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Abstract: According to the Relativistic Runaway Electron Aaathe (RREA) model, a
population of seed electrons from cosmic ray extensir showers (CREAS) is required to
initiate a lightning discharge. Using the CREAS Moiarlo code CORSIKA 6.790, we have
determined the energy spectrum and ambient flilseocbndary electrons in both fair weather and
thunderstorm atmospheric conditions <12 km abowelseel. The secondary electron energy
spectrum contains a population of >100 MeV eledrowhich are able to generate many
additional relativistic secondary electrons and sggg generate high energy (>1 MeV)
bremsstrahlung photons. The ambient flux of secgndkectrons increases exponentially with
altitude with a value of 260 electrons®rer* s*at 8 km, but the electron flux can be 3102
inside the core of a eV CREAS. High energy secondary electrons withia tore of a
CREAS may be a large enough population of seedretecto initiate a lightning discharge.

INTRODUCTION

The Relativistic Runaway Electron Avalanche (RREAQdel proposed by Gurevich et
al. [1992] is currently considered one of the midgtly explanations for lightning initiation
within thunderstorms [McCarthy and Parks 1992; Dmwgteal. 2003; Dorman 2004]. The RREA
model theorizes that a population of high energgtebns traveling through the strong electric
fields of a thunderstorm will generate enough sdaoyn electrons to initiate an electrical
breakdown in the atmosphere [Gurevich et al. 1@22evich et al. 2004; Milikh and Roussel
Dupre 2010].

High energy electrons are generated in cosmicevetgnsive air showers (CREAS).
CREASSs are initiated by energetic cosmic ray pretand heavy ions that enter and undergo
nuclear interactions within the Earth’s atmosph@mtons dominate the cosmic ray flux at the
top of the atmosphere, which is parameterized byahttel [2003],
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wheregpimary is the cosmic ray primary flux at the top of themasphere ané, is the primary
proton energy. The greater the energy of the pxirparticle that initiates the CREAS, the larger
the number of secondary particles, including higlergy electrons, that are produced in the
CREAS [Grieder 2010]. According to equation (1)e thrimary proton flux decreases with
cosmic ray primary energy, so the atmosphere hay mare low energy CREAS traveling than
the larger high energy CREAS. This causes ambieobrglary electron environment to be
dominated by the frequent smaller low energy (¥ 8V primary) CREASs and not the large,
higher energy (>10 eV primary) CREASs.
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High energy electrons are created in the denseehcore of the CREAS. The shower
core is the region immediately surrounding the stroaxis, i.e. the path of the CREAS primary.
The shower core is made up of very high energy @>¥@V) secondary particles that due to
their high momentum travel in the original directiof the CREAS primary. These high energy
particles are responsible for generating high gnesgondary electrons required for the RREA
model as well as high energy bremsstrahlung phdtwatsscatter away from the shower core and
creating the shower front of the CREAS [Grieder ®J0IA diagram of a CREAS in the
atmosphere is shown in Figure 1. The majority afoséary particles in the CREAS can be
found in the shower front. Due to scattering, thetiple density decreases with distance from the
shower core.

Energetic secondary electrons lose energy via a@oiz and bremsstrahlung in the
atmosphere, so they have a finite range before sh®y and recombine with the atmospheric
atoms and molecules. The range of electrons innareases from tens of meters for 1 MeV
electrons to over a kilometer for >1 GeV electrahshunderstorm altitudes [Rakov and Uman
2003; NIST 2014] as shown in Figure 2. Without somethod of gaining energy in the
atmosphere, the majority of CREAS secondary elastrwill range out shortly after being

generated, so only the newest generation of secpmiiectrons exists at a given altitude in the
atmosphere.

Primary
Cosmic Ray

Shower Axis

Shower Front Shower Core

Ground

Figure 1: Diagram of a vertical CREAS developingha atmosphere (not drawn to scale).

Thunderstorms produce strong electric fields tha affect high energy secondary
electrons. Depending on the direction of the eledteld, electrons are either accelerated or
decelerated. Accelerated electrons have their raxgended and are of higher energy than
similar electrons in fair weather conditions, wleeredecelerated electrons have their ranges
reduced and are of lower energy than similar edastin fair weather conditions. In very strong
electric fields, high energy secondary electromsaacelerated sufficiently in the electric field to
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more than compensate for the electrons’ energye$oss ionization and bremsstrahlung. This
causes the high energy electrons to have infiaibge and become runaway electrons [Gurevich
et al. 1992]. According to the RREA model, runavedgctrons generate additional runaway
secondary electrons through ionization in an exptakemanner, in what is called an RREA.
The runaway electrons in the RREA also generatargelnumber of low energy (~100 eV)
secondary electrons through ionization, resultimgilow energy electron plasma. Conditions
within this low energy electron plasma have beeotized to allow breakdown to occur in the
atmosphere [Petersen et al. 2008; Milikh and Rdu3apre 2010].
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Figure 2: Range of electrons in air at variougades in fair weather conditions [NIST 2014].

METHODS
Determining Fair Weather High Energy Electron Flux

CREASs were simulated at different altitudes ia #timosphere with the cosmic ray
Monte Carlo code CORSIKA (COsmic Ray SimulationsKascade) 6.790 [Heck et al. 1998].
In order to properly simulate the propagation ofE2¥$ secondary electrons in the atmosphere,
the composition of the atmosphere and geomagnetisfmust be included in the simulation.
The 1976 U.S. Standard Atmosphere [NOAA et al 195k et al. 1998] and geomagnetic field
for Norman, OK [IGRF 2010] were used in this work.
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Each CORSIKA simulation outputs the position rigkato the shower core and energy of
every secondary electron produced in a CREAS aea determined observation altitude. For
this work, only vertical CREASs were modelled, kattthe distribution of CREAS secondary
particles would be cylindrically symmetric arourie tshower axis. The area around the shower
core was dividing into multiple rings at differeadtiradial distances from the shower axis. The
number and energy of secondary electrons wererdeted for each ring as,

n, = n,(Ey, Eo, R, h), (2)

whereng is the number of electrons with eneffgyanda distancer away from the shower axis

in a CREAS at an altitude &f For better statistics, multiple CREASs where dated for each
primary proton energy used and the data was comimeget an averag® for a givenE,. The
number of simulations used for each of the INniGREAS energies is shown in Table 1. The
amount of time per simulation increased linearlyhwprimary energy, so the difference in the
number of simulations for different initial CREA&ea¥gies are a compromise between statistics
and amount of computer time [Heck et al. 2010].

Table 1: Number of CORSIKA 6.970 simulations focle#nitial CREAS energy.

Initial CREAS Energy (eV) Number of Simulations

10 10000
10" 10000
10% 10000
10" 1000
10 1000
10'° 100

10 50

The secondary electron densp{E,, E., R),can be found by

ne(Ep, Ee, R, h)

p(Ep E.,R R) = TOR 3)

whereA(R)is the area of the ring wheng was found from equation (3). Figure 3 is a plothef
average secondary electron density as a functiahstdnce from the shower core for the listed
initial CREAS energies at 6 km altitude. From tlee@dary electron density, the secondary
electron flux and energy spectrum can be determfoedambient conditions or for a single
CREAS. The ambient secondary electron flpxmpien: IS made up of secondary electrons from
all the CREASSs that travel through a region ofdlraosphere over a period of time:

R' [E} 1016ev
Qoambient(h) = f f f Pprimary (Ep) A(R)p(Ep' E., R, h)dEpdEede (4)
0 1 MeV J1010ey

whereR’ is the maximum distance a secondary electron &y/dmwm the shower core, akg is
the maximum energy of a secondary elect®h= 10 km ancE; = 10" eV (100 GeV) were
used in this work due ta. < 1 beyond those limits.
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Figure 3: Secondary electron density from a verfcaton primary CREAS with listed initial
energy as a function of distance from the showee.chhe secondary electron density was
calculated from CREAS simulations produced by CO&SI

The ambient secondary electron energy spectiyiyi.n: iS found by,
101%ey

RI

¢ambient (Ee’ h)dEe = f f 1o (pprimary(Ep)A(R)p(Ep' Ee’ R' h)dEde' (5)
0 101%eV

For the core of a CREAS, the secondary electron fidreas is found by,

R' (E}
PCREAS (Ep: h) = f f p(Ep, E., R, h)dEedR (6)
o J1

MeV
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and the secondary electron energy spectpypzys, is found by,

RI
¢CREAS(EpJ Eel h)dEe = f p(Ep, Ee, R, h)dR (7)
0

For the CREAs core flux and energy spectri®h= 10 m was used instead of 10 km for the
ambient secondary electrons. Beyond 10 m from llogver axis, the secondary electron density
energy spectrum changes from the shower core westfoont, soR’ = 10 m was used instead of
10 km.

Propagating Secondary Electrons Through a Thunderstorm

Thunderstorms introduce two changes to the fairteraatmosphere that affect the
development of CREAS: strong electric fields andréased water content in the air. CREAS
secondary electrons are charged patrticles so tbesglaaate in an electric field. Electric fields
associated with thunderstorms can be up to seweradred kilovolts per meter in magnitude
[Marshall et al. 2005]. In electric fields >100 ki'*, high energy secondary electrons may start
to run away in the electric field, producing a krmcrease in the number of high energy
secondary electrons.

For electron <100 MeV, ionization collisions makethe dominat form of energy loss in
the atmosphere [Grieder 2010]. The average amduahergy lost to ionization collisions by
electrons of all energies is given by the BetheeB&formula:

2
_ (dEe> _ e? \" 2mNyzp In E.(E, + mc?)B? -
dx /ion 4te, ) mc?B?A 21?°mc?

— In(2) (2/( = ) - 1+32)+%(1—m)2

; (8)

wherex is the distance the electron travels through ar@te is the charge of an electrais
the permittivity of free spacé\, is Avogadro’s numbeg is the atomic number of the material,
is the density of the materiat is the mass of an electranis the speed of ligh§ =v/c, v is the
velocity of the electronA is the atomic mass of the material, dnté the mean ionization
potential of the material [ICRU 1984]. The negatsign indicates that the electron is losing
energy while traveling through a material.

The Bethe-Bloche formula determines the averageuabof energy an electron loses to
both soft and hard collisions. Soft collisions gtancing collisions between the high energy
secondary electron and bound atomic electrons.hashigh energy electron travels past the
bound electron, a small amount of energy is trarsfie which excites and possible ionizes the
bound electron. A high energy electron typicallgde ~40 eV in order to ionize one bound
electron [ICRU 1979] even through the average mn potentials for Nand Q are 15.6 and
12.2 eV, respectively [Bazelyan and Raizer 1998ft &ollisions are responsible for high energy
secondary electrons generating a low energy elecpiasma. Hard collisions are direct
collisions between high energy secondary electemtsbound electrons. In a hard collision, up
to all of the high energy secondary electron’s gnarould be transferred to a bound electron.
Hard collisions are how high energy secondary edest generate additional high energy
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secondary electrons in the atmosphere. The aveaagrint of energy lost to generate high
energy secondary electrons can be determined fierivMbtt Scattering cross section:

e? \° 21N, zp 1 1 mc?(2E, + mc?)
mc2B?A EW? EWQA-W) (E,+ mc?)?

1 T
tLa-wer T E T mc2)2} )

o(E,, W) = (

4me,

whereo is the Mott Scattering cross sectioi,is ratio of the primary and secondary electron
energies [Segre 1953]. It should be noted thaetiezgy losses determined from Mott Scattering
are already included in the Bethe-Bloche formulhisTwork assumed newly generated high
energy secondary electrons have an average ieiteagy of 1 MeV.

For >100 MeV electrons, the dominat form of enelgys in the atmosphere is the
production of bremsstrahlung photons. The averageuat of energy lost to the production of
bremsstrahlung photons is given by

dE, e2 \* az?N,(E, + mc?)p 2(E, + mc?)\ 4
_ ( ) _ 4in —=, (10)
dx /prem 4me, m2c*A mc? 3

wherea is the fine structure constant [ICRU 1984]. Bretradung is a stochastic process where
photons can be created with up to the kinetic gnefghe electron, so to accurately determine
the number and energy of the secondary photonsteMdarlo simulation is required. However,
the total kinetic energy lost by the electron terbsstrahlung is accurately described by Equation
(9). The total amount of energy lost by an electuie traveling through a material is given by,

(dEe> _(dEe) +<dEe)
dx tot_ dx ion dx brem' (11)

Equation (11) is generally referred to as the stappower in a material with equation (8) being
the collisional stopping power and equation (1ahes radiative stopping power. In a compound
material, such as air, the total stopping poweraisulated from the stopping power for each of
the materials that make up the compound:

(B) o Poesne = 21 () 1"
= w; — . ,
dx compound pcompound i i dx i P; (12)

where the index represents each of the materials that make upampound ana; is the mass
fraction of thei th material within the compound [ICRU 1984]. lasgous materials, the low
energy bonds between molecules can be ignored wdlenlating stopping power [Ziegler et al
2008]. Within a thunderstorm, the air contains muerater in various states than the U.S.
Standard Atmosphere [NOAA et al. 1976; MacGormaaleP008], so the stopping power for
electron inside a thunderstorm is slightly lowearthin fair weather conditions [NIST 2014].
Table 2 shows the mean ionization potenfiabnd mass fractions for fair weather and
thunderstorm conditions used in this work.
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Table 2: Mean ionization potentiehnd mass fractions; for fair weather and thunderstorm
conditions in the atmosphere [NOAA et al. 1976; ICEO984; MacGorman 2008].

Element I (eV) Fair Weather w; Thunderstorm w;
H 19.2 0.0000 0.0012
N 82.0 0.7617 0.7721
(0] 95.0 0.2262 0.2174
Ar 1880 0.0121 0.0093
8
7 -
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-100 -50 0 50 100 150 200

Electric Field (kV m™)
Figure 4: Parameterization of the vertical eledietd measured in Marshall et al. [2005].

H

This work uses a parameterization of the verticahderstorm electric field measured by
Marshall et al. [2005] shown in Figure 4. A postielectric field will accelerate electrons
traveling in a downward moving CREAS. The thundarstelectric field extends from 4 to 8 km
altitude and varies between -50 and 175 kV. i reaches a maximum and stays relatively
constant between 5 and 6 km altitudes. The changeergy of a CREAS secondary electron per
distance due to the electric is given by:

(dEe>
dx electron

(R)Ax = (dEe

) (h)Ax + es(h)Ax,
dx compound

(13)

wheree is thunderstorm’s electric field at altitudhefor the traveled distance a@fx . For this
work, Ax =1 m.
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RESULTS
Fair Weather CREAS Secondary Electron Flux and Energy Spectrum

The fair weather secondary electron flux for batibaent conditions, i.e. combination of
all the secondary electrons from all the CREAS ipgsthrough a region in the atmosphere, and
in the core of 1& eV CREAS is shown in Figure 5. The fair weathexfis directly calculated
from CORSIKA simulations by using equations (3) 465 CREAS travel downwards through
the atmosphere towards ground, so ambient secoetisrtyon flux decreases exponentially with
altitude from 12 km to the ground. The ambient selewy electron has a value of ~260 electrons
m? sr! s* at 8 km altitude. The exponential increase inahwient secondary electron flux is
due to the large number of low energy CREASS tleatelbp high in the atmosphere and are
attenuated at lower altitudes. In contrast, theseary electron flux in the core of a'f@V
CREAS first increases as it travels through theoaphere until reaching a maximum in between
4 and 5 km before decreasing exponentially the oéshe way to the ground. High energy
CREAS travel much farther through the atmospheam low energy CREAS before reaching
shower maximum, i.e. the largest amount of secgngerticles [Grieder 2010]. CREAS
produced by ~1 eV protons typically have their shower maximum k&2 altitudes, where the
rarer 18° eV CREAS have their shower maximum ~4 km altitude.

CREAS Core Secondary Electron Density (Electrons m™ s’ shower™)

0 100 200 300 400 500
14 1 1 1 | 1
—— Ambient Secondary Electron Flux
g | == 10'® eV CREAS Core Secondary Electron Flux
10

Altitude (km)
)]

0 100 200 300 400 500

Ambient Secondary Electron Flux (Electrons m™ sr' s™)
Figure 5: The fair weather CREAS secondary eleditonin ambient conditions and in the core
of a 10°eV CREAS. The fair weather CREAS secondary eleciax was calculated directly
from CORSIKA simulations.
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The ambient secondary electron energy spectruninosgvrs in Figure 6. The ambient
secondary electron energy spectrum decreases @&gtindary electron energy. Due to the wide
range of the secondary electron energies and eiffea fluxes, both scales are logarithmic and
the ambient secondary electron energy spectrum bmnapproximated by a power law
distribution.
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Figure 6: Fair weather ambient secondary electrangy spectrum at various altitudes. The fair
weather ambient secondary electron energy specivasicalculated directly from CORSIKA
simulations.

The secondary electron energy spectrum insidedreof a 18 eV CREAS is shown in
Figure 7. The secondary electron energy spectrigiaiena core of a CREAS decreases with
secondary electron energy like the ambient secgrelactron energy spectrum shown in Figure
6. However, there are less ~1 MeV and more >100 Mdesbndary electrons within core of a
10'° eV CREAS that in ambient conditions. The reas@s¢hdifferences is due to lower energy
secondary electrons having a higher probabilitgadttering out of CREAS shower cores and
becoming part of the shower front than higher epesgcondary electrons. In ambient
conditions, the most of the secondary electrongpareof the shower front of one of the multiple
CREASSs traveling through that region of the atmesphand so are typically of lower energy.
On the contrary, the highest energy secondaryrelestare located in the core of high energy
CREAS along with the fraction of the lower energga@ndary electrons that do not scatter out of
the shower core.
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Figure 7: Fair weather secondary electron energgtspm inside the core of af®V CREAS
at various altitudes. The secondary electron eneqgctrum was calculated directly from
CORSIKA simulations.

Thunderstorm CREAS Secondary Electron Flux and Energy Spectrum

Figure 8 displays the ambient secondary electrom fh a thunderstorm that was
generated by the electric field profile shown irgue 4. Also shown in Figure 8 is the fair
weather ambient secondary electron flux. The atefigld was not measured above 8 km, so fair
weather conditions are assumed between 8 and l2altiude where the CREAS enter the
thunderstorm. Due to the presence of the eledgid,fthe change in energy and the number of
high energy secondary must be calculated usingtieqsa(9) and (12) starting with the fair
weather secondary electron energy spectrum detedhfitom CORSIKA simulations at 8 km.
As the CREASSs travel through the thunderstorm,dieetric field increases in strength from 8
km to 6 km and the ambient secondary electron fhoreases relative to the fair weather
ambient secondary electron flux. By 6 km altituttee ambient secondary electron flux had
increased an order of magnitude relative to the eather ambient secondary electron flux.
Between 5 and 6 km, the electric field reachesmathtains its maximum strength. Within this
maximum electric field region, the ambient secogdaectron flux increases another order of
magnitude relative to the fair weather ambient adaoy electron flux. Below 5 km altitude, the
electric field decreases rapidly to 25 kV'niThe ambient secondary electron flux also quickly
decreases in this region and reaches a value lgligitger than the fair weather secondary
electron flux.
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Figure 8: Ambient secondary electron flux in fagather and thunderstorm conditions.
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Figure 9: Secondary electron flux in fair weathed ghunderstorm conditions inside the core of
a 10°eV CREAS.
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Figure 9 shows the secondary electron energy filboth fair weather and thunderstorm
conditions inside the core of a'GeV CREAS. Like the ambient secondary electron gner
spectrum, the secondary electron energy flux intidecore of a 1§ eV CREAS is calculated
from the fair weather secondary electron flux deteed from the CORSIKA simulations at 8
km altitude and propagated through the thunderstosimg equations (9) and (12). The
secondary electron flux inside the core of &°HY CREAS core increases relative to the fair
weather secondary electron flux as the electrid fiecreases in strength as the CREAS travels
from 8 to 6 km altitude. In the region of maximutearic field strength, the secondary electron
flux increases two orders of magnitude relativéhto fair weather secondary electron flux as the
CREAS travels from 6 km to 5 km altitude. In theakeslectric field region between 4 and 5 km,
the secondary electron flux decreases back towdweldair weather secondary electron flux
value.
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Figure 10: Ambient differential secondary electrbax in fair weather and thunderstorm
conditions at 5 km altitude.
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The greatest enhancement of the secondary elefitnoroccurs between 5 and 6 km
altitude where the electric field is at a maximurhis region of maximum electric field strength
is also where RREA theory predicts that lightnitgpudd occur. Figures 10 and 11 show the
secondary electron energy spectrum in ambient tondiand the core of a eV CREAS,
respectively, at 5 km altitude where the seconebegtron flux is greatest. In Figures 10 and 11,
the number of ~1 MeV electrons increases by twoersrdof magnitude in thunderstorm
conditions relative to fair weather conditions. &g secondary electron energy increases,
thunderstorm enhancement in the number of electreladive to the fair weather conditions
decreases till energies of ~1 GeV. This enhanceinetite number of secondary electrons of a
given energy relative to fair weather conditiondu® to the secondary electrons accelerating and
running away in the strong electric field. One Meléctrons runaway in the strong electric fields
found between 5 and 6 km altitude and no longegeasut over that distance. For >100 MeV
secondary electrons, the electric field decreasesoverall amount of energy loss to traveling
through the atmosphere, so the secondary electetai their high energy for a much longer
distance. By retaining their energy longer, the ®MeV secondary electrons generate more
high energy secondary electrons through hard awiss and high energy (>1 MeV)
bremsstrahlung photons than would be generateariméather conditions [Rossi 1952].
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Figure 11: Secondary electron energy spectrumerctre of a 18§ eV CREAS in fair weather
and thunderstorm conditions at 5 km altitude.
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CONCLUSIONS

The RREA model proposes that the number of higliggnsecondary electrons increases
exponentially in the strong electric field regiohathunderstorm. Eventually, the high energy
secondary electrons become dense enough to breaktievatmosphere and initiate a lightning
discharge. Using simulated high energy secondagtrein distributions from the cosmic ray
Monte Carlo code CORSIKA 6.790 and a parametedmatif the electric field measured in
Marshall et al. [2005], we show that the secondaegctron flux increases by two orders of
magnitude within the strong electric field regiohtlee thunderstorm compared to fair weather
secondary electron flux. From our calculated seaonelectron energy spectrum, the strong
electric fields increased the number of high enesggondary electrons all the way up to
~1 GeV. The enhancement of the >100 MeV secondagctrens increases the production of
>1 MeV secondary electron and bremsstrahlung potstudies of the RREA model [Gurevich
et al. 1992; Carlson et al. 2008] have focusecdheretfects run away acceleration has on the <10
MeV secondary electron population, while this wehlows electron run away affects even >100
MeV secondary electrons. The enhancement in thed >NI®V secondary electron flux and
associated bremsstrahlung production may be redpensor the Thunderstorm Ground
Enhancements (TGE) measured in Chilingarian ¢2@l2].

A two order of magnitude enhancement of the higgrgy secondary electron flux inside
the core of a 1§ eV CREAS is not enough to generate the electrositerequired for streamer
formation [Dawson and Winn 1965]. However, high rgyesecondary electrons also generate a
large number of low energy secondary electronsutiiiosoft collisions. These low energy
secondary electrons stay behind the passing CRBASes front and are dense enough to form
a plasma in the atmosphere. This plasma has beerizéd to be required in lightning initiation
[Petersen et al. 2008, Milikh and RousBelpre 2010]. More work is needed done to determine
the necessary high energy secondary electron flaixdan generate a sufficiently dense enough
low energy electron plasma to initiate a lightnéhgcharge.
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