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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 electrofwith energies below a few ke\are described in a two-term approxi-
mation assuming a weak anisotropy of the electron distribution function. Fast elegtitmenergies 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.
[S1063-651%9916610-9

PACS numbdis): 52.20—j, 51.50+v, 52.65-y, 52.80—s

[. INTRODUCTION reactions and optical emissions of excited molecules.
Standard approaches to the numerical solving the Boltz-

The interaction of powerful electromagnetic pul$EMP) mann kinetic equation are usually very inefficient due to the
with the atmosphere and ionosphere is an important part diroad range of electron energigsom fractions of an eV to
many practical applications, such as long-range communicaens of Me\j that must be accounted for. However, a weak
tions, artificial ionosphere modification, and remote monitor-coupling between two groups of electrons, fast and slow
ing of unsanctioned nuclear explosions. Numerous nonlineaglectrons, offers an effective method for optimizing the nu-
effects, which have not been fully investigated, are associmerical solution of the electron kinetic equation. In this pa-
ated with the propagation of intense EMP. Two importantper, a model is presented for describing the kinetics of elec-
nonlinear effects are the ionization of air and the productiortrons driven by powerful EMP in the Earth’s atmosphere. It
of a plasma in the tail of the electromagnetic pulse, whichcombines macroparticle and finite difference methods by us-
results in the reduction of pulse energy and a change in thimg a finite difference algorithm to solve the Boltzmann ki-
pulse shape. The air breakdown threshold, which is knowmetic equation for the low energy electrofisss than a few
for normal conditions, may change significantly in a naturalkeV) and a macroparticle description to describe fast, high
environment. In particular, even small amounts of fast elecenergy electrons. The collisions of fast electrons are ac-
trons, with energies well above the ionization energy of aircounted for in the approximation of continuous deceleration
might dramatically reduce its breakdown threshold. Becausand multiple pitch angle scattering. This hybrid description
of the low collision rates of these fast electrons, they carof electrons is an important addition to current models in that
initiate avalanche ionization. This “runaway” mechanism it accurately describes the electron distribution function over
for air breakdown was recently proposigd to explain high  the energy range from a few eV up to relativistic energies. At
altitude lightning discharges, where the cosmic rays wergéhe same time, this approach ensures good performance is
considered as a source of fast electrons. Numerical solutionsaintained for its various applications.
of the electron kinetic equatio2] demonstrated that a sig- This model has been benchmarked for the case of nitro-
nificant decrease in the air breakdown threshold under corgen gas avalanche ionization by a dc electric field. By com-
ditions in which a small number of relativistic electrons wasparing the experimental data on the electron mobility and the
present in the air. The sharp increase in the ionization ratavalanche rates with the calculated values, the accuracy and
due to the presence of runaway electrons have an energy performance of the code could be checked. The model has
the range of the ionization potential for air has also beeralso been applied to the avalanche ionization of the nitrogen,
demonstrated3] by an approximate analytical solution of which is preionized by externally applied gamma rays. It was
the electron kinetic equation. However, a more detailed defound that a relatively small initial number of fast electrons
scription of electron inelastic collisions is required in ordercan reduce the breakdown threshold by an order of magni-
to obtain the electron distribution in the real atmosphere andude. It has been suggested that this effect could be an ex-
to investigate secondary processes, such as plasma chemipénation for the multiple lightning discharges observed dur-
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ing the Ivy-Mike thermonuclear test in the early 195@1$, a  integral is a most complicated part the problem, since each
phenomenon which has not been explained to f&Ete electron collision dramatically changes the particle trajectory
The second section of the paper is devoted to a descripand, eventually redistributes the particles in phase space. A
tion of the basic equations of the models for both the slowspecific feature of the model presented in this paper is that it
and fast electrons and how the two groups exchange particleégkes into account the effects of gamma-ray produced Comp-
and energy. The numerical algorithms are also briefly diston electrons on the gas ionization dynamics, and, therefore,
cussed in this section along with a comparison of the calcurequires that a very broad energy rariffem less than 1 eV
lated and measured electron mobility of molecular nitrogerup to MeV energiesbe considered. All of the known algo-
in a dc electric field. The third section is devoted to an analyrithms are ineffective in dealing with this broad energy
sis of the electron kinetics in nitrogen gas in an external dgange. In order to overcome this limitation of current models,
electric field, where the discharge is seeded by relativisti¢t was decided to divide the entire electron population into
electrons. The high energy seed electrons dramaticallyvo groups: slow electrons with energies ranging from the
change the discharge characteristics. It significantly dejonization potential of the chemical species in the atmo-
creases the breakdown threshold and changes the relatiogphere up to a few keV, and fast electrons with energies from
ship between the populations of fast and slow electrons. Thg few keV up to relativistic energies. This is accomplished
runaway effect is also applied for analysis of the Ivy-Mike by applying two different methods to solve the kinetic equa-
test. Finally, the fourth section contains a summary and contion; that is, one method is used to solve the equation for the
cluding remarks. slow electrons and another method for the fast electrons. At
the same time, the exchange of energy and particles between
the two groups was taken into account. Assuming that the
) . . low energy electronss<e,, wheree is kinetic energy, are
The problem of the interaction of powerful EMP with the yreated as a continuous medium and that the slow electron
atmosphere can be divided into two parts. The first is anjjstripution function is weakly anisotropic, the kinetic equa-
analysis of electron dynamics in electric and magnetic fleldstion, Eq.(2), can be solved by using a finite difference algo-
taking into account their collisions with neutral molecules jthm [7]. Assuming that the fast electrons are discrete par-
and possible runaway electrons that may achieve relativistigdes, their interaction with neutral particles can be
velocities. The solution of the kinetic equation for the e|ec'approximated as a continuous deceleration and their multiple

tron distribution function,f(t,r,p), defines the current,  pitch angle scattering can be taken into accd@].
= —efdpvf, that is needed for the second part of the prob-

lem, which is the self-consistent description of the spatial
and temporal evolution of the pulse electrie, and mag-
netic, B, fields behind the ionization front according to Max-
well’s equations:

Il. FORMULATION OF THE MODEL

A. Slow electron kinetics

Under atmospheric conditions, collisions play an impor-
tant role in the dynamics of slow electronse<(eg
~afewkeV). Therefore, their distribution function can be
considered to be weakly anisotropic and can be approxi-
mated by using two terms. Since this approximation is well
This paper is devoted predominantly to an analysis of thé(nown [6], iny the main elements of the slow electron
former problem of electron kinetics. Since attention is to bemOdeI are discussed, so that more attention can be focused

' on modeling the fast electrons and the coupling between the

focused on altitudes from the gro_und to 150-200 km in the Low and fast electron subsystems. The distribution function
atmosphere, where the characteristic electron mean free p . ]
or the slow electrons is represented byg(t,e,Q)

(from a few meters up to 100 )nis comparable to the gyro- 0f=fo(t,e)+ﬂ~f1(t,e), wherelf,|<|fo| andQ is a unit vec-

radius of electrons, but much smaller than the wavelength r in the direction of the electron’s velocity. Assuming that
the EMP and the scale length of variations of the density an{ﬁ o SO OCIty. ASS 9
e excitation and ionization cross sections are isotropic, Eq.

temperature of the atmosphere, the convective term is ne: X .
glected. The problem is thus reduced to solving the homoge-z) reduces to a pair of equations ffy andf, (cf. [10]),

J Jd
—RB=— X —E+ 1= X B.
P B cV XE, Y E+47j=cVXB (1)

neous kinetic equatior$]: o, e \/7 P iy —N\/T\]S‘ f .
5 . o Tt "3 Vmege€E-T)= e JolLfol* Sion
R — _ N 5t
€ E+ C><(B+ Bo) 7p NJ%, (2 3
i i~ fialds = of [2e of, eB [2¢
whereB, is the geomagnetic fieldj=p/m+v andp are the 71 . EE_O_ —O><f1= _ HNQ(f)fl(G)n

electron velocity and momentum, respectivelyy ot de mc

=1+ p?/m?c? is the relativistic factor—e andm are the

electron charge and magy, is the density of neutral par-

ticles, andJ!is the Boltzmann electron-neutral collision in- whereQ=Q,,+Q* + Q™" is the total cross section of all col-

tegral. The spatial dependence of the electron distributiofision processes an§,, is the source of slow electrons due
function is accounted for indirectly through its dependenceo molecular ionization by the fast electrons, which will be

on electric and magnetic fields.
Different methods have been proposed for solving (4.

discussed further in Sec. Il C. The isotropic portion of the
collision integral in Eq.(3) describes the energy exchange

each of which has its own attributes. The electron collisionbetween the low energy electrons and molecules,
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2m 4 dynamic frictional forceFp. This part of the equation can

Jolfol= ™ E[Ethr(e)fO]_ efo(e)[Q*(e)+ Q7 (e)] be easily modeled by assuming macroparticles, because each
of them follows a certain electron trajectory. A complica-
tions arises in the angular scattering tedjl, on the right-

+; (e+€)Qo(e+ ) folet ) hand side of Eq(5), because it describes particles jumping
from one orbit to another. This is a stochastic process, which
€9 4 can be modeled by using the Monte Carlo metja@].
+ f25+s+dTTS (T,€)fo(T) However, applying the Monte Carlo method to simulate the
scattering events in Ed5) requires a large number of par-
N J’ze+e+dTTS+(T,T_ e— ) fo(T), 4) f[icles to z_ichie_ve an acc_:eptably low Ie\{el of fluctuations. This
etet is especially inconvenient when solving the coupled equa-

tions (1) and(2), since the particle fluctuations generate ad-

whereM is the mass of the molecules; ande” are the ditional fluctuations in the electromagnetic fields, which

molecular excitation thresholds for levelnd for ionization,  spread all over the whole volume of calculations with the

respectivelys” (e, T) is the ionization differential cross sec- speed of light. In order to avoid this problem, another deter-
tion; Qy, is the transport cross section of elastic scatteringministic approach was developed by using the orbital equa-
Q*=EKQS is the total cross section of the excited mol- tions for the macroparticles and by accounting for multiple

ecules; aan*:fS‘de*(e,T), with ,=(e—€e")/2, is the  electron pitch angle scattering by following a simple semi-

cross section of the ionized molecules. Although B.is ~ €mpirical model proposed by Longmif4]. In particular, it

written for a single species gas, its generalization to the mulwas suggested in Reff14] that another phase coordinate, in
tispecies case is straightforward. addition to the common phase coordinateand 2, be in-

troduced; that is, the average cosine of the scattering angle,
0<u<1, of a macroparticle. This accounts for the effective
deceleration of the macroparticles due to multiple scattering.

In order to describe the kinetics of the fast electrons, then this case, the equations of motion of the macroparticles
collision integral is first simplified and then approximated by gre

assuming continuous deceleration and multiple pitch angle

scattering 11]. Applying these approximations, the distribu- de, duq

tion function for the fast electron$;, Eq.(2), according to ar —eveQy-E-v4Fp(eg), at — MgV gzt »
[2,9,17, can be rewritten as

B. Fast electron kinetics

@)
ofy a %——%QX B+B)—EQ XEXQ
—r 5o [(eQ-E+Fo)vi{] dt oo o (BFBo T i
5 v frl o, o where 3, =NJd€'(1-Q-0)dQ(®'- ) =NQ, is the
BAETY) QX|EXQ+ E(B+ Bo) ry =Jf*+Son, (9 macroscopic transport cross section of electron scattering

[8,9] and is defined as
whereFp is the dynamic friction force that accounts for the

energy losses of the fast electrons due to the continuous de- _AmeNZ(Z+1)y* [ 1+¢ 1 8
celeration approximatiof8] and is defined by the expression T ImE(yP-1)7]? l T 1+ L ®
2me . .
= =N n *OK(e)+ et O and whereZ is the atomic number on the gas atonys; 1
ole) [ M Qule)F 2 Qi(e)+e™Q (e) +emd, and  (=1.7x10522%y?—1)"[1.13
+3.76(@2/1372v?/(y?*—1)]. Each macroparticley in Eq.
I JEthTs+(e . 6) (7) consists of am, electrons, which move approximately in
0 ’ the same directiorf2, and the phase variablecharacterizes

the average spread of electrons in the macropatrticle in a per-
The three terms on the right-hand side of the equatiorpendicular direction. Consequently, the distribution function
describe the electron elastic scattering, molecular excitatiorpf fast electrons is
and molecular ionization, respectively, by the fast electrons.
The source termS!,,, on the right-hand side of Eq5)

accounts for the production of fast electrons due to the ion- fe(t,e,Q,m)=2 Ngdle—€q(1)]8 u—pq(t)]
ization of neutral particles by fast particles. Finally, the term a
J:'is that part of the collision integral that accounts for the X o[ Q—Qy(1)].

pitch angle scattering of the fast electrons);'

=vNSdQ'[f{(Q")—f(Q)]dQ(L2-Q'), where the differ- A newly formed particle normally does not have a spread, so
ential cross sectiodQ(€2- €2') depends on the cosine of the that u,=1. The pitch angle scattering increases the spread,
scattering angle between the directions of incidébt, and  which means thaj. decreases with time according to the
scattered,Q2, electrons. The left-hand side of E¢p) de- second equatiofv). A macroparticle moves slower along its
scribes the orbits of the particles in terms of the change in therbit asu decreases, which must be taken into account when
momentum of the electrons due to the Lorentz force and thealculating the fast electron current= —eX nquqVy-
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This model, Eq(7), is convenient for performing numeri- quantity, Q,, is required to be a unit vector. Thus, the sec-
cal calculations; however, it possesses a significant drawbadnd equation of Eqs(10) separates into two equations and
in that it is not conservative, since it incorrectly representghe macroparticle dynamics is governed by the following
the energy balance in the system of particles and electromagystem of equations:
netic fields. To demonstrate this fact, the first equation of Eq.

(7) is multiplied byn, and summed over all macroparticles, deq
E=—e,uqvq9q-E—quD(eq),
de
a_
% nqﬁ——eEg nqvq—% NgVqeFop - 9 » -y
gt = HaVeu—e—— Qg E, (11)
The left-hand side of Eq(9) represents the change in the Pq
overall electron kinetic energy per unit time. The second 40
term on the right-hand side of this equation describes the q:_%ﬂ X (B+Bg)— € Q XEXQ. .
energy losses due molecular excitation and ionization. The dt CPq d MqPq d a

first term on the right-hand side should represent the work ] . ]
done by the electric field on the electrons and has the fornd Nis set of equations constitutes the model that describes the
j-E. However, it is different by the factqe, in the expres- dynamics of fast electrons. When compared to the original

sion for the electric current, which means that the electrorfMPpirical model, Eq(7), this new model is better justified by
energy is not conserved in E€). the fact that the average of the ensemble is a direct result of

Therefore, it is proposed to modify the Longmire modelthe kinetic equatior5). It can be seen that the change in the

so that it would be conservative. This modified model can béVerage pitch angleg, is also affected by the parallel com-
derived from the kinetic equation, E¢B), by making some Ponent of the electric field.

rather general assumptions. By multiplying E§). by e and To complete the description of fast electron kinetics, the
Q and integrating over a certain phase volume, one can déOurce terms on the right-hand side of Es). must be speci-
rive equations for the average energy and velocity, fied. To do this, it is assumed that the secondary fast elec-

trons produced by molecular ionization move mainly in a
direction perpendicular to the momentum of the incident par-
gile)=—(vFptevQ-E), ticles. Hence, the ionization source ters},,,, is

(10 o 1
d \ 1 f _ ’ ’ ’
&(Q>=—e<C—pQX(B+BO)+BQXEXQ>+AQSF Son=No(@)o(u=1) | de f‘m fod“

o X fi(e, Q' ,u')v's (e, e), 12
The angular brackets denote the average over the distribution ile pIV'ST(€ ) (12
function andAQ*'is the average of the vectaf}, with the — yyhere e ¢,. The source term for the slow particles due to
pitch angle scattering ternd;*. The symmetry of the colli- jonization by the fast electrons is

sion integral,fdQJ;'=0, ensures that there is no contribu-

tion to the first equation of Eq10) and relates the last term o Nme2 [« 1
of the second equation to the transport cross se¢Banin S|0n=—\/_ +de’J dQ’J du’
fact, the quantityA Q! contains the following pitch angle Am\2e J2ete 0
integral: Xfi(e,Q  ,u')v'st (€ e), (13
f dﬂﬂf dOQ/[F(Q)—F(Q)]dQ(Q'- Q). wheree<ey. The newly liberated electrons are assumed to
have an isotropic angular distribution.

Changing the angular variableQ,’ — €, in the first term of
this expression and noting that the integfaQ’'Q'dQ is
directed along the vectof), it can be shown that Q5! In order to choose the proper numerical algorithm to solve
=—(vOQZ). the equations for the model, the dependence of the charac-
Although Egs.(10) hold for average quantities, it is as- teristics of the solution on electron energy must be taken into
sumed that they are also valid for each macroparticle, sincaccount. Since the fast electronsXe,) are weakly colli-
their motion is uncorrelated, the collisions between the fassional, a finite difference algorithm of second order accuracy
electrons themselves are neglected and since only their catan be used to calculate the trajectories of the fast electrons.
lisions with the molecules are accounted for. However, therdo do this, a predictor-corrector iteration-free algorithm is
is a problem with the equation f¢€2) in Eq. (10). The unit  used. At each time stept=t""1—t", the trajectories of the
length of this vector is not conserved because of the pitcliast particles are first integrated within the time interval
angle scattering term. The decreasg(i)| corresponds to [t",t"*] using Egs(11). The ionization source terms, Egs.
the deceleration of the particles due to multiple scattering(12) and(13), are then calculated and averaged over the time
This problem is resolved by following Longmire’s idea and interval At. The decelerated particles are then identified and
by attributing the change in the length of the vect®; of  transformed into the corresponding sources of slow electrons
the macroparticley to the effective pitch angle spread, . in the Boltzmann equation. The Boltzmann equations for the
ConsequentlyQ), is redefined a€2,— uqL}, and the new slow electrons(3) are then integrated ovekt, taking into

C. Algorithm for numerical solution
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account the production of new electrons by the ionization of 10% ¢
molecules by the fast electrons according to @®). At the i present results

end of this step, the slow electrons have been accelerated to | experiments:

an energy ofeq and are transformed into macroparticles. i & Hasegawa et al.(1998)

Then the time is advanced and E@$1) integrated again, I Wedding et al. (1985)

taking into account those new particles which were acceler- Roznersky, Leja (1984)
ated in the previous time step or which were generated due to fz::(’;z;g;%” -
ionization, Eq.(12). Since this proposed algorithm is not

conservative, its accuracy was tested by checking the energy
balance of the entire system.

The time stepAtg, used in the integration of the fast
electron trajectories by using E¢L1) can be chosen indi-
vidually for each macroparticle within the full time stéy,
so that the relative variations in the macroparticle energy and
the pitch angles are smallAe/e, Au/u}<1. If Aty is less
than the main time stejt when solving the Boltzmann
equation, the equations for the macroparticle trajectories are 10
integrated over the intervalt several times. 10 10

The Boltzmann kinetic equations for slow electrai3s E/N (Td)
have been solved by using a finite difference method of first
order accuracy. The system of algebraic equations for dis- FIG. 1. Dependence of the electron drift velochy, in molecu-
crete variables have been solved by using the Gauss excliar nitrogen on the ratio of the applied electric field to the gas
sion method. Two complementary grids in the energy do-density,E/N. Solid line represents the simulation results. Points are
main were introduced. The isotropic part of the electronthe experimental data taken from Refa1-25.
distribution function was evaluated Kt nodes,e¢; , wherei
=1,... K, while f; was defined in the adjacent grid, =0 in an external dc electric field in molecular nitrogen was
€_1,=(€+¢€_1)/2, where i=2,...K and €;,=(3¢; considered. The corresponding cross sections for the interac-
—€,)/2. The last node of the second grid is the maximumtion of electrons withN, were obtained froni15—-20. The
energy of the slow electrongy= e _1/,. All the slow elec-  transport cross sections were taken from R&§], and the
trons accelerated to this energy are transformed into fadine structure of the resonant cross sections in the energy
electrons, thus reducing the slow electron population. Hencéange from 1.8 to 4.0 eV was described according1i@].
the domaine> ¢, is an infinite sink of slow electrons and The energy dependence of the first eight vibration excitation
both functionsf, and f; have to equal zero at their last levels forN, were obtained from Ref17]; however, these
nodes:fy(ex) =0 andf;(ex_1,)=0. These conditions have Cross sections were corrected according to the recommenda-
been tested at each time step after advancing the Boltzmariions of [18]. The electron excitation cross sections were
equations(3). If fo(ex) andf,(ex_q,) are found not to be calculated by using the approximations proposed in Ref.
zero at the upper time limit"**, then a new macroparticle [19], which are in good agreement with experimental data.
is injected and both functions are set equal to zero. The charthe ionization cross sections of the first four electron energy
acteristics of this new macroparticle are defined by takindevels were calculated by using the semiempirical formulas
into account the conservation of the first moments of then [20].
electron distribution function, density, electric current, and The simulations were run until the asymptotic state was

—_

o & 4 X

0 h

W (10°cm/s)

—

[{ =

2

10

average electron energy, attained. This state is achieved when the secondary electrons
drift in a direction opposite to the external electric field at a
pq=1, €=ex, Ng=ong=2m(2/m)¥% 5 e Aey, constant velocity of
o 14 27 (2)2 (4
enyVq= — 8js=e(2m/3)(2Im)3fI 1 1 pex — 11 €172 WZ_?(E) f deee-fi(€,1), (15)
e 0

The reverse transformation of decelerated macroparticles ) ) ) o L
into Boltzmann electrons is performed in a similar manner. |fwhereeis a unit vector in the direction of the dc electric field
the particle energye,, at the upper time limit is found to be and ne(t) =2m(2m)¥?f ede Jefo( e t) is the instantaneous
less tharey, then it is removed from the fast electron popu- density of free electrons. A comparison of the calculated
lation and a corresponding number of slow electrons is genelectron drift velocity,W, with the experimental data tabu-
erated. Two nodes, andi+1, closest to the macroparticle lated in[21-25 is presented in Fig. 1. The older data from
energyej " * were identified and the increments of the distri- Refs.[24] and[25], which are complete and widely used in
bution functionsAf, andAf,, at these nodes andl, ;,, are the literature[26], are in close agreement with recent mea-

calculated by using equations similar to E¢fs4). surement$27]. _
There is good agreement between the results of the simu-

lations described in this paper and the available experimental

data; however, there is a minor but systematic deviation for
In order to test this model, the kinetics of secondary elecE/N>100Td, where 1 Td equals 18V cm? This under-

trons produced by a single primary electron inserted at estimation of the drift velocity is due to the fact that all the

D. Code calibration
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FIG. 3. Dependence of the electron ionization frequemgy, in
molecular nitrogen on the electric fiel@&/N. Lines represent the
simulation results for the initial electron energy 1 M&blid line)
and 10 eV(dashed ling Points are the experimental data.

FIG. 2. Dependence of the electron ionization coefficiesity,
in molecular nitrogen on the ratio of the applied electric field to the
gas densityE/N. Solid line represents the simulation results. Points
are the experimental data taken from R¢g2,29-32.

. . . 0, i i
cross sections were assumed to be isotropic. It has been def? Of the measured values. Apart from small discrepancies,

onstrated in Ref[28] that for E/N~800 Td, an approxima- the results shown in Figs. 1 and 2 demonstrate that the model

tion taking into account the anisotropy of the electron exci-Presented in this paper accurately calculates the electron ki-

tation cross sections leads to higher electron drift velocities?€liCS Over a broad range of electron energies, electric fields,

which turned out to be greater than the experimental datA"d 9as pressures.

Although the two-term kinetic model can take into account

anisotropic cross sections, the experimental data are insuffi-|||. RUNAWAY EFFECTS IN THE GASES PREIONIZED
cient to verify the calculated results. Therefore, isotropic BY GAMMA RAYS

cross sections are used and the deviation shown in Fig. 1
demonstrates the accuracy of the model.

An additional illustration of the performance of the model ~The model described above has been used to study dc
is presented in Fig. 2, where the calculated electron ionizaelectric discharge in molecular nitrogen seeded with a rela-
tion coefficient,a= v, /W is compared to the experimental tivistic electron. Possible sources of such electrons are cos-
electron swarm data published [82,29-32. In this case, mic rays or external gamma-ray sources. It is known that the
the ionization frequency is defined as drag force,Fp, has a minimum at an electron energy of
e.rit—~1.5MeV [1]. Therefore, if the applied electric field
exceeds the critical field:;,i=Fp(eqit)/e, the electrons
with energye= e,i; might be accelerated and generate sec-
ondary high energy and low energy electrons through colli-
As can be seen in Fig. 2, the agreement between the simulaions with molecules. Avalanche gas breakdown caused by
tions and the experimental data is excellent, with a minorunaway electrons was first discussed qualitatively Iih
deviation at very high electric fields; that isE/N However, quantitative analysis has been limited by the fact
~1000Td. It should be noted that these high electric fieldthat in order to calculate the ionization rate more accurate
values exceed the threshold values for the electron runawaglectron-molecule collision cross sections must be used and
effect. Although this effect has been accounted for in thethe effects of multiple pitch angle scattering incorporated.
model presented here and is discussed in the next section, it The critical electric field for the runaway effect to occur
is unclear as to whether these runaway electrons have beé#m molecular nitrogen i€,,;;/N~10Td. Using the simula-
detected under experimental conditions. tions presented in this paper, runaway avalanche breakdown

The above two examples demonstrate the accuracy of the@as calculated to occur at electric fiel#$N>14Td, pro-
model for the case of relatively slow electrons, but cannot bevided that the initial energy of the electrog,, falls within
verified for fast electrons due to the unavailability of experi-the runaway range; that i$p(eg) <eE. The simulations
mental data. The only well established fact is that the energwere run until the ionization frequency and the electron drift
loss of a fast electrofwith energy greater than 10 k¢Vh  velocity approached asymptotic values. The dependence of
the production of single electron-ion paikep,i, does not the ionization frequencyl6) on electric field is presented in
depend on the electron energy and is equal to 36 eV foFig. 3. The solid line represents the case where the initial
molecular nitrogen. When this case was simulated by usingnergy of the seed electron ég=1 MeV (the high energy
the model presented here, the calculated results were withicasg, and the dashed line represents the reference case

A. Runaway electrons in dc discharge

1 dn, 8wN (¢
vy(t)=——= fo deeQ*t(e)fo(e,t). (16)

ne dt  mng
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E/N-40 Td E/N=100 Td
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FIG. 5. Energy distribution of free electrons in the dc discharge
in molecular nitrogen for the electric fieEB/N=40 Td (a) and 100
Td (b). The initial electron energy,=1 MeV (solid line) and 10
eV (dashed ling

E/N(Td)

FIG. 4. Dependence of the average electron endggyyijn mo- of th_e_ s_econdary free electrons, which are produced by_ a
lecular nitrogen on the electric field&/N, for the initial electron relativistic electron, have an energy of a few tens of eV. This

energy 1 MeV(solid line) and 10 eV(dashed ling fact can b_e observed in Fig. 5 in which the electron distribu-
tion functions are shown for both the fast and slow seed
electrons.[The following normalization of the distribution
function has been used in this figure:
m(2/m)%2f Jef o(e)de=1.] A significant difference arises
etween these two cases at electron energies in the range
rom 20 to 30 eV.

The average electron energy dependence on the electric
ield for the case of relativistic seed electrons differs dramati-
Q_ally from the case where the seed electron energy is low,
Since the average electron energy varies rather slowly as the
‘electric field increasesdashed line in Fig. ¥ Avalanche
#)reakdown initiated by slow seed electrons begins at electric

ields of about 140 Td, where the average electron energy
ceeds the vibrational excitation staf@8—395 of about 2

where the initial energy of the seed electronsjs- 10 eV
(the low energy case which is well below the runaway
threshold. It can be seen that the runaway electrons domina
the ionization process in the electric field range from 14 to]c
140 Td.

As can be seen in Fig. 3, the simulation results for thef
standard casélashed lingare in good agreement with the
experimental data represented by the open circles. The e
perimental data points were estimated in the following way
Using the electron drift velocities frorf21] as a basis, the
ionization coefficients measured by the New England grou
[29,30 was interpolated to the points where the drift veloci-
ties were measured. The final results, which are the produe "It can be seen in Fig. 5, that the electron distribution

of W and a/N, are plotted in Fig. 3. . .

The runaway effect that occurs in electric discharge ifu/r;\?t_lo‘{]oql%creaﬁ_les thrEe;aNo_rdl%rg ‘IE)(; mﬁgnl(tjudezaz ev folr
also illustrated in Fig. 4, where the average electron energiian_one ort’:ievrvo;?n;gt;nitud_e The s’ec:olns d d?ggei?wstehelseleest?on

27m(2Im)32[5dee¥?fo(€) + = 4ngeq distribution in Fig. 5 in the energy range of 10 eV is due to
= , (17 the electronic excitations of nitrogen molecules.

For larger electric field&=/N>100 Td, the dominant pro-

) ) o cess is that by the slow electrons, since the relative number
is plotted versus the effective electric field. The onset ofyf gjow electrons has increased significantly. This can be
discharge is manifested by the dramatic increase in electrogeen in Fig. 4 by the dramatic decrease in the average energy
energy. This occurs because of the presence of a small nung; /N~ 100 Td. Although the signatures of the fast elec-
ber of high energy electrons with energies ranging from teng,ns cannot be seen in the ionization frequency and in the
of eV to a few MeV. These high energy electrons are comyerage electron energy in Figs. 3 and 4, both the number
pletely responsible for the avalanche breakdown. The shargnq energy of the fast electrons increase. These fast electrons

increase in the average electron energy in the range from %ay be responsible for gamma-ray emissions from dis-
to 140 Td is mainly due to the increase in the number Ofcharges and for other high energy phenomena.

runaway electrons; however, their energy is also increased as
the electric field increases. The average electron energy is
more than three orders of magnitude less than the character-
istic energy of fast electrons. If the slower electrons, with The lvy-Mike test was conducted in 1952 and was one of
energies less than a few keV, are excluded from the integrahe biggest thermonuclear ground tests in his{@&g]. One

in Eq. (17), the average energy of the fast electrons varie®f the special features of this test is that multiple lightning
from 1 to 10 MeV in the electric field range from 14 to 140 discharges at distances from 900 to 1400 m from the center
Td. This difference in the average electron energy and thef the detonation were observed]. The strokes began near
energy of the fast electrons is an indication that the majoritythe ground and propagated upward along roughly concentric

€
Net2gNg

B. Implications to the lvy-Mike test
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paths around the burst throughout a time interval of 1-1Q@han 5 times less than at normal atmospheric conditions. Al-
ms. The shape of the discharge paths, which were nearihough these simulations assume spatially homogeneous dc
circular with the burst point as the center, strongly suggestslectric fields, it is speculated that similar results will be
that they were driven by electric fields associated with elecobtained in the inhomogeneous fields of antennas. Therefore,
tromagnetic pulses generated by the burst. Estimates indicatieis suggested that the criterion for achieving air breakdown
that the azimuthal electric files were 30 kV/m a few milli- in the lvy-Mike test is that the electric fields must be greater
seconds after initiation of the detonatifB]. However, these thanEzh~0.2 MV. For antennas with a height of 10 m, the
estimates are two orders of magnitude lower than the dbreakdown electric field is estimated to be 20 kV/m, which is
electric field(3 MV/m) required to cause air to breakdown. less than the fields estimated for the Ivy-Mike EMP environ-
There were investigations to understand the mechanism byent. More detailed studies of the effects of radiation-
which low amplitude breakdown occurs. It was suggested innduced runaway electrons on electric breakdown will be
Ref.[37] that ion clusters could be generated in the irradiatecbresented in future papers.

air due to ion—molecule reactions, which may significantly

change the electrical characteristics of air. However, the ex- IV. CONCLUSIONS
periments conducted at the Hermes-2 facil@g], where the ] ]
absorbed radiation dose was10Mrad, which is compa- In conclusion, a model was developed to simulate the

rable to the Ivy-Mike test conditions, did not validate this Kinetics of electrons driven by electromagnetic pulses propa-
hypothesis. Thus, the lightning discharges in the Ivy-Mikedating through the atmosphere. This model takes into ac-
test have not been satisfactorily explained to date. count the molecular excitation and ionization processes due
Recently, a new possible mechanism for initiating light-t0 €lectron collisions. An important characteristic of this
ning discharges from a thunderstorm cloud to the ionospher@0del is that it also takes into account fast electrons, which
was proposed ifil]. This mechanism is based on the modelMay be accelerated in quasistatic electric fields and run
for avalanche breakdown driven by runaway electrons acceBWay- These fast electrons are treated as a separate system of
erated by electric fields in the cloud. Electric fields having amacroparticles that can pass back and forth between the en-
magnitude an order of magnitude less than that of the déémble of fast and slow electrons. The algorithms used to
fields can initiate the runaway avalanche breakdown. It wa®erform the numerical calculations were briefly discussed
thought in Refs[1,2] that the seed electrons required to ini- @nd the numerical code was tested for the case of avalanche
tiate this process were produced by cosmic rays. A similaPreéakdown in air in an external dc electric field. The param-
process can be used to explain the discharges observed in tBers used in the numerical calculations were chose to ensure
Ivy-Mike test, with the exception that the seed electrons aré€ce€ssary accuracy and good performance of the code.
Compton electrons. The test conditions were favorable for The proposed electron kinetic model constitutes the main
initiating avalanche breakdown by runaway electrons. Exnhancement to existing hydrodynamic codes. This new
ceptionally high neutron yield by the thermonuclear reactiorf0de can be applied to the study of the various effects asso-
and secondary gamma-ray emission were the sources ofG@ted with the propagation and interaction of intense elec-
large number of free electrons with characteristic energiefomagnetic pulses in air and the effects of runaway elec-
ranging up to 1 MeV in air. These electrons might runawaytrons. Using this model, estimates and simulations suggest
in the electric fields near the tips of antennas and initiate aifnat the runaway effect of radiation-induced electrons may
breakdown. explain the multiple lightning discharges observed in the
Unfortunately, there is no comprehensive theory for elec/Vy-Mike thermonuclear test.
tric discharges in air from elongated metal structures like
antennas and lightning rods. However, an empirical criteria
for air breakdown,Eoh>1 MV, has been derived39], ACKNOWLEDGMENTS
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