predicted:

It would be of interest to test by direct experiment whether a thundercloud does emit
any measurable amount of extremely penetrating radiation of X- or y-ray type. [Wilson,

1925, p. 538].
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2.2 Discovery of Terrestrial Gamma Ray Flashes

66 years after Wilson’s prediction the Burst and Transient Source Experiment (BATSE)
on board the Compton Gamma Ray Observatory (CGRO) observed the first TGF south
of India April 22, 1991 [Fishman et al., 1994]. CGRO was a big NASA observatory
designed to study cosmic gamma ray burst (GRB). The BATSE instrument could esti-
mate the direction from which the GRB comes. Since some of the bursts came from
the Earth at times when the CGRO was close to thunderstorms, Fishman et al. [1994]
concluded that this was the radiation from thunderclouds predicted by Wilson [1925].

Figure 2.1 shows the light curve of the first TGF. It is shorter than a typical GRB
and contains a harder energy spectrum. The TGFs detected by BATSE have a duration
of ~ 1 ms and energies above 1 MeV [Fishman et al., 1994]. BATSE measured a total
of 78 TGFs during its eight years mission.

605"""""""""'
‘0 sof
e =
|_| 40%‘ E
o 305— 3
~ E
D 0k
c g E
> E E
o o \n
=, othL{JHMh?“’IWﬂM, . ﬂ,Jlg

0 5 10 15 20
Time [ms]

Figure 2.1: The light curve of BATSE trigger 106.

2.3 X and gamma-rays from thunderstorms

Fishman et al. [1994] was not the first to detect X-rays from thunderclouds. Wilson’s
ideas that thundercloud produce high energy radiation motivated several efforts to find
such radiation and in the 1980-ties came the first evidence of X-rays from thunder-
clouds. Parks et al. [1981] and Mccarthy and Parks [1985] flew X-ray detectors in
thunderclouds and found continuous X-rays with energy > 110 keV. The high X-ray
fluxes lasted seconds prior to the observed lightning and returned to background within
0.1 second within the lightning discharge. They were surprised by the heigh photon
fluxes and the high energies they measured. In the atmosphere there are naturally high
energy particles and X-ray radiation caused by energetic cosmic rays and the extensive
air showers of secondary particles they produce. E.g. [Carlson et al., 2008] estimated
that cosmic radiation produce ~ 10° — 10* energetic electrons per m® per second. How-
ever, Mccarthy and Parks [1985] concluded that their measurements of high energies
and fluxes could not be described by cosmic rays alone: An urgent problem is the iden-



2.3 X and gamma-rays from thunderstorms 5

tification of the origin of the energetic electrons, whose presence is indicated by the
observations presented here. Two processes meriting further study include the origi-
nal Wilson mechanism and the production of energetic electrons near the concentrated
field regions of leader tips. Any acceptable model must account for both the number
flux and the high energies which are detected. [Mccarthy and Parks, 1985]

Continuous X-ray emission from thunder clouds have also been measured by Eack
et al. [1996] who flew a balloon into a thundercloud. They measured minute long
emission of X-rays which increased two orders of magnitude as the balloon passes
through regions with enhanced electric field strength.

Even if the continues X-ray emissions from thunderstorms are different from TGFs
in duration, fluxes and photon energies, both phenomena are assumed to origin from
runaway processes.

Motivated by the observations of the high X-rays fluxes in thunderstorms Gure-
vich et al. [1992] picked up the idea of Wilson and further developed the theory of
runaway electrons to runaway breakdown avalanches. The models were improved by
Roussel-Dupré et al. [1994] with a kinetic treatment and the influence of magnetic field
by Gurevich et al. [1996]. With the discovery of TGFs Roussel-Dupré and Gurevich
[1996] argued that the TGF measurements by BATSE were a manifestation of rela-
tivistic runaway electron avalanches (RREA) in air. RREA is a theory that explains
how discharges may occur in fields that are only one tenth of the conventional break-
down threshold. More detailed description of RREA and the production mechanisms
of TGFs are presented in chapter 4.

Recent observations by satellite instruments such as Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI) [Grefenstette et al., 2009], Fermi Gamma ray
Space Telescope [Fishman et al., 2011] , and Astrorivelatore Gamma a Immagini Leg-
gero (AGILE) [Marisaldi et al., 2010a] have increased the knowledge about TGFs as
this thesis has progressed. It is now widely accepted that TGFs occurs in RREA pro-
cesses related to lightning activity. Most recent studies, included the results in this
thesis, suggest that TGFs are produced below ~ 20 km, which indicates that it is elec-
trical fields inside or right above thunderclouds that are the source of TGFs. But it is
still not known how often TGFs occur and what is the driving electric field that pro-
duces them.

All instruments that have detected TGFs so far were designed for other purpose than
TGFs. Therefore the measurements have certain problems. Especially deadtime losses
in the measurements of the very high fluxes in TGFs have been a problem. Currently
new mission, such as the Atmosphere-Space Interactions Monitor (ASIM) and Tool
for the Analysis of Radiations from lightNIng and Sprites (TARANIS), are planned for
space observation with electronic designed to handle the high fluxes in TGFs. These
missions are needed to address the unknown questions about this very energetic natural
photon phenomenon.
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Chapter 3

TGF observations

This chapter will give an introduction to the measurements of TGF so far. This thesis
have used data from the Burst and Transient Source experiment (BATSE) (paper I and
IT) and Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) (Paper III,
IV and V). The TGF detection rate of Fermi Gamma Ray Space Telescope is used in
paper V. Section 3.5 will discuss the detection of atmospherics (sferics) radio measure-
ments which are related to TGFs. Such measurements are used in paper III and IV of
this thesis.

3.1 Burst and Transient Source experiment (BATSE)

BATSE was one of four experiments on board the Compton Gamma Ray Observatory
(CGRO). CGRO was a low Earth orbiting observatory (~ 450 km altitude) with incli-
nation of 28.5°. It was launched April 5, 1991 and deliberately de-orbited on June 4,
2000. The primary objective was to study cosmic gamma ray burst (GRB), which due
to the attenuation of gamma rays in the atmosphere, is not detectable on ground.
BATSE consisted of eight Sodium Iodide (Nal) Large Area Detector (LAD), each
2000 cm? [Fishman et al., 1994] sensitive to photons with energies from 20 keV to 2
MeV [Grefenstette et al., 2008]. The detectors were placed in each of the spacecraft’s
eight corners with the faces pointing in the same direction as in an octahedron. With
this geometry one can use the ratio of counts in each detector to determine the location
of the gamma source. Figure 3.1 shows the CGRO when it was launched from the
Atlantis space shuttle. Four of the eight BATSE modules are marked with red circles.
To limit the amount of data BATSE used a trigger scheme to only collect the the
most intense events. The search window were fixed to 64 ms, 256 ms and 1024 ms.
The signal-to-noise threshold were changing during the mission but the typical trig-
ger regime for TGFs was 5.56 above background for a selection of the energy dis-
criminators in the 64 ms window. 64 ms is long compared to the typical duration of
TGFs (~ 1 ms). BATSE will therefore be biased to detected the longest and most in-
tense TGFs. More description about the BATSE trigger criteria can be found at http:
//gammaray.msfc.nasa.gov/batse/grb/catalog/current/trigger_criteria.html.
The data was stored as time tagged events with time resolution of 2 us and the
energy in one of four fast discriminator channels covering the energy range 20 — 50,
50 — 100, 100 — 300 and > 300 keV [Fishman et al., 1994]. The TGF energy spectra
measured by BATSE were proportional to ~ €*, where € is the count energy and A4
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Figure 3.1: CGRO at launch from the space shuttle. Four of the BATSE LAD modules are
marked with red circles. Image credit: NASA

varied from -0.6 to -1.5 [Nemiroff et al., 1997]. Such energy spectra are harder than the
energy spectra from GRB.

The TGFs measured by BATSE typically contain about 100 counts and have a du-
ration 0.67 — 10.71 ms [Nemiroff et al., 1997]. The shortest TGFs consist of a single
pulse, while the longer contain multiple pulses each lasting ~ 1 ms. The longest TGF,
trigger 1457 (see figure 3.2), contain five pulses each separated about 2 ms [Nemiroff
et al., 1997]. Figure 3.2 show six examples of BATSE TGFs. Many of the TGFs mea-
sured by BATSE contains two or more pulses.
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Figure 3.2: Lightcurve of BATSE TGFs. Many of the BATSE TGFs contained multiple pulses
e.g. trigger 106, 1433, 1457 and 3925.

During its lifetime BATSE detected 78 TGFs [http://gammaray.msfc.nasa.gov/
batse/misc/triggers.html]. Among the 78 TGFs from BATSE Dwyer [2008] sug-
gested that many of them are in fact not burst of gamma, but bursts of electrons and
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positrons. A further discussion on electrons beams produced by TGFs can be found in
section 4.6.

The first analysis of the BATSE TGF data found a minimum variability time scale
of typical 50 us and interpreted this as TGFs were produced over a 15 km (50 us x
the speed of light) long region [Nemiroff et al., 1997]. This finding together with the
assumption that the atmosphere is only transparent for gamma-rays at altitudes above
40 km led to the conclusion that BATSE TGFs were related to red sprites.

Carlson et al. [2007] used a superposed spectrum from all the BATSE TGFs and
compared it to simulated spectra. They found that a production altitude of 15-20 km
could best represent the data. In paper I of this thesis [@stgaard et al., 2008] a Monte
Carlo code to simulate TGFs through the atmosphere is presented. The simulations is,
for the first time, compared with individual TGF measurements from BATSE. @stgaard
et al. [2008] determined that most TGFs are produced at low altitude (< 20 km), con-
sistent with the earlier results [Dwyer, 2005; Carlson et al., 2007], but they also found
that a significant portion came from higher altitudes (30 — 40 km). However, it has
been shown that the BATSE instrument suffered from a significant dead-time problem
[Grefenstette et al., 2008], i.e., that the read-out electronics of the BATSE instruments
are not fast enough to count all the scintillation pulses from the detector material (See
section 3.1.1 and paper II [Gjesteland et al., 2010] for more information). When the ef-
fects of dead-time were treated properly Gjesteland et al. [2010] showed that the TGFs
Ostgaard et al. [2008] suggested were produced at 30-40 km in fact were produced at
lower altitudes.

Another interesting finding in the BATSE data is the dispersion signature in the
TGFs. Feng et al. [2002] found that the count profile for low energy photons (20-50
keV) where shifted with respect to the higher energy photons (>300 keV) with 240 us
on average. In the simulations by @stgaard et al. [2008] the dispersion signature was
explained as a pure Compton effect. Photons that travel through the atmosphere are
Compton scattered. Compton scattering changes the photons direction and reduces its
energy. As a consequence the photons that escapes the atmosphere at low energy are
more scattered and therefore have gone a longer path on their way through the atmo-
sphere. Since all photons travel with the speed of light, low energy photons will arrive
satellite altitudes later than high energy photons. The dispersion found in @stgaard
et al. [2008] was ~ 100 us which is shorter than found in Feng et al. [2002]. However,
as shown in Gjesteland et al. [2010], this difference is explained by the losses due to
dead-time in the BATSE instrument.

3.1.1 Losses due to dead-time

In an analysis of count rates in both RHESSI and BATSE Grefenstette et al. [2008]
showed that BATSE TGFs had a lower peak count rate than RHESSI TGFs when the
effective detection areas were accounted for. This suggest that BATSE suffered from
losses due to dead-time in the read out electronics. By analysing the BATSE preflight
data Grefenstette et al. [2008] found that the BATSE detectors worked as paralyzable
detectors. A paralyzable detector with dead-time, 7, which do not vary on the photons
energy, suffers from dead-time losses on the form

m=ne """, (3.1)
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where m is the measured count rate, n is the incoming pulse rate and 7 is the instrument
dead-time [Knoll, 1989]. When n — o the measured count rate , m — 0 and the detector
is totally paralyzed.

The BATSE dead-time was dependent on photon energy. As found by Grefenstette
et al. [2008], the dead-time in BATSE can be described by

T=0oln Ep ) (3.2)
Eo
where o is the signal decay time, E), is the energy of the incoming photon and E is the
instrument reset level. Based on preflight data the estimated values are o« = 0.75us and
Eo = 5.5 keV [Grefenstette et al., 2008]. The result of equation 3.2 is that high energy
photons results in longer dead-time than lower energy photons such that the dead-time
losses are more significant for harder spectra.

With the claim that BATSE peak count rate is ~ 4 times larger than measured and
that the energy spectrum were changed by the losses due to dead-time [Grefenstette
et al., 2008], all result based on BATSE spectra were questionable. @stgaard et al.
[2008] did spectral analysis of individual BATSE TGFs and concluded that most of the
TGFs were produced at altitudes below ~ 20 km. However, a significant portion were
suggested to be produced at a higher altitude (30 — 40 km). All of these where single
pulse TGFs with high count rates indicating that these TGFs suffered the most from
losses due to dead-time. Therefore Gjesteland et al. [2010] implemented the dead-
time effects on the BATSE instrument and applied them on the single pulse TGFs.
The main effects of dead-time losses for BATSE are that the energy spectrum become
significantly softer for increasing losses. Such softening influence the spectral analysis
of the event and, as showed in Gjesteland et al. [2010], the production altitude becomes
lower when dead-time are treated properly. Gjesteland et al. [2010] conclude that also
the single pulse TGFs are consistent with a production altitude below ~ 20 km altitude.

Since BATSE was a paralyzable detector a single pulse TGF can be measured as a
double pulse TGF. BATSE trigger 2348 is such example. Gjesteland et al. [2010] sug-
gest that this TGF contains two pulses due to paralyzation of the read-out electronics.
In that case the event is ~ 6 times brighter than measured [Gjesteland et al., 2010].
A full description of the dead-time effects in BATSE can be found in paper 1I of this
thesis.

3.2 Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)

RHESSI (figure 3.3) is a small observatory designed to study solar flares. It was
launched on February 5, 2002 into a low orbit (~ 600 km altitude) with inclination
38° and is still operating. Its instrument consists of nine Germanium detectors inside
an Aluminium cryostat. The Germanium detectors are divided into front and rear seg-
ments. The front segments are used to image solar flares from the sun with an energy
range of 3 kev - 2.7 MeV and is not used in search for TGFs [Grefenstette et al., 2009].
The rear detectors views the whole sky and are only shielded by the thin cryostat. The
rear segments energy range is ~ 30 keV to 17 MeV. If a photon deposit more than
17 MeV in one detector the photon will be measured in an overflow channel. One pho-
ton can also deposit energy in more than one detector by Compton scattering. In that
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case the two (or more) counts will have the same time tag. By combining coincident
counts Smith et al. [2005] showed that RHESSI is measuring TGFs with energy up to
20 MeV. This is a very important results since the measurements from BATSE could
only tell that TGFs contains photons with energy above > 1 MeV. RHESSI has also
a much higher detection rate than BATSE. The first 183 days they measured 83 TGFs
[Smith et al., 2005], which lead to an estimate of ~ 50 TGF per day globally. These new
measurements shows that TGFs are a much more common and powerful phenomenon
than previously assumed.

Figure 3.3: Illustration of RHESSI. Image credit: NASA.

The RHESSI relative time resolution is 1 binary micro second (27205), but is not
clear how well RHESSI are synchronised with Universal Time (UT). A giant flare
from SGR 1806-20 on December 27 2004 which was measured by both the Swift and
RHESSI satellites indicates that the RHESSI clock is 1.8 ms slower than UT [Grefen-
stette et al., 2009]. It i1s not known if this offset is constant or varying during the
mission.

Unlike BATSE RHESSI do not work in a trigger scheme but telemeters all data
to ground. However, the data stream is decimated or switched off as RHESSI passes
in regions with high fluxes of energetic particles such as the South Atlantic Magnetic
Anomaly (SAMA), and at high latitudes where RHESSI passes close to the radiation
belt.

The RHESSI catalog of TGFs is presented in Grefenstette et al. [2009]. It contains
820 TGFs from the period March of 2002 through February of 2008 and is the largest
database of TGF events so far. The search algorithm applied on the raw data require
at least 120 above background in a 1 ms window, where the average background rate,
N, is 2 counts per ms and 6 = /N + 1. This criteria is chosen such that the catalog
is as clean as possible rather than complete. A typical RHESSI TGFs contains ~ 25
counts per TGF, which is significantly fewer than a typical BATSE TGF. This is due to
a smaller effective detection area in RHESSI, but also due to the trigger algorithm on
BATSE, which were biased to more intense events.

Grefenstette et al. [2009] also presented the results from an alternative TGF search
algorithm. The number of events and quality of this search were not discussed, but it
clearly showed that there are more TGFs than presented in the catalog. Motivated by
these findings Gjesteland et al. [2012] developed a new search algorithm which was
applied to the raw RHESSI data for 2004-2006. This algorithm more than doubled
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the number of identified TGFs for this period. A full description and the result of this
search algorithm can be found in paper IV of this thesis.

Figure 3.4 shows examples of RHESSI TGF lightcurves. Figure 3.4 a) and d) are
RHESSI TGFs presented in the RHESSI catalog [Grefenstette et al., 2009] and figure
3.4 b), ¢) ,e) and f) are new TGFs identified by the new search algorithm [Gjesteland
et al., 2012]. Multiple pulse TGFs such as shown in figure 3.4 d) and e) are rare in the
RHESSI catalog compared to BATSE. This is most likely the result of BATSE trigger
algorithms which were biased to detecting longer long events.
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Figure 3.4: Lightcurve of RHESSI TGFs. a) and d) are RHESSI TGFs presented in the
RHESSI catalog [Grefenstette et al., 2009]. b), c) ,e) and f) are new TGFs identified by a
new search algorithm presented by Gjesteland et al. [2012]

The first spectral analysis of RHESSI TGFs was done by Dwyer and Smith [2005].
They used a superposed spectrum of RHESSI TGF which were compared to Monte
Carlo simulations. Their conclusion is that the superposed RHESSI spectrum is con-
sistent with a source range of 15 — 21 km, which is lower than previously assumed.
These results were later confirmed by Carlson et al. [2007]. These new results with a
production altitude below ~ 20 km points towards the cloud tops and not red sprites
as the source for TGFs. Cummer et al. [2005] linked the RHESSI measurements to
intra cloud (IC) lightning (See section 3.5), and Williams et al. [2006] used the proper-
ties of gamma attenuation as well as the polarity properties of lightning to support this
production altitude.

Hazelton et al. [2009] identified thunderstorms near the RHESSI sub-satellite point
at the time TGFs were observed. By superposing the spectrum of TGFs which had
a thunderstorm within 300 km of the sub-satellite point (close events) and compare it
with the superposed spectrum of TGFs without thunderstorms within 300 km (distant
events), Hazelton et al. [2009] found that the spectrum of the distant events are softer.
This is in agreement with the simulation results from @stgaard et al. [2008] as well
as BATSE measurements which were softer at increasing observation angle [@stgaard
et al., 2008]. In order to determine the spatial distribution of TGF emission Hazelton
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et al. [2009] compared the superposed spectra (close and distant) to Monte Carlo simu-
lations. They concluded that either an emission within a narrow cone at 21 km altitude
or an emission within a wide cone at 15 km altitude could best represent their measure-
ments. Paper Il Gjesteland et al. [2011] have addressed the same question by using
RHESSI TGFs which are exactly geolocated. Gjesteland et al. [2011] found the same
softening for distant TGFs and therefore conclude that the photons in a TGF are emit-
ted within a cone with half angle of ~ 30° —40°. This is in agreement with emission
within the narrow cone as described by Hazelton et al. [2009].

Figure 3.5 shows the location of RHESSI TGFs from 2004-2006 divided into sea-
sons. The red circles are from Gjesteland et al. [2012] and the green dots are TGF
presented in the catalog TGFs. The grey scale is lightning activity measured by the
Lightning Imaging Sensor (LIS) and Optical Transient Detector (OTD), which are op-
tical instruments that measures lightning flashes from space [Christian, 2003]. The
dashed lines are the limits of the RHESSI orbit. There are no TGFs in most of South
America since RHESSI does not provide data for this region (SAMA). The distribu-
tion of TGFs follows the seasonal variation in lightning activity. For example during
the northern hemisphere winter only one TGF occurs over the Caribbean while the vast
majority of TGFs in the Caribbean occur during the northern hemisphere summer and
fall.

The relation between RHESSI TGFs and lightning is also studied by Splitt et al.
[2010]. They used data from WWLLN to identify storms related to RHESSI TGFs. The
analysis shows that the TGFs are both spatially and temporally correlated with tropical
thunderstorm systems. By comparing the RHESSI TGFs to the average tropopause
pressure Smith et al. [2010] found that RHESSI TGFs tend to occur in times and places
when the tropopause is high. Lightning have the same behaviour, but since the TGFs
measured by RHESSI are shifted to even higher tropopause altitude it indicates that
RHESSI is only detecting the TGFs that are produced at high altitude. There may
be more events that are produced at lower altitude, but they are, due to atmospheric
attenuation, too weak to be detected from space.

3.2.1 RHESSI dead-time

Grefenstette et al. [2008] found that both BATSE and RHESSI saturates from losses
due to dead-time when they measure the high fluxes of photons in TGFs. RHESSI is a
semi paralyzable detector and work as follows. If the time between two counts is less
than 0.84 us they are combined into one count (pile-up). If the time is greater than
0.84 us and less than 5.6 us both counts are removed by the veto system. If the time
is between 5.6 us and 9.6 us the first count is recorded while the second is removed
[Grefenstette et al., 2009].

In order to determine the true TGF intensities distribution @stgaard et al. [2012] im-
plemented the RHESSI dead-time effects in a Monte Carlo simulation. An example is
shown in Figure 3.6. This is a TGF observed on November 26, 2004. The paralyzation
curve is obtained by increasing the number of photons into a Monte Carlo simulation of
the RHESSI response. The photons are distributed as a Gaussian within the estimated
duration of the TGF, which for the TGF in figure 3.6 was 0.290 ms. As the number of
incoming photons increase the measured count rate starts to deviate from the one-to-
one relation. Simulation of a specific number of incoming photons was repeated 100
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Figure 3.5: RHESSI TGFs for the years 2004, 2005 and 2006. The red circles are the TGFs
found with the new search algorithm and green dots are the TGFs from the RHESSI TGF
catalog. There are no TGFs in most of South America since RHESSI does not provide data for
this region (SAMA). The grey scale indicates lightning activity measured by LIS/OTD. The
dashed lines are the limits of the RHESSI 38° inclination orbit.
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Figure 3.6: Monte Carlo simulation of the dead time losses of TGF November 26, 2004. The
TGF duration is 0.290 ms. The vertical line is the number of measured counts by RHESSI.
The tilted line shows the relation between measured and true counts without losses.

times to estimate the errors. The TGF in figure 3.6 contained 31 counts. By calculat-
ing where this line (31 counts) crosses the paralyzation curve this TGF is estimated to
contain between 38 and 50 counts in the detectors, of which only 31 are recorded by
the read-out electronics.

Ostgaard et al. [2012] found that, due to the semi paralyzable behaviour, RHESSI
is never totally paralyzed and it is very unlikely for RHESSI to measure a single pulse
TGF as a double pulse TGF as Gjesteland et al. [2010] suggest BATSE did. Also,
RHESSI does not have an energy dependency on the dead-time losses such as BATSE.
It 1s therefore likely to assume that the dead-time losses in RHESSI do not influence
the spectral analysis. This is also strengthened by the spectral analysis from BATSE
and RHESSI that both suggest that TGFs are produced below ~ 20 km altitude.

3.3 Fermi Gamma Ray Space Telescope

Fermi Gamma Ray Space Telescope (figure 3.7) was launched June 11, 2008 into a low
earth orbit (~ 560 km altitude) with an inclination of 25.6° and it’s primary objective
1s to study GRB [Briggs et al., 2010]. It consists of two instruments; the Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). So far only GBM have
been used to identify TGFs. GBM has 12 Nal scintillator detectors with energy range
~ 8keV to 1 MeV and two Bismuth Germanate (BGO) scientillator with energy range
~ 200 keV to ~ 40 MeV [Briggs et al., 2010]. Like BATSE, Fermi GBM has an on-
board trigger algorithm. It triggers when the count rate is significant above background.
The time scale and energy range can be modified in the flight software.

Fermi has an on board link to GPS to achieve very precise timing [Connaughton
et al., 2010]. The relative data time resolution is 2 us. By a temporal analysis of the
Fermi TGFs Fishman et al. [2011] found that the durations of the TGFs could be as
short as ~ 0.05 ms with rise times down to ~ 10 us. If one assume the speed of light
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Figure 3.7: Illustration of Fermi Gamma Ray Space Telescope . Image credit: NASA.

this constrains the source region to ~ 2 km [Briggs et al., 2010].

Fermi is still operating and recently the Fermi team has started to download all data
from the regions where most TGFs are produced. By doing a ground search 234 TGFs
were identified in 591.8 houers of data [Briggs, 2011]. This is ten times more TGFs
than found in the trigger mode. This TGF count rate are used in paper V to estimate
the true TGF fluence distribution as seen from space.

3.4 Astrorivelatore Gamma a Immagini Leggero (AGILE)

AGILE was launched April 23, 2007 into a low Earth orbit (~ 550 km altitude) with
an inclination of 2.5° Marisaldi et al. [2010a]. It is sensitive to photons in the range
0.35-100 MeV. The Mini-Calorimeter (MCAL) instrument has an average detection
rate of 10 TGFs/month [Fuschino et al., 2011]. The first results showed TGFs with
energies up to 40 MeV [Marisaldi et al., 2010a], and later results indicate that TGFs
can have energies up to 100 MeV [Tavani et al., 2011]. The spectrum from the events
with very high photon counts do not have the exponential fall off at higher energies,
which the modelling results from RREA predicts. Instead the spectrum seems to have
a broken power law shape. with dn/de ~ €790 for 1 MeV < & < 7.1£0.5 MeV
and dn/de ~ €270 above [Tavani et al., 2011].

The AGILE MCAL has located 8 TGFs with gamma-ray photons of energies above
20 MeV with an accuracy of ~ 5° —10°. All these events occurred within 600 km of
the AGILE sub-satellite point [Marisaldi et al., 2010b].

The small inclination orbit of AGILE results in high exposure time in the tropical
region where the lightning density is the highest. Fuschino et al. [2011] found geo-
graphical differences in the TGF to lightning correlation which suggests that there are
geographical and climatological modulation in the processes of TGF production. If one
assumes that the TGF/lightning flash ratio holds at all latitudes Fuschino et al. [2011]
estimate a global rate of 220 - 570 TGFs per day.

3.5 Sferics measurements

When TGFs were discovered they were found to occur in association with thunder-
storms [Fishman et al., 1994]. Lightning produce strong radio atmospheric (sferics) in
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the Extremely Low Frequency (ELF < 3 kHz) and Very low Frequency (VLEF, 3 —30
kHz) frequency range [Rakov and Uman, 2003, p.443]. ELF and VLF radio waves
propagates well in the Earth-ionosphere wave guide with only a few dB attenuation per
Mm and can therefore be detected far away from the lightning [Cohen et al., 2010b].
Triangulation of sferics from several stations can be used to estimate the lightning loca-
tion. It is assumed that the TGFs originate at the same location as the sferics [Cummer
et al., 2005; Cohen et al., 2010b; Collier et al., 2011; Gjesteland et al., 2011].

In paper II of this thesis data from the World Wide Lightning Location Network
(WWLLN) and the Atmospheric Weather Electromagnetic System for Observation,
Modelling, and Education (AWESOME) network are used to calculate the distance
between RHESSI sub-satellite point and the location of the source lightning. This
distribution was then compared to Monte Carlo simulation of TGFs to constrain the
initial angular distribution of the TGF emission [Gjesteland et al., 2011].

In paper IV of this thesis [Gjesteland et al., 2012] the matches between WWLLN
and TGFs is also used to verify the new search algorithm on the RHESSI data.
WWLLN is an expanding network which consisted of 38 stations in 2009 [Abarca
et al., 2010] and currently of more than 50 broadband receivers all over the world
[http://www.wwlln.net]. It uses Time of Group Arrival (TOGA) algorithm to trian-
gulate the source position of the emitted sferic. The quality of the network is improving
due to adding more stations and improving the algorithm. In 2008-2009 WWLLN de-
tected ~ 10% of cloud to ground (CG) lightning with currents stronger than 35 kA
[Abarca et al., 2010]. WWLLN has temporal and spatial accuracies of ~ 30 us and 10
km [Rodger et al., 2005].

Connaughton et al. [2010] searched for correlation between TGFs detected by
Fermi GBM and sferics measured by WWLLN and found 15 good matches of 50 avail-
able TGFs. In 13 of these TGFs the lightning were simultaneous to ~ 40 us of the peak
of the the TGF. Collier et al. [2011] search for correlation between RHESSI TGFs and
WWLLN and found 93 matches of 972 available TGFs. In the 93 matches Collier et al.
[2011] found that the TGFs were preceding the associated lightning events with a mean
of 0.77 ms. This suggest that the TGFs are produced in the initial stage of the lightning
discharge. However, one also needs to consider that the timing of the RHESSI clock,
which may not be constant, and an uncertainty of 2 ms should be included [Grefen-
stette et al., 2009]. However, the results from Collier et al. [2011] indicate a systematic,
rather than a random timing uncertainty.

Figure 3.8 shows the distance between the source lightning and the RHESSI sub-
satellite point for the 93 TGFs which were found by Collier et al. [2011]. Most of the
TGFs were observed closer than 400 km from the sub-satellite point but there are some
events located as far as ~ 800 km away.

An interesting result from Collier et al. [2011] is that the matched TGFs were from
the weaker end of the TGF intensity distribution. This result were further strengthen by
a comparable match percentage in the new RHESSI TGFs found by Gjesteland et al.
[2012], which contains TGFs weaker than in the RHESSI TGF catalog.

AWESOME uses wire-loop antennas which are sensitive to the orthogonal magnetic
field and it is operating in the VLF range [Cohen et al., 2010a]. It uses a similar tech-
nique as WWLLN to determine the source of the spheric but it also include magnetic
direction finding. AWESOME have nine sites [Cohen et al., 2010b] and is only sensi-
tive to lightning from the Americas and West Pacific. A full description of AWESOME
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Figure 3.8: Distribution of distances between RHESSIsub-satellite point and the source light-
ning from WWLLN. The figure contains 93 TGFs presented in Collier et al. [2011].

can be found in Cohen et al. [2010a].

In the study by Cohen et al. [2010b] 36 RHESSI TGFs were geolocated, 16 of
these were geolocated with measurements from 3 or more stations and they have and
uncertanty in the geolocation of ~ 30 km [Cohen et al., 2010b]. The two-stations cases
have larger uncertainties and were not used in Paper Il [Gjesteland et al., 2011].

The first study indicating that there is a connection between sferics and TGFs was
done by Inan et al. [1996] who found that two BATSE TGFs occurred in association
with lightning activity. For one of the TGF their detector observed a sferic within 1.5
ms of the TGF. Cohen et al. [2006] found six additional BATSE TGFs showing a clear
relation between sferics and TGFs. By studying 116 RHESSI TGFs Inan et al. [2006]
found that 24% did not have associated sferics. However, several of these TGFs were
later rejected as false events, and in a later study Cohen et al. [2010b] found that only
9 out of 158 TGFs are not associated with sferics. The remaining nine TGFs could
be statistical anomalies or they could be associated with lightning which emits sferics
below the detection threshold.

Meanwhile Cummer et al. [2005] compared RHESSI TGFs to sferics and found
thirteen TGFs occurring within —3/+ 1 ms of a lighting discharge. All these lightning
were of positive polarity. They calculated mean charge moment change to the lightning
strokes associated with the TGFs to be 49 Ckm. Six of eight available RHESSI TGFs
were linked to positive IC lightning by the Los Alamos Sferic Array (LASA) stations
by Stanley et al. [2006] clearly showing that IC lighting is related to TGFs. A similar
study of nine additional RHESSI events and LASA measurements also found that IC
lightning and TGFs are closley related [Shao et al., 2010].

In a study using the North Alabama Lightning Mapping Array (LMA) Lu et al.
[2010] found a RHESSI TGF which were produced in association with an upward
propagating leader. This TGF was followed by a slow pulse in the Ultra Low Fre-
quency (ULF, < 0.1 —400 Hz) range. The same slow pulse (~ 2 — 6 ms) were found
in 54 of 56 RHESSI TGFs for which the magnetic broad band data (< 0.1 Hz —30
kHz) were analysed [Lu et al., 2011]. More recently Cummer et al. [2011] presented
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two cases where a shorter, (~ 50 us) but still slow, pulse in the broadband magnetic
data that have a strong temporal connection with the gamma-ray count rate from Fermi
GBM. Both the magnetic field data and the Fermi GBM data have very precise timing.
It therefore indicates that the slow pulse and the TGF are simultaneously. However,
Cummer et al. [2011] did not conclude whether or not the slow pulse is driven by light-
ning processes or by the RREA itself. However, Dwyer [2012] suggests that this slow
pulse is emitted by the TGF producing electron avalanche as predicted by the relativis-
tic feedback discharge (RFD) model of TGF. The RFD model is further discussed in
section 4.4.3.
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Chapter 4

Terrestrial gamma ray flashes

TGFs are a short flash of gamma radiation produced by thunderstorms. Based on av-
erage RHESSI TGF fluence the number of bremsstrahlung producing relativistic elec-
trons at the production altitude must be on the order of > 10'® — 10'® depending on
the production altitude [Dwyer and Smith, 2005]. The energy of the electrons must be
larger than the highest photon energy measured in TGFs, which is several tens of MeV
[Smith et al., 2005; Marisaldi et al., 2010a]. This chapter will give a short introduction
to how runaway electrons can be accelerated to relativistic energies and how a runaway
avalanche can form. This chapter will also give an introduction to thunderstorms prop-
erties and discuss the theories that are suggested to explain TGF production. In section
4.5 a discussion of how these theories relates to the observations are presented, and
section 4.6 gives a short introduction to electrons beams which are made by TGFs.

41 Runaway electrons

TGFs are assumed to be bremsstrahlung from relativistic electrons. To accelerate elec-
trons to such high energies in the Earth atmosphere implies a runaway process. In a
sufficiently large electric field energetic electrons will gain energy at a higher rate than
they lose energy due to ionizing and radiation. As a results the energy of the electrons
will increase and the electron becomes a runaway electron. As already known by the
time C.T.R Wilson did his experiments, an electron with energy, €, which collide with
an electron or atom can be described as a Coulomb collision. The scattering from such
collisions have a cross section, o, given by ¢ o< 1/ €2. The friction force, Fp, on the
electron is given by Fp o< £0p, where p is the density. If one apply an electrical field,
E > Fp(€)/q, where g is the charge of the electron, the electrons will gain more en-
ergy than they loose due to collisions. This is the concept of runaway electrons which
Wilson [1924] used to predict X and gamma radiation from thunder clouds.

Figure 4.1 shows the rate of energy loss of an energetic electron in a standard tem-
perature and pressure (STP) atmosphere as a function of electron energy. This energy
loss 1s the effective friction force, Fp on the electrons. The acceleration force on an
electron due to an electric field is given by F, = gE, where E is the electrical field
strength and ¢ is the electron charge. For electrons with energy ~ 1 MeV there is a
minimum in the friction force and the break even electrical field E; ~ 2 kV/cm, which
1s when Fp = F,. As seen in figure 4.1 the break even field is far less than the conven-
tional breakdown threshold in air (£; ~ 32 kV/cm) and also lower than the threshold for
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Figure 4.1: The friction force on electrons in air in a STP atmosphere. The figure is from Moss
et al. [2006].

negative (E., ~ 12.5 kV/cm) and positive (E.. ~ 4.4 kV/cm) streamers to propagate.
If the electric field is larger than E,. ~ 260 kV/cm thermal electrons will be accelerated
over the peak in the friction force, which occur at electron energies ~ 200 eV, and into
the runaway regime. This process is called cold runaway acceleration and is further
discussed in section 4.4.4

It 1s worth to mention that runaway electrons have an upper energy limit. As the
electrons energy increase the cross section for radiation increase and hence the friction
fore increase. For example if the electrical field is 4.4 kV/cm the highest energy one
can accelerate runaway electrons to is ~ 100 MeV (Se figure 4.1).

4.2 Relativistic runaway electron avalanche (RREA)

In strong electric fields an avalanche of runaway electrons can be formed. If the elec-
tric field accelerates an electron to such energies that it remains in the runaway regime
after hard elastic scattering with atomic electrons, it is a runaway electron. If now
the bounded electron gets knocked off and gain an energy such that both the runaway
electron and the knock off electron are in the runaway regime after collision one gets
avalanche formation. Motivated by the idea from Wilson [1924] and the measurements
from Mccarthy and Parks [1985], Gurevich et al. [1992] studied these processes the-
oretical and found that relativistic runaway electron avalanche (RREA) can occur in
thunderstorms. The threshold for a RREA to develop is ~ 3kV/cm in STP air [Dwyer,
2012], which 1s appropriately ten times less field strength than needed for conventional
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breakdown in air and 100 times less than cold runaway threshold. The RREA thresh-
old scales with the densities which, in the atmosphere, decreases almost exponentially
with an scale hight of ~ 7 km.

To initiate RREA one need seeds electrons which are in the runaway regime. In a
thundercloud such electrons are constantly produced as secondary particles from cos-
mic rays [Gurevich et al., 1992].

The avalanche growth factor, which is the number of particles one seed electron pro-
duce through the avalanche region, is highly dependent on the electrical field strength.
According to [Dwyer, 2007, eq. 15] one can approximate the growth factor, N,,, by

Ld
N, = exp ( /0 f) @.1)

where A is the avalanche length and L is the length of the avalanche region. For the
Earth’s atmosphere [Coleman and Dwyer, 2006, eq. 2] have estimated A to

7300 4+ 60kV
= 4.2
E —276+4kV/m “4.2)
solving 4.1 yields
E —276kV/m
= L 4.
Nre = exp < 73006V ) *3)

In table 4.2 Ngg and L are calculated for various electric field strength, E and total avail-
able potential, U = EL. The numbers are presented are for STP air at sea level. At an
altitude z the electric field scales with n(z) /ng and the length scales with ng/n(z), where
ng is the density at sea level and n(z) is the density at altitude z. The electrical fields
in table 4.2 are chosen such that the electric field is larger than the RREA threshold,
E, = 3 x 10° V/m for STP air, and lower than the conventional breakdown threshold,
Ex = 3.2 x 10° V/m for STP air. The numbers in table 4.2 shows that for total avail-
able potentials < 100 MV the maximum growth factor Ngz < 106, while for electric
fields close to the conventional breakdown threshold and total potential of 400 MV the
growth factor can be > 10?!. However, there are no measurements that supports that
one can have such large electric fields and potentials inside thunder clouds. Most mea-
surements of the voltage in a thundercloud concludes that the maximum potential in a
thunder cloud is in the order of ~ 100 MV [Marshall and Stolzenburg, 2001], however
one can not exclude that higher potential exists. More discussion about thunder cloud
electric fields and potential are presented in section 4.3.

If we assume that the maximum potential in a thundercloud is ~ 100 MV one sees
that the maximum growth factor in RREA is Ngg < 10°. This is far from the required
10'6 — 10'8 electrons which is needed to produce a TGF detectable in space. Therefore
a model that explains TGFs must either relay on seed particles or an additional growth
such as feedback first suggested by Dwyer [2003].

As discussed in the section above, to produce a TGF one either needs very strong
electric field and high potential or additional seeding to gain the high fluence. Section
4.3 will present typical conditions in thunderstorms, and then section 4.4 will discuss
the proposed theories for TGF production.
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Table 4.1: The maximal growth rate, Ngg, and avalanches length, L, for STP air for various
electric fields and total potentials. At an altitude z the E-field scales with n(z) /ng and the length
scales with ng/n(z), where ny is the density at sea level and n(z) is the density at altitude z.

Total potential
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4.3 Thunderstorms

Thunderstorms are complicated and the picture presented in this section is simplified
to only include typically properties of thunderstorms. For more details I refer to the
books by Rakov and Uman [2003] and MacGorman and Rust [1998].

Two hundred and fifty years ago Benjamin Franklin found that thunderclouds are
electrically charged, and nearly 100 years ago C.T.R Wilson used ground based mea-
surements to suggest that thunderclouds have a dipole structure with typically positive
charge above the negative [MacGorman and Rust, 1998, p. 49]. This type of dipole
is refereed to as a positive dipole. More recent in-situ measurements of thunderclouds
shows that a simple description of a thundercloud can be a positive dipole with a small
positive charge region below the main negative [Rakov and Uman, 2003, p. 68]. This
structure is refereed to as the tripole structure as shown in figure 4.2. The altitudes and
charge magnitudes are typically values and are adapted from [Rakov and Uman, 2003,
p.69].
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Figure 4.2: The tripole structure of a thundercloud. The altitudes and the magnitudes of the
main charge regions are adapted from [Rakov and Uman, 2003, p.69]
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As the thundercloud charges, via up-draft air, and form the tripole structure, an am-
bient electric field is build up between the charge regions. Several sounding balloon
study have tried to measure the strength of the electrical fields inside thunderclouds.
Typical values are higher than the RREA threshold but ~ 2 — 3 times lower than the
threshold for conventional breakdown [Williams, 2006]. These observations have lead
to the suggestion that RREA processes are involved in the initiation of lightning [Gure-
vich and Zybin, 2005; Dwyer, 2005], but one cannot reject the hypothesis that local
electric field can be much higher and initiates the lightning. As soon as an leader is
initiated, the electric field strength needed for leaders to propagate is lower than the
conventional breakdown threshold as shown in figure 4.1.

The potential between the main positive and negative charge region is estimated
to be ~ 50 — 500 MV [Rakov and Uman, 2003, p.111]. However, the highest in-situ
measurement of the thundercloud potential is ~ 100 MV [Marshall and Stolzenburg,
2001]. Even if there is theoretical suggestion for higher potential in thunderclouds it is
likely to assume that ~ 100 MV is a typically maximum potential. With potential above
50 MV the electric field can accelerate electrons up to 50 MeV, which is consistent with
the highest photon energies measured in TGFs.

4.3.1 Lightning flash

The lightning flash is the entire process including leader formation, the stage where the
leader connects two charge regions, either inside the clouds or from cloud to ground,
and finally the discharge of the electrical fields via high currents flowing in the leader
channels. A globally estimate of the lightning flashes are 44 + 5 flashes per second
[Christian, 2003]. They are most frequent in tropical regions over the continents. Fig-
ure 4.3 shows a map of the annual lightning flash rate from LIS/ODT. LIS and OTD
are optical satellite born instruments which record the optical emissions from the light-
ning flashes. LIS/OTD cannot distinguish between IC or CG flashes. More information
about LIS/OTD can be found in Christian [2003].

About 90% of the lightning flashes are intra cloud (IC) lightning between the main
charge regions as seen in figure 4.2, and the remaining 10% are cloud to ground (CG)
lightning [Rakov and Uman, 2003, p.108]. When CG lightning strikes the ground they
produce a high current, called the return stroke. IC lightning do not strike any high
conducting regions and therefore contain weaker current pulses [Rakov and Uman,
2003, p.341]. Due to the high current in the return stroke (high peak current) CG
lighting emits more VLF radiation such that VLF networks are biased to locate CG
lightning.

4.4 Production mechanisms for TGFs

As discussed above a thundercloud has the potential sufficient to produce photons with
energies of several tens of MeV. In addition to the ambient field between the main
charge regions, there are other electric fields which are candidates for TGF production.
The following sections will discuss the production mechanisms of TGFs.
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Figure 4.3: The annual lightning flash rate from LIS/ODT. The data are adapted from http:
//thunder .nsstc.nasa.gov/data/.

4.4.1 Quasi electro-static fields

A lightning discharge, either IC or CG, will discharge the electric field on a time scale
much shorter than the relaxation time of the screening charges which surrounds the
main charge regions. As a result a Quasi electro-static (QS) field will be present above
the thunder cloud [Pasko et al., 1995; Lehtinen et al., 1996]. Figure 4.4 shows a simple
model of the QS field after an IC lightning with the parameters in figure 4.2. The
model assumes that the positive charges (40 C) is distributed uniformly inside a sphere
with radius 1 km with located at 12 km altitude. The negative charge region (-40 C)
is located at 7 km in a similar sphere. The lower positive region, as shown in figure
4.2, 1s ignored. An IC lightning stroke between the charge layers is modelled as a
fast current which neutralize the charge regions. As a result the screening charges
around the charge regions will make an quasi electro static field. The relaxation time
for the screening charges are in order of seconds at 12 km altitude and longer at lower
altitudes [Rycroft, 2000]. If we assume that the lightning discharge is much shorter than
the relaxation time a quasi electrostatic field above the initial positive charge region is
given by

) < 1 1 )
E = — , 2> h+R 4.4

Areg \(z—h)?  (2—hw)? ' 44
where, Q is the charges of the main charge regions, & = 8.85- 10~!2 F/m (the electric
constant), h;, = 12 km, h,, = 7 km and R = 1 km, which is the radius of the charge
sphere. Inside the sphere, with radius R, of positive charge (12 — 13 km) the electric
field is given by

Q — ht 1
= — , 2€ (hy,hy +R|. 4.5
iney \ B aohyp) € kTR (4.5)
The first terms in equation 4.4 and 4.5 are from the main positive charge region and the
last terms are the contribution from the main negative charge region.

Equation 4.4 and 4.5 are plotted in figure 4.4. The dashed line in figure 4.4 is the
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electric field threshold for RREA, E;, and the dotted line is the threshold for conven-
tional breakdown, E}.

E, =3.0x10°[V/m] x exp{—z/H} (4.6)
Ep =3.2x 10°[V /m] x exp{—z/H} 4.7

where H is the atmospheric scale hight of 7 km.

This simple model of an IC lightning shows that one may exceed the conventional
threshold at ~ 90 km altitude and the RREA threshold at ~ 70 km. But it also shows
that the RREA threshold is exceeded very close to or inside the thundercloud. For the
case shown in figure 4.4 the total potential when E > E; in the region 12-15 kmis ~ 118
MV.
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Figure 4.4: A simplified model of the electric field, E, after an intra cloud lightning is shown

in solid. The threshold for RREA, E; ,is dashed and the threshold for conventional breakdown,
Ey, is dotted.

Lehtinen et al. [1997] simulated runaway avalanches in QS fields and found that
they could produce TGFs at heights of 60-70 km. Their simulations result were com-
parable to those measured by BATSE if the lightning brought > 250 C from cloud to
ground. In a later study Lehtinen et al. [1999] found that if the geomagnetic field was
included in the simulations the QS field could only produce TGFs below ~ 40 km al-
titude. At altitudes > 40 km the electrons gyro frequency around magnetic field lines
are larger than the collision frequency such that one cannot accelerate the electrons in
the electric field direction and gain the required energy for runaway avalanches. To
produce the photon fluxes measured at satellite altitudes the theoretical models for QS
needed extremely high charge moment change (~ 2500 Ckm) from the lightning mak-
ing the QS field [Lehtinen et al., 2001]. This indicates that TGFs produced by QS fields
should be a rare phenomena, which was consistent with the low BATSE detection rate
(78 TGFs in eight years), but not with the more recent observation by RHESSI, Fermi
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and AGILE. Also, the mean charge moment change found in lightning associated with
TGFs by the Cummer et al. [2005] is 49 Ckm which is far less than the (~ 2500 Ckm)
needed in the QS model. Gurevich et al. [2004] suggested that QS fields inside a thun-
dercloud at < 20 km altitude could produce TGFs. But due to atmospheric attenuation
this theory also needs very large charge moment to make enough initial photons in a
TGFs that are detectable at satellite altitude. However, Gurevich et al. [2004] did not
include feedback effects in this estimate. How feedback would change their results are
not studied.

4.4.2 TGF produced by an electromagnetic pulse

The TGF observations by RHESSI reported 10-20 TGFs per month [Smith et al., 2005].
The increased number of observed TGFs could not be explained by the QS-field model
and therefore Inan and Lehtinen [2005] suggested that TGFs could be produced in the
electrical fields from an electromagnetic pulse (EMP) emitted by the lightning return
stroke. However, their model implies very high peak currents with peak currents (>
450 — 700 kA) and fast return strokes (99-99.5% the speed of light). Such lightnings
are rare and they concluded that EMP fields could produce ~ 6 — 8 TGFs per day which
is less than the estimate of ~ 50 TGFs per day by Smith et al. [2005] and far less than
more recent estimates like 220-250 TGFs per day [Fuschino et al., 2011] and > 50.000
TGFs per day [@stgaard et al., 2012].

4.43 The relativistic feedback discharge model

The relativistic feedback discharge model of (RFD) terrestrial gamma ray flashes is
developed by Dwyer in numerous papers [Dwyer, 2003, 2007, 2012]. As shown in
table 4.2 the avalanche growth factor in electric field varying from ~ 2.5 — 10 times
E; provides fewer electrons than the 10'6 — 10'® required in an average RHESSI TGF.
Only if the total potential is in the order of ~ 400 MV and the electrical field is close to
the conventional breakdown threshold (Ej) the needed number of electrons by RREA
can be obtained. As discussed in section 4.2 such fields are not likely to occur in
thunderstorms.

The feedback idea was presented in Dwyer [2003] where he modelled RREA involv-
ing positive feedback effects from positrons and photons. In this model the runaway
electrons produce X- and gamma-rays that may be backscattered via Compton scat-
tering. The downward propagating photons may then create secondary avalanches via
Compton scattering and photoelectric absorption. Alternatively, the gamma-photons in
a RREA may produce positrons via pair production. Such positrons may turn around
and propagate in the opposite direction of the electric field. As a result one would get
runaway positrons which create secondary avalanches. Via this positive feedback ef-
fects the runaway discharge may become self sustaining leading to a dramatic increase
in the number of produced relativistic electrons. Figure 4.5 shows a Monte Carlo simu-
lations from Dwyer [2007] where runaway electrons trajectories are black and positrons
are blue. The top panel contain particles at time ¢ < 0.5 us ,the middle at ¢ < 2 ys and
bottom at < 10 us. The figure shows how rapidly the RFD model increases the num-
ber of runaway electrons and leads to a breakdown of the electric field.
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Figure 4.5: RFD in a 750 kV/m electric field at STP air. Black trajectory are runaway electrons
and blue are positrons traveling back and creating new avalanches. Top panel is for time
t < 0.5 us,middle r <2 us and bottom ¢ < 10 us. The figure is from Dwyer [2007].
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The feedback factor, yp, is defined as the number of runaway electrons in an
avalanched divided by the number of runaway electrons in the previous avalanche. If
Yp = 1 the avalanche will be self-sustaining. If yp > 1 the number of runaway electrons
will grow with time, and discharge the electric field.

In order for RFD to be efficient in the production of TGF high potential is needed
[Carlson et al., 2009]. The potential used in RFD are typically 200-400 MV, but Dwyer
[2012] have found that RFD can generate a TGF in potential as low as 50 MV if the
average electric field is near the conventional breakdown field. This would correspond
to an electric field of ~ 3 x 10° V/m over a region of < 20 m in STP air and ~ 1 x 10°
over < 60 m at 8 km altitude.

The RFD model of TGFs suggests that the runaway electrons in a TGF produce
large currents. Dwyer [2012] estimated this current to be comparable to or larger than
the currents produced in IC lightnings and consequently emits sferic of VLF-frequency.
Dwyer [2012] further suggests that ground based lightning detection network such
as WWLLN misidentifies the sferic from TGFs as lightning discharges. This could
explain the close connection which has been found between TGF and sferics [Con-
naughton et al., 2010; Cohen et al., 2010b; Collier et al., 2011]. Also, a new type of
sferic related to TGFs are recently discovered. Cummer et al. [2011] found a strong
temporal connection between the Fermi gamma-ray count rate and a slower process
sferics data. This slow process could be the signature expected from the TGF produc-
ing electron avalanche [Dwyer, 2012].

4.4.4 Cold relativistic runaway electron avalanches

Cold RREA suggest that thermal electrons are accelerated over the peak of the friction
force, which is shown in figure 4.1. This means that the electric field locally has to be
above ~ 280 kV/cm. A significant work by Moss et al. [2006] show that it is possible
for electrons to become runaway in the strong fields around streamer and leader tips.
They’re simulations show that the electric field in the streamer tip may be ~ 10E,
which is the field needed to push the thermal electrons over the peak in the friction force
and into the runaway regime. Production of thermal runaway electrons in streamers
and leaders are also found in other theoretical studies e.g Chanrion and Neubert [2008,
2010].

In a leader step Moss et al. [2006] estimate the runaway electron production rate
to 10'8 s=! which is ~ 10! for a 1 us leader step. In a survey of relevant lightning
physics Carlson et al. [2009] suggests that TGFs are produced in a current pulse. In
this mechanism a current pulse would create cold runaway electrons that are seeded in
the strong electric field close to the leader tip or leader channel and undergo RREA.
Due to the high number of seed electrons ~ 10! only *small’ (~ 10* — 10°) avalanche
multiplication is needed to make a TGF observable in space.

Further investigations of cold runaway is done by Celestin and Pasko [2011]. They
have found that it is possible to gain ~ 10'7 energetic electrons in a corona streamer
flash from a negative leader such that no further avalanche multiplication is needed.
The duration of a corona flash is short (~ 10 us). Therefore Celestin and Pasko [2012]
suggest that Compton dispersion of photons, as described in @stgaard et al. [2008], will
make the event ~ 50 us when observed at satellite altitudes. A TGF duration of 50 us
is consistent with the new results from Fermi [Fishman et al., 2011]. The longer events,
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such as the estimate from Gjesteland et al. [2010] which found that the BATSE TGF
was ~ 250 us at origin, are explained by Celestin and Pasko [2012] as overlapping
emissions from individual leader steps. In each leader step a TGF is emitted, and if
the time between the leader steps is small the dispersion by Compton scattering would
combine the individual events into one TGF at satellite altitude.

4.5 Summary of TGF production theories

When TGFs were first discovered they’re origin were placed at > 40 km altitude [Ne-
miroff et al., 1997] and they were though to be related to read sprites. Also, because
the high attenuation of gamma in the atmosphere Nemiroff et al. [1997] argued that al-
titudes above 40 km are the most likely source for TGFs. As a consequence Wilson’s
original idea about the QS field above thunderclouds was suggested to produced TGFs.
However, due to the influence of the geomagnetic field, it was shown that the QS-model
could not produce TGFs above ~ 40 km altitude [Gurevich et al., 2004; Lehtinen et al.,
1999]. The idea that TGFs were produced in a QS field below 40 km altitude was re-
jected since the model needed extremely high charge moment changes to make a TGF
detectable in space [Lehtinen et al., 2001]. The idea that TGFs were produced in the
electric field from an EMP can explain TGF produced at altitudes > 40 km, but this
idea also require strong lightning discharges and it can only account for some of the
TGF observations [Inan and Lehtinen, 2005].

The spectral analysis of TGFs [Dwyer, 2005; Carlson et al., 2007; Ostgaard et al.,
2008; Gjesteland et al., 2010] all suggest that TGFs are produced below ~ 20 km
altitude. These results are also an argument against the QS model at high altitude and
the EMP model.

As shown in section 4.2 the avalanche multiplication factor are too low to produce
TGFs. It is therefore suggested that cosmic ray secondary particles could act as seed
particles to increase this number to the required 10'6 — 10! electrons. The number of
relativistic seed particles from cosmic rays are typically ~ 10° per TGF [Carlson et al.,
2008]. However, this number may increase significantly if a very high energy cosmic
ray deposit its energy at the right place at the right time. But such cosmic rays are too
rear to account for the number of TGFs detected so far [Carlson et al., 2008]. Dwyer
[2008] Also concludes that an external sources of seed particles, such as cosmic rays,
are insufficient to account for TGF fluxes.

Today there the most compelling theories are that TGFs are either produced via cold
RREA or by the RFD model of TGF. The RFD model assumes that the TGFs are emit-
ted as the lightning leaders develops between the main charge regions of the thunder
cloud [Dwyer, 2012]. This implies that the TGF should occur before the lightning. If
very accurate VLF data are available it may be possible to test whether TGFs do occur
before the lightning. However, Dwyer [2012] suggests that the RREA itself produce a
sferic which is observable in VLF radio and that VLF detectors will misinterpreter this
pulse emitted by RREA as the lightning. Dwyer [2012] suggests that the slow radio
pulse measured by Cummer et al. [2011] is evidence for the latter.

RFD can also explain the multi pulse TGFs, which is common in the BATSE mea-
surements, but not in RHESSI. The main problem with RFD is the required potential
needed to make feedback important. Dwyer [2012] shows that typically values are 200-
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400 MV which is less than the measured values in thunderstorms (~ 100 MV [Marshall
and Stolzenburg, 2001]). It is, however, still not known what the maximum potential in
thunderstorms is [Dwyer, 2012].

In the new search of the RHESSI data Gjesteland et al. [2012] found more than
twice as many TGFs as previously reported. @stgaard et al. [2012] studied the rela-
tive detection rates between RHESSI and Fermi and argue that one cannot reject the
hypothesis that all lightning produce TGFs. These studies indicates that TGFs are a
common phenomenon and therefore may be produced in thunderstorms with lower po-
tentials than needed in the RFD model. More studies of potentials in thunder clouds
are needed to address this question.

In the RFD model Dwyer [2012] assumes that the TGFs are produced in the ambient
field between the main charge regions of the thundercloud. As shown in section 4.4.1,
with the simplified model of a QS-field, it is also possible for RFD to be efficient
in the QS field of a modest IC lightning. When Lehtinen et al. [2001] rejected the
QS model at < 40 km altitude, they did not include feedback effects. Whether or not
their conclusions would change if they included feedback effects should be investigated
further. If RFD occur in a QS field one would expect the TGFs to be emitted towards
the end of, or after the lightning discharge.

Experiments have found X-rays in laboratory sparks. Both Rahman et al. [2008]
and Nguyen et al. [2008] have used a 1 MV Marx generator to produce ~ 1 m long
sparks in STP air. Both studies reports of X-ray emission together with the spark. It
is also found that lightning leader steps emits gamma-rays. Moore et al. [2001] found
burst of gamma radiation before three negative lightning strokes. They suggest that
the gamma emission were associated with the leader step. With a collimated gamma-
detector Dwyer et al. [2011] measured gamma photons emitted from the tip of the
lightning leader as it propagates down towards the ground. These observations, together
with the results from laboratory sparks are manifestations that cold runaway electrons
are produced in leaders and streamers. The question is whether or not cold runaway
acceleration are effective enough to make the amount of photons and the high photon
energies that is measured in a TGFE.

The width of the initial photon emission in a TGF is suggested to be 30° — 40°
[Gjesteland et al., 2011]. This is also consistent with the results from Carlson et al.
[2007] and Hazelton et al. [2009]. Such emission implies that the electric field is ver-
tical or nearly vertical (< 20° from vertical) orientated electric field. Both RFD and
the simulation from Celestin and Pasko [2012], where TGF are suggested to be pro-
duced in the electrical field from leaders, implies comparable spatially broadening of
the gamma emissions.

One can not reject the hypothesis that both RFD and cold runaway accelerations are
involved in the production of TGFs. In the RFD model it is assumed that the TGFs oc-
curs while the lightning leaders develops. It would be interesting to investigate how the
RFD model is modified when cold runaway seeding are included, and whether seed-
ing from streamers and leaders are more important than the increase in the avalanche
growth factor due to feedback.

4.6 Terrestrial Electron Beams
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Lehtinen et al. [2000, 2001] found that the runaway electrons that produces TGF, and
the knock off electrons from Compton scattering, could escape the atmosphere. Such
electrons will be bounded to the geomagnetic field and escape the Earth’s atmosphere
as a beam. Figure 4.6 shows a possible TGF electron beam first found by Smith et al.
[2006]. This event occurred event on January 17, 2004 when RHESSI was over the
Sahara dessert, which is not a place where one expects to find lightning activity. They
suggest that this was an electron beam coming from the conjugate hemisphere. As
shown in figure 4.6 the lightcurve shows two pulses. The first pulse is the direct electron
beam coming from the conjugate hemisphere while the second pulse is electrons which
have mirrored due to the increase in magnetic field strength and moves upwards again.
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Figure 4.6: The lightcurve of the electron beam on Januar 17 2004. The map shows the
RHESSI sub-satellite point a the time of the detection.

Similar events are also found in BATSE. Dwyer [2008] suggests that six of the
36 BATSE TGFs they analysed were electron beams. Briggs et al. [2011] identified
electron beams measured by Fermi GBM. Spectral analysis from these electron beams
shows strong 511 keV positron annihilation lines, which indicates that a significant
portion (estimated to 11 %) of the particles that escape the atmosphere are positrons
created by pair production. The electron beams measured by Fermi GBM were also
connected to specific lightning strokes, which were from the most intense part of the
distribution (peak current) of their thunderstorms [Cohen et al., 2010c].

Carlson et al. [2011] have simulated electrons beams produced by TGFs and es-
timated the ratio of detected TGFs per electron beam for satellite borne instruments.
This ratio was measured to 5 (30 TGF and 6 electron beams) for BATSE [Dwyer et al.,
2008] and 13 (77 TGFs and 6 electron beams) for Fermi [Briggs et al., 2011]. This
large fraction of electron beams are most likely biased due to the long trigger windows
in BATSE and Fermi. If the ratio is 10 then it implies that the effective observation ra-
dius for TGF observation by satellite instrument are < 100 km [Carlson et al., 2011,
Figure 5], which is not consistent with the geolocation of TGFs, which find TGFs out
to ~ 800 km from the sub satellite point [Cohen et al., 2010b; Collier et al., 2011]. In
comparing there have, so far, only been identified one electron beam in the RHESSI
data [Smith et al., 2006] (Figure 4.6).
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Chapter 5

Summary of papers

5.1 Paper I: Production altitude and time delays of the terrestrial
gamma flashes: Revisiting the Burst and Transient Source Ex-
periment spectra

The motivation for this paper was, for the first time, to do spectral analysis of individ-
ual TGFs. Previously spectral analysis of TGFs had only used superposed spectrum
[Dwyer and Smith, 2005; Carlson et al., 2007], and the effect of mixing spectra ob-
served at different angles were not known. At this time it was also an open question
whether TGFs were produced at high altitude, as the BATSE data indicated [Fishman
et al., 1994; Nemiroff et al., 1997], or at lower altitudes as the more recent RHESSI
data indicated [Dwyer and Smith, 2005; Cummer et al., 2005; Carlson et al., 2007].

A Monte Carlo simulation, which accounted for photoelectric absorption, Compton
scattering, pair production and bremsstrahlung from Compton electrons, were devel-
oped. The Monte Carlo simulation were tested against the GEANT simulation tool
with good agreement. The simulation inputs were different production altitudes and
initial distributions of photons spatial and spectral.

Only based on the simulations several features of TGFs were discovered. The en-
ergy spectrum has a low energy cut off which moves to lower energies as the production
altitude increases. Also the energy spectra of TGFs at large angles has a softer energy
spectrum which is a result of Compton scattering. The time dispersion between high
and low energy photons as described by Feng et al. [2002] are also found in the simu-
lations if the production altitude are below ~ 20 km. This is also explained as an effect
of Compton scattering. The high energy photons have a more straight way through the
atmosphere than the lower energy photons. Lower energy photons that escape the atmo-
sphere were originally of higher energies, but reduced in energy as they were Compton
scattered on their way from the production altitude to the satellite.

By comparing the simulation results to the BATSE measurements the production
altitude were determined to be below 20 km. However, a significant portion of the
TGFs were found to be produced at higher altitudes e.g. 30 —40 km. These TGFs were
single pulse with high fluxes.

It is also found a softening in the BATSE spectra for increasing observation angles.
This is also interpreted as an effect of Compton scattering. Assuming a narrow emission
of the photons in a TGF, only scattered photons, which are reduced in energy, are
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detected at large angles.

5.2 Paper Il: Effects of dead-time losses on terrestrial gamma ray
flash measurements with the Burst and Transient Source Experi-
ment

Shortly after the analysis of the BATSE data by @stgaard et al. [2008] is was shown
that BATSE suffered from dead-time saturation [Grefenstette et al., 2008]. By com-
paring the peak fluxes in BATSE and RHESSI Grefenstette et al. [2008] found that
BATSE TGFs could have ~ 4 times higher peak fluxes than measured. These findings
questioned all results based on the BATSE measurements. Since BATSE operates in
a trigger mode, with long trigger window (64 ms) compared to the duration of TGFs,
BATSE was biased to multi pulse TGFs. The single pulse TGFs needed very high fluxes
to be triggered. Therefore, in order to quantify the effect of the dead-time saturation,
five single pulse BATSE TGFs were re-analysed.

Based on pre-flight measurements and documentation Grefenstette et al. [2008]
showed that BATSE were a paralyzable detector with energy dependent dead-time. In
Paper II the properties of the BATSE read-out electronics were implemented in a Monte
Carlo model.This Monte Carlo model was used to determine the effects of dead-time
in BATSE.

The main result is that the energy spectrum becomes softer for increased losses due
to dead-time. In a TGF the high energy photons arrive before the low energy photos
due to the Compton dispersion as described in @stgaard et al. [2008]. Since the high
energy photons arrive earlier, at the time when the flux in the TGFs are the highest,
mostly high energy photons are lost due to dead-time. The later arriving Compton tail
are not as influenced by the dead-time losses.

When the dead-time corrected simulated spectrum are compared to BATSE mea-
surements it results in a lower estimated production altitude. All the single pluse TGFs
with high fluxes are now determined to be produced < 20 km altitude.

Since BATSE was a paralysable detecor it is also found that a double pulse TGF
measured by BATSE were in fact a single pulse. But since the dead-time losses in-
creases dramatically for high fluxes this TGF may be measured as a double pulse. If
this is the case, this TGF is in fact 6 times brighter than measured.

By only investigating the highest energy channel of BATSE (>300 keV) an estimate
of the TGF production time were made. These 5 single pulse TGF are estimated to
last between 200 — 555 us, which is less than the previously assumed ~ 1 ms duration
and consistent with later detailed analyses of Fermi TGFs [Fishman et al., 2011; Briggs
et al., 2010].

5.3 Paper lll: Confining the Angular Distribution of Terrestrial Gamma-
ray Flash Emission

The basic idea in this study is that the initial angular distribution of the TGF emission
will reflect the electric fields that produces TGFs.



5.4 Paper IV: A new method reveals more TGFs in the RHESSI data 37

The 106 TGFs, which were geolocated by AWESOME [Cohen et al., 2010b] and
WWLLN [Collier et al., 2011], were available for this study. To compare these mea-
surements to simulations two approaches were used. First the the distribution of ob-
servation angles, which is the angle between RHESSI nadir and a straight line to the
source lightning, which is assumed to be the location where the TGFs are produced, are
compared to a simulation of the expected observation angle distribution. In the simu-
lations assumptions were made about the TGFs energy spectrum, production altitude,
spatially distribution and intensity distribution. The energy spectrum were assumed to
be a RREA spectrum (dn/de o< 1/€). The production altitude were from 15-20 km
and the spatially distribution were assumed to be isotropical within a cone with half
angle ranging from 10° — 60°. The initial number of photons in each TGF were as-
sumed to be distributed according to a power law, which is shown to be feasible [Col-
lier et al., 2011], with the spectral index ranging from 1.5 to 3. With these assumptions
the Monte Carlo simulations from @stgaard et al. [2012] were used to simulate the
photons through the atmosphere. At satellite altitude all TGFs which have a fluence
larger than the detection threshold where included in the simulated observation angle
distribution. This distribution is a competition between the area, which is increasing at
increasing observation angle, and the TGF fluence, which is decreasing at increasing
observation angle.

The simulated observation angle distribution were compared to the observed dis-
tribution with a Kolmogorov-Smirnov two-sample test and it shows that simulations
where the photons were emitted within a cone with half angle > 30° can represent the
measurements.

The dataset contained 10 TGFs which were observed at large angles (> 40°). The
spectrum from these TGFs were superposed and compared to simulated spectra. The
superposed RHESSI spectrum of TGF measured at large angles is significantly softer
than the superposed RHESSI spectrum from smaller angles. This is also found in sim-
ulations were the emission cone had a half angle < 40°.

With the results from the observation angle distribution and the results from the
spectral analysis of TGFs measured at large angles Gjesteland et al. [2011] confine the
TGF emission to a cone with half angle of 30° —40°.

If one assumed that the TGF intensities are distributed as a power law the simula-
tions found that the spectral index of the intensity distribution is confined within 1.9
and 2.5.

5.4 Paper IV: A new method reveals more TGFs in the RHESSI data

I has been suggested in the TGF community that the instruments so far has only de-
tected the tip of the iceberg. Meaning that if one increases the sensitivity of ones in-
strument the number of detected TGFs would increase significantly. For example the
increase from the 78 TGFs found in BATSE to the ~ 1000 found by RHESSI is due
to a better sensitivity in RHESSI since RHESSI do not work in a trigger mode. Also
Fermi GBM increased the number of identified TGFs when the sensitivity threshold
was reduced [Briggs, 2011].

In the RHESSI catalog paper Grefenstette et al. [2009] present results from an ad-
ditional search algorithm applied on the RHESSI data. The algorithm is not described
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and neither is the quality and number of new events quantified. But it clearly indicates
that there are more TGFs in the RHESSI data than presented in the RHESSI catalog.
This was the motivation to develop a new search algorithm and apply it on the raw
RHESSI data. The new search algorithm were based on Poison statistic with search
windows 0.3 ms, 1 ms and 3 ms. Also the possible events had to pass five selection
criteria which were based on properties of TGFs from the RHESSI catalog and other
measurements.

In the RHESSI data from 2004, 2005 and 2006 the new algorithm identified 1012
TGFs. This is more than twice as many as in the RHESSI catalog, which presented
474 for the same period. The new TGFs follows the same seasonal and geographical
variation as previously identified TGFs, and they also follow the seasonal pattern of
lightning activity.

The new RHESSI TGFs have also been matched with WWLLN sferics by the
method as presented in Collier et al. [2011]. Of the 1012 new TGFs 91 were matched
with WWLLN events. This is comparable with the results presented in Collier et al.
[2011].

5.5 PaperV: The true fluence distribution of terrestrial gamma flashes
at satellite altitude

Since Gjesteland et al. [2012] found more than twice as many TGFs by relaxing the
search algorithm, this study’s motivation was to determine how big the ’iceberg’ of
TGFs actually is. It is important to know how common TGFs are in order to put con-
strains on the production mechanism.

If one assume that the fluence distribution of TGFs follows a power law as sug-
gested by Collier et al. [2011], one expects that RHESSI and Fermi GBM are mesuring
TGFs from the same distribution. However, the two instruments have different orbits,
effective area and sensitivity threshold. If these differences are corrected for one can
compare the daily TGF detection rate to obtain the true fluence distribution. By this
method Ostgaard et al. [2012] show that the TGF fluence distribution follows a power
law with spectral index 2.3 £0.2 at satellite altitudes.

It is known that RHESSI suffers from losses due to dead-time [Grefenstette et al.,
2008] (se section 3.6). The losses due to dead-time are most significant for the events
with highest fluxes. As a consequence the weak TGF are hardly influenced by dead-
time losses, while the stronger ones are. If one fits a power law curve to the measured
fluence distribution of RHESSI, one get a spectral index of 3.5, which is larger than
the 2.3 mentioned above. Therefore a simulation to calculate the losses due to dead-
time were applied on the RHESSI measurements. This method clearly shows that the
TGFs with highest fluence suffer more from dead-time losses than the TGFs with lower
fluence. A power law fit to the dead-time corrected RHESSI fluence distribution is
found to have a spectral index between 2.3 and 3.0. The dead-time corrected RHESSI
fluence distribution also shows indications of a roll off with a spectral index of 1.7 for
the lower part of the distribution.

The fluence distribution at the source are found to be different than the measured
fluence distribution at satellite altitude. If one uses the method from Carlson et al.
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[2012] one find that the spectral index for the distribution at the production altitude is
shifted to lower spectral indexes. E.g. if the true fluence distribution in space have a
spectral index 2.3 + 0.2, which the results in @stgaard et al. [2012] indicates, than the
fluence distribution at the production altitude have a spectral index 2.0 £0.2.

If one assume a sharp cut-off at 5/600 of the RHESSI sensitivity threshold and that
the true TGF fluence distribution of TGFs follows a power law with spectral index 2.0
the estimated number of TGFs within +38° latitude are 50.000 TGFs/day, which is
~ 2% of all IC lightning. If one assumes a roll off with spectral index 1.7 at satellite
altitudes which corresponds to 1.3 at the source one cannot reject the hypothesis that all
lightning produces TGF. Both the scenarios above are consistent with the results from
ADELE, which only detected one TGF even if the detector was within 10 km of 1213
lightning flashes [Smith et al., 2011].

The results are also consistent with Gjesteland et al. [2012] who identified more
than twice as many TGFs by reducing the lower detection threshold from ~ 17 counts
per TGE, as used by Grefenstette et al. [2009], to ~ 12 counts per TGFs, which are the
weakest TGFs found in the new search by Gjesteland et al. [2012].

This paper also shows that the dead-time losses in an average RHESSI TGF is ~
25%.
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Production altitude and time delays of the terrestrial gamma
flashes: Revisiting the Burst and Transient Source Experiment
spectra
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[1] On the basis of the RHESSI results it has been suggested that terrestrial gamma
flashes (TGFs) are produced at very low altitudes. On the other hand some of the Burst
and Transient Source Experiment (BATSE) spectra show unabsorbed fluxes of X rays in
the 25—50 keV energy range, indicating a higher production altitude. To investigate
this, we have developed a Monte Carlo code for X-ray propagation through the
atmosphere. The most important features seen in the modeled spectra are (1) a low-energy
cutoff which moves to lower energies as TGFs are produced at higher altitudes, (2) a
high-energy cutoff which moves to lower energies as TGFs are observed at larger zenith
angles, and (3) time delays are observed for TGFs produced at <20 km (and some at
30 km) altitude when observed at larger zenith angle than the half-angle defining the initial
isotropic X-ray beam. This is a pure Compton effect. The model results and an
optimization procedure are used to estimate production altitudes of the BATSE TGFs. The
main findings are (1) half or more of the BATSE TGFs are produced at low altitudes,
<20 km, (2) a significant portion of the BATSE TGFs are produced at higher altitudes,
30 km to 40 km, (3) for the TGFs produced at <20 km (and some at 30 km) altitudes
the dispersion signatures can be explained as a pure Compton effect, and (4) the
softening of the BATSE spectra for increasing zenith angles and the time dispersions both

indicate that the initial TGF distribution is beamed.

Citation: @stgaard, N., T. Gjesteland, J. Stadsnes, P. H. Connell, and B. Carlson (2008), Production altitude and time delays of the
terrestrial gamma flashes: Revisiting the Burst and Transient Source Experiment spectra, J. Geophys. Res., 113, A02307,

doi:10.1029/2007JA012618.

1. Introduction

[2] Following the discovery of the terrestrial gamma
flashes (TGF) [Fishman et al., 1994] by the Burst and
Transient Source Experiment (BATSE) on the Compton
Gamma Ray Observatory (CGRO), there has been a debate
about their production mechanism. Despite many unre-
solved questions there seems to be a consensus that these
very short lived flashes (~1 ms) of photon energies up to
20 MeV [Smith et al., 2005] are in fact bremsstrahlung
produced by a beam of relativistic runaway electrons (RRE)
produced above large thunderstorm systems. The contro-
versy, however, is whether the electrons are accelerated by
the quasi-static electric field (QES) following large positive
cloud-to-ground lightening strokes [e.g., Gurevich and
Zybin, 2001] or other mechanisms like the electromagnetic
impulses (EMP) suggested by Inan and Lehtinen [2005].

"Department of Physics and Technology, University of Bergen, Bergen,
Norway.

?Institute of Mechanical Science, University of Valencia, Valencia,
Spain.

3Electric Engineering, STAR Laboratory, Stanford University, Stanford,
California, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JA012618

When TGFs were first discovered, the QES theory was
considered as the most likely production mechanism
[Fishman et al., 1994]. However, the shape of measured
spectra did not give a consistent picture for such an
interpretation. While the QES mechanism is thought to be
most important closer to cloud top at 10—20 km, many of
the spectra did not show the expected absorption signatures
at low photon energies. Consequently, many BATSE spectra
indicate a higher production altitude. This argument was
repeated by Nemiroff et al. [1997] who performed a more
detailed analysis of the spectral and temporal behavior of
the BATSE measurements. They based their conclusion on
the statement that the atmosphere is not very transparent for
X-rays produced below 40 km. This mismatch of altitudes
resulting from QES theory and observations were further
modeled by Lehtinen et al. [1997, 1999, 2001] who found
that QES mechanism could only be efficient up to 20 km at
most. These findings motivated the EMP theory [/nan and
Lehtinen, 2005] which allows for a production altitude of
50 km to 60 km. On the other hand the model results
presented by Roussel-Dupré and Gurevich [1996] indicate
that the electric field above thundercloud after an intracloud
strike can exceed the threshold electric field for runaway
process at two altitudes, one just above the thundercloud
and the other at 40—60 km. New observational evidence of
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the TGFs have been provided by the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI). Owing to a
more effective trigger algorithm, RHESSI has been able to
observe 10—-20 TGF per month, while BATSE reported
about 70 over a 9-year period. On the other hand, BATSE
measured typically 100 counts/TGF [Nemiroff et al., 1997)]
due to larger detector area and provided spectral information
about the individual TGF while the typical RHESSI event
only have 20—30 counts/TGF. Thus in order to study the
spectral shape of the RHESSI observations, all observed
TGFs were superposed and, based on a Monte Carlo
simulation, Dwyer and Smith [2005] found that the super-
posed spectrum was indicative of a production altitude of
15 km to 21 km. However, to obtain this result, they had to
make assumptions about the spatial distribution of TGFs
within the field of view of RHESSI, that is, the distribution
of entering angles, which depends on production altitude,
X-ray propagation, and instrument sensitivity. Discussing
the missing attenuation signatures at low energies in many
of the BATSE spectra, they also considered the possibility
that there might be two types of TGFs, a low-altitude TGF
and a high-altitude TGF. If the latter is true, the superpo-
sition of all the RHESSI spectra will mix the two types of
spectra. A similar approach, that is, adding all RHESSI
spectra and averaging over all BATSE entering angles, was
used by Carlson et al. [2007], who found the most likely
production altitude to be 15 km to 20 km and that the X-ray
beam most likely was initially isotropic within a half-angle
of 45° in contrast to the highly beamed initial X-ray
distribution suggested by Cummer et al. [2005] and Stanley
et al. [2006].

[3] To avoid the mixing of two possible types of TGFs
and take advantage of the higher sensitivity as well as
directional information from the BATSE measurements,
we have revisited the BATSE spectra and performed a
careful Monte Carlo (MC) simulation of the available
individual spectra and their dispersion signatures. It will
be shown that the information about entering angles is
important and can help us understand the temporal behavior
of TGF. Furthermore, information about entering angles has
implications for the spectral shape and consequently the
inferred production altitude. This study is also motivated by
the upcoming experiment, Atmosphere-Space Interaction
Monitor (ASIM), that will carry an X-ray detector to the
International Space Station to monitor the low-energy part
of the TGFs. Our study does not model the production of
TGF by the relativistic electrons, but examine how a given
X-ray energy spectrum with a power law >1 produced at
some altitude or distribution of altitudes propagate through
the atmosphere and what the output spectrum will be
observed at different escaping angles at the top of the
atmosphere. All effects that affect the propagation are taken
into account, that is, absorption, Compton scattering and
energy degradation, pair production, and new X rays
produced by positrons and electrons.

2. BATSE Spectra and Time Profile
2.1. BATSE Measurements

[4] The BATSE spectra from the Large Area Detector are
sampled in four bins with energy bins 24—-60 keV, 60—
110 keV, 110-320 keV, and 320-22,206 keV. Although the
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energy resolution of the BATSE spectra is not very good,
this instrument was sensitive to X rays down to about
25 keV. As the absorption effects on X rays at low energies
is assumed to be a strong indicator of production altitude,
these measurements are the only ones, to date, where the
expected fall-off at low energies can be used for altitude
production estimates. Whereas Nemiroff et al. [1997] ana-
lyzed 13 spectra, we have found 21 spectra from the BATSE
data base that had statistics good enough for the analysis
presented in this paper. Furthermore, based on difference in
counting rates in the eight various Large Area Detector of
BATSE combined with the respond matrix for the instru-
ment, the entering angle of the TGFs can be estimated. Our
procedure will be described in section 4.

[s] Two BATSE spectra are shown in Figures la and 1b
to illustrate the two types of spectra. The spectrum for
trigger 2465 has a distinct fall-off at lower energies,
indicating a production altitude deep in the atmosphere,
whereas the spectrum for trigger 2144 does not resemble
any signature of low energy absorption, even when the
statistical error (vertical lines) are considered. One would
assume that these two TGFs are produced at very different
altitudes. This will be discussed later.

[6] Another significant result reported by Nemiroff et al.
[1997] is the dispersion signatures which were present in
most of the TGFs. In Figures lc and 1d one can see the
dispersion signatures for the same two trigger events.
Dispersion signatures are seen for TGFs both with and
without the low-energy cutoff. Figure 2 shows the distribu-
tion of time delays for the first three energy bins relative to
the highest energy bin in 200 ps time bins for all the TGFs.
While eight TGFs are in the £100 us bin, 15 TGFs show a
distinct dispersion signature of 100—300 us, with an aver-
age of 240 us. Nemiroff et al. [1997] reported time delays
between 100 ps and 200 us based on their 13 events.

3. Monte Carlo Simulations

[7] To model the BATSE spectra and dispersion signa-
tures, we have developed a MC code for X-ray propagation
through the atmosphere. The code takes into account
photoelectric absorption, Compton scattering and energy
degradation, pair production and, the most important con-
tribution of new X-rays produced by pair-produced posi-
trons and electrons. A detailed description of the code is
given in Appendix A, and here we just give a brief overview
of input, output and main features of the MC code. In our
MC runs we initiate 1 or 5 million photons with six different
power law distributions with an upper cutoff energy at
18 MeV produced at seven different discrete altitudes or
distributed altitudes. Five million photons are only used for
the lowest production altitudes, 10 km, 15 km, and 20 km,
in order to obtain sufficient statistics of photons escaping
the atmosphere. We let the power laws vary from 1 to 1.5, as
the hardest spectrum that can be produced in the brems-
strahlung process is a power of 1. However, as will be seen
the spectrum measured at the top of the atmosphere can be
much harder than 1/E. In addition we run the code for two
different initial angular distribution, one that is beamed
vertically along z-axis and one isotropic within 20° solid
angle. We sample the photons at the top of the atmosphere
in seven different 10°-intervals of escaping angles, that is,
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Figure 1. Two terrestrial gamma flashes (TGFs) measured by Burst and Transient Source Experiment

(BATSE), showing (a and b) the spectra for trigger numbers 2144 and 2465 and (c and d) dispersion

signatures for trigger number 2144 and 2465.

a=0°-9°10°-19°,20°-29°,30°-39°, 40°-49°, 50°-59°
and 60°—69°, that is, these are solid angle intervals. As
explained in Appendix A2, this gives four libraries of a total
of 1176 different spectra escaping the atmosphere. For each
photon we keep track of energy, altitude, azimuth, zenith,
radius from origin in xy-plane and the accumulated path
length.

3.1. Comparison With GEANT

[8] The MC code is optimized to run fast and is much
simpler (and faster) than the more complex GEANT code
[Agostinelli et al., 2003]. GEANT is a powerful Monte
Carlo high-energy physics simulator used extensively in

particle physics for detector design, radiation dosimetry, and
predictive modeling. However, to verify our code, we have
compared our results with GEANT for three different
production altitudes. Both the GEANT runs and our MC
runs are initiated with 1 million photons distributed as £~
with cutoff at 10 keV and 10 MeV starting at three different
discrete altitudes as a beam with o = 1°.

[s] Besides showing almost identical profiles, the com-
parison shows that the total numbers of photons escaping
the atmosphere only vary +3%, —2%, and +1% (MC versus
GEANT). Although the differences are negligible, they can
be explained by the exponential fit we use for the density
profile, which misses the real density increase around 50 km,
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Figure 2. All 21 TGFs with peaking time in different energy bins relative to the high energy bin.

3 of 14



58

Scientific results

A02307
10000 i i i
C GEANT: 27896 ]
1000 ¢ MC; 28770 E
100 3
10 . . |
10000 E i i i
GEANT: 568007 ]
w 1000¢ 555387 A
§ E ]
5 [
10¢ E
1L . . .
10000 i i i
GEANT: 785075
1000 ¢ 795732 7
10
11 . . .

10 100 1000

keV

10000

Figure 3. Comparison of the Monte Carlo code with the
GEANT code for three different production altitudes, (a)
15 km, (b) 30 km, and (c) 40 km.

which was used for the GEANT run. We should emphasize
at this point that we only model the X-ray propagation and
not the original production of bremsstrahlung by runaway
electrons. Thus only the new bremsstrahlung produced by
pair-produced electrons are added to the X-ray distribution.
Consequently, there is no electric field in either models
accelerating the electrons produced by the pair production
process.
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3.2. Beamed Distributions From MC

[10] In Figure 4 we present the results for initial distri-
butions of photons beamed at az = 0° produced at discrete
altitudes (Figure 4, first, second, and third columns) com-
pared with a distributed production altitude profile (Figure 4,
fourth and fifth columns). The distributed production alti-
tude profiles are shown in Figure A3 in Appendix A. The
initial spectral distribution is £~ '. The photons are sampled
at seven different escaping angle intervals (solid angle
intervals due to the cylindric symmetry) at the top of the
atmosphere.

[11] First, we want to focus on the spectra in the third and
fourth columns. The spectrum in black is what we would
see if we could sample all the photons escaping the
atmosphere. The other lines are the spectra from escaping
angles 0°-9° (light blue), 10°~19° (green), 20°-29° (light
green), 30°—39° (orange), 40°—49° (red), 50°—59° (brown),
and 60°—69° (blue).

[12] The following features in the spectra should be
noticed.

[13] 1. Spectra from all production altitudes have a high-
energy cutoff at decreasing energy for increasing escaping
angle. This is due to the fact that the high-energy photons
that escape the atmosphere have not interacted with the air,
while lower-energy photons will experience multiple Comp-
ton scattering decreasing their energy and changing their
direction. Thus the highest X-ray energies will only be
measured if the initial X rays are beamed directly toward the
detector. This is true for both the discrete altitude and the
distributed altitude. Given that TGFs are initially beamed
and randomly distributed in the field of view of any detector
on a satellite it is more likely to observe TGFs at 40°
escaping angle than at 0°. This implies that a distinct high-
energy cutoff should be observed if one had the energy
resolution or at least as a softening of the spectrum. This
will be discussed later when we compare with the BATSE
measurements.

[14] 2. For all escaping angles except 0°—9° the low-
energy cutoff due to absorption gets steeper as the produc-
tion occurs deeper in the atmosphere. The spectra from
60 km have a very broad energy peak compared to produc-
tion at 15 km and 20 km.

[15] 3. The low-energy cutoff does not seem to depend
very much on the assumption of a discrete altitude or a
distributed altitude profile. This is somewhat surprising
because in the distributed case some photons propagate
through less air than in the discrete case and would be less
affected by absorption. The similarities in shape indicate
that the differences in absorption are insignificant as long as
the peak production dominates.

[16] 4. If the TGFs are produced at very low discrete
altitudes, for example, at 10 km or 15 km, there will be a

Figure 4. Distribution of photons beamed at o = 0°, with a £~ spectral distribution starting from four different altitudes
(a) 15 km, (b) 20 km, (c) 40 km, and (d) 60 km. The first, second, and third columns show the result when all X rays are
produced at discrete altitudes, while the fourth and fifth columns are the results when the X rays have distributed altitude
profiles. The third and fourth columns show the spectra for different escaping angles (see text) and the first, second, and
fifth columns show the predicted time delays at small escaping angles (first column) and at more likely escaping angles, that
is, 40°—49° (second and fifth columns). The energy bins shown in Figure 4a, first column are used for all the panels in the
first, second, and fifth columns. Y-axis is a linear scale (see Figure 4a, first column) with the number of photons as a scaling

factor for each panel.
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Figure 5. Distribution of photons isotropic within o =
20°, with a E~' spectral distribution starting from four
different altitudes (a) 15 km, (b) 20 km, (c) 40 km, and (d)
60 km. A distributed altitude profiles as in Figure 4, fourth
and fifth columns, is used. The spectra are shown to the left,
and the time profiles escaping at 40°—49° are shown to the
right.

minimum around 0.7—1 MeV, see Figures 4a and 4b, third
column. This minimum is very distinct for small escaping
angles. This minimum, which is at lower energies
(~500 keV) for the <90° curve they used, is what made
Dwyer and Smith [2005] conclude that the RHESSI super-
posed spectra are most likely produced at very low altitudes.
For the distributed altitude profile for 15 km and 20 km

A02307

(Figures 4a and 4b, fourth column) there is not a minimum
but a flattening of the spectra above ~500 keV.

[17] Now we turn to the predicted energy dispersion
signatures. As we keep track of the accumulated path length
before escaping the atmosphere at 100 km, the total time
spent within the atmosphere is given for each photon as

=2 (1)

where c is the speed of light and s is the accumulated path
length. In the first, second, and fifth columns we show the
time profiles for the photons in four different energy bins,
which is the the same binning that was used for the BATSE
measurements [Nemiroff et al., 1997]. Time resolution is
100 ps and zero is the time of the TGF initiation at the
production altitude. The counts have been normalized, but
both the error bars (which are small and can only be seen in
some of the plots) as well as the normalizing factor (i.e., the
number in upper left corner) are indicated.

[18] The following features in the time profiles should be
noticed:

[19] 1. Time delays of 100 us can be seen for TGFs
produced at 20 km and below when observed at the most
likely zenith angles, 40°—49° (Figures 4a and 4b, third and
fourth columns). For TGF produced at 30 km, only some
escaping angles, that is, 30°—-39°, show dispersion for all
initial power indices, beamed and isotropic, while TGF
produced at >40 km show no dispersion. The modeled
dispersion signature is a pure Compton effect. The photons
with low energies escaping the atmosphere are in fact initial
high energy photons that have experienced multiple scat-
tering and energy degradation. The high-energy photons
escaping the atmosphere are the ones that propagated with
only one or two interactions with air. Consequently, the low
energy photons due to the multiple Compton scattering have
a much longer accumulated path length than the high-
energy photons.

[20] 2. If TGFs are observed at the same angle as they are
produced, i.e., the instrument zenith angle and X-ray initial
« angle are the same (for plane atmosphere), the majority of
photons detected have not experienced any interaction with
air, even from 10 km. However, as mentioned above, it is
not very likely to observe TGFs at small escaping angles.

[21] 3. For TGFs produced at high altitudes (>30 km) and
observed at large escaping angles, there are no peak in the
time delay, but a tail can be seen at lower energies.

3.3. Isotropic Cone Distributions From MC

[22] Then we present (Figure 5) the results for photons
with an initial isotropic angular distribution within a cone of
a = 20°. The spectral distribution is again £~' and a
distributed altitude profile is used to make the results
comparable with the two rightmost columns in Figure 4.

[23] Regarding both the spectra and time profiles the
same features as pointed out for the beamed spectra can
be seen. The only difference is that the high-energy cutoff
now only appears for escaping angles larger than 20°. A
detector sampling at angles smaller than the isotropy
angle will see a mixture of directly escaping photons
and photons that have experienced multiple Compton
scattering. However, at sampling angles larger than the
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Figure 6. Spectrograms showing the energy spectra escaping the atmosphere for production altitudes
ranging from 10 km to 60 km. All spectrograms are results from an initial beamed distribution. Left
column is for a discrete altitude and right column is for a distributed altitude. Shown are the spectra
escaping (a, d) at zenith angles between 20° and 29°, (b, €) at 40°—49° zenith angles, and (c, f) at 60°—

69° zenith angles. The intensities are normalized to peak intensities.

isotropy angle the Compton scattered photons will dom-
inate and give rise to a high-energy cutoff. Time profiles
for both 0°-9° and 10°-19° (not shown) are similar to
the profiles in Figure 4, first column, that is, as for
photons escaping vertically out of the atmosphere. How-
ever, as soon as we sample at angles larger than the
isotropic boundary a clear time delay is seen for TGFs
produced <20 km. The explanation is again that we
sample only photons that have experienced Compton
scattering and energy degradation or reproduced by pair
production. For TGFs produced at 30 km and above there
are no time delay for the peaks but a tail can be seen.

3.4. Beamed Distributions From MC: Spectrograms

[24] To further see the spectral differences versus altitude
and escaping angles, we present spectrograms (Figure 6) for
three different escaping angles for discrete altitude (left
column) and distributed altitude (right column). The initial
X-ray distribution was beamed and £~'. We want to point
out the following: (1) The low-energy cutoff moves to lower
energies as the TGFs are produced at higher altitudes. (2)
The high-energy fall-off has a minimum for 10 km and
60 km with a maximum for 20 km. (3) The peak intensity
(white line) are similar for 10 km to 30 km, but falls off for
production altitudes above 30 km. (4) Production altitude of
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Figure 7. TGF trigger 106, showing (a) the first TGF location spectrum (TLS) used for the optimization
(black) and the resulting best fit for the four libraries (red, green, blue, and cyan). The red histogram shows
the best fit from the ““beamed-discrete” library folded through the ERM with Poisson error bars (red vertical

lines). Black squares are the mean input count values for the four BATSE detectors facing the TGF. Also
shown is (b) x~ map giving the most likely production altitude for the “beamed-discrete” library.

15 km and 30 km gives very similar spectra which will be
difficult to distinguish. (5) The similarities between a
discrete altitude and a distributed altitude profile is striking
except for TGFs produced at 10 km. To summarize so far, it
should be possible to use the differences in low-energy and
high-energy cutoffs as well as the peak energy to determine
at what altitude the TGFs are produced.

4. Comparing With the BATSE Spectra and
Time Profiles

[25] Now we describe how the library of all our modeled
TGF spectra will be used to find the most likely production
altitude and initial spectral index for each BATSE spectrum.
The four different libraries of modeled spectra (the beamed-
discrete, the beamed-distributed, the isotropic-cone-discrete,
and the isotropic-cone-distributed) are used separately for
each TGF. The production altitude and initial spectral index
values are estimated by an optimization procedure which
folds the modeled photon spectra through the BATSE Energy
Response Matrix (ERM) to form a x? parameter from actual
BATSE data counts. The parameters of TGF amplitude,
altitude, index, and spatial location are then varied in a
continuum parameter space to find a minimum y? value.

[26] For each BATSE TGF the procedure is carried out in
three steps and the result for TGF trigger 106 is shown in
Figure 7.

[27] 1. An initial coarse location map is created by
scanning an image field of view below BATSE from the
nadir out to the earth horizon (~70°). For each pixel a
simple detector area vector (dot product) with the pixel
direction vector is used to get a rough spectral amplitude
and x? parameter. This is done with just the four of the eight
BATSE detectors which will be facing the pixel TGF flux
direction. The result is a map of regions of detector “quad-
ruples” showing how the x~ fitting parameter varies within
them. This gives a sequence of coarse possible TGF

locations which are then to be used as initial locations for
a second finer search using some plausible spectral model.

[28] 2. For each possible location a first TGF Location
Spectrum (TLS) is used and folded through the BATSE ERM
to form a x> optimization parameter with the BATSE count
data (the black line in the Figure 7a). The TGF location and
TLS parameters are varied to find a new location which is
accurate to within about 5 degrees and close to the best TGF
location estimate to be expected. The detector “quadruple”
with the minimal y? then gives the selection TGF location.

[20] 3. Using this finer location the procedure is then
repeated to match with the MC modeled photon flux data
and its altitude, spectral index, escape angle parameters to
find a new optimal location and parameters. The resulting
best fit for all four libraries are shown in Figure 7a as red,
green, blue, and cyan lines. The beamed-discrete best fit is
also shown as a red histogram after folded through the ERM
with the Poisson uncertainties (red vertical lines). Black
squares are the mean input count values for the four BATSE
detectors facing the TGF.

[30] The results of the optimization for TGF trigger 106
can be seen in the altitude-index map (Figure 7b) showing
the variation in the y? fitting parameter around some
optimum (altitude, index) point. From the first contour at
x> minimum +1.0, robust estimates in altitude and index
can be obtained. Ideally, this contour should be a circle or
ellipse but in some cases it is a long winding valley given a
good estimate in altitude but a large error bar on the spectral
index, perhaps so large that in some cases, the spectral index
is not determinate.

[31] There are two criteria for including the TGFs in the
final analysis. (1) The reduced y? (i.e., the x* divided by the
degree of freedom) should be less than 1.5. (2) There is only
one location, that is, zenith angle, that fulfills this criterion.
Of the 25 BATSE TGFs we started with, a total 21 TGFs
meet both these criteria. In Figure 8 the results of the
optimization procedure described above for the four librar-
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Figure 8. Optimized production altitude and initial power index of the 21 BATSE TGFs for the four

libraries.

ies are shown with error bars for both altitude determination
and initial spectral index.

5. Discussion
5.1. Production Altitude

[32] For all the four libraries the optimized production
altitudes are found between 10 km to 40 km and in Figure 9

the distributions of altitudes are presented. Half or more of
TGFs are produced at 20 km or below, and all libraries
indicate that a significant portion of TGFs are produced at
higher altitudes.

[33] The features that most significantly identify the
altitude is the low-energy cutoff, the high-energy cutoff,
and the bump in the spectrum around 1 MeV. All these
features are highly dependent on what zenith angle the TGF
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Figure 9. Histogram of production altitudes for all TGFs using the four libraries.
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Figure 10. Zenith angles as a function of power spectral
index for BATSE spectra. Using the results for the beamed-
discrete library, the circles are TGFs produced at 10—20 km,
and asterisks are TGFs produced above 20 km.

comes from, emphasizing how important this information
is. Although the energy bins of the BATSE spectra are large
we are able to distinguish the differences for low-energy and
high-energy cutoff. The low-altitude TGFs are consistent
with the results reported by Dwyer and Smith [2005] and
Carlson et al. [2007] as well as observations of sferics
correlated in time with TGFs [Stanley et al., 2006]. Cummer
et al. [2005] also suggested a low-altitude source due to
insufficient charge moment changes to produce large elec-
tric fields at high altitudes for all the TGF they analyzed. On
the other hand our results clearly indicate that a large
portion of TGFs are produced at higher altitudes. The
distributions in Figure 9 may indicate that there is a peak
below 20 km and another from 30 km to 40 km. This would
give some support to the modeling results by Roussel-Dupré
and Gurevich [1996] showing that the electric field above
thundercloud after an intracloud discharge can exceed the
threshold electric field for runaway process at two altitudes,
one just above the thundercloud and the other above 40 km.

5.2. Dispersion Signatures

[34] As shown in Figures 4a and 4b, second and fifth
columns, the modeled X-ray distributions found from our
library will give dispersion signatures of about 100us for all
TGFs produced <20 km (and even at 30 km for some
escaping angles), in good agreement with the BATSE time
delay distribution shown in Figure 2. In these cases the time
delays can be explained as a pure Compton effect as
explained earlier. No additional temporal behavior of the
QES (or EMP) is then needed to explain this feature.

[35] For the two TGFs shown in Figure 1, when using the
beamed-discrete library, we found that the trigger 2144 was
most likely produced at 35 km while trigger 2465 was
produced at 29 km, which is much closer in altitude than we
would expect. Although our modeling result shows clear
dispersion for TGFs produced <20 km, some escaping
angles (i.e, at 30°-39°) also show dispersion from 30 km
(not shown) and the dispersion signatures seen for both
these TGFs can still be a Compton effect.

OSTGAARD ET AL.: TGF PRODUCTION ALTITUDES AND TIME DELAYS
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5.3. Beamed or Isotropic Initial X-Ray Distribution

[36] In section 3 we pointed out that there is a very clear
high-energy cutoff that moves to lower energies as the
TGFs are observed at larger zenith angles. However, this
will only be seen when the zenith angle (of observation) is
larger than the angle defining the initial isotropic X-ray
distribution (for a plane atmosphere). Furthermore, we made
the point that this distinct high-energy cutoff should be
observed if one had the energy resolution. As BATSE does
not have sufficient spectral resolution at high energies we
will look for a softening of the spectrum.

[37] In Figure 10 the zenith angle is shown as function of
power index. This power index is not the power index that
defines the initial X-ray distribution of the TGF as it is
produced in the atmosphere. The power index shown here is
related to the TGF spectrum escaping the atmosphere and
give a measure of softening due to the high-energy cutoff.
There is a clear trend that the TGF spectra observed by
BATSE is softer at larger zenith angle. Following our
argument about high-energy cutoff for TGFs observed at
zenith angles larger than the isotropy angle, this is an
indication that the initial distribution of X-ray is fairly
beamed. Using the altitudes estimates from the beamed-
discrete library, we can also see that TGFs produced deep in
the atmosphere (open circles) have a harder spectrum than
the TGFs produced at higher altitudes (asterisk) in excellent
agreement with the bump at 1 MeV or flattening seen in the
modeled spectra in Figures 4a and 4b, third column.

[38] A second indicator of beamed distribution is the time
dispersion that will not be seen if the angle of observation is
within the isotropic cone angle. As dispersion signature is a
common feature this indicates that the isotropic cone angle
has to be small, probably <30°.

[39] To summarize, both the softening for increasing
zenith (escaping) angles and the commonly observed time
dispersion indicate that the initial X rays are fairly beamed
as suggested by Cummer et al. [2005] and Stanley et al.
[2006] and not isotropic within a half-angle of 45° [Carison
et al., 2007].

[40] Finally, we want to emphasize once again that there
are no electric field in our model. This means that the pair-
produced positrons and electrons are not accelerated, which
may underestimate the refilling of low-energy X rays some-
what. Future modeling efforts will aim at resolving this.

6. Conclusions

[41] By modeling the X-ray propagation through the
atmosphere, taking into account all the important interaction
processes the X-ray photons experience, we have built four
libraries of the expected X-ray distributions at the top of the
atmosphere for different escaping angles.

[42] Important features seen in the modeled spectra can
be summarized:

[43] 1. A low-energy cutoff which moves to lower ener-
gies as TGFs are produced at higher altitudes.

[44] 2. A high-energy cutoff which moves to lower
energies as TGFs are observed at larger zenith angles.

[45] 3. Time delays are observed for TGFs produced at
<20 km (and some at 30 km) altitude when observed at
larger zenith angle than the half-angle defining the initial
isotropic X-ray beam. This is a pure Compton effect.
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[46] Combined with an optimization procedure to deter-
mine the zenith angle from BATSE measurements and the
most likely production altitude and initial power index of
the TGF, we have reached the following conclusions: (1)
Half or more of the BATSE TGFs are produced at low
altitudes, <20 km. (2) A significant portion of the BATSE
TGFs are produced at higher altitudes, 30 km to 40 km. (3)
For the TGFs produced at <20 km (and some at 30 km) the
dispersion signatures can be explained as a pure Compton
effect. (4) The softening of the observed BATSE spectra for
increasing zenith angles indicate that the initial TGF photon
distribution produced at some altitude is highly beamed.

[47] As all four libraries give converging results, we
believe that it is not crucial for these results whether we
assume discrete or distributed altitude as long as the peak
altitude is dominating. Furthermore, as long as the half-
angle of initial isotropic X-ray distribution is kept smaller
than the zenith angle of observation, the beamed and
isotropic (within 20°) distribution give very similar results.

Appendix A: Monte Carlo Code

Al. Basic Elements of the MC Code

[48] As input to the MC code we need the coefficients in
air for absorption (14), Compton scattering () and pair
production (ip). We have used the coefficients given by
Storm and Israel [1967] for different photon energies as
shown in Figure Ala.

[49] In Figure Alb the MSIS-E-90 atmospheric density
profile at 55° geographic latitude is shown for July (dotted)
and January (solid). The dashed line is the exponential fit to
the January profile, requiring that the column density below
100 km is identical for the MSIS January profile and the
exponential fit. The exponential fit helps us solving the path
length analytically (see below) on the expense of not getting
the small increase in density between 50 km and 80 km. The
column densities for the various discrete production alti-
tudes used in this study is given in Table Al.

[s0] As Compton scattering implies both scattering and
energy decrease depending on scattering angle, we need
information about the angular scattering probability. Notic-
ing that incoherent scattering is only important at low X-ray
energies where absorption is dominating anyway, the fol-
lowing expression for Compton scattering probability ver-
sus scattering angle [Storm and Israel, 1967] can be used

do_ o !
(14 o, (1 —cosh))?
a2(1 — cos b))’

1 oy~
X |1 cos JrlJra,,(lfcosg)

(A1)

where 7y is the electron radius, Z is average atomic number

for air (7.35) and o, = ﬁ E is the energy of the photon.
Figure Al. (a) Coefficient for photoelectric absorption

(1), Compton (2), and pair production (3) in Air, (b) MSIS-
E-90 density profiles at 55° latitude for July (dotted) and
January (solid) overlaid an exponential fit (dashed), and (c)
the angular probability for Compton scattering for energies
from 50 keV to 18 MeV. Each profile is normalized to the
total for that specific energy.
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Table Al. Altitude and Atmospheric Column Density
Altitude, km

Column Density, g/cm?

10 270
15 129
20 62
30 14
40 32
50 0.74
60 0.17

The normalized probability distributions for X-ray energies
(E) from 50 keV to 18 MeV are shown in Figure Alc. For
high energy X rays the Compton scattering are strongly
forward scattered (6 = 0 is forward). When the scattering
angle is known the new energy of the X-ray photon is given

by

1

E;ew =
' [+ 51y (1 — cost) ]

(A2)

We have not included bremsstrahlung from Compton
accelerated electrons, see discussion below.

[51] Pair production is treated separately for positrons and
electrons. We assume the positrons will lose their energy
through multiple collisions and eventually annihilate with a
cold electron and produce two photons with energy of
511 keV in arbitrary but opposite directions. Although many
of these photons will be degraded in energy by Compton
scattering the peak at 511 keV in the spectrum escaping the
atmosphere is due to the contribution from X rays produced
by positrons. We have not included bremsstrahlung produc-
tion from the positrons, see discussion below. For pair-
produced electrons we have included the bremsstrahlung
production. The newly produced electrons will have ener-
gies given by

_ Ex —2 x511keV

Eg 2

(A3)
These electrons will produce bremsstrahlung with energies
ranging from 0 keV to Ex. A test run with GEANT starting
with 1 million X-ray photons from a discrete altitude of
15 km beamed inside a cone of 1° zenith angle (similar
setup as shown in Figure 3a) was made with and without

10000 T T .
1000 E
100 E -
10 3

1 . .

10 100 1000 10000
keV

Figure A2. GEANT results from 15 km with (gray) and

without (black) bremsstrahlung from electrons produced by
the pair-production process.
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this bremsstrahlung produced by all electrons (pair-
produced and Compton accelerated) and pair-produced
positrons. The result can be seen in Figure A2.

[52] At the top of the atmosphere the contribution over all
escaping angles is about 7% distributed in energies below
~80 keV. For altitudes above 30 km the contribution is

V4
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Figure A3. (a) Geometry for photon propagation, (b) the

initial energy distribution of photons for A = 1.0, and (c) the
altitude profiles used for distributed production altitude
starting at 15 km, 20 km, 40 km, and 60 km.
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negligible. Although we do not think that this contribution
will alter the results in this paper significantly, we have
included the bremsstrahlung contribution from the pair-
produced electrons in our MC code. The cross section for
bremsstrahlung production for electrons is taken from
Evans [1955] and the angular distribution is for simplicity
assumed to be in the direction of the parent electron.

[53] Although we have not included all the bremsstrah-
lung processes correctly, the validation by comparing our
model with GEANT, which is shown in Figure 3, convinces
us that our simplistic approach to estimate the bremsstrah-
lung contribution is not crucial for the results presented in
this paper.

[54] In our MC simulations we start out with 1 (or 5)
million photons. Each photon holds information about (1)
altitude, z, (2) energy, £, (3) polar angle relative to z-axis, «,
(4) azimuthal angle, 3, (5) distant from origo, r in the xy
plane, and (6) accumulated path length, s. The geometry is
shown in Figure A3a.

[ss] For each photon we calculate the path length before
an interaction takes place based on general MC approach
using the total interaction probability and random numbers.
Using the exponential fit to the atmospheric density, this
path length can be solved analytically by the following
equation

—1 . In(1 — rand)a cos a

st = In|l
acosa Pz

(A4)

where upward is a plus symbol and downward is a minus
symbol, the angle « is defined in Figure A3a. The random
number is rand and pr is given by

Hr = by + fie + pp (A5)
The density, p., at the starting altitude, z; is given by

equation (A6) where a is the coefficient in the exponential
fit to the atmospheric density.

Pz = poe (A6)

These analytic expressions are only valid for a planar
atmosphere, which is used to speed up the code signifi-
cantly. To find path lengths for a spherical atmosphere
requires numerical integration. Our approach will under-
estimate the number of X-rays leaving the atmosphere and
overestimate the accumulated path lengths slightly. As these
effects are only significant for photons with « close to 90°
we do not allow photons to have « angles between 85° and
95°. For angles <85° and >95° these effects are very small.

[s6] The next step is to determine whether the interaction
is absorption, Compton scattering or pair production by
using their relative probabilities. For absorption the photon
is lost. For Compton scattering, the angular probability
function and energy formula (equation (A2)) gives us the
new direction and energy. The new r and s are also
calculated. For pair production the bremsstrahlung from
electrons and the X rays produced from positron-electron
annihilation are estimated. These X rays are added to the
spectrum at this stage. This sequence is repeated until all
photons have either reached the ground, escaped the atmo-
sphere (>100 km), or been absorbed.
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A2. Building the Library

[571 The 1 (or 5) million photons are initiated with a
power law distribution, £~ with a cutoff energy at 18 MeV
(as shown in Figure A3b for A = 1) at either a discrete
altitude (z,) or a distributed altitude (as shown for z; = 15 km
and z; = 30 km). We also run the code for two different
initial angular distributions.

[ss] First, we initiate the photons as a beam along the
z-axis, with o = 0 for six different As ranging from 1 to 1.5,
starting at seven different altitudes, that is, 10, 15, 20, 30, 40,
50, and 60 km using two different profiles, a discrete altitude
and a distributed profile. We sample each run at the top of the
atmosphere in seven different 10°-intervals of escaping
angles, that is, a = 0°-9°,10°-19°, 20°-29°, 30°-39°,
40°-49° 50°—-59° and 60°—69°. For the beamed distribution
from discrete altitude this gives 6 x 7 x 7 = 294 different
spectra escaping the atmosphere.

[s9] The same procedure is repeated with beamed distri-
bution and distributed production altitude profile, an initial
isotropic distribution within a = 20 from discrete altitude
and an initial isotropic distribution within o = 20 from
distributed production altitude profile, giving four libraries
of spectra (294 x 4 = 1176).

[60] These four libraries, which are denoted ‘“beamed-
discrete,” “beamed-distributed,” “isotropic-cone-discrete,”
and “isotropic-cone-distributed,” containing a total of 1176
spectra escaping the top of the atmosphere are then used for
the fitting procedure for each measured BATSE spectrum.
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[1] Measurements from the Burst and Transient Source Experiment (BATSE) instrument
on the Compton Gamma Ray Observatory (CGRO) are the only ones where characteristics
of single terrestrial gamma ray flashes (TGFs) have been obtained thus far. However, it has
been reported that the measurements suffer from significant dead time losses which
complicates the analysis and raises question about earlier BATSE studies. These losses are
due to the high-intensity flux combined with limitations of the time resolution of the
instrument. Since these losses will affect both the spectrum and the temporal distribution
of the individual TGFs, results based on BATSE data need to be revisited, including our
own. We have therefore developed a Monte Carlo method to study the effects of these
dead time losses. We show that the energy spectrum of TGFs becomes softer as the dead
time losses increase. We also show that the time delay between the light curves of hard
(E > 300 keV) and soft (£ < 300 keV) photons increases significantly as the dead time
losses increase. The Monte Carlo approach also enables us to identify the BATSE TGFs
where the dead time effects can be corrected. These are the short-duration single-peaked
TGFs. Without correcting for dead time losses we find that these short single-peak TGFs
have a softer energy spectrum and larger time delay than the multipeaked TGFs. After
correcting for dead time losses we perform a new analysis of production altitudes and find
that the production altitude is reduced compared to analysis without dead time losses. The

new production altitudes combined with dead time losses are also consistent with the
apparent large time delays. Our method gives consistent results regarding production
altitude and time delays and indicates that the corrected TGF intensities measured by
BATSE are 3 to 4 times brighter than the uncorrected measurements would indicate. We
also show that the production mechanism of these TGFs has a typical duration of 250 us.

Citation: Gjesteland, T., N. Ostgaard, P. H. Connell, J. Stadsnes, and G. J. Fishman (2010), Effects of dead time losses on
terrestrial gamma ray flash measurements with the Burst and Transient Source Experiment, J. Geophys. Res., 115, AOOE21,

doi:10.1029/2009JA014578.

1. Introduction

[2] Terrestrial gamma ray flashes (TGFs) were discovered
by the Burst and Transient Source Experiment (BATSE) on
board the Compton Gamma Ray Observatory (CGRO)
[Fishman et al., 1994]. They were found to be short (~1 ms)
gamma bursts related to thunderstorms. Triangulation of
ELF/VLF radio atmospherics (sferics) from lightning have
shown that TGF are indeed related to lightning [Inan et al.,
1996; Cummer et al., 2005; Inan et al., 2006; Cohen et al.,
2006; Stanley et al., 2006]. New observations of TGFs have
been provided by the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI) [Smith et al, 2005],
showing gamma photons which energy were up to 20 MeV.
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Norway.

?Institute of Mechanical Science, University of Valencia, Valencia, Spain.

3NASA Marshall Space Flight Center, Huntsville, Alabama, USA.

Copyright 2010 by the American Geophysical Union.
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[3] While the production mechanism of TGF is still not
determined, they are assumed to be bremsstrahlung from a
relativistic runaway electric avalanche (RREA) [Roussel-
Dupre et al., 1994; Gurevich and Zybin, 2001]. TGF was
first assumed to be associated with red sprites at 30-80 km
altitude [Nemiroff et al., 1997]. Thus, a quasi-electrostatic
(QES) field [Lehtinen et al., 1996] and electromagnetic
pulses (EMPs) [Inan and Lehtinen, 2005] were suggested to
explain how a relativistic runaway breakdown process could
occur at these altitudes. However, other studies have sug-
gested that leaders and streamers could be a source of run-
away electrons [Moss et al., 2006; Chanrion and Nubert,
2008] indicating a much lower production altitude. Re-
cently, simulations by Carlson et al. [2009] found that
RREA in lightning leaders can produce TGFs, implying a
production altitude within thunder clouds.

[4] Because of the attenuation of X-rays and gamma rays
propagating through the atmosphere, spectral measurements
from BATSE and RHESSI are used to determine the pro-
duction altitude of TGFs. Dwyer and Smith [2005] used a
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superposition of all the RHESSI TGFs to show that a sim-
ulated TGF produced at 15-21 km altitude could best re-
produce the RHESSI spectrum. This average value of
production altitude based on superposed RHESSI spectrum
was also reported by Carlson et al. [2007]. Carlson et al.
[2007] also found the BATSE measurements fit a produc-
tion altitude of 15 km. A production altitude of ~15 km is
consistent with tropical thunderstorm [Williams et al.,
2006). Istgaard et al. [2008] used a different approach in
the analysis of the BATSE TGFs. Instead of using a su-
perposition of all events, Jstgaard et al. [2008] analyzed
each individual TGF and concluded that a majority were
produced at low altitude (10 to 20 km) while a significant
portion was produced at higher altitude, i.e., 30 to 40 km.

[5] Since then it has been shown that the BATSE instru-
ment suffers from a significant dead time problem
[Grefenstette et al., 2008], i.e., that the read-out electronics
of the BATSE instruments are not fast enough to count all
the scintillation pulses from the detector material (Nal). In
most cases this is an effect that can be corrected for, unless
the system is paralyzed. On the basis of preflight data,
Grefenstette et al. [2008] showed that BATSE was indeed a
paralyzable detector. As the time delays observed by
BATSE were systematically longer than what can be ex-
plained by Compton scattering, they claimed that the dead
time losses in the detector could account for this extra time
delay. They also showed that BATSE TGFs, which suffer
from significant dead time losses, show a softer energy
spectrum than the true spectrum.

[6] An analysis of the temporal behavior of TGFs by Feng
et al. [2002] found the low-energy photons (25 keV < E <
110 keV) to have a ~100 us delay compared to the high-
energy photons (£ > 110 keV). Ustgaard et al. [2008] found
that observed time delays can be explained qualitatively by
Compton scattering effects of the X-rays as they propagate
through the atmosphere. However, when we looked in more
detail we found that the Compton scattering effect alone
could not account for the entire time delay, which supports
the hypothesis of dead time losses being responsible for the
large time delays [Grefenstette et al., 2008].

[7] Furthermore, as long as the effect of dead time losses
has not been addressed it can be argued that all temporal and
spectral results based on BATSE measurements without
taking dead time effects into account are questionable.

[8] Because of the long trigger window (64 ms), a short
event such as a TGF (which typically lasts 1 ms) needs to be
very intense to cause a trigger. Several of the BATSE TGFs
contain several peaks, each lasting approx 1 ms. On the
basis of the same argument, we would assume that single-
peaked TGFs suffer from more dead time losses than the
multipeaked TGFs. In the work of Ostgaard et al. [2008], a
significant portion of the TGFs were found to be produced
at 30 to 40 km altitude, most of them being short-duration
single-peaked TGFs.

[9] In this study we present a Monte Carlo simulation of
the BATSE detector and read-out electronics. We follow
each photon from its entrance into the detector material
using the Detector Response Matrix (DRM) to produce an
electric pulse. Then we carefully model the read-out elec-
tronics with its characteristic decay time and reset level to
obtain the measured count rates. We will show how we can
determine whether the detector is paralyzed or not and why

GJESTELAND ET AL.: EFFECTS OF DEAD TIME IN BATSE TGF
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the dead time effects can be corrected for in detected single-
peaked TGFs. This approach enables us to obtain new
estimates of production altitude which is consistent with the
measured time delays. The paper is organized as follows:
First, a section describing the method applied to one TGF
(section 2), then a section presenting the results for five
single TGFs (section 3), followed by discussion and sum-
mary sections (sections 4 and 5).

2. Method

[10] To analyze the BATSE measurements, we have de-
veloped a Monte Carlo simulation where the input is the
photon distribution in time and energy (spectrum). The
Detector Response Matrix (DRM) gives the conversion of
photons to electronic pulses. The readout electronics are
then modeled with its characteristic decay time and reset
level which define the dead time for different incoming flux
levels. This enables us to estimate the measured count rates
of the detector. Our tools in this analysis are (1) a Monte
Carlo input-spectrum, with assumptions about initial spec-
tral and spatial distribution for various production altitudes;
(2) the Detector Response Matrix; and (3) Monte Carlo
simulation of the dead time losses. The Monte Carlo sim-
ulation of photons propagating trough the atmosphere is the
same as that described by Ustgaard et al. [2008] with the
following initial assumptions:

[11] 1. A photon energy spectrum on the form

“E
F(E)=E " exp————. 1
(E) P10 Mev )

[12] 2. A beamed (half-angle 1°) or isotropic cone (half-
angle 50°) distribution.

[13] 3. Discrete production altitude ranging from 10 km to
30 km.

[14] In the work of Ostgaard et al. [2008], the energy
spectrum was on the form F(E) = E~, and the isotropic cone
half-angle was 20°. The energy spectrum is modified with
an exponential term (1) to avoid a sharp cut off at high
energies, which is closer to the expected bremsstrahlung
spectrum from the runaway electrons [Dwyer and Smith,
2005]. The broadness of the cone is here set to 50°, which
is wider than given by Jstgaard et al. [2008] where the
half-angle was 20°. The rational for using a wider cone
angle is that BATSE will then be inside that cone for all the
TGFs we analyze in this paper. The wider beam is also
similar to results from Dwyer and Smith [2005] and Carlson
et al. [2007], who found that a wider beam (half-angle 45°)
fits the RHESSI data for a 15 km source altitude.

[15] To analyze the production altitude and the TGF’s
temporal behavior, we present this method in seven steps
using TGF 2955 as an example. The initial assumptions for
our simulated TGF are a beamed distribution produced at
20 km altitude and an initial energy spectrum on the form
of equation (1), where v = 1.0, which is what one expects
for a bremsstrahlung spectrum.

[16] Step 1: Determine the duration of the TGF production
process. Since the dead time losses depend on both the total
number of photons, their energy, and how they are distrib-
uted in time, the temporal properties of the TGF production
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Figure 1. (top) Light curve of BATSE TGF 2955. (bottom) Light curve from MC simulation. The light
curve of all photons is black, and the light curve of the hard photons (E > 300 keV) is orange.

mechanism must be included in the simulations. From our
simulations of X-ray propagation through the atmosphere
we know that most of the low-energy photons that escape
the atmosphere are originally high-energy photons that are
Compton scattered in the atmosphere and reduced in energy
[Ostgaard et al., 2008]. This scattering process makes their
travel path longer which again results in a dispersion. On the
other hand, the high-energy photons that escape the atmo-
sphere are hardly scattered and therefore travel almost
directly from their origin up to satellite altitudes. Assuming
no dispersion in the emitting process, we can assume that the
temporal distribution of hard photons (E > 300 keV) mea-
sured by BATSE reflects the temporal distribution of the
production mechanism with only a small dispersion effect.
However, from our Monte Carlo model of X-rays through
the atmosphere we can find the dispersion due to Compton
scattering for photons E > 300 keV, which can be subtracted
from the duration of the measured E > 300 keV photons. In
Figure 1 (top) the light curve of TGF 2955 is black, and the
light curve of hard photons (channel 4, E > 300 keV) is
orange, with a green Gauss-fitted curve. Figure 1 (bottom)
shows the total and the hard light curve from our simulations.
All the photons start at the same time at the TGF’s produc-
tion altitude in our simulation. The duration of the hard light
curves is determined as +2¢0 of the Gaussian-fitted curves.
While the duration of high-energy photons in our simulation
only lasts 10 us, the hard light curve of BATSE TGF 2955
lasts 260 ps. For the duration of the TGF production
mechanism we therefore use Gaussian temporal behavior
which is 250 us within £2¢0. As mentioned above, we use a
photon distribution escaping the atmosphere from a pro-
duction altitude of 20 km. For each of these photons a

Gaussian-distributed random A¢ between 0 and 250 us is
added to the time delays we already have from Compton
scattering to have the most realistic distribution of photons in
both energy and time.

[17] Step 2: Determine the zenith angle or angle of
entrance to the detector. The relative total counts in the four
Large Area Detectors (LADs) that have most counts are used
to estimate the zenith angle. Of the escaping photons in our
simulation we use the photons that would hit BATSE at the
calculated zenith angle +5°

[18] Step 3: Convert from photons to pulses in the detector
material. The zenith angle and the DRM will give us the
effective detecting area for each of the LADs. DRM give us
then to covert the incoming photons to pulses in the four
BATSE discriminator levels. For various numbers of in-
coming photons we use the DRM to determine whether or
not the photon will interact with the LAD, which discrimi-
nator will respond to and produce a pulse. The four dis-
criminators have the following energy ranges: 25 to 60 keV,
60 to 110 keV, 110 to 320 keV, and >320 keV.

[19] Step 4: Convert from pulse to count. If the pulses in
the detector are coming faster than the electronics can reg-
ister them, the detector will suffer from dead time losses.
Grefenstette et al. [2008] showed that BATSE has a dead
time given by

E,
Twalnff), (2)

where « is the signal decay time, E, is the energy of the
photon, and Ej is the reset level of the detector. A photon
hitting a LAD will produce a pulse, V), that rises in a very
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Figure 2. Sketch of dead time loss.

short time scale (<1 us) with amplitude proportional to the
energy deposited by the photon (E,). The pulse will then
decay exponentially (V(¢) = Vpeﬁ/ “ corresponding to E(f) =
Epefﬂ “) with a signal decay time «, while the electronics
reads out the pulse. The LAD cannot register a new photon
until the previous pulse is reduced to the reset level, ex-
pressed as energy, Eo. On the other hand, if a photon hits the
detector before the previous signal is reduced to its reset
level, the new photon is not registered. This effect results in
dead time losses. Figure 2 shows a sketch of how the pulses
and counts occur in a detector. The bold red area marks the
time when the detector is dead. Green ticks show when a
pulse is registered as a count. The last pulse occurs before
the reset level is reached and is therefore not counted.

[20] On the basis of preflight data, Grefenstette et al.
[2008] determined o = 0.75 us and Ey = 5.5 keV. No
error bars were given; 0.75 ps is three times the fluorescence

1207
100
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Counts/ms

40

20

Flux [Photons/cm2/ms]

Figure 3. The paralyzation curve for equation (3) (red) and
MC (black).

Flux [photons/cm2/ms]

Figure 4. The solid curve is the sum of the paralyzation
curves for the four brightest LADs, each of which is shown
as a dashed curve.

decay time of Nal scintillator, which is the scintillator used in
the BATSE LADs. It can be argued that the decay time
should be shorter, and in that case the dead time effects will
be slightly less. However, we here assume the decay time
from Grefenstette et al. [2008]. A discussion of how a
change in the decay time influences the results is given in
section 3.

[21] A paralyzable detector with dead time, which does
not vary on the photons’ energy, suffers from dead time
losses on the form

m=ne " 3)

where m is the measured count rate, » is the incoming pulse
rate, and 7 is the instrument’s dead time [Knoll, 1989]. In
our simulation we use equation (2), with a = 0.75 ps and
Ey = 5.5 keV to calculate 7 for each pulse or sequence of
pulses (see Figure 2). With the input distribution of photons
in energy and time we can vary the total number of incoming
photons, i.e., the photon flux, and calculate the number of
pulses by the DRM and then simulate what will be measured
by BATSE. Figure 3 shows the paralyzation curve of
equation (3) with a dead time of 3.3 us in red and the result of
our MC dead time simulation when the pulse rate increases.
The x axis is the photon flux, and the y axis is the counts
per ms. The input in the MC simulation a given number of
500 keV photons uniformly distributed in time (within 1 ms).
This sample plot illustrates that for a given number of
detected counts, e.g., 60, there are two possible incoming
photon flux values, 0.1 and 0.9 photons/cm*/ms. However,
all the short-duration single-peaked TGFs in this study are
on the left side of the maximum. Figure 4 shows the para-
lyzation curve for TGF 2955, where the spectral and tem-
poral distributions from our simulation are included. The
solid curve is combined of the four LADs facing the TGF.
The dashed curves represent each of the four LADs. Two of
the LADs have a larger effective area and therefore reach the
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Figure 5. Light curves of a simulated TGF for various incoming photon fluxes. The light curves of pluses
created in the LAD are dashed, and the counts in the LAD taking dead time losses into account are shown

in solid.

maximum before the two others. The x axis unit is the
average flux during the TGF. The y axis unit is the total
number of counts per TGF when the incoming photons are
folded through the DRM and scaled for dead time losses.
Figure 5 shows the resulting light curves for various fluxes
(given in the header of each panel). The dashed light curves
describe the pulses created in one LAD, and the solid curves
are counts with dead time effects included. As the flux ap-
proaches the value which gives the maximum in the paraly-
zation curve (1 photon/cm®/ms), a single-peaked pulse—light
curve transforms into a double-peaked counts—light curve. If
the TGF’s counts—light curve does not have this single-to-
double transition form, then it must be on the left side of the
maximum.

[22] Step 5: Determine the production altitude and in-
coming flux using x? test. @stgaard et al. [2008] created a
library of Monte Carlo simulated TGFs escaping the atmo-
sphere with various initial assumptions. The library is now
modified with the slightly different initial assumptions as
already described in section 2. For all the modeled TGFs in
our library [@stgaard et al., 2008] we have followed steps 1
to 4. For each modeled TGFs we have also varied the total
number of photons. Each of the TGFs are first converted
from photons to pulses and then to counts to get an estimate
of the measured counts in the four LADs facing the TGF.
These estimates are then compared with what BATSE
measured in the four LADs with most counts to create a x>

5 of

between the simulated and the measured TGFs. This cal-
culation leads to a 3-D matrix of x> with spectral index
varied from 1.0 to 1.5, altitudes varying from 10 to 30 km
and incoming photon number varying from 50 to 1050
photons per TGF where the TGF production duration is
from step 1.

[23] Figure 6 (left) shows the x* values of altitude and
spectral index with an incoming photons flux of 0.51
photons/cm*/ms. Figure 6 (right) shows the x> values of
altitude and various number of incoming photons fluxes
with a constant spectral index 1.0. The degrees of freedom
is three (four energy channels). For BATSE TGF 2955
the best fit is an altitude of 23 km with a spectral index of
1.0 and an average incoming photons flux of 0.51 photons/
cm?/ms. The energy spectrum of TGF 2955 is shown in
black in Figure 7 (top). The simulated TGF folded through
the DRM and corrected for dead time is shown in red in
Figure 7.

[24] Step 6: Check if the photon distribution that gave the
best fit in production altitude and spectral index also re-
produces the observed time delay. After determining the
production altitude, spectral index, and the incoming photon
flux of the TGF we check the temporal properties by cal-
culating the time delay for the best fit TGF and compare it
with the measurements. Figure 7 (bottom) shows the light
curve of TGF 2955 and the best-fit simulated TGF, with the
corresponding time delay. The time delay is calculated from
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Figure 6. The X2 calculated for various production altitudes, spectral indexes, and fluxes. Altitude
versus (left) spectral index and (right) average flux.

the light curves of hard and soft photons, where the division
is set to 300 keV. The light curves are binned in 25 uni-
formly logarithmically distributed time bins ranging from 10
to 100 ps, and we use the mean of the minimums from the
cross-correlation functions for each time bin size as the time
delay. This method is described by Feng et al. [2002]. The
light curve of TGF 2955 (Figure 7, bottom left) and our
modeled TGF (Figure 7, bottom right) are shown. The time
delay in our modeled TGF without taking dead time into
account is 38 + 18 us. When the dead time effects are
included, the time delay increases to 118 + 16 us. The
measured time delay is 145 + 40 us.

[25] Step 7: Verifying the zenith angle. An initial as-
sumption in this analysis was that the zenith angle calculated
from the relative counts that were measured in each of the
four brightest LADs. From equation (3) and Figure 3 it is
clear that if the detector is totally paralyzed, the LAD that is
hit by most photons may not be the LAD that has the most
counts. In such cases the calculated zenith angle would be
wrong. However, if we are on the left (lower) side of the peak

of the paralyzation curve, in all four LADs, the dead time
effects can be corrected and we can reestimate the zenith
angle. For all the single-peaked TGFs analyzed in this study
the change in zenith angle is less than 10°, which is the angle
binning used for our modeled spectra in the library.

[26] Finally, we can also calculate the total number of
pulses created in BATSE. The dead time ratio, R, is the ratio
between pulses and counts.

_ Npulses

k= Hcounts ’ (4)

and describes how many times brighter, than measurements

from BATSE, TGFs are. For TGF 2955 the dead time ratio
is 3.77.

3. Results

[27] During its lifetime, BATSE recorded 76 TGF events.
The BATSE TGFs have three different time profiles: (1) the
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Figure 7. (top) Energy spectrum of BATSE TGF 2955 in black and a simulated TGF from 23 km
altitude with a spectral index 1.0 in red. (bottom) Light curves of (left) BATSE TGF 2955 and (right)
the simulated TGF light curve. The black curve is the total light curve (channel 1 to 4), and the red curve
is the light curve of channel 4. The time delays given in the headers are between channel 1 to 3 and chan-

nel 4 in ys.

single-peaked TGFs; (2) the multipeaked TGFs, which
contain two or more separate peaks during the event; and
(3) the long duration bursts, which are events that last for
several milliseconds. As already shown under step 5 in
section 2, the TGFs that are measured as single peaks must
be single peaks of incoming photons as well. Furthermore,
for these TGFs we are confident that the LADs are not
paralyzed, and we are on the left and lower side of the
peak in Figure 4. For these TGFs the dead time losses can
be corrected for.

[28] We have identified five short-duration, single-peaked
TGFs that comply with this criterion. For each of them we
have preformed the seven steps as described in section 2 to
give an altitude, incoming flux, and time delay. We have
also studied one double-peaked TGF that may be a result
of dead time losses and will be shown and discussed in
section 4. This method can also be used on multipeaked
TGFs. However, we find that the number of counts in each
peak in these cases was too low (<5 counts per channel per
peak) to preform a y? analysis.

[29] Table 1 summarizes the results for the five TGFs that
have been reanalyzed by using the libraries with beamed
spectra and isotropic within a 50° cone. From Table 1 it
is clear that the production altitude is reduced when
taking dead time into account both for the beamed and
isotropic libraries. For TGF 5587 the dead time losses are
small, and the results from Jstgaard et al. [2008] still
hold. The given uncertainties in production altitude are
where the values of the x? array are increased by <1 from
its minimum.

[30] In the result presented in Table 1 we used o= 0.75 us
and Ey = 5.5 keV in equation (2). To see how the dead time
effects vary with a different decay time, we did the same
analysis with varying . For a = 0.5 us we found the same
production altitude, but the best fit was found at lower in-
coming photon fluxes. An increase in the dead time will
reduce the maximum number of counts a detector can
measure. With o = 1.0 ps the number of counts in our
simulation was significantly lower than in the BATSE
TGFs, and consequently, the x* value increases and was
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Table 1. Time Delay and Production Altitude®

BATSE Beamed Cone Duration
TGF TD (us) @ (km) New (km) TD (us) Flux R New (km) TD (us) Flux R (us)
2144 125 £ 22 39 17+3 148 + 22 0.62 3.72 25+3 162 £ 22 0.62 4.52 266
2370 124 + 18 40 16 +4 117 £ 21 0.36 3.08 2242 96 + 12 0.36 3.30 222
2465 147 £ 19 26 21 +4 137 + 20 0.49 3.68 24 +2 124 £ 17 0.49 4.38 208
2955 145 + 40 39 22+4 118 £ 16 0.51 3.77 26+2 80 + 21 0.51 3.77 237
5587 66 + 34 14 12+£1 52+ 17 0.20 1.46 29+ 15 54 +17 0.28 2.11 555

*From @stgaard et al. [2008] (@) and this study (new) with the beamed and the cone case. The listed flux is the average flux of photons (ph/cm*/ms) of
the TGF. R is the dead time ratio calculated by equation (4). The calculated initial duration of TGFs are shown under the “Duration” column. TD, time

delay.

found to be >10 in all TGF. Therefore, the decay time in the
BATSE instrument must be <1.0 us.

4. Discussion

4.1. Why Are the Production Altitudes Reduced?

[31] From Table 1, it is clear that the production altitude is
significantly reduced when the dead time effects are in-
cluded in the analysis. All of the single peak TGFs are now
between 12 km and 23 km compared to 14 to 40 km from
Ostgaard et al. [2008]. These new altitude estimates are also
in agreement with earlier studies [Dwyer and Smith, 2005;
Williams et al., 2006; Carlson et al., 2007]. We will now
discuss how the dead time effects leads to a softer spectrum
and consequently a higher estimated production altitude
than when dead time effects are included in the analysis.

[32] Figure 8 shows the relationship between the calcu-
lated spectral index and the dead time ratio, R, which is
derived from equation (4). The spectral index is not the
spectral index of the initial TGF spectrum at the production
altitude, but the spectral index from a best-fit obtained
power law curve of the LADs for energy channels in our
simulation after folding the simulated TGF (same as in
section 2) through the DRM and scaling it for dead time
losses. As the losses due to dead time increase, the measured
energy spectrum gets softer. This is a result of the Compton
time-delayed tail, shown in Figure 5. The high-energy
photons arrive mostly at the peak intensity time of the TGF,
the time when the dead time losses are the most significant,
while the softer Compton scattered photons arrive later and
do not suffer from as much dead time losses. This was also
shown by Grefenstette et al. [2008].

[33] In simulations performed by Ostgaard et al. [2008]
we showed that TGFs have a softer energy spectrum for
increasing production altitudes. The same result is also
shown in simulations by Dwyer et al. [2008] and Carison et
al. [2007]. Therefore, if the TGF suffers from significant
dead time losses (i.e., appears softer than they should), an
analysis of TGFs without taking dead time losses into account
would result in a higher production altitude than an analysis
taking this effect into account.

[34] Our results (shown in Table 1) give lower production
altitude for beamed case than for the cone case. This is the
opposite of results from Dwyer and Smith [2005] and
Carlson et al. [2007]. Both these studies use all photons, out
to angles consistent with the satellites’ detection thresholds,
which escapes the atmosphere in their spectral analysis. In
our study we divide our spectra in observation angles. For
the beamed case all TGFs are observed outside the pro-

duction cone, while in the cone case all TGF are observed
inside the production cone. Ustgaard et al. [2008] showed
that the energy spectrum is significantly softer when
observed outside the production cone than inside. Also,
modeled TGFs have a softer energy spectrum when pro-
duced at increasing altitudes. Therefore, to fit a given
observed spectrum at a given angle, the modeled beamed
case implies a lower altitude than the modeled cone case.

4.2. Why Do Dead Time Effects Lead to Larger Time
Delays?

[35] The observed time delay in the TGFs is a result of
Compton scattering in the atmosphere and dead time losses.
Grefenstette et al. [2008] showed that dead time losses will
increase the time delay in measured TGFs, and the same
result is found in this study. High-energy photons arrive at
the beginning of the TGF, and as the intensity increases,
dead time losses become more significant. The scattered
photons, which are reduced in energy, arrive at later times in
the TGF. The result of dead time will therefore reduce the
number of late arriving high-energy photons and the early
arriving low-energy photons, which leads to a longer
separation of the hard and the soft light curve. Figure 9
shows how the time delay increases with increasing dead
time ratio. The time delay increases rapidly as the dead

1S5 T T T T Ty

Spectral index

Deadtime Ratio

Figure 8. Best-fit power law spectral index of a simulated
TGF when dead time effects are included as a function of
the dead time ratio from equation (4).
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300[ " 4.3. Double Peaks
: [37] As shown in step 4 in section 2, a single-peaked TGF
250 | can become a double-peaked TGF if the measurements
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Figure 9. Time delay in simulated TGFs as a function of
the dead time ratio from equation (4).

time ratio increases. In the work of Jstgaard et al. [2008]
our simulations showed that the time delay increases as the
production altitude decreases. This pattern is not likely to
be found in measurements that suffer from dead time
losses. The effect of dead time loss on the time delay is
greater than the effect of decreasing TGF production alti-
tude. For TGFs of equal intensity produced at different
altitudes, high-altitude TGFs will experience less attenua-
tion and will therefore at satellite altitudes have a higher
flux, which results in a longer time delay.

[36] As the dead time losses are not significant because of
low count rate at the beginning and at the end of the TGFs,
these losses do not influence our estimate (+20) of the total
duration time. Dead time losses are only important at the
peak intensities and even if the peak is increased by a factor
of four, the £20 does not change.

25[

20f 1

cnt/50 micro sec
o

Time [ms]

suffer from significantly dead time losses. Most of the
multipeaked TGFs have a longer separation between the
peaks (>1 ms) than what can be explained by dead time.
However, the light curve of TGF 2348 has two peaks sep-
arated by ~200 us. From Figure 5 we have shown that one
effect of dead time losses is that a single-peaked TGF can be
measured as a double-peaked TGF. By increasing the input
flux in our simulation we can reproduce this temporal be-
havior. In Figure 10 the total (black) and hard (£ > 300 keV)
(red) light curve is shown for TGF 2348 and a TGF from our
MC. Both the measured and simulated TGFs have more
high-energy counts in the first peak. Since the TGFs gets
softer with time, this is what we would expect if dead time
losses divide the peak. In the “single-peaked measured as a
double” case the dead time ratio for this TGF is ~6. Because
of the high incoming photon flux, we have passed the peak
of the paralyzation curve (see Figure 4), and we are not able
to discuss the spectral properties of TGF 2348. We cannot
rule out the possibility that TGF 2348 is actually a double-
peaked TGF. In that case the dead time losses are signifi-
cantly lower than if it is a single-peaked TGF measured as a
double.

4.4. Dead Time Effects for Different Types of TGFs

[38] Because of the long trigger window (64 ms), a short
event such as a TGF (which typically last 1 ms) needs to be
very intense to cause a trigger. Several of the BATSE TGFs
contain several peaks, each lasting approx 1 ms. On the
basis of the same argument, we would assume that single-
peaked TGFs suffer from more dead time losses than the
multipeaked TGFs. From these considerations it is likely
that all the multipeaked TGFs as well as the long-duration
events also are on the left and lower side of the paralyzing
peak in Figure 4, and consequently, the dead time losses can
be corrected. This argument is also used by Dwyer et al.
[2008] where five long-duration BATSE events, which

25[

20F .

cnt/50 micro sec
o
T
1

Time [ms]

Figure 10. The light curve of (left) BATSE TGF 2348 and (right) simulated TGF. The black curve is the
total light curve (channel 1 to 4), and the red is the light curve of channel 4.
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were suggested to be electrons and not X-rays entering the
detectors, were studied.

4.5. Duration of the Production Mechanism for TGFs

[39] As a side effect of this study, we have also found the
initial duration of the TGFs. The duration times, as calcu-
lated in step 1, are listed in Table 1. Of the five single-peak
TGFs we have analyzed, four have an initial duration time
of 200-270 ps, while TGF 5587 has an initial duration of
555 ps. This time scale must reflect the duration of the
production mechanism of TGFs.

5. Summary

[40] By modeling the propagation of X-rays through the
atmosphere and the interaction of each photon with detector
material until it is (or not) detected as a count by the read-
out electronics, we have reanalyzed five single peak TGFs
and found the following:

[41] 1. TGFs that suffer from significant dead time losses
(R = 3-4) have a lower production altitude than analyses
without dead time. A reanalyzes of five short-duration sin-
gle-peaked TGFs which in the work of Ustgaard et al.
[2008] were determined to be produced at 26 to 40 km al-
titude are now reduced to lower altitudes (14-22 km). One
TGF, which has lower dead time losses (R = 1.46), was
determined to be produced at 12 km altitude in this study
and 14 km in the work of Ustgaard et al. [2008].

[42] 2. The dead time losses increase the time delay
between the hard and the soft photons of the TGF, in
agreement with earlier results [Grefenstette et al., 2008].
When we account for dead time losses we could reproduce
the large time delays which are found in the BATSE TGFs
measurements. In this analysis we have found consistent
between production altitude and time delay.

[43] 3. The analyzed single-peaked TGFs have dead time
ratio up to 4, confirming earlier results [Grefenstette et al.,
2008].

[44] 4. We have shown that the double peak of TGF 2348
may be a result of dead time losses. We have shown that a
single-peaked TGF can turn into a double-peak TGF. If this
TGF is a single-peaked TGF measured as a double, it is
~6 times brighter than measured by BATSE.

[45] 5. In step 1 (described in section 2) we have calcu-
lated the duration of the production process of TGF on the
basis of the light curve of high-energy photons. This time
scale (200 to 600 us) must reflect the duration of the pro-
duction mechanism of TGFs.

[46] Acknowledgments. Thanks to Nikolai Lethinen and Brant
Carlson for useful discussions. This study was supported by the Norwegian
Research council under contract 184790/V30.

[47] Zuyin Pu thanks Kenneth Eack and another reviewer for their
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[1] Terrestrial gamma ray flashes (TGFs) are bremsstrahlung emissions from relativistic
electrons accelerated in electric fields associated with thunder storms, with photon
energies up to at least 40 MeV, which sets the lowest estimate of the total potential of
40 MV. The electric field that produces TGFs will be reflected by the initial angular
distribution of the TGF emission. Here we present the first constraints on the TGF
emission cone based on accurately geolocated TGFs. The source lightning discharges
associated with TGFs detected by RHESSI are determined from the Atmospheric
Weather Electromagnetic System for Observation, Modeling, and Education
(AWESOME) network and the World Wide Lightning Location Network (WWLLN).
The distribution of the observation angles for 106 TGFs are compared to Monte Carlo
simulations. We find that TGF emissions within a half angle >30° are consistent with the
distributions of observation angle derived from the networks. In addition, 36 events
occurring before 2006 are used for spectral analysis. The energy spectra are binned
according to observation angle. The result is a significant softening of the TGF energy
spectrum for large (>40°) observation angles, which is consistent with a TGF emission half
angle (<40°). The softening is due to Compton scattering which reduces the photon

energies.

Citation: Gjesteland, T., N. Ostgaard, A. B. Collier, B. E. Carlson, M. B. Cohen, and N. G. Lehtinen (2011), Confining the
angular distribution of terrestrial gamma ray flash emission, J. Geophys. Res., 116, A11313, doi:10.1029/2011JA016716.

1. Introduction

[2] TGFs are short (~1 ms) gamma emissions from the
Earth’s atmosphere. They were first observed by the Burst
and Transient Source experiment (BATSE) on board the
Compton Gamma Ray Observatory (CGRO) [Fishman et al.,
1994]. These gamma bursts have also been observed by other
low Earth orbiting satellites such as the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) [Smith et al.,
2005], AGILE [Marisaldi et al., 2010] and Fermi [Briggs
et al., 2010]. TGFs are believed to be bremsstrahlung pho-
tons from relativistic electrons accelerated by runaway
breakdown processes, a theory suggested nearly a century
ago by Wilson [1924] and further developed in the 1990s
[Gurevich et al., 1992; Roussel-Dupré et al., 1994; Gurevich
et al., 1996; Lehtinen et al., 1996]. There is a strong con-
nection between TGFs and thunderstorm activity, and the
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A11313

TGFs are found to occur in association with lightning dis-
charges [Inan et al., 1996; Cummer et al., 2005; Cohen et al.,
2006; Stanley et al., 2006; Cohen et al., 2010b; Shao et al.,
2010].

[3] Several studies have analyzed the spectral properties of
TGFs in order to determine the production altitude and initial
angular emission. Dwyer and Smith [2005] analyzed RHESSI
measurements and found they were best represented by
15 km production altitude and a gamma emission within
45° to vertical, or a narrow vertical gamma beam produced at
21 km. These results were later confirmed by Carlson et al.
[2007], who also showed that a combined spectrum of the
BATSE TGFs was consistent with a 15 km production alti-
tude. Ostgaard et al. [2008] analyzed each BATSE TGF
separately and found that most TGFs were produced at 10—
20 km altitude with a significant portion at higher altitudes
(30—40 km). It was then shown by Grefenstette et al. [2008]
that the BATSE instrument was saturated due to deadtime
issues in the readout electronics. Motivated by these findings,
Gjesteland et al. [2010] re-analyzed some of the TGFs that
were thought to originate from high altitude (3040 km) and
found that the effect of deadtime saturation made the energy
spectrum softer and therefore resulted in a too high produc-
tion altitude. When deadtime was treated properly the esti-
mated TGF production altitude was found to be 10-20 km
in agreement with other studies. This means that both results
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Figure 1. A sketch of the TGF emission cone with half
angle 0 and the satellite’s observation angle c.

from average spectra and single spectrum analysis indicate
TGF production <20 km.

[4] With a production altitude of 10-20 km, TGFs origi-
nate in the upper troposphere, probably inside thunderclouds.
Based on gamma-photon attenuation in the atmosphere,
Williams et al. [2006] suggested that high altitude intracloud
lightning is the most likely source of TGFs. Cloud-to-ground
lightning could also produce TGFs, however these TGFs are
not likely to make it through the atmosphere due to attenu-
ation [Williams et al., 2006].

[s] TGFs are produced by acceleration of electrons in
electrical fields that exceeds the runaway threshold. The
electrical fields could be between charge regions in thunder
clouds or in the strong electric field near leader tips. To gain
the high number of electrons needed to produce a detectable
TGF, Dwyer [2003] showed that positrons and photons may
backscatter and create secondary avalanches leading to a
true breakdown i.e. a breakdown which is self-sustained and
do not need continues seeding to sustain the runaway pro-
cess. Moore et al. [2001] have found energetic radiation
associated with lightning stepped-leaders and Moss et al.
[2006] have shown that streamers can produce enough rel-
ativistic seed electrons by acceleration of thermal electrons,
such that the TGFs can be produced without feedback
effects. Carlson et al. [2009, 2010] have shown that it is
possible for electrons to be accelerated in the electric field
near a leader tip. With seeding, as calculated by Moss et al.
[2006], the field in leader tips is strong enough to produce
TGFs. The electric field in the leader tip is divergent,
implying that the TGF emission should be broad with a full
width half maximum at half angle ~40° [Carlson et al.,
2010, Figure 1f].

[6] The geometry of the initial gamma emission is sket-
ched in Figure 1. In the following we assume a vertical
directed gamma emission within a cone given by half angle
denoted 0, and the angle between the satellite nadir and the
straight line to the TGF source a. The nature of the initial
gamma emission is still under debate. Both Dwyer and
Smith [2005] and Carison et al. [2007] suggested a wide
(6 = 45°) emission cone. Jstgaard et al. [2008] found a
softening of the TGF energy spectrum at increasing o which
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was also found in Monte Carlo (MC) simulations for TGFs
observed outside the emission cone. The softening at
increasing o was shown to be a result of Compton scattering.
When the satellite observes TGFs outside the emission cone
only scattered photons are detected. Scattering of photons
reduces their energy and therefore leads to a softer energy
spectrum. Hazelton et al. [2009] used lightning data from the
World Wide Lightning Location Network (WWLLN) to
divide TGFs into two groups, close and distant, according
to whether or not TGFs were observed in association with
lightning-producing storms closer than 300 km from the
RHESSI sub-satellite point, which corresponds to an
observation angle of « ~ 30° when the satellite is at ~600 km
altitude. In their study they assumed a narrow and a wide
TGF emission. The narrow emission cone was derived from
MC simulations in a vertical electric field. The emission
intensity (photons/sr) drops one order of magnitude at  ~
30° off axis. To simulate the effect of a divergent electric
field, this emission cone was artificially broadened by con-
volving it with a Gaussian in solid angle. Hazelton et al.
[2009] found that the wide emission cone provided the
best fit to RHESSI data. They also reported 4 distant TGFs
where the source lightning was geolocated. They all
contained high energy photons (£ > 1 MeV), which was
consistent with their simulations of the broad emission.

[7] This paper will discuss the angular distribution of
photon emission in the production of TGFs. In section 2 we
will discuss gamma photon production and propagation in
the atmosphere to show that the angular distribution of the
emission must reflect the direction of the electric field
producing TGFs. In section 3 we compare the distribution of
the observation angles of RHESSI TGFs with MC simula-
tions. To understand the softening of energy at large a
section 4 presents a spectral analysis of TGFs observed at
(o > 40°). The discussion and conclusions are presented in
sections 5 and 6.

2. Bremsstrahlung and Gamma-Photon
Propagation in the Atmosphere

[8] The motion of electrons is dictated by the electric and
magnetic fields. When the electron collision frequency is
much larger than the gyrofrequency, the electron motion is
predominantly in the direction of the electric field. Gurevich
et al. [1996] showed that this is valid at altitudes below
20 km, because the effect of the Earth’s magnetic field is
negligible.

[o] Bremsstrahlung emitted by relativistic electrons is
predominantly in the direction of the electron momentum, as
can be seen, e.g., from the Bethe-Heitler formula [Koch and
Motz, 1959]. The electrons are accelerated in the direction of
the electric field and Coulomb scattering will spread their
motion into a cone. A MC simulation of relativistic break-
down in a uniform vertical electric field by Hazelton et al.
[2009] produced a narrow angular gamma emission where
the intensity decreases to one half at § ~ 20° and one order
of magnitude at ~30° of axis. Since gamma emission is in
the direction of the electron momentum and the electron
momenta are aligned close with the electric field, the initial
emission cone of the TGF has to reflect the electric field
direction.
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Figure 2. (a) Energy reduction as a function of scattering
angle. Y-axis is the energy before scattering and the con-
tour curves represent photon energy after Compton scatter-
ing: 10 MeV, 20 MeV, 30 MeV, and 40 MeV contours are
labeled. (b) Compton scattering schematics.

[10] Gamma-photon flux propagating in air is attenuated,
the most important interactions for photon energies in the
range 10 keV-40 MeV 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 loss in the photon energy. The reduction in photon
energy is dramatic for large scattering angles. 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. Figure 2 shows the scat-
tering angle, ¢, as a function of initial photon energy, &,
when the photon energy after scattering, ¢, is given. This
relation is given by € = eo/(1 + (1 — cos ¢)/m.c?, where
mqc® = 511 keV. This is only valid for single Compton
scattering events. By multiple scattering the energy reduc-
tion is not as dramatic and therefore Monte Carlo simula-
tions are needed to validate the energy spectrum observed at
large o.

3. Angular Distribution of TGFs Emission

[11] Cohen et al. [2010b] used the AWESOME network
to determine the distance from the RHESSI sub-satellite
point to the source lightning. A full description of AWE-
SOME can be found in the work by Cohen et al. [2010a].
Thirty-six RHESSI TGFs were geolocated, 16 of which
were geolocated with measurements from 3 or more sta-
tions, with 1o uncertainty of ~30 km. The two-station cases
have significantly larger uncertainties in their location and
are therefore not included in this study.

[12] Collier et al. [2011] geolocated the source lightning
of 93 RHESSI TGFs using WWLLN data, which has a
spatial accuracy of 10 km [Rodger et al., 2005]. Three of
these TGFs were geolocated by both Cohen et al. [2010b]
and Collier et al. [2011] and the sferic source locations
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were in agreement within the uncertainties [Collier et al.,
2011, Table 1]. This totals to 106 geolocated RHESSI
TGFs available for this study. We assume that the TGFs are
emitted at the same place and same time as the geolocated
sferic. The uncertainties in timing between the sferics and
TGFs are dominated by the uncertainties in the RHESSI
clock which is assumed to be 1 or 2 ms [Grefenstette et al.,
2009]. The uncertainties in sferic timing is >50us for
AWESOME [Cohen et al., 2010b] and 30us for WWLLN
[Jacobson et al., 2006]. We have no information about
which type of lightning the geolocated sferics comes from.

[13] The TGF angular distribution from these measure-
ments is compared to calculated angle distributions using
the code presented by Ustgaard et al. [2008]. In this code,
the production altitude, TGFs emission direction and energy
spectrum are specified as initial conditions. With a produc-
tion altitude of 15 km, energy spectrum dN/dE « 1/E and
gamma emission within a cone with half angle 6, Figure 3
shows the calculated scaling factor, f{«), between the ini-
tial number of photons, ny, and the fluence going through a
given area at satellite altitude, n,,, as a function of obser-
vation angle, a:

(1)

In Figure 3 all curves are normalized such that /(0) = 1. The
different curves correspond to various half angle of the initial
TGF emission i.e. § = 20° (dotted), 6 = 40° (dashed) and 6 =
60° (dash-dotted). The solid curve is proportional to the
inverse of the distance squared, demonstrating the reduction
in the fluence in the absence of attenuation, referred to as the
R*-effect. Figure 3 shows that atmospheric attenuation
reduces the fluence significantly more than the R*-effect as
the observation angle increases. For § = 20° the fluence drops
by a factor of ~4 if the observations are outside the emission
cone. For 6 = 40° the fluence also drops when the observa-
tions are outside the emission cone. At o = 60° the fluence
has been reduced by more than one order of magnitude for all
values of emission breadth 6.

Nsar = nof ().

1.00

©
o

normalized [dng,/dn,]

0.01 . .
0 20 40
a [°]

Figure 3. The scaling factor between the number of
photons produced in a TGF and the number of photons
detected by a satellite calculated by MC simulation. Produc-
tion altitude is 15 km and 6 = 20° gdotted), 0 = 40° (dashed),
and 6 = 60° (dash—dotted). The R"-effect is shown in solid.
All curves are normalized so that f{0) = 1.

60
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30 T T where 7., is the lowest number of initial photons that will
250 a) b produce a detectable TGF. The upper limit remains at
. ) infinity. Substituting this into (4) yields
E 20 o
2 ] A AP )
- 15 5 dA -y, dno
3 o
> 10 We assume that the initial number of photons in a TGF can
© be distributed according to a power law, which is shown to
be feasible [Collier et al., 2011]. Then the number of TGFs
o) ] ) with n initial photons are distributed according to
0 20 40 60 aN
[ an < ny", (8)

Figure 4. (a) The area as a function of « as given in
equation (3). (b) A sketch of the geometry where Rgat is
from Earth’s center to the satellite’s position and RygF is
from the Earth’s center to the TGF origin.

[14] The number of TGFs per unit area detected by a
satellite, dN/da, is given by the product of the area, dA/da,
covered by the angle and the number of TGF per unit area
exceed the threshold for detection, dN/dA, at that angle:

dN  dN dA
da~ dA da’ @)
This is only valid when we assume that TGFs occur ran-
domly in the satellite’s field of view.

[15] A satellite orbiting the Earth covers a larger annular
area as the observation angle increases. The area per unit
angle in curved Earth geometry is given by:

dA

R
o= ZWRZTGF sin(¢) - ( ST COS@
a

Ecos(qﬂ—a) B 1)’ )

where Rygr and Rgy 7 are the distances from the Earth center
to the TGFs origin and the satellite’s position, ¢ is the angle
between Rrgr and Rgat given by ¢ = sin”! (sin(a)Rsy 7/
RTGF) -, x € [0, Sil'17l RSAT/RTGF)]~ dAlda is shown in
Figure 4a with a sketch of the geometry in Figure 4b. In the
following we will derive dN/da.

[16] The number of TGF that can be detected at given
angle is given by how many TGFs exceeding the threshold
level for detection, ny,

N @)

T dngy

av _
d4
where dN/dng,, is the distribution of TGFs versus number of

photons detected by the satellite. The integral in (4) can be
transformed to an integral over n, by substituting

AN dN dng
dnsut B an dnmt ’

(5)

where (1) gives dng/dn,,, = 1/f(a) and dng,, = f(a)dng. The
lower integration limit changes to

o n
nmm f(a)’ (6)

where & is the spectral index. We assume 1.5 < k < 3.
Solving (7) with the power law distribution gives

AN 1 (g \ K
o k> 1 9
ad k=1 (a)) > ©)

[17] The angular distribution dN/da given in (2) with dN/
dA from (9) and dA4/da from (3) will represent the angular
distribution of TGF observations from Monte Carlo simu-
lations for various values of k. Normalizing this distribution
yields

dN ()

- o f(e) " dd/da.

(10)

[18] The distribution in (10), with f{«) from our simula-
tions, are calculated for various k. For each £ we have cal-
culated the probability for (10) to represent the distribution
of geolocated TGFs. The probability is calculated by a
Kolmogorov-Smirnov two-sample test. The results are
shown in Figure 5 for production altitudes 15 and 20 km.
The three curves are for = 30° (solid), 6 = 40° (dotted) and
0 = 60° (dashed). The horizontal line shows a significance
level of 0.05. For both 15 and 20 km production altitude and
0 = 20° (not shown in Figure 5) the probability is below the
significance level. From our analysis it follows that both § =
30° and 6 = 60° can represent the measured observation
angle distribution. Emission cone with 6 = 60° gives a
higher spectral index, which means a softer distribution of
initial photons, than an emission with § = 30°. As shown in
Figure 5 our simulation only fit the measured distribution
when 1.85 < k < 2.80 for TGF produced at 15 km altitude
and 1.90 < k < 2.85 for TGF produced at 20 km.

[19] Figure 6 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 § = 30° with £ = 2.0 is solid, 0 =
40° with £ = 2.1 is dotted and § = 60° with k£ = 2.3 is dashed.
The simulated distributions are normalized to the total
number of observations in both Cohen et al. [2010b] and
Collier et al. [2011]. For emission within § = 30° our
simulations show that most TGFs are detected when the
satellite is within the emission cone (o < 30°). When the
satellite is outside the emission cone the number of observed
TGF decreases significantly and only the initially brightest
TGFs will be detected. An emission with § = 40° will also
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Figure 5. Probability for MC simulations to represent the observed TGF angle distribution for various
spectral index, k. Various curves correspond to 6 = 30° (solid), 8 = 40° (dotted), and 6 = 60° (dashed). The
horizontal line represents a significant level of 0.05. When the probability is above this line the hypothesis
cannot be rejected. TGF production altitude is given in the title of the plots.

give a decrease in number of detected TGFs as the satellite
observes outside the emission cone. For # = 60° all TGFs at
satellite altitude will be detected within the emission cone.
As shown in Figure 6 6 > 30° gives the best fit to the
observed distribution.

4. Spectral Analysis of TGFs Observed at Large
Angle (6 > 40°)

[20] 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
carly 2006 [Grefenstette et al., 2009], 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 [Grefenstette et al., 2009].
For each RHESSI TGF, the detected photons are too few
(mean of 26) to perform spectral analysis. Therefore we have
composited the measurements from these 36 TGFs into three
spectra each with a 20° observation angle bin. Figure 7
shows each energy spectrum with the average number of

O

40 F

30F

observed TGFs

0 10 20 30 40 50 60
o [°]

Figure 6. The histogram shows the distribution of geolo-
cated TGFs per observation angle, .. The curves are the best
results from MC simulations with 6 = 30°, £ = 2.0 (solid);
0 =40°, k= 2.1 (dotted); and 6 = 60°, k= 2.3 (dashed). The
calculations were performed for the TGF source altitude of
h =15 km.

counts and the error bars representing one standard deviation
of the mean value. Figure 7 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.
[21] Figure 8 shows a combined energy spectrum of the
10 distant RHESSI TGFs. Distant TGFs are those detected
at a > 40°, which corresponds to ~500 km between the TGF
production and the sub-satellite point. The simulated spectra
in Figure 8 are results from our MC simulation folded
through the RHESSI DRM. The initial half angle emission
shown in Figure 8 is 30°, 40°, 50° and 60° and a production

1ok 0°<a<20° ]
[ 20°<a<40° ]
3 40°<a<60°
n 8 + T .
2 I 1 - ]
=) L +
S I
S L
[0} 6 - =+ N
o F 4 ES
o | _
G>) L
< 4| - .
I T
Al -
I H
Ol vu vl P = =
100 1000 10000

Energy [keV]

Figure 7. The average energy spectrum for various observa-
tion angles, a.. The 40° < o < 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.
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Figure 8. Combined energy spectrum from 10 distant
(v > 40°) RHESSI TGFs and the energy spectrum from
MC simulations with # = 30° (solid), # = 40° (dotted), 6 =
50° (dashed), and 6 = 60° (dash—dotted). Production altitude

of 15 km. The simulated spectra are normalized to the
RHESSI measurements.

altitude of 15 km. The simulated spectra only contain pho-
tons that escape the atmosphere at o > 40°. The simulated
spectra are normalized to the combined RHESSI spectrum.
The simulated spectra with § < 40° are detected outside the
emission cone. Therefore only scattered photons will be
detected. This results in a softening of the energy spectrum.
When the observation is obtained inside the emission cone
(6 = 50° and 0 = 60° in Figure 8) high energy photons may
propagate directly from the TGF origin to the satellite. This
would lead to a harder energy spectrum. In Figure 8 the
combined RHESSI spectrum is significantly softer than
the simulated spectra with § = 50° and 6 = 60°, where the
reduced x*-values are 1.91 (p = 0.058) and 2.36 (p =
0.0108). For # = 30° and 0 = 40° the simulated spectra have
a closely matched softening to the combined RHESSI
spectrum and the reduced x-values are 0.64 (p = 0.84) and
0.84 (p = 0.68).

5. Discussion

[22] When calculating the observation angle distribution
we have assumed a single TGF production altitude and a
gamma emission where the number of photons emitted per
solid angle is constant within the emission cone. With these
assumptions we find that if TGFs have a narrow emission
cone (¢ = 20°) the probability for our simulated distributions
to represent the measured distribution is lower than a sig-
nificance level of 0.05 for all values of £ As shown in
Figure 5, an emission with § = 30° has a peak probability of
0.15 for 15 km production altitude and 0.25 for 20 km
production altitude. At both production altitudes the best
spectral index is £ = 2.0. Wider emission cones gives higher
probability for our simulations to represent the data with a
maximum at 6§ = 40°. However, we cannot reject any of the
hypotheses with 6 > 30°. An emission cone wider than 60°
implies that all TGFs will be detected inside the emission
cone and we can therefore not discuss the differences when
0 > 60°.

[23] For all emission cones we find that the spectral index
should be in the range 1.85 < k£ < 2.8 for production altitude
15 km and 1.9 < k < 2.85 for 20 km. There are two
important assumptions which may influence the results.
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[24] 1. We have assumed a fixed production altitude.
Several studies have shown that the TGF production altitude
is in the range of ~14-20 km e.g. [Smith et al., 2005;
Carlson et al., 2007; Gjesteland et al., 2010]. Variation in
the production altitude will change our constraints in both &
and 0. However, since we get approximately similar results
for both 15 km and 20 km, the constraints presented here
should be valid for the range of most likely production
altitudes.

[25] 2. We have assumed an isotropic emission within the
cone. Hazelton et al. [2009] used an emission cone from
MC simulations of runaway electrons. They show that
photons emitted from bremsstrahlung in a non-divergent
(uniform) electric field are spread with decreasing intensity
to one half at # ~ 20° and one order of magnitude at ~30° of
axis. According to the simulations in the work by Hazelton
et al. [2009] this is the narrowest emission cone possible
from a relativistic runaway avalanche. This is consistent
with 6 > 30°.

[26] Figure 7 shows significantly softer energy spectrum
for TGFs observed at o = 40°-60° compared to TGFs
observed at o = 0°-20° or o = 20°-40°. The modeling
results from Ostgaard et al. [2008] have shown that TGFs
sampled inside the emission cone will have a similar energy
spectrum at all angles and a significant softening when the
TGF is sampled outside the emission cone. This indicates
that TGF observed at o = 40°-60° are outside the emission
cone giving us a constraint that 6 < 40°.

[27] In a comparison with WWLLN geolocation of
lightning associated with TGFs detected by Fermi Gamma
Burst Monitor (GBM), Connaughton et al. [2010] found all
15 events to be observed within o ~ 30°. Cohen et al.
[2010b] and Collier et al. [2011] found that almost half of
the TGFs are observed at o > 30°. By comparing these
results to MC simulations (see Figure 6), several TGFs
observed at larger angles are consistent with simulation. The
reason that GBM does not detect distant TGFs could be a
result of differences in the trigger algorithm with respect to
RHESSI or that GBM is less sensitive to TGFs with softer
energy spectra. As shown in Figure 7, distant TGFs have a
softer energy spectrum.

[28] The analysis of the angular distribution of TGFs
emission (section 3) points toward an emission cone with
0 > 30°. The spectral analysis (section 4) indicates § < 40°.
The range 30° < § <40° is a little narrower than the half angle
found in some earlier studies. Dwyer and Smith [2005]
concluded that § = 45° gave the best fit to the combined
RHESSI spectrum and Carlison et al. [2007] concluded that
0 > 45° could best represent the data.

[20] Hazelton et al. [2009] found that their wide emission
cone, which had an intensity drop one order of magnitude at
6 ~ 70° and 15 km production altitude, gave the lowest y*-
value. However, they found that no single model (wide or
narrow) fits all the data perfectly. Hazelton et al. [2009]
separated TGFs into close and distant events. Close events
are when there is lightning activity closer than 300 km from
the sub-satellite point, which corresponds to « ~ 30°.
Hazelton et al. [2009] did not use detailed time coincidences
between RHESSI and WWLLN events, but found plausible
thunder storms.

[30] We found the half angle of the emission cone at 6 ~
40°, therefore the distant energy spectrum in the work by
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Hazelton et al. [2009] may include both direct and scattered
TGFs photons. The inclusion of direct photons reduces the
softening of the distant energy spectrum. A softer distant
energy spectrum would fit better to their wide cone
assumption [Hazelton et al., 2009, Figure 1]. This indicates
that an isotropic emission within 30° < § <40° is comparable
to the wide cone of Hazelton et al. [2009].

[31] Carison et al. [2010] showed that if TGFs are pro-
duced by active lightning leader channels the gamma
emission should be broad. The gamma emission predicted
by Carlson et al. [2010, Figure 1f] drops one order of
magnitude at 6 ~ 90°. The energy distribution of the photons
emitted at large angles is not known. High energy photons
emitted at large angles are not consistent with the softening
of the energy spectrum found in this study.

[32] Our study indicates that the emissions are within
30° < 6 < 40°. Assuming that the emission from a runaway
breakdown in vertical electric field is emitted within 6 ~ 20°,
which is where the intensity drops to one half in the simu-
lation by Hazelton et al. [2009], our result suggest that TGFs
are produced in electric fields that may have up to 20°
deviation from vertical.

[33] In section 3 we assumed the TGF intensity to be
distributed according to a power law and found the spectral
index to be in the range 1.85 < k < 2.85 for 6 > 30°. Since
we confined the upper limit of the emission half angle to be
6 < 40° our study indicates that the power law fit to the TGF
intensity should have a spectral index 1.9 < k < 2.5.

[34] RHESSI is known to suffer from deadtime
[Grefenstette et al., 2009] saturation. If TGFs saturates the
detectors as much as they will not be detected the TGFs lost
due to deadtime issues would be biased to short and bright
TGFs [Smith et al, 2010]. From our simulations the
brightest TGFs are observed close to the sub satellite point.
Both the R*-effect and scattering and absorptions effects
reduces the brightness at larger . Simulations [Gjesteland
et al., 2010; Grefenstette et al., 2008] showed that a TGF
measured at larger o contain a Compton tail i.e. a tail of late
arriving photons due to Compton scattering, which increase
the TGF duration. Therefore, if RHESSI loses TGF due to
deadtime it will manly lose TGFs at low «. If the distribu-
tion of detected TGFs are shifted to lower o that would
imply a more narrow emission cone than presented in this
study.

6. Summary

[35] 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° <
0 < 40°. This indicates that TGFs are produced in a ver-
tical or nearly-vertical orientation (up to 20° from vertical)
electric field.

[36] Our simulations shows that it is likely to detect TGFs
at a > 50° which corresponds to >700 km between the
source sferic and the sub-satellite point. We have also found
that TGFs detected at o > 40° have a significantly softer
energy spectrum, which has been interpreted to result from
Compton scattering.

[37] Assuming that the total TGF intensities are distrib-
uted according to a power law (as suggested by Collier et al.
[2011]), we confine the spectral index to 1.9 < k < 2.5.
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[1] This letter presents a new search algorithm for
identifying Terrestrial Gamma ray Flashes (TGFs) in the
Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI) data. The algorithm has been applied to data
from the period 20042006 and we have found more than
twice as many TGFs as previously reported. The new TGFs
follow the same geographical and seasonal variations as the
previously reported TGFs. The match percentage between
the new TGFs and World Wide Lightning Location
Network (WWLLN) data is comparable to the RHESSI
catalog TGFs. Our results shows that previous searches
only identified the most intense events, and that there might
be a large population of faint TGFs. Citation: Gjesteland, T.,
N. Ostgaard, A. B. Collier, B. E. Carlson, C. Eyles, and D. M. Smith
(2012), A new method reveals more TGFs in the RHESSI data,
Geophys. Res. Lett., 39,1.05102, doi:10.1029/2012GL050899.

1. Introduction

[2] TGFs were discovered by Fishman et al. [1994] and
since then a few satellites have made TGF observations
[Smith et al., 2005; Marisaldi et al., 2010a; Briggs et al.,
2011]. The majority of TGFs have been observed by
RHESSI. By September 2010 the RHESSI catalog contained
975 TGFs, and the instrument is still operating [Grefenstette
et al., 2009]. Observations by other spacecraft add up to a
few hundreds of TGFs. The Burst And Transient Source
Experiment (BATSE) observed 78 TGFs (http:/gammaray.
msfc.nasa.gov/batse/misc/triggers.html) during its eight year
mission. Fermi observed 50 TGFs during their first 21
months of operation [Fishman et al., 2011]. Astrorivelatore
Gamma a Immagini Leggero (AGILE) has observed 130
events satisfying stringent TGF selection criteria during the
period June 2008 to January 2010 [Tavani et al., 2011]. In
addition one TGF has been observed from an airplane by the
Airborne Detector for Energetic Lightning Emissions
(ADELE) [Smith et al., 2011]. The limited number of events
is partially due to the high trigger threshold imposed on the
data in order to eliminate spurious events. Relaxing the
trigger criteria leads to increasing TGF detection rates
[Fishman et al., 2011]. The population of fainter TGFs is
currently unknown.
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[3] TGFs have a typical duration of less than 1 ms. The
average duration of the RHESSI catalog TGFs is
~ 0.6 — 0.7 ms [Smith et al., 2010]. By correcting for
deadtime in the BATSE instrument, Gjesteland et al. [2010]
determined the TGF duration of five TGFs to be between
0.2 ms and 0.3 ms. New results from Fermi have shown that
TGFs can be as short as 50 us [Fishman et al., 2011].
Despite the different methods used to determine TGF dura-
tion, the consensus is that typical TGFs are significantly
shorter than 1 ms.

[4] Observed TGFs have an energy spectrum o 1/E with
an exponential cutoff [Dwyer and Smith, 2005] where the
energy of single photons may be up to several tens of MeV’s
[Smith et al., 2005; Marisaldi et al., 2010b].

[5] The RHESSI TGF catalog is presented by Grefenstette
et al. [2009] and can be found at http://scipp.ucsc.edu/
~dsmith/tgflib_public. In the following we will refer to these
TGFs as the catalog TGFs. Grefenstette et al. [2009] also
present results from an alternative search algorithm. The
numbers and quality of these new events were not quanti-
fied, but clearly indicate that there are more TGFs than
presented in the catalog.

[6] In this letter we present a new and optimized search
algorithm which has been applied to the RHESSI data
and show that there are many more RHESSI TGFs than
previously reported.

2. Search Algorithm

[7] RHESSI consists of nine segmented germanium
detectors for X- and - ray detection in the energy range
from 3 keV to 17 MeV, where the rear detectors measures
counts with energy > 25 keV. For more description of the
RHESSI instrument refer to Smith et al. [2002] and
Grefenstette et al. [2009]. The raw RHESSI data are avail-
able at: http://hesperia.gsfc.nasa.gov/hessidata.

[8] We use data from the rear RHESSI detectors, consid-
ering only counts with energy > 30 keV. Detector G2 was
operating poorly, in an unsegmented mode at low voltage,
during 2004-2006. As in the work by Grefenstette et al.
[2009] G2 is not included in our search. Since a high
energy photon may deposit energy in more than one detector
we combine counts that are detected within +1 binary
microsecond (272) and regard these counts as one photon.
This was also done by Grefenstette et al. [2009].

[9] Our search algorithm is in two steps, first a coarse
search and then a fine search. The following definitions will
be used. The result from the coarse search is called an event.
If the event passes the fine search we call it a trigger and if it
also passes a final set of selection criteria which is described
below, we call it a TGF.

[10] In the coarse search we use a 1 ms search window.
Since TGFs typically last < 1 ms the entire TGF will be
within the 1 ms search window. However, there is a
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possibility that a given TGF is divided between two con-
secutive search windows. To avoid this we move the 1 ms
search window in steps of 0.5 ms.

[11] For each window we calculate the expected number
of background counts for that window. The number of
expected background counts is calculated using the average
background count rate over times range ¢ € [— 220, — 20]
ms and ¢ € [20, 220] ms, where ¢ = 0 is the time at the
beginning of the search window. The reason for not
including the 40 ms around the search window is to exclude
the counts from the event itself. While RHESSI TGFs are
typically < 1 ms, electron beams produced by TGFs may be
up to 25 ms [Dwyer et al., 2008; Carlison et al., 2009, 2011;
Briggs et al., 2011]. The average RHESSI background rate
is two counts per ms [Grefenstette et al., 2009].

[12] For each window we calculate the probability of
getting a false event assuming the background follows a
Poisson process:

X—1 Ni
pr=XIN)=1-e N3 =,

1
=0 b

(1)

where N is the number of expected background counts in the
search window and X is the number of counts in the search
window. Windows where p(x > X|N) < 10~ are called an
event. The events are then moved to the fine search. With
p < 107° we would expect ~ 3 - 10* events per year.
However, we found ~10” events per year which we believe
is a result of cosmic rays creating several counts in the
detectors.

[13] In the fine search we use three sliding search win-
dows; 0.3 ms, 1 ms and 3 ms. As in the coarse search we
calculate the probability to measure the number of counts in
the search window, X, or greater given an expected back-
ground of N, but with a more stringent requirement. If
px > X|N) < pmax> Where phay is a chosen threshold, we
call the event a trigger. In one year there are ~ 3 - 10'°
intervals of length 1 ms and since our smallest search
window is 0.3 ms there are ~10'' independent search
windows per year. Choosing pmax = 107", means that we
expect to have one false trigger per year due to statistical
fluctuations.

[14] To be identified as a TGF a trigger from the fine
search must fulfill five selection criteria:

1. Triggers where the background before and after the
trigger varies by more than 15% are rejected. This removes
triggers artificially caused by event data being turned back
on as the satellite leaves the South Atlantic Magnetic
Anomaly (SAMA), as well as other false triggers due to a
sudden change in background count rate.

2. The duration of a trigger should be more than 0.1 ms
and less than 3 ms. The lower duration criterion remove
possible cosmic rays which last < 0.01 ms, but may last up
to 0.05 ms in the electronics [Grefenstette et al., 2009]. The
longer duration criterion removes possible TGF electron
beams which typically last 5-25 ms [Dwyer et al., 2008;
Carlson et al., 2009, 2011]. It also removes soft gamma ray
repeaters and solar flares which both have longer durations.
The duration is determined as +2¢ of a Gaussian fit to the
light curve with bin size of 0.25 ms. Since TGFs may be
shorter than the bin size, we have used the same method as
Grefenstette et al. [2009] to calculate the lower end of the
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duration, that is, we require that the time between the first
and the last photon in the 0.3 ms trigger window should be
more than 0.1 ms.

3. To avoid false triggers caused by high voltage arcing in
any one of the RHESSI detectors [Grefenstette et al., 2009]
only allowed at most 25% of the counts in one detector. We
have relaxed this criterion slightly: For the distribution of
counts in the eight detectors we require that the value of
o/y/n < 1.5, where o and n are the standard deviation and
the mean of the distribution. A Monte Carlo test of this cri-
terion has shown that this method falsely rejects ~ 0.2%.

4. The hardness ratio H, of the trigger is determined as the
number of counts with energy £ > 1 MeV divided by the
number of counts with energy £ < 1 MeV. Triggers where
H, < 0.025 are rejected. For TGFs with < 40 counts this
criterion implies at least one count with energy > 1 MeV.

5. Triggers where the number of overflow counts (counts
with energy > 17 MeV) is larger than 30% are rejected. This
criterion removes triggers which we believe comes from
high energy deposit by cosmic rays that are not removed by
the other criteria.

3. Results

[15] Figure 1 shows three example TGFs from our search.
Figures la—1c show the light curve and a scatter plot of
energy versus time for the counts in the TGFs. The TGF in
Figure la with p = 3.07 - 10~ is the one found over the
Sahara desert, which is a place we do not expect to observe
TGFs. However, it could be a part of a TGF electron beam as
reported by Dwyer et al. [2008] and Briggs et al. [2011].
Figure 1b shows one of the weakest TGFs found in the new
search (p = 8.16 - 107'?) and contains only 11 counts. The
TGF in Figure 1c with p < 107'¢ is a typical TGF. This one
is also in the RHESSI catalog.

[16] In the data from 2004, 2005 and 2006 we found a
total of 1012 TGFs, of which 958 passed our criteria with a
0.3 ms search window, 648 with 1 ms search window and
272 with 3 ms search window. Figure 1d shows the new
TGFs as red circles and the catalog TGFs as green dots. For
the period 2004-2006 the RHESSI catalog contains 474
TGFs of which our search algorithm found 458. Hence,
there are 16 catalog TGFs which are not found in this new
search. Seven of these had p > 107! and so the rest were
rejected due to the criteria we applied.

[17] We have searched for matches between the new
RHESSI TGFs and WWLLN events as described by Collier
et al. [2011]. A match is defined when a WWLLN event
occurs closer than 2400 km from the RHESSI sub satellite
point within +10 ms of the TGF. The result is shown in
Table 1. We found that the number of matches is slightly
higher than reported by Collier et al. [2011]. They found
that the catalog TGFs that matched with the WWLLN events
were from the weaker part of the TGF intensity distribution.
Thus the comparable match percentage we found for the new
search, which contains fainter TGFs than in the catalog, is
consistent with the result of Collier et al. [2011]. Also
Connaughton et al. [2010] found a comparable match per-
centage between WWLLN and FERMI when the search
criteria were relaxed.

[18] By choosing pmax = 107'° we find 1283 events. Some
of these appear in regions where one does not expect to find
TGFs. Also the match percentage with WWLLN starts to
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Figure 1. (a—c) (top) The light curve and (bottom) each photon with energy versus time. Figures 1a and 1b are new TGFs.
Figure 1c is also presented in the RHESSI catalog. (d) RHESSI TGFs for the years 2004, 2005 and 2006. The red circles
are TGFs found with the new search algorithm (1012 TGFs) and green dots are TGFs from the RHESSI TGF catalog
(474 TGFs). There are no TGFs in most of South America since RHESSI does not provide data for this region (SAMA).
The grey scale indicates lightning activity measured by LIS/OTD. The dashed lines are the limits of the RHESSI 38" incli-

nation orbit.

drop at pua, = 107'°. Even if many of the events where
Pmax = 10~ 1% are assumed to be real TGFs we choose to use
Pmax = 107" to keep our search results clean.

[19] An animation showing the lighting activity from the
Lightning Imaging Sensor (LIS) gridded time series data
[Christian et al., 2003] and the occurrence of TGFs is
uploaded in the auxiliary material.! Animation S1 shows that
the TGFs we have found follow the seasonal variation in
lighting activity. For example during the northern hemi-
sphere winter we have found only one TGF over the
Caribbean while the vast majority of TGF observations in
the Caribbean occur during northern hemisphere summer
and fall. A similar variation is also found in the lightning
activity [Christian et al., 2003]. This seasonal variation of
TGFs is well established. Splitt et al. [2010] have shown that
RHESSI catalog TGFs follow the diurnal, seasonal, and
geographic patterns of lightning activity.

! Auxiliary material data scts are available at ftp://ftp.agu.org/apend/gl/
2012g1050899. Other auxiliary materials files are in the HTML.
doi:10.1029/2012GL050899.

[20] The intensities of the new RHESSI TGFs and the
catalog TGFs are shown in Figure 2a, with black and red
curves respectively. As expected most of the new TGFs are
weaker than the catalog TGFs. Assuming that the TGF flu-
ence distribution follows a power law we would expect to
find more TGFs when the lower threshold for detection are
reduced [Collier et al., 2011; Dstgaard et al., 2012].

[21] Due to radiation damage in the RHESSI instrument,
events occurring before 1 January 2005 are the most reliable
for energy analysis [Grefenstette et al., 2009]. Figure 2b

Table 1. Number of TGFs/Year From the RHESSI Catalog N, and
From the New Search N,*

RHESSI Catalog New Search TGFs
Year N, Match (%) N, Match (%)
2004 156 7.7 362 72
2005 181 6.1 344 7.8
2006 135 7.4 306 12.4

"The percentage match between TGFs and WWLLN for the RHESSI
catalog, N, [Collier et al., 2011], and the new search N, is also shown.
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Figure 2. (a) Distribution of TGF intensity for year 2004,
2005 and 2006. Black is from 554 new TGFs and red is from
474 catalog TGFs. (b) The energy spectrum from 156 cata-
log TGFs in 2004 in red. The black spectrum is 210 TGFs
only found in the new search. Notice that the new energy
spectrum is softer than the catalog energy spectrum.

shows superposed energy spectra for TGFs occurring during
2004. The red curve is TGFs from the RHESSI catalog. The
black curve contains only new TGFs for the same period.
The energy spectrum from the new TGFs is softer than the
energy spectrum from the catalog. If we assume an upper
limit on the TGF intensity we expect that reducing the
detection threshold leads to an increase in the satellite’s field
of view since attenuation and distance effects reduce the
TGFs fluence at increasing distances. Simulations by
Ostgaard et al. [2008] have shown that Compton scattering
will soften the energy spectrum for TGFs observed at large
distances. It is also found that RHESSI TGFs measured at
large distances have a softer energy spectrum than TGFs
measured closer to the sub-satellite point [Hazelton et al.,
2009; Gjesteland et al., 2011].

[22] The main difference between the algorithm presented
here and the one presented by Grefenstette et al. [2009] are:
1) Relaxing the signal to noise threshold. Grefenstette et al.
[2009] required at least 12-v/N + 1 + N counts in a 1 ms
window where N is the background. This will give a
threshold of p < 107'® when N = 2 counts per ms which is
the average RHESSI count rate . The new algorithm require
p < 107'".2) We have used a shorter search window (0.3 ms
in addition to 1 ms and 3 ms). 3) We have included a
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criterion on the hardness ratio similar to the one used in
AGILE search [Marisaldi et al., 2010a].

[23] The search presented here is developed to lower the
threshold for detection to find new TGFs with p < 107'!.
The p-value is chosen such that we expect to find one false
TGF per year based on statistical fluctuations. However,
since the background spectrum is softer than the TGF
spectrum, our criteria may reduce this value. We cannot be
sure that our search does not include false TGFs. However,
since the new TGFs are found in regions known to produce
TGFs, and since the match with WWLLN events is
improved in the new search we feel confident that the vast
majority of the TGFs found in this study are real TGFs.

[24] In the auxiliary material we provide the time to the
nearest ms and location for the 1012 TGFs found by our
search. It has been suggested that the RHESSI clock is
approximately 1.8 ms slower than UTC [Grefenstette et al.,
2009] and therefore 1.8 ms should be added to the times
we present.

4. Summary

[25] We have developed a new search algorithm which has
been applied to the RHESSI data for the years 2004, 2005
and 2006. Our findings are:

1. We have more than doubled the population of detected
RHESSI TGFs in this period.

2. The RHESSI TGFs follow the seasonal variation of
lightning activity.

3. The match percentage with WWLLN events is com-
parable for the new TGFs, indicating that WWLLN is just as
sensitive to the source lightning for new TGFs as the catalog
TGFs.

4. The superposed energy spectrum of the new RHESSI
TGFs is softer than the superposed spectrum of the RHESSI
catalog, which indicates that RHESSI field of view is
increased.
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[1] In this paper we use the fluence distributions observed by two different instruments,
RHESSI and Fermi GBM, corrected for the effects of their different orbits, combined
with their different daily TGF detection rates and their relative sensitivities to make an
estimate of the true fluence distribution of TGFs as measured at satellite altitudes.

The estimate is then used to calculate the dead-time loss for an average TGF measured
by RHESSI. An independent estimate of RHESSI dead-time loss and true fluence
distribution is obtained from a Monte Carlo (MC) simulation in order to evaluate the
consistency of our results. The two methods give RHESSI dead-time losses of 24-26% for
average fluence of 33—35 counts. Assuming a sharp cut-off the true TGF fluence
distribution is found to follow a power law with A = 2.3 + 0.2 down to ~5/600 of the
detection threshold of RHESSI. This corresponds to a lowest number of electrons produced
in a TGF of ~10'* and a global production rate within +38° latitude of 50000 TGFs/day
or about 35 TGFs every minute, which is 2% of all IC lightning. If a more realistic
distribution with a roll-off below 1/3 (or higher) of the RHESSI lower detection
threshold with a true distribution with A < 1.7 that corresponds to a source distribution with
A < 1.3 is considered, we can not rule out that all discharges produce TGFs. In that case
the lowest number of total electrons produced in a TGF is ~10'%.

Citation: Ostgaard, N., T. Gjesteland, R. S. Hansen, A. B. Collier, and B. Carlson (2012), The true fluence distribution of
terrestrial gamma flashes at satellite altitude, J. Geophys. Res., 117, A03327, doi:10.1029/2011JA017365.

1. Introduction

[2] With the discovery of terrestrial gamma flashes
(TGFs) above thunderstorms [Fishman et al., 1994] by the
Burst and Transient Source Experiment (BATSE) a new
mechanism of the coupling between the lower atmosphere
and space was found. The phenomenon involves both
gamma photons, relativistic electrons and positrons.
Charged particles are accelerated in extremely strong
electric fields (>300 kV/m sea level equivalent) associated
with lightning discharges and initiate a relativistic run-
away process [Gurevich et al., 1992]. Through interaction
with the neutral atmosphere bremsstrahlung is produced,
resulting in the escape of electrons [Dwyer et al., 2008],
positrons [Briggs et al., 2011] and gamma photons into
space. There are still many open questions related to TGFs,
and one of them will be addressed in this paper: How
common are TGFs? Or more specifically: What is the true
fluence distribution of TGFs as measured from satellite
altitude?

[3] From the first observations it was believed that the
TGFs are produced above 40 km and that they were related
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to transient luminous events [Fishman et al., 1994; Nemiroff
etal., 1997], a reasonable suggestion given the relatively few
observations of about 10 TGF/year by BATSE (78 TGFs in
9 years according to http://www.batse.msfc.nasa.gov/batse/
misc/triggers.html). However, results from Reuvan Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) ten years
later indicated that their production altitude is most likely
around 15-21 km [Dwyer and Smith, 2005]. While BATSE
had an on-board trigger algorithm with a 64 ms search win-
dow, the data from RHESSI were downloaded and a more
sophisticated, but still rather conservative, search algorithm
with a search window of 1 ms was applied. For more details
about the search algorithm we refer to Grefenstette et al.
[2009]. Having a trigger window significantly longer than
the typical duration of a TGF(<1 ms), like BATSE had, only
events with high count rates that exceed the statistical fluc-
tuations of background counts will be classified as TGFs.
However, RHESSI had a search window comparable to the
duration of a TGF and could identify much weaker TGFs.
Thus, RHESSI was able to report more than 100 TGFs/year
(975 TGFs in 8.5 years according to http://scipp.ucsc.edu/~
dsmith/tgflib_public/). Reanalyses of the BATSE data have
also confirmed a production altitude of TGFs below 20 km
[Carlson et al.,2007; Ostgaard et al., 2008; Gjesteland et al.,
2010]. Consistent with this production altitude and general
lightning physics, Williams [2006] speculated that TGFs are
related to positive intracloud lightning, a suggestion that has
been supported by a few studies comparing TGFs with
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Figure 1. The fluence distributions of TGFs measured by
RHESSI (grey histogram) and Fermi (black histogram).
Power functions are fitted to both distributions. The average
values for Fermi are for TGF pulses, defined as counts in the
central 50% of duration.

electromagnetic characteristics of lightning [Cummer et al.,
2005; Shao et al., 2010; Cummer et al., 2011]. As intra-
cloud lightning accounts for about 75% of all the lightning
[Boccippio et al., 2001] and most of these are positive
intracloud lightning bringing negative charges upward, this
may imply that TGFs are a rather common phenomenon.
X-ray bursts have been observed from negative leader steps
in cloud-to-ground (CG-) lightning [Dwyer et al., 2005] and
from dart leaders in rocket triggered lightning [Dwyer et al.,
2004] before the return strokes of the CG— lightning. Dis-
charge experiments in the laboratory [Nguyen et al., 2008]
have also shown that bursts of X-rays are observed slightly
before (~1 ps) the discharge return stroke. All these studies
give some hints that TGFs might be more common than
observations from space have indicated so far. On the other
hand, Smith et al. [2011] suggested that the non-detection of
TGFs by the Airborne Detector for Energetic Lightning
Emissions (ADELE) may indicate the opposite, that there
are very few TGFs with intensities two-three orders of
magnitude weaker than those observed by RHESSI.

[4] Measurements from space have been hampered by the
loss of counts due to dead-time in the electronics, limited
instrument sensitivity and limitations due to the on-board
trigger window. In this paper we will use the fluence dis-
tributions observed by two different instruments, RHESSI
and Fermi GBM, corrected for the effects of their different
orbits, combined with their different daily TGF detection
rates and their relative sensitivities to make an estimate of
the true fluence distribution of TGFs at satellite altitudes.
This estimate is then used to calculate the dead-time loss
for an average TGF fluence measured by RHESSI. Inde-
pendent estimates of RHESSI dead-time loss and true flu-
ence distribution are obtained from a Monte Carlo (MC)
simulation in order to evaluate the consistency of our
results. Finally, we discuss our results in the context of
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ADELE’s sensitivity and the non-detection of TGFs by
this aircraft.

2. The Measured TGF Fluence Distributions and
Average Duration

[5s] The fluence distribution of the 591 TGFs measured by
RHESSI (March 4, 2002—December 31, 2005) and the first
53 TGFs measured by Fermi (Aug 7, 2008—March 10, 2010)
are shown in Figure 1. The RHESSI TGFs were downloaded
from http://scipp.ucsc.edu/~dsmith/tgflib_public/ and are
the same as used in the quantitatively analysis by
Grefenstette et al. [2009] obtained before the degradation of
the instrument’s sensitivity when the effective detector area
was still 256 cm®. The Fermi TGFs are taken from Fishman
et al. [2011, Table 2]. The three double peaks in that table
are treated as separate TGFs giving a total of 53 TGF pulses.
All these TGFs were detected when an on-board 16 ms
trigger window was used. A power function with the form

2 Aon
dn o

1
(dN is the number of TGFs with fluence within drn and 4 is a
scaling factor) has been fitted to each of the distribution,
giving A of 3.5 and 1.4, for RHESSI and Fermi, respectively.
The fit is based on 14 (4) bins from the peak using bin size of
2 (50) counts for the RHESSI (Fermi) distribution. A power
function was chosen because the measured RHESSI fluence
distribution could be fairly well fitted with such a function.
The accuracy of the fit will be discussed in section 5. We
interpret the very soft fluence distribution (meaning rela-
tively many low fluence TGFs) from RHESSI to be caused
by dead-time losses that are most significant for high photon
fluxes. Although Fermi also has dead-time losses, the very
hard fluence distribution (meaning relatively many high flu-
ence TGFs) from Fermi can probably be explained by the
long trigger window of 16 ms, which favors high fluence
TGFs. For these reasons we believe that the true fluence
distribution is somewhere in between these two distributions.
[6] The durations of the 591 RHESSI TGFs have a mean
of 374 us and a median of 299 us. The duration of a TGF is
defined as the +20 of a Gaussian function fitted to the light
curve of total counts. The majority of the first 53 TGF
pulses measured by Fermi have durations between 100 us
and 400 us [Fishman et al., 2011]. For comparison
Gjesteland et al. [2010] reported 5 TGFs measured by
BATSE to have a production duration of 200-250 us.

3. Differences in Sensitivity and Total Number
of Observed TGFs

[7] For the 591 RHESSI TGFs observed before January 1,
2006 the average time between TGFs was 2.35 day or 0.42
TGFs/day using a lower threshold cut-off of 17 counts
[Grefenstette et al., 2009]. For the first 53 TGFs measured
by Fermi they observed 0.03 TGFs/day when a 16 ms on-
board trigger window was applied to the Nal scintillators,
which increased to 0.3 TGFs/day when the same window
was applied to the BGO detectors [Fishman et al., 2011].
However, after the Fermi team started downloading most of
the data obtained over regions where TGFs are produced,
Fishman [2011] reported that more than 1 TGF/day has been
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Figure 2. The average lower threshold of RHESSI (grey)
and FERMI (black) given on the RHESSI scale of counts/
TGF. The distribution of TGFs with an exponent of 2.3 is
shown as a grey curve.

observed. According to Briggs [2011; M. Briggs, personal
communication, 2011] their ground search found 234 TGFs
in 591.8 hours of data over regions which are expected to
have a high TGF rate. Over the same hours and from the
same regions, they found 23 triggered TGFs, a 10.2 times
increase in detection rate. According to Fishman et al.
[2011] 35 TGFs were observed after the trigger algorithm
change (from Nal to BGO) in at least 141 days of data. Of
the 35 triggered TGFs 21 were inside the regions where all
the data have been downloaded [Briggs, 2011] and the
scaling factor of 10.2 should apply. We do not know if this
ratio is also valid for the areas outside the boxes which are
mostly over ocean. Although there are fewer thunderstorms
over ocean the ratio of IC/CG and the fluence distribution of
TGFs might be the same. As we are not aware of any studies
that give any information whether the TGF distribution over
ocean is softer or harder than over land, we will apply an
uncertainty of £50% for the triggered-to-search ratio for the
regions outside the boxes. This uncertainty also accounts for
any seasonal biases in the downloaded data. This gives us a
daily detection rate of 2.5 &+ 0.5 TGFs/day (35/141 x 10.2
and 21/141 x 10.2 + 14/141 x (15.3 or 5.1)).

[8] From the RHESSI data we know that TGFs have a
strong latitudinal dependence with fewer TGFs produced at
higher latitudes. As Fermi, due to its inclination of 25.6°
spends more time over regions with more TGFs than
RHESSI (38° inclination), Fermi should see more TGFs than
RHESSI. As we want to derive a relative daily detection rate
that only depends on sensitivity differences we need to cor-
rect for this effect. This correction is performed as follows:
First, we consider the RHESSI TGF fluence distribution (Ng)
versus latitude (6), dNg/df, corrected for the latitudinal
cosine effect on area. Then we calculate the fraction of the
orbit RHESSI (Op) spends at various latitudes, dOg/df, when
the orbit is given as a sine function with amplitude of 38° + 3°
latitude. A similar calculation is performed for Fermi,
dOg/df, but with an amplitude of 25.6° +3° latitude. The
extra 3° is to account for a field of view of about 400 km.
The expected Fermi TGF distribution is then given as

dOy/df

dN[ﬂ _ dNR «
dOg/do

d6 " do

2)

that Fermi, just due to orbital differences between the two
spacecraft, is expected to see 65% more TGFs than RHESSI.
This means that the relative detection rate between Fermi
and RHESSI due to sensitivity differences only, Y, is given
by (2.5 £ 0.5)/1.65/0.42 = 3.6 £ 0.7. It should be noted that
this is what Fermi would have seen if they downloaded
data similar to RHESSI and is what we will use as the
relative detection rate between the two instruments. How-
ever, the real detection rate for Fermi is 1.6 TGFs/day
(21 x 10.2/141 + 14/141).

[o] Even if the photon flux of a TGF has a rapid rise, the
decay, due to Compton scattering, is usually slow [Dstgaard
et al., 2008] and there is no reason to believe that RHESSI,
due to dead-time losses, should miss TGFs with high flu-
ence. Dead-time losses would only lead to underestimating
the fluence of strong TGFs. When Fermi sees more TGFs
than RHESSI it implies that its sensitivity is better. Although
Fermi BGO detectors have a slightly larger effective detector
area than RHESSI, that is 320 cm? [Meegan et al., 2009;
Briggs et al., 2010] compared to 256 cm?® [Grefenstette
et al, 2009] flying at practically the same altitude, the
most important reason for the higher sensitivity is that a
more efficient trigger algorithm for the on-ground analysis
has been developed for Fermi. According to Briggs [2011]
the on-ground trigger algorithm requires >4 counts in each
of the two BGO detector, >4 in all the 12 Nal detectors and
with a probability less than 10~ ' giving a lower threshold
of 19 counts in all detectors. For the comparison with the
591 RHESSI TGFs for which a lower cut-off threshold of
17 counts (before background subtraction) have been used
we use the >8 counts (also before background subtraction) in
the two BGO detectors with an energy averaged effective
detector area of 160 cm® x 2 =320 cm?’ to obtain the relative
sensitivity, X, between Fermi and RHESSI as

17320

8 “256 7 G)
This is equivalent to Fermi having a lower threshold of 6.3
on the RHESSI scale as visualized in Figure 2. Although
there are uncertainties related to this estimate we will show
that it provides results that converge with the rest of the
information we have and are consistent with an independent
MC simulation of RHESSI dead-time. Uncertainties related
to the relative sensitivity will be discussed.

4. The True Fluence Distribution and RHESSI
Dead-Time Losses

[10] In the search algorithm to find the 591 RHESSI TGFs
with the daily detection rate of 0.42 TGFs/day a lower
threshold cut-off of 17 counts was used. However, our MC
simulations of dead-time loss indicates that RHESSI only
has a one-to-one response up to 10 counts (see Figure 4a).
However, between 10 and 20 counts the errors of the esti-
mated true counts are still overlapping the one-to-one
response. We will therefore use a fluence of 15 counts as the
threshold where the RHESSI results start to be affected by
dead-time losses, but also show the effect of using 10 and
20 counts.

3 of 8



104

Scientific results

A03327
A)
1.000 .
c E 0.100F |
55
=R
©
EZ o0.010} __ |
0,001 . | l |
20 40 60 80 -
nT (Counts/TGF)
B)
60
: S D
2 a0}
= 3
T 3
I “
\‘; 2or Loss: 24%
w -
o
- 3
oll. . | |
20 40 60 30 S

n, (True counts)

Figure 3. (a) The distribution measured by RHESSI (thick
grey) and the estimated true TGF distribution at RHESSI
altitude based on the two instrument’s different photon
detection sensitivities and their relative daily TGF detection
rate. (b) The loss due to dead-time in the RHESSI electronics
as a function of true counts (incoming photon fluence). Solid
line is for 15 counts used as the threshold where RHESSI
experiences dead-time losses. Dotted lines are for lower
threshold of 10 counts (upper) and 20 counts (lower). The
grey cross is the average dead-time loss determined by the
MC simulations described in section 5.

[11] Given that both RHESSI and Fermi are measuring
from a true fluence distribution that follows a power law
with an unknown exponent, A, but with different lower
detection thresholds, we have the following expression for
the total number of TGFs detected by Fermi:

o 4
Nr :/ Aondn = 3 Oln(l);A 4)

0F

where n is fluence and ngr is the lower threshold of
detection. The total number of TGFs detected by RHESSI,
N can be expressed similarly, but with a different lower
threshold, noz. We can then express the relative total
number of detected TGFs which is equivalent to the relative
daily detection rate, Y, as a function of the two lower
thresholds

Nr  nori—xn 1012
y = F — B0y 5
NR noRr (X) ( )
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With relative sensitivity, X = 2.7, and relative daily detec-
tion rate, ¥ = 3.6 £ 0.7, this can be solved to get an
exponent

A=23+02 (6)

Knowing the distribution of TGFs measured by RHESSI,
with A\ = 3.5 and the estimated true TGF distributions, with
A = 2.3 we can calculate RHESSI dead-time losses as a
function of incoming photons. For a specific number of
TGFs within a fluence interval, dN/dn, in Figure 3a the
dead-time loss is the difference between the true fluence,
ny, and the measured fluence n,, divided by nz. This is
shown in Figure 3b where we have used a fluence of 15
(solid line), with 10 and 20 as uncertainties (dotted lines),

)
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Figure 4. (a) Monte Carlo simulation of the TGF observed
May 2, 2005, with a duration of 361 us, with increasing true
fluence from 0 to 100. Vertical line denotes the measured
counts and the true counts can be read out from the intersec-
tion between MC values and horizontal line, here 45 +7.
The diagonal line indicates that RHESSI has no dead-time
losses up to about 15 counts. (b) Grey histogram is the mea-
sured fluence distribution of the 591 RHESSI TGFS, while
black histogram is the true fluence distribution running the
MC model on each of the 591 TGFs. Due to background
subtraction there are TGFs with less than 17 counts. The
black, grey and red lines show the fitted power distributions
for the measured (A = 3.5) true (A = 2.6) and the lower bins
of the true (A = 1.7).
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A) of photons within the duration, which is shown as vertical
4.0 TT lines in Figure 4a. The black horizontal line at 34 counts is
’ W\ what RHESSI measured for this specific TGF and the true
3.5¢ W\ ] counts can be read out from the intersection between the MC
3ok W\ ] values and the horizontal line, here 45 +7. This curve would
: W\ have been identical to the one shown in Figure 3b if both the
< 25F — = == S measured counts and duration were equal to the averages, 34
S \_ = _ counts and 374 us. When this MC scheme is applied to all
2.0f T~ o T——==-—1 the 591 RHESSI TGFs a true fluence distribution of TGFs
15k Fermi T == can be obtained, as shown by the black histogram in
I S A Figure 4b. Using the average fluence of the true distribution
1.0 1 1 1 and the measured distribution we get the dead-time losses
1 2 3 4 5 for an average RHESSI TGF of 26%, as shown as a grey
X: Relative sensitivity Fermi/RHESSI cross in Figure 3b. Power functions can be fitted to the dis-
B) tributions. Depending on how many bins from the peak
4.0 I I value that are used for the fit we find that the measured
distribution before dead time correction (grey histogram) can
3.5¢ : : E be fitted with power exponents ranging from 3.2 (11 bins) to
30k : : ] 3.7 (17 Eins). A x’-test (reduced) of these fits is equally
’ good (xz < 0.15). Similarly, for the dead time corrected
< 25F — - - - - |- =" ] distribution (black histogram) we find power exponents
______ = ranging from 2.3 (10 bins) to 3.0 (19 bins), which are
20 ! 7 equally good with x% < 0.2. In Figure 4b we have chosen to
15E I Fermi | ] show exponents in the middle of the intervals, A of 3.5 for
R LR L the non-corrected distribution, that was used for estimating
1.0 . L ol . the RHESSI dead time losses in section 4. For the corrected
1 2 3 4 5 6 distribution we show a A of 2.6 for the entire distribution and

Y: Ratio of daily detection rate Fermi/RHESSI

Figure 5. How the exponent, \, depends on (a) the relative
sensitivity of the two instruments and (b) the relative daily
detection rate. In Figure 5a the vertical line is the relative
sensitivity we have based our calculation on. The dashed
lines show the same dependence when the upper and lower
limits of Y are used. In Figure 5b the solid vertical line is
the relative daily detection rate with lower and upper limits
as dashed lines with the corresponding upper and lower lim-
its for A (horizontal dashed lines). In both panels the dotted
lines are the A for the measured distributions by RHESSI
(grey) and Fermi (black).

as the level where dead-time losses start to affect the
RHESSI counts. The loss for an average TGF (33 counts)
is 24% which is fairly close to what was obtained from
the MC simulations (grey cross), 26% for an average of
35 counts (Figure 4b).

5. Monte Carlo Simulation of RHESSI
Dead-Time Losses

[12] To obtain an independent estimate of RHESSI dead-
time losses a MC simulation was performed. For this MC
simulation we used the characteristic times of the RHESSI
electronics [Grefenstette et al., 2009] to determine the dead-
time in each of the 8 detectors. Then, for each TGF the
following two steps are performed: 1) The duration of the
TGF is calculated as within 2 standard deviations of a
Gaussian fit to the TGF light-curve. 2) By increasing the
number of photons distributed randomly within the duration
of each TGF a detection efficiency curve is obtained. As this
was performed hundred times for each number of photons
we obtain the statistical error due to the random distribution

a A of 1.7 for the lower part, indicating a roll-off, as will be
discussed in section 6.

6. Discussion

[13] Fermi also has a dead-time loss up to 50% for intense
TGFs [Briggs et al., 2010]. Because Fermi is seeing 3.6 £+
0.7 times more TGFs than RHESSI, we believe that Fermi
due to its more sophisticated search algorithm, is seeing the
weaker part of the TGF fluence distribution. We can not rule
out that Fermi may lose some counts due to dead-time even
for these weak TGFs, but we will argue that the lower
threshold of TGF detection for Fermi is most likely deter-
mined by the signal-to-noise ratio rather than dead-time
losses.

[14] There are two important values that our estimated true
fluence distribution depends on: 1) the relative sensitivity
(X) of the two instruments and 2) the relative daily detection
rate (Y), where we have used X =2.7 and Y=3.6 £ 0.7. To
examine how uncertainties in these two estimates may
influence our result we can rewrite equation (5) to obtain

(7)

[15] In Figure 5a we keep the relative daily TGF detection
rate fixed at ¥ = 3.6 and let the relative sensitivity (X) vary
from 1 to 5. One can see that if Fermi is more sensitive
relative to RHESSI than we have estimated (moving to
higher values) the true distribution will be slightly harder.
On the other hand, if the two instruments have almost similar
sensitivities the true fluence distribution quickly becomes
very soft. The dashed lines show the same dependence when
the upper and lower limits of Y are used. We have based our
estimate of relative sensitivity on information presented by
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Grefenstette et al. [2009], Meegan et al. [2009], Briggs et al.
[2010], and Briggs [2011, also personal communication,
2011]. For the RHESSI data we have only used the 591
TGFs before the degradation of the instrument occurred. The
average effective detection area is adopted from Briggs et al.
[2010], but looking at Figure 11 of Meegan et al. [2009] one
could argue that the average is closer to 170 cm?”. This would
have given us a A of 2.2, but introduces an uncertainty too
small to affect the £0.2 used in equation (6).

[16] In Figure 5b we keep the relative sensitivity fixed at
X =2.7 and let the daily TGF detection rate (Y) vary from 1
to 6. The daily TGF detection rate for RHESSI is fairly
well established by Grefenstette et al. [2009], while Fermi’s
daily detection rate is given as approximately 1 [Fishman,
2011]. As described above, based on the information
given by Briggs [2011, also personal communication,
2011] we found that the equivalent (to RHESSI) daily
detection rate for Fermi after downloading data, due to
sensitivity differences only, is 1.5 4+ 0.3 TGFs/day, with
1.2 (1.8) TGFs/day corresponding to TGFs with higher
(lower) fluence over ocean than land. The grey shaded box
in Figure 5b shows the range spanned by the two extreme
values and indicates that the true fluence distribution of
TGFs as measured from satellite altitude follows a power
law with A = 2.3 £ 0.2. This is in good agreement with the
estimated power distributions with A ranging from 1.9 to
2.5 reported by Gjesteland et al. [2011], using geolocation
and energy spectra of RHESSI TGFs.

[17] The two methods we have used give converging
A-values. Furthermore, if 10 to 12 bins were used for the fit
to dead-time corrected distribution in Figure 4b we would
get A =2.3. As we in our first approach focus on extending
the distribution down to fluences below the RHESSI lower
threshold, we conclude that both methods support a distri-
bution with A =2.3 £ 0.2.

[18] What we have estimated is the true TGF distribution
as measured from satellite altitude, which is not necessarily
the same as the true TGF source distribution. Flying much
closer to the source, an experiment like ADELE is probably
exposed to a distribution more similar to the latter. In a
recent paper Carlson et al. [2012] have calculated the rela-
tionship between the two and for hard distributions the dif-
ferences are significant. For a distribution with A=2.3 + 0.2
the true source distribution would have A = 2.0 £ 0.2. As
reported by Smith et al. [2011] ADELE, flying at 14 km
altitude, saw only one TGF when passing 1213 lightning
discharges less than 10 km away. However, ADELE was
closer than 4 km to 133 discharges and according to the
model results presented in that paper the sensitivity of
ADELE is increased about two-to-three orders of magnitude
from 10 km to 4 km.

[19] It has been suggested that TGFs are associated with
IC lightning bringing negative charges upward [Cummer
et al., 2005; Williams, 2006; Shao et al., 2010; Cummer
et al., 2011]. As this type of lightning accounts for about
75% of all lightning [Boccippio et al., 2001] this would
imply that almost all lightning discharges have an associated
TGF. We will now discuss this hypothesis in the context of
the power distributions we have found and the non-detection
of TGFs by ADELE as well as the sensitivity of ADELE
versus RHESSI.
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[20] First, we estimate the relative sensitivity between
ADELE at 10 km and RHESSI. We use 400 km as the radius
of the effective detection area below RHESSI [see Collier
et al., 2011, Figure 6] and notice that RHESSI detects
TGFs produced within £38° latitude. Then, the global pro-
duction rate of TGFs within this latitude range and with
strength larger than the RHESSI threshold of 17 counts is
about 260 TGFs/day. The global lightning rate is 3.8 x 10/
day [Christian et al., 2003], but within £38° latitude it is
3.5 x 10%day. If we only consider the IC lightning (75%
of total) we get a RHESSI-TGF/lightning ratio of
9.8 x 107°. Of 1213 lightning RHESSI would have seen
0.1 TGF, while ADELE saw 1. Solving equations (5) or (7)
with Y'=10 and A = 2.3 gives X = 6 indicating that ADELE’s
sensitivity at 10 km is about 6 times better than RHESSI
and 2 times better than Fermi. If the source distribution with
A = 2.0 were used these number would be larger.

[21] In Figure 6a we show the integrated distribution of
TGFs, N, as a function of lower detection threshold, n,
(equation (4)) from 1213 and 133 lightning discharges
assuming that they all make TGFs with a fluence distribution
following a power law with A = 2.0 (solid lines). The two
values of ny denote the lower threshold (relative scale) for
detecting 1 TGF (N = 1). For A = 2.0 the sensitivity has to
increase by a factor of ~10 (1/0.1) to see 1 TGF from a
distribution of 133 given that 1 TGF was detected from a
distribution of 1213. ADELE’s sensitivity is modeled to be
100-1000 times better at 4 km compared to 10 km [Smith
et al., 2011] and corresponds to having a lower threshold
of np = 1/100 to 1/1000 (Figure 6a). This would imply that
ADELE should have seen about 10 (at ny = 1/100) TGFs
from the 133 lightning discharges if they all produce TGFs,
and the probability of non-detection is very low.

[22] It should be noticed that the modeling of ADELE’s
sensitivity is based on certain assumptions. The model is
only valid for IC+ discharges, while at least 50% of the
subset shown in Figure 2 (top and middle) of Smith et al.
[2011] are CG- discharges. A fixed 87 g/cm® is used for
the avalanche region, which might be reasonable for charge
top below 16 km (3 km charge separation), but is very large
(5 km) for the higher charge tops.

[23] Assuming that ADELE’s sensitivity is indeed 1000
times better at 4 km compared to 10 km our results indicate
that there is a cut-off (or roll-off) in the TGF distribution.
Such a cut-off is implicit in the analysis of a fixed number of
lightning discharges: the lower limit must be chosen such
that the integral of the distribution matches the number of
events. ADELE’s single observation at a relative intensity of
no = 1 out of 1213 lightning discharges implies a minimum
intensity threshold of ny ~ 1/1000, the minimum value on
the x axis in Figure 6a. We can estimate at which fluence
value relative to the lower threshold of RHESSI detection
this cut-off might be, assuming that the TGFs follow Poisson
statistics. The probability, p, of non-detection when pre-
dicted number of detection is Np, is given by

Pl = (®)

[24] In Figure 6b we show the probability of non-detection
given that one TGF was observed at 10 km as a function of
the relative sensitivity of ADELE between 10 km and 4 km,
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Figure 6. (a) The distribution of TGFs if all the 1213 and
133 lightning discharges can produce TGFs with a power
law distribution with A = 2.0 (solid). The values, n, indicate
the relative lower threshold for detecting one TGF for A =
2.0 (solid). The vertical dotted line is the highest number
of observed TGFs given a sharp cut-off in the distribution.
The dashed lines are for a power distribution with A = 1.3.
(b) The probability of non-detection as a function of relative
sensitivity for ADELE at 10 km and 4 km given that one
TGF was detected at 10 km. Probabilities are shown for dis-
tributions with A = 2.0 (solid) and A = 1.8 and 2.2 (dotted)
and A = 1.3 (dashed). The horizontal dotted line indicates a
probability of 1 out of 10.

given by the relative lower thresholds of detection, n4/ng.
Given that 0.1 (Np = 2.6) from the 133 distribution is a
reasonable probability of non-detection (marked with a
dotted horizontal line in Figure 6b) this cut-off is at a sen-
sitivity level of 5/100 of ADELE at 10 km, which is 5/600 of
the weakest TGF observed by RHESSI (RHESSI has 1/6 of
ADELE sensitivity at 10 km), or ~3/600 if one compares
with the average RHESSI TGF, which is a factor of 2 larger
than the RHESSI lower threshold. If the increase of
ADELE’s sensitivity is less than three orders of magnitude
(from 10 km to 4 km) this cut-off would move to lower
values. If all the lightning discharges produces TGFs, the
modeling results of Smith et al. [2011] would have to be off
by a little less than one order of magnitude.
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[25] We can relate this cut-off in the TGF distribution to
the lowest number of electrons that can be produced in a
TGF and what the global TGF production rate would be. Our
modeling results, using the model described by Ostgaard
et al. [2008], indicate that the total number of photons pro-
duced in an average RHESSI TGF ranges from 10'® (21 km
production altitude) to 10'® (15 km production altitude) in
agreement with others [e.g., Smith et al., 2011]. The proba-
bility of bremsstrahlung production increases non-linearly
with energies and is about 10% for 2 MeV electrons [Berger
and Seltzer, 1972] and approaches 100% at higher electron
energies. Measured photon energies >20 MeV indicate that
we are in this energy range, which implies that the number of
electrons is also ranging from 10'° to 10'®. With a cut-off in
the TGF distribution at 5/600 of the RHESSI threshold the
lowest possible number of electrons produced in a TGF
would be ~10",

[26] From Figure 6a one can see that a cut-off at ny =
5/100 which corresponds to ~5/100 of ADELE at 10 km and
5/600 of the RHESSI lower threshold would give 20 TGFs
from the 1213 lightnings from which RHESSI would have
seen 0.1 TGF. This implies that the global production rate of
TGFs within £38° latitude is about 200 (20/0.1) times what
we estimated from RHESSI TGF detection. This gives
50000 TGFs/day or about 35 TGFs every minute and com-
pared to the IC lightning occurrence frequency within the
same latitude range of 2.7 x 10%day, the ratio of TGF/
lightning is about 2%. These numbers are slightly larger
than estimated by Smith et al. [2011].

[27] We should emphasize that these estimates are based
on only one single TGF observation from 10 km. Further-
more, they are based on the assumption of having a sharp
cut-off in the TGF distribution. In reality there is probably a
roll-off which would decrease the lowest number of elec-
trons and increase the global TGF production rate. Our
estimates are consistent with the non-detection by ADELE
and depend strongly on these results. If future aircraft or
balloon missions find slightly different results our estimates
need to be recalculated.

[28] Finally, we will discuss the implication of a roll-off
instead of a sharp cut-off in the TGF distribution which is a
more realistic distribution. Our results indicate that the
power law with A = 2.3 is valid at least down to the Fermi
threshold, which is 1/3 of RHESSI. Looking at the black
histogram in Figure 4b one can argue that there is indeed a
roll-off in the lower 8 bins from the peak value, which can be
fitted with a X\ of 1.7. According to Carison et al. [2012],
this corresponds to a source distribution with A\ < 1.3. As
long as the roll-off threshold is at 1/3 of RHESSI lower
threshold or higher, ADELE is observing from the part of
the distribution with A = 1.3. Such a distribution is shown as
dashed lines in Figure 6a, and one can see that the ADELE’s
sensitivity would have to increase 3 orders of magnitude
(no decreases from 107 to 10* on the relative scale) to see
1 TGF from a distribution of 133 TGFs. As can be seen
from Figure 6b the probability of non-detecting at 4 km
(n4/nyo = 1/10000) is only 0.1. In this case we can not rule
out that all IC lightning discharges produce TGFs. Using
the true distribution as seen from space (A = 1.3) an ideal
instrument with sensitivity ~10000 times better than
RHESSI would have seen about N = 4000 TGFs/day within
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a radius of 400 km. The lowest number of total electrons
produced in a TGF would then be ~10'2,

7. Summary

[29] To summarize, we have used two independent meth-
ods to find the RHESSI dead-time losses and an estimate of
the true fluence distribution of TGFs as measured from sat-
ellite altitude. The two methods give dead-time losses of
24% and 26% for an average RHESSI TGF 33-35 counts.
Assuming a sharp cut-off the true TGF fluence distribution
is found to follow a power law with A =2.3 £+ 0.2 down to
~5/600 of the detection threshold of RHESSI. This corre-
sponds to a lowest number of electron produced in a TGF to
be ~10'* and a global production rate within +38° latitude
of 50000 TGFs/day or about 35 TGFs every minute, which
is 2% of all IC lightning. If a more realistic distribution with
a roll-off below 1/3 (or higher) of the RHESSI lower
detection threshold with a true distribution with A < 1.7 that
corresponds to a source distribution with A < 1.3 is consid-
ered, we can not rule out that all discharges produce TGFs.
In that case the lowest number of total electrons produced in
a TGF is ~10'%.
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