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Electron kinetic effects in atmosphere breakdown by an intense electromagnetic pulse
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A physical model is proposed for description of electron kinetics driven by a powerful electromagnetic pulse
in the Earth’s atmosphere. The model is based on a numerical solution to the Boltzmann kinetic equation for
two groups of electrons. Slow electrons~with energies below a few keV! are described in a two-term approxi-
mation assuming a weak anisotropy of the electron distribution function. Fast electrons~with energies above a
few keV! are described by a modified macroparticle method, taking into account the electron acceleration in
the electric field, energy losses in the continuous deceleration approximation, and the multiple pitch angle
scattering. The model is applied to a problem of the electric discharge in a nitrogen, which is preionized by an
external gamma-ray source. It is shown that the runaway electrons have an important effect on the energy
distribution of free electrons, and on the avalanche ionization rate. This mechanism might explain the obser-
vation of multiple lightning discharges observed in the Ivy-Mike thermonuclear test in the early 1950’s.
@S1063-651X~99!16610-8#

PACS number~s!: 52.20.2j, 51.50.1v, 52.65.2y, 52.80.2s
t
ic
or
e

oc
n

io
ic
th
w
ra
ec
air
us
a
m

er
io
-
o
as
ra
y
e
f
de
e
an
m

ltz-
the

ak
ow
u-
a-
lec-
. It
us-
i-

igh
ac-
ion
on
hat
ver
At
e is

tro-
m-
the
and
has
en,
as

ns
gni-
ex-

ur-
I. INTRODUCTION

The interaction of powerful electromagnetic pulses~EMP!
with the atmosphere and ionosphere is an important par
many practical applications, such as long-range commun
tions, artificial ionosphere modification, and remote monit
ing of unsanctioned nuclear explosions. Numerous nonlin
effects, which have not been fully investigated, are ass
ated with the propagation of intense EMP. Two importa
nonlinear effects are the ionization of air and the product
of a plasma in the tail of the electromagnetic pulse, wh
results in the reduction of pulse energy and a change in
pulse shape. The air breakdown threshold, which is kno
for normal conditions, may change significantly in a natu
environment. In particular, even small amounts of fast el
trons, with energies well above the ionization energy of
might dramatically reduce its breakdown threshold. Beca
of the low collision rates of these fast electrons, they c
initiate avalanche ionization. This ‘‘runaway’’ mechanis
for air breakdown was recently proposed@1# to explain high
altitude lightning discharges, where the cosmic rays w
considered as a source of fast electrons. Numerical solut
of the electron kinetic equation@2# demonstrated that a sig
nificant decrease in the air breakdown threshold under c
ditions in which a small number of relativistic electrons w
present in the air. The sharp increase in the ionization
due to the presence of runaway electrons have an energ
the range of the ionization potential for air has also be
demonstrated@3# by an approximate analytical solution o
the electron kinetic equation. However, a more detailed
scription of electron inelastic collisions is required in ord
to obtain the electron distribution in the real atmosphere
to investigate secondary processes, such as plasma che
PRE 601063-651X/99/60~6!/7360~9!/$15.00
of
a-
-
ar
i-
t
n
h
e
n
l
-
,
e

n

e
ns

n-

te
in

n

-
r
d
ical

reactions and optical emissions of excited molecules.
Standard approaches to the numerical solving the Bo

mann kinetic equation are usually very inefficient due to
broad range of electron energies~from fractions of an eV to
tens of MeV! that must be accounted for. However, a we
coupling between two groups of electrons, fast and sl
electrons, offers an effective method for optimizing the n
merical solution of the electron kinetic equation. In this p
per, a model is presented for describing the kinetics of e
trons driven by powerful EMP in the Earth’s atmosphere
combines macroparticle and finite difference methods by
ing a finite difference algorithm to solve the Boltzmann k
netic equation for the low energy electrons~less than a few
keV! and a macroparticle description to describe fast, h
energy electrons. The collisions of fast electrons are
counted for in the approximation of continuous decelerat
and multiple pitch angle scattering. This hybrid descripti
of electrons is an important addition to current models in t
it accurately describes the electron distribution function o
the energy range from a few eV up to relativistic energies.
the same time, this approach ensures good performanc
maintained for its various applications.

This model has been benchmarked for the case of ni
gen gas avalanche ionization by a dc electric field. By co
paring the experimental data on the electron mobility and
avalanche rates with the calculated values, the accuracy
performance of the code could be checked. The model
also been applied to the avalanche ionization of the nitrog
which is preionized by externally applied gamma rays. It w
found that a relatively small initial number of fast electro
can reduce the breakdown threshold by an order of ma
tude. It has been suggested that this effect could be an
planation for the multiple lightning discharges observed d
7360 © 1999 The American Physical Society
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ing the Ivy-Mike thermonuclear test in the early 1950’s@4#, a
phenomenon which has not been explained to date@5#.

The second section of the paper is devoted to a desc
tion of the basic equations of the models for both the sl
and fast electrons and how the two groups exchange part
and energy. The numerical algorithms are also briefly d
cussed in this section along with a comparison of the ca
lated and measured electron mobility of molecular nitrog
in a dc electric field. The third section is devoted to an ana
sis of the electron kinetics in nitrogen gas in an external
electric field, where the discharge is seeded by relativi
electrons. The high energy seed electrons dramatic
change the discharge characteristics. It significantly
creases the breakdown threshold and changes the rela
ship between the populations of fast and slow electrons.
runaway effect is also applied for analysis of the Ivy-Mi
test. Finally, the fourth section contains a summary and c
cluding remarks.

II. FORMULATION OF THE MODEL

The problem of the interaction of powerful EMP with th
atmosphere can be divided into two parts. The first is
analysis of electron dynamics in electric and magnetic fie
taking into account their collisions with neutral molecul
and possible runaway electrons that may achieve relativ
velocities. The solution of the kinetic equation for the ele
tron distribution function,f (t,r ,p), defines the current,j
52e*dpvf , that is needed for the second part of the pro
lem, which is the self-consistent description of the spa
and temporal evolution of the pulse electric,E, and mag-
netic,B, fields behind the ionization front according to Ma
well’s equations:

]

]t
B52c“3E,

]

]t
E14p j5c“3B. ~1!

This paper is devoted predominantly to an analysis of
former problem of electron kinetics. Since attention is to
focused on altitudes from the ground to 150–200 km in
atmosphere, where the characteristic electron mean free
~from a few meters up to 100 m! is comparable to the gyro
radius of electrons, but much smaller than the wavelengt
the EMP and the scale length of variations of the density
temperature of the atmosphere, the convective term is
glected. The problem is thus reduced to solving the homo
neous kinetic equations@6#:

] f

]t
2eFE1

v

c
3~B1B0!G ] f

]p
5NJst, ~2!

whereB0 is the geomagnetic field,v5p/mg and p are the
electron velocity and momentum, respectively,g
5A11p2/m2c2 is the relativistic factor,2e andm are the
electron charge and mass,N is the density of neutral par
ticles, andJst is the Boltzmann electron-neutral collision in
tegral. The spatial dependence of the electron distribu
function is accounted for indirectly through its dependen
on electric and magnetic fields.

Different methods have been proposed for solving Eq.~2!,
each of which has its own attributes. The electron collis
p-
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integral is a most complicated part the problem, since e
electron collision dramatically changes the particle traject
and, eventually redistributes the particles in phase spac
specific feature of the model presented in this paper is th
takes into account the effects of gamma-ray produced Co
ton electrons on the gas ionization dynamics, and, theref
requires that a very broad energy range~from less than 1 eV
up to MeV energies! be considered. All of the known algo
rithms are ineffective in dealing with this broad ener
range. In order to overcome this limitation of current mode
it was decided to divide the entire electron population in
two groups: slow electrons with energies ranging from
ionization potential of the chemical species in the atm
sphere up to a few keV, and fast electrons with energies fr
a few keV up to relativistic energies. This is accomplish
by applying two different methods to solve the kinetic equ
tion; that is, one method is used to solve the equation for
slow electrons and another method for the fast electrons
the same time, the exchange of energy and particles betw
the two groups was taken into account. Assuming that
low energy electrons,e,eg , wheree is kinetic energy, are
treated as a continuous medium and that the slow elec
distribution function is weakly anisotropic, the kinetic equ
tion, Eq.~2!, can be solved by using a finite difference alg
rithm @7#. Assuming that the fast electrons are discrete p
ticles, their interaction with neutral particles can b
approximated as a continuous deceleration and their mult
pitch angle scattering can be taken into account@8,9#.

A. Slow electron kinetics

Under atmospheric conditions, collisions play an impo
tant role in the dynamics of slow electrons (e,eg
;a few keV). Therefore, their distribution function can b
considered to be weakly anisotropic and can be appr
mated by using two terms. Since this approximation is w
known @6#, only the main elements of the slow electro
model are discussed, so that more attention can be foc
on modeling the fast electrons and the coupling between
slow and fast electron subsystems. The distribution funct
for the slow electrons is represented by:f s(t,e,V)
5 f 0(t,e)1V•f1(t,e), whereuf1u!u f 0u andV is a unit vec-
tor in the direction of the electron’s velocity. Assuming th
the excitation and ionization cross sections are isotropic,
~2! reduces to a pair of equations forf 0 and f1 ~cf. @10#!,

] f 0

]t
2

e

3
A 2

me

]

]e
~eE•f1!5NA 2

me
J0

st@ f 0#1Sion
0 ,

~3!

]f1

]t
2eA2e

m
E

] f 0

]e
2

eB0

mc
3f152A2e

m
NQ~e!f1~e!,

whereQ5Qtr1Q* 1Q1 is the total cross section of all col
lision processes andSion

0 is the source of slow electrons du
to molecular ionization by the fast electrons, which will b
discussed further in Sec. II C. The isotropic portion of t
collision integral in Eq.~3! describes the energy exchang
between the low energy electrons and molecules,
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J0
st@ f 0#5

2m

M

]

]e
@e2Qtr~e! f 0#2e f 0~e!@Q* ~e!1Q1~e!#

1(
k

~e1ek* !Q0
k~e1ek* ! f 0~e1ek* !

1E
2e1e1

eg
dTTs1~T,e! f 0~T!

1E
e1e1

2e1e1

dTTs1~T,T2e2e1! f 0~T!, ~4!

whereM is the mass of the molecules;ek* and e1 are the
molecular excitation thresholds for levelk and for ionization,
respectively;s1(e,T) is the ionization differential cross sec
tion; Qtr is the transport cross section of elastic scatteri
Q* 5(kQ0

k is the total cross section of the excited mo
ecules; andQ15*0

e tdTs1(e,T), with e t5(e2e1)/2, is the
cross section of the ionized molecules. Although Eq.~4! is
written for a single species gas, its generalization to the m
tispecies case is straightforward.

B. Fast electron kinetics

In order to describe the kinetics of the fast electrons,
collision integral is first simplified and then approximated
assuming continuous deceleration and multiple pitch an
scattering@11#. Applying these approximations, the distrib
tion function for the fast electrons,f f , Eq. ~2!, according to
@2,9,12#, can be rewritten as

] f f

]t
2

]

]e
@~eV•E1FD!v f f #

2e
]

]V H V3FE3V1
v
c

~B1B0!G f f

p J 5Jf
st1Sion

f , ~5!

whereFD is the dynamic friction force that accounts for th
energy losses of the fast electrons due to the continuous
celeration approximation@8# and is defined by the expressio

FD~e!5NF2me

M
Qtr~e!1(

k
ek* Q0

k~e!1e1Q1~e!

1E
0

e t
dTTs1~e,T!G . ~6!

The three terms on the right-hand side of the equa
describe the electron elastic scattering, molecular excitat
and molecular ionization, respectively, by the fast electro
The source term,Sion

f , on the right-hand side of Eq.~5!
accounts for the production of fast electrons due to the i
ization of neutral particles by fast particles. Finally, the te
Jf

st is that part of the collision integral that accounts for t
pitch angle scattering of the fast electrons:Jf

st

5vN*dV8@ f f(V8)2 f f(V)#dQ(V•V8), where the differ-
ential cross sectiondQ(V•V8) depends on the cosine of th
scattering angle between the directions of incident,V8, and
scattered,V, electrons. The left-hand side of Eq.~5! de-
scribes the orbits of the particles in terms of the change in
momentum of the electrons due to the Lorentz force and
;

l-

e

le

e-

n
n,
s.

-

e
e

dynamic frictional force,FD . This part of the equation can
be easily modeled by assuming macroparticles, because
of them follows a certain electron trajectory. A complic
tions arises in the angular scattering term,Jf

st , on the right-
hand side of Eq.~5!, because it describes particles jumpin
from one orbit to another. This is a stochastic process, wh
can be modeled by using the Monte Carlo method@13#.
However, applying the Monte Carlo method to simulate t
scattering events in Eq.~5! requires a large number of pa
ticles to achieve an acceptably low level of fluctuations. T
is especially inconvenient when solving the coupled eq
tions ~1! and ~2!, since the particle fluctuations generate a
ditional fluctuations in the electromagnetic fields, whi
spread all over the whole volume of calculations with t
speed of light. In order to avoid this problem, another det
ministic approach was developed by using the orbital eq
tions for the macroparticles and by accounting for multip
electron pitch angle scattering by following a simple sem
empirical model proposed by Longmire@14#. In particular, it
was suggested in Ref.@14# that another phase coordinate,
addition to the common phase coordinatese and V, be in-
troduced; that is, the average cosine of the scattering an
0,m,1, of a macroparticle. This accounts for the effecti
deceleration of the macroparticles due to multiple scatter
In this case, the equations of motion of the macropartic
are

deq

dt
52evqVq•E2vqFD~eq!,

dmq

dt
52mqvqS tr ,

~7!
dVq

dt
52

evq

pqc
Vq3~B1B0!2

e

pq
Vq3E3Vq ,

where S tr5N*dV8(12V•V8)dQ(V8•V)5NQtr is the
macroscopic transport cross section of electron scatte
@8,9# and is defined as

S tr5
4pe4NZ~Z11!g2

@mc2~g221!#2 S ln
11z

z
2

1

11z D ~8!

and whereZ is the atomic number on the gas atoms,g51
1e/mc2, and z51.731025Z2/3(g221)21@1.13
13.76(Z/137)2g2/(g221)#. Each macroparticleq in Eq.
~7! consists of annq electrons, which move approximately i
the same direction,V, and the phase variablem characterizes
the average spread of electrons in the macroparticle in a
pendicular direction. Consequently, the distribution functi
of fast electrons is

f f~ t,e,V,m!5(
q

nqd@e2eq~ t !#d@m2mq~ t !#

3d@V2Vq~ t !#.

A newly formed particle normally does not have a spread,
that mq51. The pitch angle scattering increases the spre
which means thatm decreases with time according to th
second equation~7!. A macroparticle moves slower along it
orbit asm decreases, which must be taken into account w
calculating the fast electron current:j f52e(qnqmqvq .
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This model, Eq.~7!, is convenient for performing numeri
cal calculations; however, it possesses a significant drawb
in that it is not conservative, since it incorrectly represe
the energy balance in the system of particles and electrom
netic fields. To demonstrate this fact, the first equation of
~7! is multiplied bynq and summed over all macroparticle

(
q

nq

deq

dt
52eE(

q
nqvq2(

q
nqvqFD . ~9!

The left-hand side of Eq.~9! represents the change in th
overall electron kinetic energy per unit time. The seco
term on the right-hand side of this equation describes
energy losses due molecular excitation and ionization.
first term on the right-hand side should represent the w
done by the electric field on the electrons and has the f
j f•E. However, it is different by the factormq in the expres-
sion for the electric current, which means that the elect
energy is not conserved in Eq.~7!.

Therefore, it is proposed to modify the Longmire mod
so that it would be conservative. This modified model can
derived from the kinetic equation, Eq.~5!, by making some
rather general assumptions. By multiplying Eq.~5! by e and
V and integrating over a certain phase volume, one can
rive equations for the average energy and velocity,

d

dt
^e&52^vFD1evV•E&,

~10!
d

dt
^V&52eK v

cp
V3~B1B0!1

1

p
V3E3VL 1DVst.

The angular brackets denote the average over the distribu
function andDVst is the average of the vector,V, with the
pitch angle scattering term,Jf

st . The symmetry of the colli-
sion integral,*dVJf

st50, ensures that there is no contrib
tion to the first equation of Eq.~10! and relates the last term
of the second equation to the transport cross section~8!. In
fact, the quantityDVst contains the following pitch angle
integral:

E dVVE dV8@ f f~V8!2 f f~V!#dQ~V8•V!.

Changing the angular variables,V8→V, in the first term of
this expression and noting that the integral*dV8V8dQ is
directed along the vectorV, it can be shown thatDVst

52^vVS tr&.
Although Eqs.~10! hold for average quantities, it is as

sumed that they are also valid for each macroparticle, s
their motion is uncorrelated, the collisions between the f
electrons themselves are neglected and since only their
lisions with the molecules are accounted for. However, th
is a problem with the equation for^V& in Eq. ~10!. The unit
length of this vector is not conserved because of the p
angle scattering term. The decrease inu^V&u corresponds to
the deceleration of the particles due to multiple scatteri
This problem is resolved by following Longmire’s idea an
by attributing the change in the length of the vectorVq of
the macroparticleq to the effective pitch angle spreadmq .
Consequently,Vq is redefined asVq→mqVq and the new
ck
s
g-
.

d
e
e
k
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n

l
e

e-

on

ce
st
ol-
e

h

.

quantity,Vq , is required to be a unit vector. Thus, the se
ond equation of Eqs.~10! separates into two equations an
the macroparticle dynamics is governed by the followi
system of equations:

deq

dt
52emqvqVq•E2vqFD~eq!,

dmq

dt
52mqvqS tr2e

12mq
2

pq
Vq•E, ~11!

dVq

dt
52

evq

cpq
Vq3~B1B0!2

e

mqpq
Vq3E3Vq .

This set of equations constitutes the model that describes
dynamics of fast electrons. When compared to the origi
empirical model, Eq.~7!, this new model is better justified b
the fact that the average of the ensemble is a direct resu
the kinetic equation~5!. It can be seen that the change in t
average pitch angle,mg , is also affected by the parallel com
ponent of the electric field.

To complete the description of fast electron kinetics, t
source terms on the right-hand side of Eq.~5! must be speci-
fied. To do this, it is assumed that the secondary fast e
trons produced by molecular ionization move mainly in
direction perpendicular to the momentum of the incident p
ticles. Hence, the ionization source term,Sion

f , is

Sion
f 5Nd~V!d~m21!E

2e1e1

`

de8E dV8E
0

1

dm8

3 f f~e8,V8,m8!v8s1~e8,e!, ~12!

wheree.eg . The source term for the slow particles due
ionization by the fast electrons is

Sion
0 5

Nm3/2

4pA2e
E

2e1e1

`

de8E dV8E
0

1

dm8

3 f f~e8,V8,m8!v8s1~e8,e!, ~13!

wheree,eg . The newly liberated electrons are assumed
have an isotropic angular distribution.

C. Algorithm for numerical solution

In order to choose the proper numerical algorithm to so
the equations for the model, the dependence of the cha
teristics of the solution on electron energy must be taken
account. Since the fast electrons (e.eg) are weakly colli-
sional, a finite difference algorithm of second order accura
can be used to calculate the trajectories of the fast electr
To do this, a predictor-corrector iteration-free algorithm
used. At each time step,Dt5tn112tn, the trajectories of the
fast particles are first integrated within the time interv
@ tn,tn11# using Eqs.~11!. The ionization source terms, Eq
~12! and~13!, are then calculated and averaged over the ti
intervalDt. The decelerated particles are then identified a
transformed into the corresponding sources of slow electr
in the Boltzmann equation. The Boltzmann equations for
slow electrons~3! are then integrated overDt, taking into
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account the production of new electrons by the ionization
molecules by the fast electrons according to Eq.~13!. At the
end of this step, the slow electrons have been accelerate
an energy ofeg and are transformed into macroparticle
Then the time is advanced and Eqs.~11! integrated again,
taking into account those new particles which were acce
ated in the previous time step or which were generated du
ionization, Eq.~12!. Since this proposed algorithm is no
conservative, its accuracy was tested by checking the en
balance of the entire system.

The time step,Dtg , used in the integration of the fas
electron trajectories by using Eq.~11! can be chosen indi
vidually for each macroparticle within the full time stepDt,
so that the relative variations in the macroparticle energy
the pitch angles are small:$De/e,Dm/m%!1. If Dtg is less
than the main time stepDt when solving the Boltzmann
equation, the equations for the macroparticle trajectories
integrated over the intervalDt several times.

The Boltzmann kinetic equations for slow electrons~3!
have been solved by using a finite difference method of fi
order accuracy. The system of algebraic equations for
crete variables have been solved by using the Gauss e
sion method. Two complementary grids in the energy
main were introduced. The isotropic part of the electr
distribution function was evaluated atK nodes,e i , wherei
51, . . . ,K, while f1 was defined in the adjacent grid
e i 21/25(e i1e i 21)/2, where i 52, . . . ,K and e1/25(3e1
2e2)/2. The last node of the second grid is the maximu
energy of the slow electrons,eg5eK21/2. All the slow elec-
trons accelerated to this energy are transformed into
electrons, thus reducing the slow electron population. Hen
the domaine.eg is an infinite sink of slow electrons an
both functions f 0 and f1 have to equal zero at their las
nodes:f 0(eK)50 andf1(eK21/2)50. These conditions hav
been tested at each time step after advancing the Boltzm
equations~3!. If f 0(eK) and f1(eK21/2) are found not to be
zero at the upper time limit,tn11, then a new macroparticle
is injected and both functions are set equal to zero. The c
acteristics of this new macroparticle are defined by tak
into account the conservation of the first moments of
electron distribution function, density, electric current, a
average electron energy,

mq51, eq5eK , nq5dns52p~2/m!3/2f 0K
n11AeKDeK ,

~14!
enqvq52d j s5e~2p/3!~2/m!2f1K21/2

n11 eK21/2DeK21/2.

The reverse transformation of decelerated macroparti
into Boltzmann electrons is performed in a similar manner
the particle energy,eq , at the upper time limit is found to be
less thaneg , then it is removed from the fast electron pop
lation and a corresponding number of slow electrons is g
erated. Two nodes,i and i 11, closest to the macroparticl
energyeq

n11 were identified and the increments of the dist
bution functions,D f 0 andDf1 , at these nodes ande i 11/2 are
calculated by using equations similar to Eqs.~14!.

D. Code calibration

In order to test this model, the kinetics of secondary el
trons produced by a single primary electron inserted at
f
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50 in an external dc electric field in molecular nitrogen w
considered. The corresponding cross sections for the inte
tion of electrons withN2 were obtained from@15–20#. The
transport cross sections were taken from Ref.@15#, and the
fine structure of the resonant cross sections in the ene
range from 1.8 to 4.0 eV was described according to@16#.
The energy dependence of the first eight vibration excitat
levels forN2 were obtained from Ref.@17#; however, these
cross sections were corrected according to the recomme
tions of @18#. The electron excitation cross sections we
calculated by using the approximations proposed in R
@19#, which are in good agreement with experimental da
The ionization cross sections of the first four electron ene
levels were calculated by using the semiempirical formu
in @20#.

The simulations were run until the asymptotic state w
attained. This state is achieved when the secondary elect
drift in a direction opposite to the external electric field a
constant velocity of

W52
2p

3ne
S 2

mD 2E
0

eg
deee•f1~e,t !, ~15!

wheree is a unit vector in the direction of the dc electric fie
and ne(t)52p(2/m)3/2*0

egdeAe f 0(e,t) is the instantaneous
density of free electrons. A comparison of the calcula
electron drift velocity,W, with the experimental data tabu
lated in @21–25# is presented in Fig. 1. The older data fro
Refs.@24# and @25#, which are complete and widely used
the literature@26#, are in close agreement with recent me
surements@27#.

There is good agreement between the results of the si
lations described in this paper and the available experime
data; however, there is a minor but systematic deviation
E/N.100 Td, where 1 Td equals 10217V cm2. This under-
estimation of the drift velocity is due to the fact that all th

FIG. 1. Dependence of the electron drift velocity,W, in molecu-
lar nitrogen on the ratio of the applied electric field to the g
density,E/N. Solid line represents the simulation results. Points
the experimental data taken from Refs.@21–25#.
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cross sections were assumed to be isotropic. It has been
onstrated in Ref.@28# that for E/N;800 Td, an approxima-
tion taking into account the anisotropy of the electron ex
tation cross sections leads to higher electron drift velocit
which turned out to be greater than the experimental d
Although the two-term kinetic model can take into accou
anisotropic cross sections, the experimental data are ins
cient to verify the calculated results. Therefore, isotro
cross sections are used and the deviation shown in Fi
demonstrates the accuracy of the model.

An additional illustration of the performance of the mod
is presented in Fig. 2, where the calculated electron ion
tion coefficient,a5n1 /W is compared to the experiment
electron swarm data published in@22,29–32#. In this case,
the ionization frequency is defined as

n1~ t ![
1

ne

dne

dt
5

8pN

m2ne
E

0

eg
deeQ1~e! f 0~e,t !. ~16!

As can be seen in Fig. 2, the agreement between the sim
tions and the experimental data is excellent, with a mi
deviation at very high electric fields; that is,E/N
;1000 Td. It should be noted that these high electric fi
values exceed the threshold values for the electron runa
effect. Although this effect has been accounted for in
model presented here and is discussed in the next sectio
is unclear as to whether these runaway electrons have
detected under experimental conditions.

The above two examples demonstrate the accuracy o
model for the case of relatively slow electrons, but cannot
verified for fast electrons due to the unavailability of expe
mental data. The only well established fact is that the ene
loss of a fast electron~with energy greater than 10 keV! in
the production of single electron-ion pair,Depair , does not
depend on the electron energy and is equal to 36 eV
molecular nitrogen. When this case was simulated by us
the model presented here, the calculated results were w

FIG. 2. Dependence of the electron ionization coefficient,a/N,
in molecular nitrogen on the ratio of the applied electric field to
gas density,E/N. Solid line represents the simulation results. Poi
are the experimental data taken from Refs.@22,29–32#.
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3% of the measured values. Apart from small discrepanc
the results shown in Figs. 1 and 2 demonstrate that the m
presented in this paper accurately calculates the electron
netics over a broad range of electron energies, electric fie
and gas pressures.

III. RUNAWAY EFFECTS IN THE GASES PREIONIZED
BY GAMMA RAYS

A. Runaway electrons in dc discharge

The model described above has been used to study
electric discharge in molecular nitrogen seeded with a re
tivistic electron. Possible sources of such electrons are
mic rays or external gamma-ray sources. It is known that
drag force,FD , has a minimum at an electron energy
ecrit;1.5 MeV @1#. Therefore, if the applied electric field
exceeds the critical field,Ecrit5FD(ecrit)/e, the electrons
with energye&ecrit might be accelerated and generate s
ondary high energy and low energy electrons through co
sions with molecules. Avalanche gas breakdown caused
runaway electrons was first discussed qualitatively in@1#.
However, quantitative analysis has been limited by the f
that in order to calculate the ionization rate more accur
electron-molecule collision cross sections must be used
the effects of multiple pitch angle scattering incorporated

The critical electric field for the runaway effect to occ
in molecular nitrogen isEcrit /N;10 Td. Using the simula-
tions presented in this paper, runaway avalanche breakd
was calculated to occur at electric fieldsE/N.14 Td, pro-
vided that the initial energy of the electron,e0 , falls within
the runaway range; that is,FD(e0),eE. The simulations
were run until the ionization frequency and the electron d
velocity approached asymptotic values. The dependenc
the ionization frequency~16! on electric field is presented in
Fig. 3. The solid line represents the case where the in
energy of the seed electron ise051 MeV ~the high energy
case!, and the dashed line represents the reference

s

FIG. 3. Dependence of the electron ionization frequency,n1 , in
molecular nitrogen on the electric field,E/N. Lines represent the
simulation results for the initial electron energy 1 MeV~solid line!
and 10 eV~dashed line!. Points are the experimental data.
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where the initial energy of the seed electrons ise0510 eV
~the low energy case!, which is well below the runaway
threshold. It can be seen that the runaway electrons domi
the ionization process in the electric field range from 14
140 Td.

As can be seen in Fig. 3, the simulation results for
standard case~dashed line! are in good agreement with th
experimental data represented by the open circles. The
perimental data points were estimated in the following w
Using the electron drift velocities from@21# as a basis, the
ionization coefficients measured by the New England gro
@29,30# was interpolated to the points where the drift velo
ties were measured. The final results, which are the pro
of W anda/N, are plotted in Fig. 3.

The runaway effect that occurs in electric discharge
also illustrated in Fig. 4, where the average electron ene

^e&5
2p~2/m!3/2*0

`dee3/2f 0~e!1(qnqeq

ne1(qnq
, ~17!

is plotted versus the effective electric field. The onset
discharge is manifested by the dramatic increase in elec
energy. This occurs because of the presence of a small n
ber of high energy electrons with energies ranging from t
of eV to a few MeV. These high energy electrons are co
pletely responsible for the avalanche breakdown. The sh
increase in the average electron energy in the range from
to 140 Td is mainly due to the increase in the number
runaway electrons; however, their energy is also increase
the electric field increases. The average electron energ
more than three orders of magnitude less than the chara
istic energy of fast electrons. If the slower electrons, w
energies less than a few keV, are excluded from the inte
in Eq. ~17!, the average energy of the fast electrons var
from 1 to 10 MeV in the electric field range from 14 to 14
Td. This difference in the average electron energy and
energy of the fast electrons is an indication that the majo

FIG. 4. Dependence of the average electron energy,^e&, in mo-
lecular nitrogen on the electric field,E/N, for the initial electron
energy 1 MeV~solid line! and 10 eV~dashed line!.
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of the secondary free electrons, which are produced b
relativistic electron, have an energy of a few tens of eV. T
fact can be observed in Fig. 5 in which the electron distrib
tion functions are shown for both the fast and slow se
electrons.@The following normalization of the distribution
function has been used in this figur
2p(2/m)3/2*Ae f 0(e)de51.# A significant difference arises
between these two cases at electron energies in the r
from 20 to 30 eV.

The average electron energy dependence on the ele
field for the case of relativistic seed electrons differs dram
cally from the case where the seed electron energy is l
since the average electron energy varies rather slowly as
electric field increases~dashed line in Fig. 4!. Avalanche
breakdown initiated by slow seed electrons begins at elec
fields of about 140 Td, where the average electron ene
exceeds the vibrational excitation states@33–35# of about 2
eV. It can be seen in Fig. 5, that the electron distributi
function decreases three orders of magnitude ate'2 eV for
E/N540 Td, while atE/N5100 Td, this decrease is les
than one order of magnitude. The second drop in the elec
distribution in Fig. 5 in the energy range of 10 eV is due
the electronic excitations of nitrogen molecules.

For larger electric fields,E/N.100 Td, the dominant pro-
cess is that by the slow electrons, since the relative num
of slow electrons has increased significantly. This can
seen in Fig. 4 by the dramatic decrease in the average en
at E/N'100 Td. Although the signatures of the fast ele
trons cannot be seen in the ionization frequency and in
average electron energy in Figs. 3 and 4, both the num
and energy of the fast electrons increase. These fast elec
may be responsible for gamma-ray emissions from d
charges and for other high energy phenomena.

B. Implications to the Ivy-Mike test

The Ivy-Mike test was conducted in 1952 and was one
the biggest thermonuclear ground tests in history@36#. One
of the special features of this test is that multiple lightni
discharges at distances from 900 to 1400 m from the ce
of the detonation were observed@4#. The strokes began nea
the ground and propagated upward along roughly concen

FIG. 5. Energy distribution of free electrons in the dc discha
in molecular nitrogen for the electric fieldE/N540 Td ~a! and 100
Td ~b!. The initial electron energye051 MeV ~solid line! and 10
eV ~dashed line!.
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paths around the burst throughout a time interval of 1–
ms. The shape of the discharge paths, which were ne
circular with the burst point as the center, strongly sugge
that they were driven by electric fields associated with el
tromagnetic pulses generated by the burst. Estimates ind
that the azimuthal electric files were 30 kV/m a few mil
seconds after initiation of the detonation@5#. However, these
estimates are two orders of magnitude lower than the
electric field~3 MV/m! required to cause air to breakdow
There were investigations to understand the mechanism
which low amplitude breakdown occurs. It was suggested
Ref. @37# that ion clusters could be generated in the irradia
air due to ion–molecule reactions, which may significan
change the electrical characteristics of air. However, the
periments conducted at the Hermes-2 facility@38#, where the
absorbed radiation dose was;10 Mrad, which is compa-
rable to the Ivy-Mike test conditions, did not validate th
hypothesis. Thus, the lightning discharges in the Ivy-M
test have not been satisfactorily explained to date.

Recently, a new possible mechanism for initiating ligh
ning discharges from a thunderstorm cloud to the ionosph
was proposed in@1#. This mechanism is based on the mod
for avalanche breakdown driven by runaway electrons ac
erated by electric fields in the cloud. Electric fields having
magnitude an order of magnitude less than that of the
fields can initiate the runaway avalanche breakdown. It w
thought in Refs.@1,2# that the seed electrons required to in
tiate this process were produced by cosmic rays. A sim
process can be used to explain the discharges observed
Ivy-Mike test, with the exception that the seed electrons
Compton electrons. The test conditions were favorable
initiating avalanche breakdown by runaway electrons. E
ceptionally high neutron yield by the thermonuclear react
and secondary gamma-ray emission were the sources
large number of free electrons with characteristic energ
ranging up to 1 MeV in air. These electrons might runaw
in the electric fields near the tips of antennas and initiate
breakdown.

Unfortunately, there is no comprehensive theory for el
tric discharges in air from elongated metal structures l
antennas and lightning rods. However, an empirical crite
for air breakdown,E0h.1 MV, has been derived@39#,
whereh is the height of the antenna andE0 is the electric
field near the surface of the earth. This criterion is valid
ground-to-cloud lightning discharges under normal, no
nuclear conditions, but would be relaxed if runaway ele
trons are present. Using the model proposed in this pa
simulations show that seed electrons with an initial energy
1 MeV produce secondary runaway electrons and init
avalanche breakdown in electric fields with magnitudes m
a
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than 5 times less than at normal atmospheric conditions.
though these simulations assume spatially homogeneou
electric fields, it is speculated that similar results will b
obtained in the inhomogeneous fields of antennas. There
it is suggested that the criterion for achieving air breakdo
in the Ivy-Mike test is that the electric fields must be grea
thanE0h;0.2 MV. For antennas with a height of 10 m, th
breakdown electric field is estimated to be 20 kV/m, which
less than the fields estimated for the Ivy-Mike EMP enviro
ment. More detailed studies of the effects of radiatio
induced runaway electrons on electric breakdown will
presented in future papers.

IV. CONCLUSIONS

In conclusion, a model was developed to simulate
kinetics of electrons driven by electromagnetic pulses pro
gating through the atmosphere. This model takes into
count the molecular excitation and ionization processes
to electron collisions. An important characteristic of th
model is that it also takes into account fast electrons, wh
may be accelerated in quasistatic electric fields and
away. These fast electrons are treated as a separate syst
macroparticles that can pass back and forth between the
semble of fast and slow electrons. The algorithms used
perform the numerical calculations were briefly discuss
and the numerical code was tested for the case of avala
breakdown in air in an external dc electric field. The para
eters used in the numerical calculations were chose to en
necessary accuracy and good performance of the code.

The proposed electron kinetic model constitutes the m
enhancement to existing hydrodynamic codes. This n
code can be applied to the study of the various effects a
ciated with the propagation and interaction of intense el
tromagnetic pulses in air and the effects of runaway el
trons. Using this model, estimates and simulations sug
that the runaway effect of radiation-induced electrons m
explain the multiple lightning discharges observed in t
Ivy-Mike thermonuclear test.
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