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KINETIC AND FLUID THEORY OF MICROWAVE BREAKDOWN IN AIR
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pES LT ST-T Y

Below microwave frequencies of 10 GHz, the
cranamission properties of air to high-power
microwave {(HP M) radiation in tha
non-relativistic regime are defined by the
details of two bazic processes; namely, air
creskdown and tail erosion. It 13 important to
rote that the propagation of shcrt pulse ( <
20 rns), high-power microwaves through air i
intrinzs:cally a non-equilibrium phenomenon.
The time scales over which elactron swarms form
and absc:zb anergy from HPM pulies are such that
~nermcdvnamic equ:ilidrium 13 never established
1:d e.ectron velocity distrihut:ion functions
:an, tnersfore, depart significantly from
Yaxwellian, Even a- low altitudes where
collision +*imes for anqular redistribution of
electrons and for energy loss resulting from
:nelastic processes are much shorter than pﬁlse
_angths, the time scales for equilibration to
he reutral-nackground the:mel pool are long
and the elactrons act as an indopendent species
iriven by & radiation field which itself is
divorced fiom the thermodynamic properties of
~he plasma and neutral gases, Departures of
~he electron velocity distributinn funcrions
‘rom Maxwellian are further enhanced by the
‘act that cross-sections for electron-air
.ncteractiony vary by ora. rs of magnitude over
“he enerqy range of {ntnrnst, making part of
"he glectron population collistion-dominated and
part colllsionless, All of thase effacts
clearly point to the necessity for & kinetic
~reatment of the slectron swarm, This fact has
been :;oted extensively in tha literature for
~heoratical trertments of air breakdown (cf.,
"11,[2') as well as for the modeling of
cLadly-atate swarm exporamenta (-7 (V) [4))

"+ an affort to (uantify the Lnportant
ton-equilibrium effects for this problem, we
nave davelopad time-depeadant flutd and kinetic
“reatments of alectron tranaport {n air in the
vredence ol & propayaling micjowave pulae. In
soth cases the HPM pulyes arn as.umed tu be of
short encugh duration so that electron apatial
diffusion can he naylectad, In addition, we
imit our calculatlions to Lhe nun-1elativistic
ragima whete effects due to the pondaiomotive
‘orce are negligible,

Eluid Treatment

The fluid analysis 1is simply a aspecial
case of the more general kinetic treatment in
which the electron velocity distribution
function ias assumed to be a drifting Maxwellian
defined in terms of three parameters: namely,

denaity (ngt, mean velocity (vpg) and
temperature (Tg). Dy taking appropriate
moments of the Boltzmann equation one obtains a
set of aequations that describs the temporal
evolution of the electron gas in the presence
of a IliPM field. Neglecting clectron spatial
diffusion over thea short time scales of
interest and the ponderomotive force and
assuming that the incident microwave pulse is a
plane-parallel wave, these equations can be
written:

dng/dt = R.(vg.Tq) Ne (1
dvg/dt = -eE/mg = (R, (v, Tg) *+Ro(vg.Ta))vg (2)
dTg/dt = - (2 Ralvg, Tg}/3 + Roivg, TghITg  (3)

where t represents time, & is the absolute
magnitude of the electron charge, mg i3 the
electron mass and R., R, and R, are colllsion
rates obtained Dby taking the firet three
moments (continuity, momantum conservation,
energy conservation) respectively of the
Boltasmann collision integral. The collision
processes incorporated into our calculations
include elastic, irelastic and lonizing
collisions of elections with both N; and 0j3.
Equations (1) - (3) are solved |in
conjunction with Mamwrll's oquations to obtain
a sell-consistaent re3jult for the temporal
evolution of the e',ctromaygnetic pulese as {t
propagates ‘*t'.uough the atmosphaere. The
appropriste Maxwell's aquations reduce to a
single equation for the electric field E given

by

d2p/dt? - ¢29%p/de? = -4n di/dL (4)

whera ¢ is the speed of light, 3§ the elactron

carrent (= -ngavg ) and 2 {8 thes direction of
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cropagation of the HPM pulse. The results of

cur fluid calculations cre compared with

zreakdown measurements in Section IV,

w4 + 3 -

In our kinetic treatment, the electron
distr:ibution function is expanded in terms of

Legendre polynomials (Plo(p)) in the frame of

reference moving with the average velocity of
~he electrons with the expansion carrisd out to
four terms i.e.,

EUATTEECED SIE ARTN I IS LN (5)

where V(= |y - 2gl) i3 the electron speed and U

the cosine of the angle between the electric
field and the velocity vector, both measured in
the drife frame of the electrons
Substituting equation (%) into the Boltzmann
equation and dotting the result with the first
four Legendre polynomials yields a set of
soupled equations for the f{(1) 1.9.3,
by

given

/4dt - (el/mg + dvg/dt) [(1/(21-1)) (d/dv -

el e T e ((Lel) 1(2193)) (drdV ¢ (1420 /%)

=il [ Qg (S a-Sou)  (6)

with

dvo/dt = -aE/m, + Jan fav v3uis; -5 01 /ng ()

vhate Siqn - Soyutr frepresents the Boltzmann

colliszon egral

.nelastic  and

which includ:s elastic,
fonization terms. A full
Microscopic treatment of elastic atd {nelastic
Troursamy approptiiate to electron-ai:
nteractiona 1s included an our analysis and
e citsa-sections of FPhelps (1986) are used in
soth £1uid and kinetic treatments,
rquations (4) - (7) re
simultaneously to yield a self-consistent
zesult for the temporsl evolution of thae
alectzon distribution function and the HPL,
i lse

solved

Praliminary teaul'a of our kinhetyc
aleulations are gymumarized in the tollowing
section.

Bmauliz
Ao Fluid Caleulationn

The sccurecy of wvur fluid code was tested
Ly comparing breakdown thresholds against the
experymantal re it of Felaanthal apd PFroud

%) and those of Byine (6], Rreakdown can be

defined as the time for the electron swarm to
avalanche in tae presence of a given electric
field to a specified density. In our fluid

calsulations we obtain the time 1 that it takes
rhe electron jensity to reach a value 108 times
larger than its initial value (a formulation
adopted by Felsenthal and Proud) from the
avalai.che rate calculated for a specified value
of electric field strength to neutral density

(E/N}. In this way a plot of E/P vs PT can be
generated for
results., Figure 1 shows such a plot comparing
£luid calculations with the measured results of

($). The agreement with data is within 30% in

comparison with expcrimental

the range 2 X 1077 < Pt < 2 x 109  and 3 2

10°% < Pt . 7 x 1079, oOutside this range,

the ayreement 1s poor. At high pressure we aee

the ef{fect of the high energy tail, as the

flurd calculations can understimave the
avalanche rates py orders of magnitude., At low
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pressure we find the fluid caleulations

underestimata these rates by factors of two, a
result that could be explained in terms of
non-equilibrium effacts, An  additional
charactaristic of breakdown that is predicted
by theory but as yet not verif ad by sxpeiiment

s the turning back of the E/P vs, Pt curve at

P~ 3 x 1077, This effect is associated with
the fact that the ionization rate has a peax at
wlectr n enrrginy nf 100 av. Ahova thias enmrgy

t he Lo earson o rate falls o oand bhreakdown
requires a longer time to achieve critical

density, Our calculations for dc puises ware

stopped whun Pt reached a value of 4 x 10-9.
Beyond this point the bulk of the slectrons vun
tvay and & relativiatic treatment i» needad.
We are in the process of developing a code to
address this regime. We expect, however, that
the cirve will turn back up rapidly because the
tonfzation tate tlatiana out AV naygn eiect o,

onorgingg,



For microwave pulses, an oscillating
eleczr:ic field with a sguare envelope was used
n equation (2). Our results for Y“reakdown
~hreshclds are plotred in _erms of a: effec-ive

creakdown field defined as Ea = Eppg/(l +

wz/vz!l/z where @ is the central fregquency of
“he mi:crowave pulse and v is an effective
collis:ion frequency defined to be 5.5 «x 109 p
where ? is given in torr and the result is in
units of sec”l, Results of our fluid
cal=ulations are compared against the recent
S-band measurements of ([6) shown in Figure 2.

Agsin the agreement is sxcellent for

intermediate values of Pt while atrong
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Figure 2
discrepancies exist at low and high pressures
as :n the dc calculations. Because run-away
occuzs at much higher effective ficld strengths
thar i1n the dc case, the turning over of the
curve can be carried out farther on this plot.
For the 3 GHz case studied, the curve turns

around at Pt = 3 x 10°9 and proceasds to higher
values while at the same time turning up to
highsr thresholds for br_ukdown as expected
from the discussion of the dc results.

To illuetrate the important
chac-acteristica of tail erosion we ave
performed fluld calculations for the tollowing
heuristic example. A triangular shaped pulsn
ny long with a 0.6 ns rise tima and cential
frequency of 35 GH: was linjected a' 40 km
altitude and allowed to propagate Lo the
qround. The peak fiald strength was chonen to
be 3 MV/M, The resultant pulses at variounx
al% .tudes are Shown in Fiygule 4§, A3 axpectod
the tail of the pulse shows maximum erosion at
an altitude of 28 km where the pulse coentral
frequency is approximately equal to the
collision rate defined at the average energies
achieved by the awarm electrons. Tall eorosion
oCCuUry OvVer & range approximately equal to an
atmospheric scale helght (7 km) while the
maximum electron densities achlieved at tha
various altitudes never exceeded 109 em™J, vell
shott of the aritical density ( = 1.4 x 1ob!
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Figure 3

B. Kinetic Calculations

The greater part of our kinetic
calculations are 1in progress and only
preliminary ragults are presented here. In
Figure 5, a plot of the steady-state electron
velocity distribution functi>n is presented for
a value of E/N = 300 Td. The diatribution
function is clearly non-Maxwallian and two
important featurea are apparent: I A
high energy tail that is overpopulat.d relative
to a Maxwellian exists for electron energies
above 10 av, and 2) A bump-on-tail exists at
electron energies of approalmately 3 - B8 ev.
The latter feature 4is assoclated with the
strong N, vibrational transitions that peak art

an energy of 2.3 av, Thess ineolastic
collisions deplete the electron population at
energles near the peak of the transition rate
whila the electric field accelerates alectrons
beyond the peak; thereby, populacing the energy
range just beyond the peak. These two f[eatures
of eleotron transport in air illustrate quite
clearly the importance of kinetic effects in
def!ning the swarm oharaoteristi~s that govern

IPM propagation throuyh tha atmoapnerns,
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Qur efforts in the arex of HPM propagation
rave been founded on ¢ detailed analysis of the
microphysics of air breakdown and tall erosion,
Preliminary resultd suqges: =that kinetic
effects are 1mportant in defining the optical
and RF emissions observed d:ring breakdown and
.n oktaining breakdown thresh>lds ar low and
nigh pressures. We have davaelspad a unicue

approach to characterizingd n:7.-pawer micCrowave

propasation by meana of the /P vs. Pl curve and
tdentif1ed a rnew regime <o th:is curve rhal
needs to be verified experimentally. We are in
the gcsrocess of incorporazing the angular
deper.dence of electron-neut:ral collisions into
our caleu“ations. In addition. a technique for
including spatial diffusion is being developed
s0o that detailud comparisons with awarm
measursments can be made. The results of our
theoretical and experimental program will
become available i1n the near futuie,
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