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Red Sprites:
- altitude range ~50-90 km
- lateral extent ~5-10 km
- occur ~1-5 ms after +CG discharge
- last up to several 10 ms

Terrestrial Gamma Rays:
- time duration ~1 ms
- energies 20 keV–2 MeV
  (shown 100–300 keV)

~100 MV



   

Runaway electron avalanche

Production of accelerating E field

E

Ionization

Electron thermalizes
due to collisions

e-

e-

e-

e-
Cosmic rays produce ~10

-5
/cm

3
-sec

>1 MeV electrons at ~10 km altitude

incident primary particle

Cosmic ray shower

+ Q
- Q

h

10 km
5 km

E (small)

negative
screening charge

- Q1 ms

h

10 km
5 km

Large E causes runaway breakdown

negative
screening charge

BEFORE DISCHARGE AFTER DISCHARGE



   

Previous runaway avalanche models:

• Analytical [Gurevich et al., 1996; Sizykh et al., 1993; Bulanov et 
al., 1997]

• Kinetic [Symbalisty et al.,  1998]

• Monte Carlo [Shveigert, 1988]

Goals of runaway avalanche studies:

• Avalanche rates

• Distribution functions

Applications:

• Atmosphere

• High energy plasmas (astrophysics, fusion)

Motivation for this work:

• The previous kinetic and Monte Carlo models do not include 
magnetic field

• Discrepancies between different models

Runaway electron avalanche studies



         

Monte Carlo model
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1. Relativistic equation of motion:
dp
dt

= −eE − e

mγ
p × B + ~Γ(t)

2. Production of new electrons in the ionization process.

Forces due to scattering:
~Γ = Fd,excl︸ ︷︷ ︸

dynamic friction

+ ~Γion︸︷︷︸
ionization

+ ~Γel︸︷︷︸
elastic scattering

Fd,excl = Fd − Fd,ion
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Et ~ 0.1Ec;    Ec  is the conventional breakdown (sparking) field



    

Growth of the number of particles
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Runaway avalanche growth rate R
(B⊥E)
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•  the avalanche grows faster at higher electric fields
•  these results agree for B=0 with kinetic calculations of 
   Symbalisty et al. [1998] within a factor of 1.5
•  high perpendicular magnetic field quenches 
    the runaway electron avalanche



    

Electron distribution function
(B=0)
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• the runaway electron beam is more bunched forward
   at higher electric fields
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Application to middle atmosphere
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• cartesian (translationally symmetric along y axis)

• quasielectrostatic [Pasko et al., 1997]

• fluid model for runaway electrons [Lehtinen et al., 1997]

• use lookup table for runaway electron avalanche rates and 
velocities of the beam, generated by Monte Carlo model.
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Q = 12 C/km

Application to Sprites

Electric field and optical emissions
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• We calculated uniform runaway electron avalanche rates 
in constant electric and magnetic fields and compared 
them to previously done work.

• We modelled runaway breakdown due to a positive return 
stroke from a laterally extensive thundercloud using 
cartesian (translationally symmetric) model and a lookup 
table of calculated runaway electron velocities and 
avalanche rates.

• The geomagnetic field controls the motion of runaways at 
>35km at mid-latitudes, where most Sprites are observed, 
and close to equatorial region, where the terrestrial γ-ray 
flashes are observed.

• The optical emissions associated with relativistic 
electrons are small compared to conventional breakdown 
emissions.

• For sufficiently large discharge values, the runaway 
electron-produced γ-rays flux values agree with BATSE 
data [Fishman et al., 1994].

Conclusions


