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Abstract we have done a thorough simulation analysis on the variability of the photon spectra
produced with (due to Relativistic Runaway Electron Avalanche—RREA) and without (Modification of
Spectra) the avalanche multiplication process. Despite some measurements obviously showing a variability
of the spectra, numerous theoretical studies consider RREA spectrum independent on the electric field.
However, analytical calculations by Cramer et al. (2014) have shown that RREA spectrum under low electric
fields is not constant and stops being exponential. Using the Relativistic Electron Avalanche Model code,
we model various layouts of the electric field configuration and study the predicted photon spectra. The
primary focus of the present paper is to study the photon energy spectra, as gamma rays are more often
observed by ground-based detectors. The simulation analysis of photon spectra potentially can help to
deduce electric fields in thunderclouds.

1. Introduction

The energetic radiation from thunderstorms is currently being measured by ground-based particle detectors
worldwide [Torii et al., 2002; Khaerdinov et al., 2005; Chilingarian et al., 2010; Tsuchiya et al., 2011], by means of
aircraft [Kelley et al., 2015] and balloon measurements [Eack et al., 2000]. These phenomena can last for tens
of minutes and are much longer than submillisecond Terrestrial Gamma-ray Flashes (TGFs) typically observed
by spaceborne instruments [Fishman et al., 1994]. The long-lasting fluxes are usually referred as Thunder-
storm Ground Enhancements (TGEs) when observed from ground-based detectors or gamma ray glows when
observed from airborne detectors.

The understanding of processes leading to the observed particle fluxes was significantly improved during the
recent years. A model suggested by Gurevich et al. [1992] was proposed to explain the lightning initiation in
electric fields lower than conventional breakdown field. The idea was that the atmospheric electric fields accel-
erate ambient electrons, which produce secondary knock-on electrons and consequently bremsstrahlung
photons. Dwyer [2003] studied these effects by means of Monte Carlo simulations focusing on the high-energy
radiation named Relativistic Runaway Electron Avalanches (RREAs) rather than lightning initiation. The good
agreement between the simulations and measurements of TGFs and gamma ray glows suggests that RREA is
the probable mechanism of the observed electron and gamma ray production in thunderclouds.

In this study, we will focus on ground-based measurements as they provide an opportunity of constant
monitoring of the high-energy atmospheric phenomena in highly active thunderstorm regions, for example,
Tampa Bay or Lake Maracaibo in Venezuela [Albrecht et al., 2016]. As electrons rapidly attenuate in the atmo-
sphere, most of the information comes from gamma rays [Torii et al., 2002; Chilingarian et al., 2014; Tsuchiya
etal, 2011]. In fact, Chilingarian et al. [2014] was the first to suggest that the intracloud electric field during
TGEs can be measured based on observing the gamma ray spectrum on the ground. There are only few cases
where electrons were measured at the ground level. Chilingarian et al. [2012, 2013] were able to estimate the
energy spectra of TGE electrons along with gamma ray spectra for the first time. In general, the measure-
ments are in a good agreement with the large-scale RREA model. However, as it was stated in several papers
[see, e.g., Dwyer, 2004; Dwyer and Babich, 2011], the energy spectrum of RREA electrons is expected to have
an exponential cutoff at ~7 MeV. Unlike this model prediction, when measuring TGEs, the electron spectra
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differ from event to event with mean energies that are less than ~7 MeV. At the same time, the analytical cal-
culations by Cramer et al. [2014] showed that RREA energy spectra at low electric fields (E ~ 286 kV/m) stop
being exponential with ~7 MeV cutoff and can be described by a convolution of exponential and power law
functions. Most interestingly, a dependence of the RREA energy spectra on the atmospheric electric field was
found, which explains the measured diversity of the TGEs presented by Chilingarian et al. [2012, 2013]. For
most of the TGE glows, only gamma ray spectra are possible to estimate. At the same time, the estimations of
Chilingarian et al. [2014] showed that some of the events correspond to cases where the electric fields are
lower than the critical field necessary for the RREA initiation. This process is termed Modification of Spectra
(MOS), when secondary cosmic ray electron spectra are modified without an avalanche multiplication process
earlier suggested by Chilingarian et al. [2012].

In this paper, we will focus on the electric fields below and slightly above RREA threshold to study the vari-
ability of the spectra and their dependence on the electric field layout. As there are experimental indications
and analytical estimations that RREA electron and gamma ray spectra are varying with the electric field, the
RREA particle measurements give a unique possibility to probe atmospheric electric fields. We will discuss
the possibilities of the deduction of electric field parameters based on the Monte Carlo simulations by Rela-
tivistic Electron Avalanche Model (REAM) [Dwyer, 2003, 2004, 2005, 2007, 2008; Coleman and Dwyer, 2006]. In
addition, we make comparisons with a Monte Carlo code developed by Celestin and Pasko [2011].

2. Model Description

In this work, we use the runaway electron avalanche model (REAM) to simulate the production and propaga-
tion of high-energy electrons inside thunderstorms. REAM is a Monte Carlo code that includes the relevant
cross sections for the interactions of electrons, photons, and positrons with air [Dwyer, 2003]. These processes
include atomic excitation, Mgller scattering, bremsstrahlung emission, pair production, and annihilation. We
then study the transport of the resulting X-rays and gamma rays to the observation level. We use an initial
population of 10,000 runaway electrons as seeds to the avalanche. The electrons are injected with energies
following a secondary cosmic ray power law spectrum. The spectrum is estimated by using the Excel-based
Program for calculating Atmospheric Cosmic-ray Spectrum (EXPACS) [Sato, 2015]. EXPACS was also used to
estimate the seed electron spectrum in Chilingarian et al. [2012, 2014]. The power law index of —1.13 was
calculated for 5000 m corresponding to typical thundercloud altitudes at Mount Aragats [Chilingarian et al.,
2014]. We run several different electric field strengths and acceleration lengths of 500, 1000, and 1500 m. It is
worth mentioning that for the sake of future comparisons, these distances were used under sea level density.
For instance, because of the similarity of the system under different air densities, at 12 km altitude, 1500 m
at sea level corresponds to 6.3 km. This acceleration length is the most extreme case to consider, as we think
that larger values are improbable to observe. The electric fields used in the simulation were normalized by
the threshold value for which electrons run away, E,, = 286 kV/m. This value is higher than the break even
field (E, = 215 kV/m), which is the strength where minimum ionizing electrons lose energy [Cramer et al.,
2016]. Note that the calculations to obtain these values are done for an atomic number density of air equal to
5.39 x 10%° atoms/m3. Values at different altitudes and conditions may be found by scaling these results with
the atomic number density. The difference between E, and E,, is due to Coulomb scattering, which increases
the path length of the electrons [Dwyer, 2004]. Hence, we use the quantity 6 = E/E,,, where E is the local
electric field, to characterize the external field conditions. We specifically study field values slightly above and
below E,, (i.e., 6 is close to 1) in order to compare modeling results with the experimental results of Chilingarian
etal. [2014] and the theoretical predictions made by Cramer et al. [2014].

3. Effects of Electron Propagation Length and Field Strength

Using the model described above, we calculate the resulting photon energy spectrum at the end of the elec-
tric field region using different scenarios, dependent on the field length and strength. The hardness ratio of
the spectra were calculated to quantify the variability of the photon energy distribution. In Figures 1-3, the
spectra (per 10,000 seed electrons) are shown for the electric fields with delta =1, 1.05, and 1.1, respectively.
The blue, black, and red colors are to display the 500 m, 1000 m, and 1500 m field length cases, respectively.
For the 6 = 1 and length of 500 m case, we obtain a good fit from 2 to 50 MeV by a power law with an index
~ —1.6, displayed as a green line in Figure 1. With the increase of the field length (potential difference) the
spectrum becomes softer as the RREA population grows and starts to dominate the gamma ray emission, but
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Figure 1. Differential energy spectra of RREA photons for § = 1.0 case for the field lengths 500 m, 1000 m, and 1500 m.
The green line represents the power law fit from 2 to 50 MeV with an index of —1.6.

still can be approximated by a power law function in the configurations studied in the present paper. However,
the pattern changes for the higher field strength and lengths. In the case of an electron propagation length of
500 m, the power law index decreases from ~ —1.6 to ~ —1.8 for a fit between 2 and 50 MeV when increasing
the field from § = 1.0 to § = 1.05 (Figure 2). For the 6 = 1.1, the gamma ray distribution cannot be well
approximated by a power law function and turns to exponential regime as can be seen in Figure 3. For the
intermediate potential differences and field strengths the spectra at energies above 1 MeV become a mix-
ture of both power law and exponential distributions. Cramer et al. [2014] found that as the electric field
approaches the runaway electron threshold value, the solution to the electron energy spectrum is a convolu-
tion between a power law function and a Gaussian distribution [see Cramer et al., 2014, equation (39)]. At the
same time, it is worth mentioning that even if the power law fits seem not to be correct at relatively high fields
above 6 = 1.05, as it was shown by Chilingarian et al. [2012, 2014], most of the measured TGEs correspond to
lower field cases, where power law still applies. Moreover, it was shown that most of the TGEs or glows occur
under fields below the runaway threshold, so called Modification of Spectra (MOS) process [Chilingarian et al.,
2012]. Without avalanche multiplication, secondary cosmic ray electrons get extra energy from the electric
field and due to the increased path lengths emit more gamma rays than without the presence of the elec-
tric field in a thundercloud. In Figures 4 and 5, the gamma ray distributions are displayed for the case where
the electric field is below the runaway threshold, for § = 0.5 and 6 = 0.75, respectively. Unlike above the RREA
threshold cases, when the field length is increased for a certain value of the electric field strength, we have
fewer gamma rays reaching the boundary of the region where the electric field is applied in comparison to
the shorter field lengths for the same value of the electric field. The attenuation dominates the multiplication
in this regime. The situation was opposite for above the RREA threshold cases. At the same time, again, there

10*
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Figure 2. Differential energy spectra of RREA photons for § = 1.05 case for the field lengths 500 m, 1000 m, and 1500 m.
The green line represents the power law fit from 2 to 50 MeV with an index of —1.8.

CRAMERET AL.

ELECTRIC FIELD ESTIMATIONS 4765



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016)D026422

dN/dE

102 10° 10 10° 10°
Energy [keV]

Figure 3. Differential energy spectra of RREA photons for § = 1.1 case for the field lengths 500 m, 1000 m, and 1500 m.
The green line represents the power law fit from 2 to 50 MeV with an index of —1.9.

is a trend of softening of spectra with the increase of the electric field strength. In particular, for an electron
propagation length of 500 m, the power law fit between 2 and 50 MeV gives an index of » —1.2 and ~ —1.3
when increasing the field from § = 0.5 to § = 0.75. One can also note that the shape of the spectrum does not
change significantly with the electron propagation length for fields § < 1.

4, Photon Propagation

The next step in our analysis was to propagate the resulting bremsstrahlung photons from the source region
to the observation point. Compared to space based observations of TGFs, these ground enhancements expe-
rience much less significant atmospheric attenuation. For instance, high-altitude mountainous laboratories
such as Aragats allow measurements to be made tens of meters away from the source, which is practically
within the thundercloud. Typical thundercloud altitudes from these observation points range from 100 to
200 m. In Figure 6 we present the cases for which § = 0.5 (below the runaway threshold) and 1.1 (slightly above
the runaway threshold). The electric field length for these cases was 1000 m. For the source distances of 100
and 200 m, a decrease of total number of photons can be seen; however, the spectral shape changes are not as
significant. Notice that the number of photons below 1 MeV increases between the initial population (RREA)
and after the propagation of 100 m through the atmosphere. At this energy range, Compton scattering is the
most dominant energy loss process for photons. Due to this scattering process, high-energy photons losing
their energy are observed as lower energy particles. However, as the attenuation effect is not as significant
than for TGFs, often corrections for propagation are not done assuming the measured spectral shape is the
same as the source spectrum [see, e.g., Tsuchiya et al., 2011; Chilingarian et al., 2012].

10*
10%

dN/dE

102 10° 10* 10° 10°
Energy [keV]

Figure 4. Differential energy spectra of RREA photons for § = 0.5 case for the field lengths 500 m, 1000 m, and 1500 m.
The green line represents the power law fit from 2 to 50 MeV with an index of —1.2.
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Figure 5. Differential energy spectra of RREA photons for § = 0.75 case for the field lengths 500 m, 1000 m, and 1500 m.
The green line represents the power law fit from 2 to 50 MeV with an index of —1.3.
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Figure 6. Propagation results of photons from (a) § = 0.5 and (b) 6 = 1.1. The acceleration region was developed over
1000 m and then propagated over 100 and 200 m.
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Figure 7. Electron avalanche length as a function of electric field for the three different screen distances of 500 m,
1000 m, and 1500 m. The dashed line is the analytical fit from Coleman and Dwyer [2006]. The green circles are
estimated by the Monte Carlo code of Celestin and Pasko [2011].

It is important to note that for sea level stations, e.g., lightning and thunderstorm active regions such as the
Florida or Louisiana coast lines, the corrections for propagation from the source to the observational point
are vital as the distances can be as long as several kilometers. These locations are important as they already

contain significant scientific infrastructure to study lightning-related phenomena [e.g., Dwyer et al., 2012a;
Ringuette et al., 2013].

5. Avalanche Length Calculation

The runaway electron avalanche length is a parameter that represents the average distance an electron travels
before the number of runaway electrons is increased by a factor of e (~2.71) [Dwyer, 2003]. This parame-
ter depends on the electric field, as higher strengths will pull more low-energy electrons to the runaway
regime, thus decreasing the distance for which more particles are created and/or attenuated. At high electric

field values, Coleman and Dwyer [2006] showed that the avalanche length can be calculated by the following
analytical fit

7300 kv
Ae-(B) = (E — 276) kV/m ()

However, at lower fields just above the runaway threshold value (6§ < 1.1), the following relationship applies

5100 kV

Ye ()= T 285 kuim @

We compare the current simulation results for § = 1.0, 1.05, and 1.1 to this analytical equation in Figure 7.
As we can see from the figure, there is a large discrepancy between our RREA simulation results and those
of Coleman and Dwyer [2006] at § = 1.0, near the threshold field value. Note that equation (2) is not valid for
electric fields < 285 kV/m and 6 = 1.0 corresponds to a field of 286 kV/m. The different avalanche lengths
corresponding to different propagation lengths are obtained in the simulation results and can be explained
by the fact that in the field range close to threshold, the avalanche length is on the order of several kilometers.
Hence, even for the longest propagation distance used in the present study, the electron distribution does
not reach steady state. At the same time, it is important to note that in this work we use a different input
energy spectrum from that of Coleman and Dwyer [2006] (exponential with an average energy of 7.3 MeV).
Therefore, even typical thundercloud field lengths would not be able to produce RREA reaching steady state
in this regime. Concurrently, particle fluxes can be observed by ground-based particle detectors even without
reaching a steady state, and even below the runaway electron threshold [Chilingarian et al., 2012]. For relatively
higher field values, we get agreement with Coleman and Dwyer [2006], suggesting the steady state regime
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has been reached. This is not surprising taking into account the avalanche length for § = 1.05 and 1.1 is 313
and 186 m, respectively. This means that for the propagation distances we consider here, we are modeling
runaway electron propagation through a few avalanche lengths.

6. Discussion and Conclusions

We have done a Monte Carlo simulation study of electron propagation in air under a homogeneous electric
field with or without RREA amplification that results in particle enhancements named TGEs or gamma ray
glows. Despite the widely discussed ~7 MeV cutoff and independence of the RREA spectrum on the electric
field that is usually assumed [see, e.g., Dwyer, 2004; Dwyer and Babich, 2011], there are some experimental
evidences that actually the spectrum is not constant. For example, the measured TGE electron spectra have
smaller than predicted ~7 MeV average energy [Chilingarian et al., 2012, 2013]. It should be noted, however,
that the 7 MeV cutoff assumption is valid if the RREA reaches a steady state; i.e., the acceleration region is large
(> 54,-). Besides experimental results, there are also analytical calculations indicating the RREA spectrum vari-
ability with electric field [Cramer et al., 2014]. Cramer et al. [2014] studied the effect of the electric field on the
energy spectra of electrons, and the same procedure can be used here to determine the photon spectrum.

At electric fields close to threshold, the bremsstrahlung energy losses are significant and the spectrum
becomes a convolution of a power law and exponential function [Cramer et al., 2014]. It was found that the
spectrum was sensitive to the value of ..., which is the uppermost energy an electron can have for a certain
electric field value before a balance is reached between the energy gained from the electric field and that lost
due to ionization and bremsstrahlung. In Cramer et al. [2014], the analysis was done for the runaway electron
spectra and the corresponding photon spectrum can be deduced by assuming the bremsstrahlung power
law dependence.

In this paper, we have additionally studied the spectral dependence on the electric field length and the effect
of the particle passage from source to the detector. A typical distance from the acceleration region to the
observational level is on the order of 200 m for most of the observations made at Mount Aragats [Chilingarian
etal., 2012]. Torii et al. [2004] made Monte Carlo simulations of the particle fluxes from winter thunderstorms
in Japan. In Figure 4 of Torii et al. [2004], it is shown that the total photon flux near the Lower Positive Charge
Region (LPCR) is dominant compared to the field regions above. This is the case of measurements performed
at Mount Aragats, and therefore, as a first approximation, only considering the lower charge region is rea-
sonable. As we can see from Figure 6, there are no significant differences in the energy spectra between the
acceleration region and the point of observation. Thus, the measured spectrum contains valuable information
about the acceleration electric fields.

In Figure 8, we present the dependence of a hardness ratio, defined as the number of photons with energy
>10 MeV divided by the number of photons > 1 MeV and < 10 MeV, on the electric field strength. As we
mentioned above, the spectrum softens as a result of increased electric field length for § > 0.9. For the lower
values of the electric field strength, the spectrum becomes harder as low-energy photons attenuate in air.
We can see from the plot that the hardness ratio is different for various electric field strengths; however, for
different potential differences (field lengths), we cannot distinguish the electric fields by measuring only the
hardness ratios. For example, the case for which § = 1.05 and L = 500 m gives near the same hardness ratio
as the case of § = 1.0 and L = 1000 m. This means to probe the atmospheric electric fields at the time of the
gamma ray event, more parameters need to be measured. The degeneracy on field length (total potential
difference) should be solved by the observed intensity (see Figure 9), if the distance to the cloud is known.
However, in some cases, we can infer the electric field based on the hardness ratio. For example, if a hardness
ratio of 0.4 is measured, this should correspond to an electric field close to 0.8E,,.

In Figure 9, the number of photons per 10,000 seed electrons is displayed. As expected, the intensity increases
with increasing field strength. Also, it is not surprising that there is an enhancement of the number of particles
as the field length increases for § > 0.95. The effect is opposite and the number of photons decreases for
6 < 0.95. This indicates that the true threshold is slightly below the used value for the runaway electron
threshold field (Ey, = 286 kV/m), shown in Figure 9 as an intersection of three curves where the number of
seed particles equal the number of relativistic electrons at the end of the acceleration region. We possibly can
attribute this difference in the simulation to small variations in the multiple scattering cross section, as care
should be taken in comparing multiple Monte Carlo codes as discussed in the RREA Simulation Techniques
section of Dwyer et al. [2012b].
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Figure 8. The photon spectral hardness ratio, defined as the number of photons with energy > 10 MeV divided by the
number of photons > 1 MeV and < 10 MeV, as a function of electric field (overvoltage). The green diamonds are
estimated by the Monte Carlo code of Celestin and Pasko [2011].

We present the dependence of the hardness ratio of the photon distribution with photon flux intensity in
Figure 10. The hardness ratio for this plot is calculated the same as in Figure 8. The colors of the plot are
to indicate the different electric field lengths used in the simulation of 500, 1000, and 1500 m, respectively.
The different symbols are to display the various electric field values that were used in the Monte Carlo code.
Following the work by Chilingarian et al. [2014], we suggest using hardness ratios along with the measured
total flux for the recovery of the atmospheric electric fields in thunderclouds. It should be noted that care
should be taken when considering lower electric fields (6 < 1) since slight variations of spectra are possible
due to the initial electron angular distribution. For higher electric fields (6 > 1), energetic electrons will tend
to be aligned with the electric field and the initial cosmic ray angular distribution will not be as essential. As
we already mentioned above, the RREA photon spectra are not power law but products of electrons which
are distributed by the convolution function of a Gaussian and power law. As we can see from Figure 10, the
photon intensity can be a good indicator of the magnitude of the electric field in thundercloud as the hardness
ratio alone does not vary much at § = 1.0 to 1.1. However, for the below threshold electric fields, the hardness
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Figure 9. The photon intensity per 10,000 seed electrons as a function of electric field (overvoltage).
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Figure 10. The photon intensity as a function of the hardness ratio. It should be noted that this intensity is produced by
10,000 initial seed electrons. The number of photons above 10 MeV and total number of photons above 1 MeV and less

than 10 MeV were used as an estimate for the hardness ratio. The green, black, and red colors represent the field lenghts
of 500, 1000, and 1500 m, respectively.

ratio is very sensitive to changes in the field value and has a broader distribution. It is worth mentioning that
the intensity spans several orders of magnitudes and the hardness ratio varies between 0.03 and 0.6, which is
beneficial for remote sensing the atmospheric electric field. The combination between field length and field
strength complicates the estimation of the electric field in the thundercloud, for instance, the case of § = 1.05
and field length equal to 1500 m can imitate the case of § = 1.1 and field length of 1000 m. However, within
some errors, it is possible to distinguish between cases.

Also, care should be taken as our method should be model independent. Currently, there are many other
simulation tools used for high-energy atmospheric physics, e.g.,, GEANT4 and CORSIKA [Skeltved et al., 2014;
Kéhn and Ebert, 2015]. In Figure 11, we have compared the code from Celestin and Pasko [2011] and the REAM
Monte Carlo code used in this work. As shown, there is good agreement between the resulting photon energy
spectra, which is another step in validating the spectral results obtained by the REAM code.
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Figure 11. Comparison of Monte Carlo code results from REAM [Dwyer, 2007] and Celestin and Pasko [2011].
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Based on the above estimations, we conclude that particle measurements can give us valuable information
about the conditions inside thunderstorm regions. The electric field predictions reported in this work could be
tested experimentally if concurrent gamma ray and intracloud measurements were made available. However,
for the high-precision quantitative estimates of the electric fields to be deduced from the measured photon
spectra, the contributions of other species of secondary cosmic rays should be considered. In addition to
lightning detectors that are designed to measure currents and fields on the ground, radiation detectors will
significantly improve our understanding of atmospheric physics in lightning active regions.
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