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KINETIC AND FLUID THEORY OF MICROWAVE BREAKDOWN IN AIR

A.A. RJUSSLL-LIUPHE, T. MU14PtiY, A. JOHNSON

ATMOSPHERIC SCIENCES GROIJP, EART:i AND SPACE SCIENCES DIVISION,

LOS ALAMOS NATIONAL ‘ABORATCRY, LOS ALAMOS, NEW M5XIC0, USA

Balow mlcrowava frequenclea o! 10 GHz, the

transmission proparclas of air to high-power

mlcrowavm (HPM) cadlation in tha

non-rolacivistic raqima are dafinod by the

details Of tWo ba:Lc processas; namely, ● lr

brobkdown and ta~l aroslon. It is Lmpoct ant co

Rota that the propaqac ion of shcrc pulse ( <

:90 7,5), h~yh-power mlclowaves through alr IS

:ntr~r.:s:cally a non-equilibrium phenomenon,

The c:rne scales over which electron swarms form

and absc:b nnerqy f[om HPN pjl~es a:e such that

:nmrmcdvna~l: ●qu:l LJr Lum ~S nevcl escabllshed

!d ?Leccr o,-, V,?loc::y d:~+:lhut;]r. functions

:an, :n*refora, dapart Slqniflcantly from

Yaxwollian, Even a-. 10W altitudes where

:olllalon ?lmas for anqular red~~cributlon of

elect:on3 accl for energy 10ss resultlny from

:nalast Lc processes are much ahortar than pulse

~anqt!.s, [he time scales for equilibration to

:ho r.eutral-~ackqround LhCLm?l pool are long

and tb,e elactrona ● ct as an Independent specias

irlvdn by ● radLatlon field which ltsmlf is

divorced flnm the thcrIII>dyfllmLC ptoperLLe5 of

‘.hc plasma and neutral qnnes Oopattures of

:hm electron VO1OCICY dlattihutlon funcriona

from M&xvallLan are furLher enhancad by the

!act that cro33-30ct10r13 fUL elactron-ait

:ntoract ions vary by oro. KS of magnitude ovor

ha ●nergy ranqe of intnr~~l, maklnq part of

,ne e!ecttun population c<]lllsion-dominated and

Sart collisionloss. All of thnsa ef facts

claarly point to tha na,:osslty for ● hine Lic

!rgatment of ths ●lactron auarm, This fact has

haan ;,otad aMtsnalvoly in th~ l:taraturs for

‘.haoraclcal trar. tmonta of air Drcakdown (c f.,

‘1], [2!) as V,ll .1 1 [1>1 ~ho modaling of

,.*a. J,,. It.. q.m lw,rrm .. I.. :IP,. II,1 ( r ,(1), [4))

..a” affotl. t c) {lnfll ir~ ! t,, l;npu L’. al\L

‘~n-a,l,lllibrlum ● ffac t,] r,, Fhll I)coblom, wq

?a,te deivo lopad time-riapml(l~nf flul,l nnd k~nat(c

: raaen,:a uf ● prOpafJal 111,1 Illlfl,, wnvm pulnn, I ;,

,.oth ce~aa the 11PM puks-? ntn as.. umnd lU bn of

short ●rrcuqh duration no Lhat ●l-ctron npat ial

dltfumlon can b? neqlnrted In addition, wo

‘rho fluid analysis il Simply a spacial

caso of tho mora qaneral kin-tic traatmonc in

which the .lectron velocity distribution

function la assumed to be a drifting Ftaxwellian

defined in terms of three parametarsr namaly,

density (ne), mean velocity (Vo) and

temperature (T=) Dy taking appropriate

moment~ of the Boltzmann equation one obtains a

set of ●quat~ons that dascrlba the temporal

evolut. on of the olcctron gas in the preaonce

of a 11PM flcld tlc,~lcccing electron spatial

dlffuslon OVC:I L))o short t Inlc 3ca10s of

interest and tha ponderomotlve force and

assuming that the incidenc microwave pulsa is ●

plane-parallel w4v0, these equations can be

written:

dneldt - Re(vO. Ta) n=

dvoldt - -eE/ma - (Rm(VO, Tel+ Rc(VO. Ta

dTe/dt - - (2 Ra(vo, Te)/3 + R=(vo, To)

(1)

) Vo (2)

Tm (3)

whora t rapro-anta time, ● ia tho ●bsoluto

maqnituda of tha ●lactron charqa, ma is tha

●loctron moss ●nd Rc, ~ ●nd R. ● rc colllaion

ra ton obtain~d by taklnq the firot throo

m0m*nt3 (continuity, momentum c0n3mrvation,

●nergy coneorvatlon) raapactivoly of tho

Boltsmann collision intoqral. Tho collision

procbaeem incorporated into our calculation

Includa claotic, irolaatic and ionizinq

collislona of dlmctiona with both N2 ●nd 02,

Lquationa (1) - (3) ● ra aolvad in

cun)un[tion wLth Mnxwmll’n 111111.It lor13 to o\> Lain

a sel[-c._r11?13\oIlL LP3U1[ lUL Lha LOMporal

●volut ion of lha m’~ctromaynatie pulaw au It

ptopagataa ~,,louqh Lhm atmosphara. Th@

QPProP~iOtO Maxwcll ’s nquation5 raduca to a

olngia oquaLion for th~ ●lactric flald F. .qivan

by :

d~~lrltz - e2d~E/dt2 - -4n dj/d L (4)

whata c la the apnn,l of liIJh L, ‘j Lha ●laclrdll

c,irranl (- -nqnvo ) flIIIl ? la th~ dirac! Ion of
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z propagation of the HPM pulse. The re~ult~ of

zUZ fluld calculations are compared with

=re.ikdown measurements in Section IV,

:n our kinetic tteatment, the electron

distribution function is axpanded in terms of

Leqendre polynomials (PLO(#)) in the frame of

:eference movinq with the a<eraqe velocity of

zhe electrons with the expansion carried out to

Sour terms i. e.,

(5)

where V(- IX - 201) 1S the electron speed ●nd M

the cosine of the angle between the electric

field and the velocity vect Or, both ~ea,ure~ in

zhe drift frame of the electrons,

Substltutlnq equation (5) into the BOltzmann

equation and dotting the result with the first

:OUL Laqendre polynomials yields a set of

coupled equations for the f(l), 1-O-3, qiven

~Y :

~:(1) ,Jt - (e E/me + dvO/d L) [(1/(21-1)) (d/dV -

‘) “’~-~1 +--- ‘“: ((1* 1) ’(21+ 3))(d(dV + (1+2)/’.’)

with

dvo/dt - -e E/me + jd# ~dV ‘J3kIf Sin-Sotit)/ne (7)

A I“luid Calculatlonl

defined ● s the time for the electron swarm tO

avalanche in t.le presence of a given electr~c

field to ● s~ecified density. In our fluid

calculations t~e obtain the time 1 that it takes

:he electron jensity to reach a value 10B times

larger than it$ initial value (a formulation

adopL,.J by Ftlsenthal and Proud) from the

avala:. che Latt. :alculated for a specified value

Of electric field strength to neutral density

;E/N) In this way a plot of E/P vs PI can be

generated for comparison with experimental

results. Flg Jre 1 shows such a plot COmParln9

fluid calculations with the measured results of

[51. The aqrcement with data is within 30t in

the range 2 x 10-7 < PI < 2 x 10-5 ●nd 3 x

lrJ-9 < PI . . 7 x 10-9. Outside this range,

the <lj:e~me!lt. )S P~Or, At high pressure we see

the off?!!-! ,, f tho high energy tail, as the

:lul(i c<ill,di.\Lluns can underestimate the

avaIaTIcht: LJLC.’I Dy ordexs of magnitude. &t 10’+

I (]
1o”’lo”’ lo”’ 10””lo”’ 10* 10-’Id 10.’d ld-

“Prtmmw:e+

pcessuro !{ r! find the fluid Cfllculation?

under osr. imat, n thea~ rates by fsctora of two, a

result that could bo ●xplairred in terms of

non-o(~uilib:ium effllctao An ●dditional

characteristic of breakdown that is predicted

by theory but as yet not verir +d by axpetiment

1!! fh~ turning back of the E/ii va, Pt curve at

IW-’3 M lo-~, This effect is aaeociated with

I), v f’~,t thmt tha ionization race has a peak nt

!$l!. (;(! n 0,1.,, !1-? IOf 100 (!’.’, Ahovn this cnnrqi

11, ,s , !,):,,,;<,, 1 .)!,. f,ll l!! 411[1 I>t oakdow; ,

lequil. s a I,,nqel t.Iro to achieve critical

d~nslty, Out calculations for dc puL~-s wer~

stoppod whun l~t :oeched ● valua of 4 x 10-9.

Beyond this point tho hulk of the eloctrono vun

i,wey ond ● relatlviatlc troatmont is needed

W. ●KQ in the procoaa of dovoloplng ● code to

●ddreas this raqimo, W. ●xpoct, howav~r, that
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. For mlcrowava pulses, an osclll aring

?lec:::c Kleld with a sqLare anvelope was used

:n eq.scion (2), Our rcsult~ for ~,rcakdoun

:F, reshc!ds are plotcea in -erms o! a: .ef[c. c-~v,,

Lreak<own fiald dmfinad aa Ee - ~rr,3 /(1 +

~2, v2) l/2 where w is tha central frequency of

Colllsion frequency do finad co be 5,; x 109 P

who:e ? is Sivcn in torr ●nd the result is in

Units or amc-1 . Rasults of our fluid

calculaclons ● rm compared againat the recent

S-band maasuramancs of [6] shown in Figure 2,

Aqsin tho ●qcamment is excellent for

:ntermodiato Values of PI while strong

r<
:

~L.
~

%:0

\
3 (3Hl %%

% ,

Id lo- Id 10- “’ 10” lo”’
PI (lWR .9UDNC$

Fiqure 2

discrepanclas ●rris L ●t low and high pressures

as :r. th~ dc calculations, B0cau5e run-away

OCCU:S at much hi.qher effect:ve fLclcl s:lcnqths

thar, In tht dc case, the turning over of the

curve can ba carried out farther on this P1OC.

~or cha 3 GHz casa studied, the curve turns

acound ●c PT = 3 x 10-9 and procaads to hiq’her

valuas whllo at tho same time turning Lp to

hiqh~r thrgsholda for br-~kdovn as eMpeCted

from tha discussion of tha dc results.

To illuotrato !-he important

ch~:actoristica of tail erosi~n we ,,avv

par formed fluld calculatlong for LIIC fI)ll.)w IIm;

hau:lstlc ●xampla. A trlangula~ shaped Ilul~rI ;

n> long with a 0.6 ns risr tlm~ and ,cnt Lal

froquoncy of 15 GHz was inject.od aI 40 kr-

alt:tudo ●nd ●now-d to propagaLc 1(J the

qround, Tho peak fiald stranqth was cho~cn LC1

be 3 Mv/M, Tho rostlltan?. puls?s at various

41’..!J3333 ● re shown in tl,j,II. $, ,\3 nxllo( [s, I

tha tall of tha pulrIm shows manlmum olos ion aL

an altituda of 28 km whara the pulsa central

fraquancy 1s ●pproximately ●qual to the

collision rato da flnad at the ava Iage ●nerqies

ach~ovod by tht swarm ●lcctrons, Tall eroolon

occlra over a ranq9 ●pproximately ●qual to 811

atmospharlc ocmla halqht (7 km) whllo the

maximum cloctron dansitlcs achiavad at thn

various altitudoo novor cncoedad 10° cm-], well

911 C)!I rlr tllcl (Clitlclll ,I,!,, qlly ( - 1,1) “ 1(11~
–:,

m

I !1 I 1 ,,,,. 1 1 , -i

I FIELDAMPunm(d=-lo)

~

B. Klnotio calculations

The graatcr part of our kinatlc

calculation. ● rm in proqroao ●nd only

preliminary rnsultc ● m prasontad h*r~. In

riqura 5, ● plot of tha staady-stata cloctron

voloclty distribution funct! >n lo proaented for

a valu O of E/N - 300 Td. Tha distribution

function is claarly non+axwal~ian and twO

important fmnturaa ● re 6ppa~0nt: 1) A

hiqhonorqy tall that is ovocpopulat. d relntive

to a C4dxwollian ●nisto for ●lcctron enerqies

●bovo 10 ~v, ●nd 2) A bump-on-call e~ists at

●loctron ●nmrgiao of ●pproxlmatoly 3 - 8 ev.

The Latter foaturo in isooci~tod with the

strong N2 vibrational transitions that peak et

an enar.qy of 2,3 ev, Thes~ 1n(J:n3t Lc

collialonn daplota tha ●lactron population at

energlea nmar the peak of tha transition r~ta
uhlle the ●lectric field acccleratas elactrons

beyond tha paakl thereby, populating the enetqy

ranqe just beyond tha paak, Thase two features

of alcotron tranaport in air Llluotrato quite

clearly the importsnca of kinatic effactn in

dcf!n!n~ tha swarm oharnotarlsti~~ that qovern

11PM IBrop.aqat 10II throuqh ~.))e ntm.,?l,l,~lv,
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Our afforts in the ● re: of HPM propaqat Lon

have bean founded on c datalied analys~s of Lhe

micro Fhyaics of alr breakdown ar. d call erosion,

Preliminary results Suqqra: chat kina LLc

●Cfacts ● ra ~mporcant in de flnincj che optical

and RF emissions obeervad d.; ring breekdown and

~n ottain Lnq breakdown thro~h>!ds at low and

r.iqh pr~ssures. We have ,! .. ... ..!>ped a unique

~ppr Oach co charactezlz:ng F.. ~:, -pwer m~crowavo

propa~acion by meana Of the ~!? VS. PI curve and

~ha zrocess of incorpora:lnq the angular

deper. ience of ●lectron-nout:ak collisions into

fiur calcu’. at ions. In addition. a tachnique for

including spatial diffusion is beinq dtrvaloped

so that datalltid comparisons ●Lth owarm

moasuromonts can b, m-de . Tha results of our

Lhaorctical ●nd ●sperimcntal program will

bacome ●vailable in the II?.IL Cutu, c,

ad.a.kalcaa
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