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Outline

Terrestrial Gamma Flash (TGF) 
observations
Overview of TGF models
Modelling of Relativistic Runaway 
Electron Avalanche (RREA) and TGFs
Effects of varying the background 
atmosphere conductivity profiles
Constraints on TGF source properties 
from satellite observations



3

Terrestrial Gamma Flashes (TGF)

~1 ms duration
Photon energies of up to 20 MeV
Hard photon spectrum ~Eph

-1

10-100 J total energy (assuming 
isotropic emission)
First observed by BATSE, ~1/month
RHESSI detects ~10-20/month, => 
~50/day globally
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BATSE

Burst and Transient 
Source Experiment
Was located on CGRO 
(Compton Gamma 
Ray Observatory)
In orbit Apr 5, 1991 –
June 4, 2000
450 km altitude
28.5 deg inclination
20 keV - 1.9 MeV 
photons
~2000-10000 cm2

effective area 1 of 8 modules
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BATSE TGFs
[Fishman et al 1994]
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BATSE TGF locations

TGFs occur in regions with high lightning activity
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RHESSI

Reuven Ramaty High 
Energy Solar 
Spectroscopic Imager
Launched on Feb 5, 
2002
Altitude 600 km
38 deg inclination
3 keV – 17 MeV 
photons
~10-100 cm2 effective 
area
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RHESSI TGFs [Smith et al, 2005]
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Spectrum [Smith et al., 2005]

Black: average 
measured spectrum
Red: isotropic 
bremsstrahlung 
spectrum (35 MeV 
electrons)
Blue: bremsstrahlung 
with instrumental 
response
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RHESSI TGF locations

South Atlantic Anomaly

Color shows lightning activity
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Proposed mechanisms for TGF 
production

All mechanisms involve relativistic runaway 
electron (RRE) avalanche.

Seeding of the avalanche:
Ambient flux of cosmic rays [Bell et al., 1995]
Extensive air showers (EAS) by ultra-high energy 
cosmic rays [Gurevich and Zybin, 2001]

Avalanche mechanism:
QES post-discharge field above thunderstorms 
[Lehtinen et al, 1999; Babich et al, 2004]
QES (pre-discharge) field inside a thundercloud 
[Gurevich et al., 1994]
EMP field in mesosphere [Milikh and Valdivia, 
1999; Inan and Lehtinen, 2005]
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Relativistic Runaway Mechanism and 
Dynamic Friction Force

43 inelastic processes:
Rotational, vibrational, 
electronic level 
excitations
Dissociative losses
Ionization

In townsends (1 Td = 10-21 V-m2):

E/N = 8 Td, 130 Td, 1000 Td

N2 rotational/vibrational losses



13

Relativistic Runaway Electron 
Avalanche concept

Cosmic ray 
primaries
Ionization with 
production of 
relativistic 
electrons
Acceleration
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Overview of TGF models
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(1) QES (quasi-electrostatic field) 
above a thundercloud
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RRE avalanche in QES field

Electrons are avalanching 
in a QES E field following a 
+CG discharge
High discharge values and 
high altitudes of the 
removed charge are 
required
Electron motion at >35km 
altitude is determined by 
geomagnetic field BE

If BE is non-horizontal, the 
electrons are predicted to 
leave the atmosphere.
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(2) RREA inside a thundercloud 
[Gurevich and Zybin, 2004]
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(3) EMP field
[Inan and Lehtinen, 2005]



19

Requirements from different TGF 
production models:

QES above thunderstorms:
Large (>100 C) positive CG discharge
Ambient conductivity profile that provides high 
screening charges
More on this later in this talk

QES inside a cloud:
E > Et = 2 kV/cm (8 Td)
UHECR seed

EMP mechanism:
I > 400 kA
v > 0.99c
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Modelling of Relativistic Runaway 
Electron Avalanche (RREA) and 

Terrestrial Gamma Flashes (TGF)
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Methods

Monte Carlo model of electron 
propagation and avalanche multiplication
Fluid Modelling of RREA in 
inhomogeneous electric fields
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Monte Carlo simulations

Method:
Relativistic motion

G(t) includes inelastic energy losses and 
elastic scattering (but excludes energy 
losses from ionization)
New electrons from ionization

Results:
Electron distribution
Avalanche growth rate
Drift velocity
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Electrons in momentum space
E = 5 Et, B = 0
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Growth rate

N=N0eRt

R=R0/τ
Proportional to 
atmosphere density 
Nm

r0 – classical electron 
radius
Zm – molecule charge

R0 ~ (δ-1)+0.04(δ-1)2, 
δ=E/Et
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Electrons in momentum space
E = 5 Et, B = cE, B ⊥ E

NOTE: There is no avalanche for B ⊥ E, B=2cE
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The avalanche growth rates with 
perpendicular magnetic field

The rate decreases 
slowly with 
increasing B at 
small B
The avalanche is 
quenched 
approximately 
when B>2E/c



27

Altitude above which B becomes 
important

For fH0=1 MHz
Elastic: νm=ωH (νm is the momentum transfer rate)
Inelastic: FD/p=ωH (FD is the dynamic friction)
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Fluid modelling of RREA

Notations:
v – drift velocity
R(E/Et)~Nm – avalanche rate
S~Nm – source from cosmic rays, =10 m-3 s-1

at 10 km
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Application of these methods:
Effects of varying the conductivity 

profiles in QES mechanism
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Post-discharge electric field

Exceeds 
relativistic 
runaway threshold
Accelerates 
electrons upward
In atmosphere with 
exponential
conductivity 
profile:
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Atmosphere conductivity profile

We study the 
dependence of E 
field on ambient 
conductivity 
distribution
Decrease of 
conductivity in 
the cloud (<20 
km) can be due to 
ion absorption by 
water droplets
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QES field for various ambient 
conductivity profiles

Smaller 
conductivity 
scale leads to 
greater field
The sharp 
conductivity 
drop leads to 
greater field due 
to the screening 
charge 
accumulation in 
a thin layer on 
the cloud top

+CG from 18 km [Gurevich et al, 2001]

Q=100 C
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Runaway electrons and Gamma 
Photons: Vertical B

Assume +CG discharge from 18 km [Gurevich et al, 2001]
The observed photon number is ~3x1015 [Smith et al, 2005], 
corresponding to the upper boundary of the right panel
The required charge varies from ~175 to ~450 C, depending on the
ambient conductivity profile
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Runaway electrons and Gamma 
Photons: Horizontal B

The avalanche stops at 30-45 km
The required charge is greater than for vertical B and 
varies from ~200 to >500 C, depending on the ambient 
conductivity profile



35

Constraints on TGF source properties 
from satellite observations
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Constraints from satellite 
observations

Goal: Infer parameters of the gamma 
source (energy, altitude, shape/direction 
of initial beam, …) without knowing the 
exact mechanism of production
Method: Use a Monte Carlo model to 
propagate gamma photons from 
atmosphere to the satellite
Given: observed spectrum and flux of 
gamma rays at a satellite (BATSE, 
RHESSI)
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Monte Carlo Model of gamma 
photon propagation

Written at Stanford
Compton scattering
Photoelectric absorption
Pair production and subsequent 
positron annihilation
Approximately the same results as 
GEANT4, but much faster



38

Comparison with RHESSI 
spectra

Gray bars - RHESSI 
spectrum
Solid lines are 
calculated spectra for 
different altitudes (given 
in km)
θm is the opening angle 
of the beamed source
Best fit:

θm >= 45 deg
h=15-20 km
Spectrum from RREA 
(relativistic runaway 
electron avalanche)

Consistent with Dwyer 
and Smith [2005]

E-1 spectrum
Spectrum from 
RREA simulation 
at E=2Et
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Comparison with BATSE spectra

Best fit:
θm >= 45 deg
h=15-20 km

(the same)

E-1 spectrum
Spectrum from 
RREA simulation 
at E=2Et
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Maximum TGF intensity

Models:
QES (described before) -
various initial charge 
values for beamed 
emission altitudes h=25-
30km
EMP (electrons 
accelerated by pulse from 
lightning)
Babich et al [2004] -
magnetized QES 
(electrons emit gamma 
rays as they turn in 
geomagnetic field)
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Extent in a horizontal plane of 
the satellite

Determines the 
probability for the 
satellite to be in the 
beam
Is a function of

h (altitude)
θm (the half-angle of 
the cone of emission)
θ (the angle from 
zenith)
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Current work

More studies of the parameters of the 
source
Study of the rate of detection: are 
TGFs seeded by low-energy or high 
energy cosmic rays [Gurevich and 
Zybin, 2001]
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What are available seeds?

Cosmic rays air showers

W.-M. Yao et al., J. Phys. G 33, 1 (2006)
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