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I. INTRODUCTION

The Plasma.Research_Gtoup of the University of California
at Davis continued the theoretical work of
microwave-atmospheric interactions, in close coordination with
personnel at the. Naval Research Laboratory and elsewhere.
This report covers the period September 1, 1981 to August 31,
1982. We have made advances in two areas: (1) expanding the
previous survey into new regimes; and (2) simulations of re-
cent NRL focused microwave experiments.f;IEE~??if resultsggf\

our invesitgation are described in the following. Typical hy-

drodynamic calculations show that an ionization front is ra-

pidly formed which moves toward the microwave source and con-

sequently decouples the microwaves from the original ioniza-

tion region. By focusing the microwaves or using a reflector,

e

fonization can be confined to localized regions where the mi-

crowave strength is high enough to cause breakdown even though
LY

"the incoming microwaves are below threshold. 1In a strongly

collisional atmosphere, it is found that the cutoff plasma
density, which roughly equals the collisionless cutoff density
nultiplied by the collisionality, is much higher than the cal-
culated maximum density.‘ This results in high absorption that
increases with microwave power, decreases with atmoéphetic
pressure, and is quite independent of other parameters. 1In a

weakly collisional atmosphere, breakdown easily creates a
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plasma density higher than the cutoff density and causes re-

e

o o

flection. It is found that the reflection decreases with the

k]

i_ collisionality of the system and is quite independent of the
¢~ microwave strength. 1In general, the microwave field strength
;. in the ionization regions is attenuated to the breakdown value
% at steady state, ahd the resulting electron temperature ¢is
% about 2 eV, {ndependent of the {ncident microwave flux.
; Limitations of the calculations are due to the availability of
5 experimental data for the rate coefficients, but comparison to
N results from recent focused microwave experiments shows excel-
-: lent agreement.

¢

i In the past, most studies and measurements were
iﬂ done]'neat the breakdown thresholds. Recently experiments
:5 have been performed , for microwave power higher than the
ﬁ threshold, to study the behavior of the plasma after break-
i down. Our investigation will‘Fovet the overall scope of tﬁe
R ‘phenomena and will be described in more detail in the follow-
%i ing.

2 —

¥ If we neglect free electron diffusion, experimental
; datal show that the breakdown threshold is roughly given by
g - ‘ms ~ 32 -6301,: +‘2 féﬁz' here E . is the ims electtié field
%

in volt/cm, p {is the atmospheric pressure and f is the mi-

crowave frequency (the subscripts indicate the units). At sea

FOAA
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i)
§ . level ’(pTorr >> fGHz)’ the microwave power flux breakdown
{ threshold is about 1.5 HW/cmz. This kind of power 1is achiev-
)

able using present technology. Free electron diffusion is

only important in weakly collisional air and at the time of

e
=,

»,

kL P

breakdown, and can be ignored once the plasma builds up; this

is the stage we are most interested in.

e =

After breakdown, the plasma density grows exponentially

N

ot il

in time quickly until the density is high enough for reflec-

tion and absorption of the microwaves. The microwave-plasma

: aw
el

i

interaction 1is basically dominated by electron-neutral colli-

P

sions (to be described in Section IV), in which the collision

9
frequency is roughly given by Vo - 5 x 10 Prorr at suffi-

N

ciently high microwave power. In the important frequency

LA

range of a few GHz to several hundred GHz the system is very
collisional in the lower atmosphere (vc/m >> 1, where w = 2 nf

is the angular frequency of the microwaves). In this case the

! P ‘_{.MA’

LY
‘cut-off plasma density of* the microwaves is given by

n/qc ~ vc/m, here n = 1.26 x 10"8 £2 cn™3 is the critical

density, instead of the usual n ~ n, in the collisionless

Ha e Ry

case,

SNoa
Wac:> &

e ®
e A

- We show in this paper that reflection depends mainiy upon

5 & add

the height and the slope of the density profile. In the

strongly collisional limit, reflection becomes important when

a
2
:
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koz < 1 and n/nc > Vc/w, here ko is the wavenumber of the mi-
crowaves and & is the scale length of the densfty gradient.
In the weak. collisional 1limit, they are given by

kol < v/mc and n/nc > 1. In useful atmospheric units, the

conditions for the two limits are given by %(cm) < f—IGHz and
n(c;'3) > 1013 p £ valid for Py, >21o'3 fnge and L(cm)<
10 patm'l and ntem ) > 1010 £2,, valia for
Patm ¢ 10-3 fan respectively.

In very collisional air, the condition for good absorp-
tion 1is given by (n/nc)(k A) > vc/w, here A is the width of
the density profile. Rewritten into atmospheric units, this
1s naten™) > 12083 e or (n/M)a (em) > 107%, here N 1s the
atmospheric density. Therefore only low ionization of the air

is needed to give good absorption.

The currently available egxperimental data were mainly ob-
: »
tained 1in dc experiments and are roughly valid in the range
0<E§B ‘/P < 100 within an accuracy of 10 to  20%.
. rmg Torr
Checking the relation of the data to the kinetic description

1 the data to an effective microwave

2)-1/2.

carefully, we can relate
fleld strength which 1is defined by E(1 + uw?/v_
Therefore the rate coefficients (which are elastic collision,

fonization, and attachment) and thermal energy of the elec-

trons, can be determined macroscopically as functions of mi-

......
............................................
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Page 5

crowave field strength without knowing the details of the hi-

croscopic kinetic description.

We present hydrodynamic c?lculations for both planar and
spher;cal geomet(ies. A problem that must be avoided is the
growth of the plasma density in all space, After some time
the density even grows faster at places close to the microwave
source because the field Sttength is stronger there due to re-
flection. Eventually the microwaves will be cut-off by a very

high plasma density near the source.

In the planar case, we present two types of calculations.
Pirst, a local region is pre-ionized by other means, then the
pre-ionized plasma grows to high enough density to cause high
absorption before the density at other places grows signifi-

cantly. During this time, a steady state ionization front |is

formed and moves rapidly toward the microwave source.
¢ »

Second, a reflector is placed at a boundary, such that
standing microwaves are formed in the system. The incoming
power is below the breakdown threshold, therefore the problem
of cutting-off the microwaves near the source can be avoided.
However the maxima of the standing wave can be above the

threshold, and the multi-peak plasma density is formed and the

microwaves are absorbed. Stationary state absorption is ob-
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tained in this case.

In very collisional air, results for both cases show that
the product n‘ (sum for multi-peak density) of the asymptotic
plasma density profile remains roughly the same at fixed mi-
crowave power and atmospheric pressure, and is quite indepen-
dent of other parameters. Therefore it gives fixed absorption
(see Eq. 49). The reason is that the microwaves have to be
attenuated to the breakdown value Erms ~ 32 pTorri" the densi-
ty profile in order that a steady state is achieved. Thus the
required attenuation fixes the product of n and therefore the
absorption. Energy that is not absorbed will be transmitted
in the pre-ionization case becauée the density required for

significant reflection is not built up.

We also find that the asymptotic absorption increases ra-

pidly with the microwave power and inversely with pressure.
LY

Total absorption occurs for "power not very much higher than

the threshold.

In weakly collisional air, the reflection density is
easier to be built up. We also find that the reflection de-
creases with vc/w, the collisionality of the system, ‘and is

quite independent of the microwave strength, The energy that

is not reflected will be absorbed due to the longer elongated
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t density profile at the back in the pre-ionization case.

3

QA In spherical geometry, which simulates converging mi-
’%3 crowaves, the cut-off problem is also avoided because the mi-
-é crowave beams are above breakdown threshold only near the
. focal region. We find that one after another density peaks
Tf are created at the end close to the focus, and they move to-
25 ‘

% ward the microwave source. However the density peaks cannot

move beyond a certain point in the system because the field
strength is below the threshold beyond it.. Asymptotic absorp-
tion is also obtained in this geometry, however, it 1increases

with system length and beam convergence,

In all planar and spherical calculations, the electron
temperature tends to be roughly 2 eV in steady state since the

microwvave strength is roughly the breakdown strength.

-
»

We have also simulated the recent focused microwave ex-

X
‘Q perimentsz by two connected regions with different spherical
§§ convergence with and without a reflector at the focus. The
y fonization occurs initially near the focus, however the plasma
fg . grows much denser near the threshold region at later t;me and
§ decouples the microwaves from the focal region. The length,

-t location and motion of the plasma density profiles are in ex-

i
Q cellent agreement with those of the experiments.
1
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The organization of this report 1is as follows.

-

The
Boltzmann equation - is used and reduced to the Proper kinetic
description for the problem in Section II. 1In Section III mo-
ment equations are obtained for the problem with coefficients
based on existing experimental data. . Arguments are made to
relafe the data.to the microwave field strength. 1In Section
IV the experimental data and their range of validity are re- '
viewed. Reflection and absorption of microwaves in the pres-
ence of plasma, treated both analytically and numerically, are
given ‘1n Sections V and VI respectively. 1In Sections VII and
VI1lI, niérowave‘propagation, including thé self-consistent hy-
drodynamics of the plasma, is investigated in both planar and
spherical geometries. Hydrodynamic simulations of recent fo-

cused microwave experiments are described in Section IX. The

work is summarized in Section X.
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. I1. DESCRIPTION BY THE BOLTZMANN EQUATION

o L e !

The kinetic theori of the electrons provides the essen-

g tial description of the.nic;owaveQatmospharic interactions.
% The high-frequency phenomena associated with the motion of the
; ions and neutrals aie insignificant due to much higher masses.
ﬁ Although any macroscopic measurement is an average of one sort
% or another, the nicroscoplc desctiption forms the basis for

the understanding of the measurements. The treatment of the

electron distribution £ is described by the Boltzmann equatijon

R S

‘which is given.by

3

i §-§+v-Vf+a-v f=C ) (1)

3' where V and & are the velocit& and acceleration. The colli-

f sional term C represents the éhange of the distribution by

§ Qlastic and inelastic collisional processes. Elastic colli- .

% . slons mainly result in the.gsansfer of momentun and inelastic -
collisions are due to the e;:itation, fonization and ?ttach-

H _ _neﬁt of the electrons. )

E —

% The process of simplifying the Boltzmann equation can be

,; A based upon the high collisjonality of thz phenomena, especial-

. : ly in th; lower atmosphare. For the less collisional higher

. atmbsphere, the limitations of the description should'ﬁe care-

)y . fully justified. Since collisions take place in times of
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order JE id-l3second (see Section 1IV) in the lower atmosphere,
we assume that any substantial ordering of the direction of
the 'nqtion of ‘the electroqs is prevented in the freguancy
range considereé, and tﬁg véloclty distribution is nearly

spheriéally syametrical at any point in space. Under this

' consideration, the electron distribution can be descriped in

spherical expansions3
T s} :
£=f£,+0F +00: %, (2)

where f2 represants the spherically symmetric part, and the
tl and Tz'reptesent the first and second étder deviations from
spherical symmetry, and ¢ is the unit velocity vector.
Similar to that for the disttibhﬁion function, the expansion

for the collision term is

i -
c'=c°+o-'c’:1+o<>=62 {(3)

By substituting the expansions for £ and C in the Boltzmann
_ . _

‘equation, w2 readily obtain tﬁé isotropic portion of the equa-

tion which is given by3

of ud
o .1 . 1 d 2> = —
'rt—- + 3 v V. }1 + 3_vi d'—v' (v aE fl) CO (4)
here :E is the acceleration due to the electric field. aAnd

the first order anisotropic portion of the equation is given
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N -a-é-)vv.‘.o-&:gavg'-r:axfl&r%vv-'fz

= (5)
.::‘- 2 d -+ . > _

:(.: + - O (v aE ?2) = El

Wy Sv

3

4':" .

-'Z here :B is the accelera-ion due to the magnetic field.

NE - o

i' : Physically Eq. (4) determines the balance of the number
~% .- density and energy of the electrons. Therefore the collision
. term C, can be related to the distribution £, by taking ac-
5 ,

N count of all elastic and inelastic collision processes, The
A ' elastic collision term should have the same form as that of
= the third term in equation (4) because it conserves particles.
y d - Therefore we have3

/ : R T. gl
-] : . - l1 a 2 -

, Co \—r! b (v® A(v) £,) - vg fo _ (6)
5 . , .

- where: A(v) is a fuaction of v that is determinad for elastic
"" - collisions of electrons with the heavier ions and neutrals.
o The second term contains Vg which relates to th2 rates of ex-
', . citation, ionization and attachment of electrons. '

B |

‘.

..::Sl

} .




...........

Page 12

Eq. (5) determines the balance of the electron moméntum.
Therefore the collision term 31 can be related to the
electron-neutral momentum transfer collision frequency v, as

followus

El - -vm‘fl-' . ' (7)

Although Eqs. (4) ;ﬁd (5) describe only the zeroth and

‘the first order distributions of the spherical expansion, they ‘

are exact even for an infinite spherical cxpansionB. For less ‘
collis;bhal 'pﬁenomena, in which the ordering expansion fails,

- EqS. '(ﬁ) and (5) still apply if the phenomena still fits the 1
description of the definition of the distribution givez by Eq.
(2). Right now there is no ordering among ?6' ?1 ani ?2' For
both collisional and collisionless phenoaena, ?2 can be

modeled physically to close Eqs. (4) and (5).

‘ -
" 2%

For the problem of interest, we assume qo represants only
the low frequency response of‘the electrons. This is the same
as assuming that high freqﬁency charge separatiod'-does not
occur. We also assune %2 is only the low frequancy response
of the electrons dus to the existence of the high frgquency

nicrowavés, that is the ponderomotive effect . Finally the

. high frequency response due to the microwaves enters only in




N

FSF

8% " %

o € ¢
¥

L‘A—L—“ ‘

-

e et aTalall

e

- A b _STA LY

2 A PP T

4
3
]

PP T AT et e A AT A e S e e e e e el s e e
TR SRS ‘\ IR AR \ oy D A \. o N A(. Aq. . .._\_ ‘\‘__ .‘.\"*;'. e AR

e T N F v Na o T O (S 2* A AL TR A R e T T T I L SRS L A A R P R A

Page 13

Tl’ therefore we set

Il = flh e it + fl? 3 (8)

here the superscripts h and L represént the high and low fre-

quency responses.

Substituting the high frequency part of Eq. (8) into Eq.

(5) and assuming there is no dc magnetic field, we obtain a
linearized high frequency equation as follows

+ h R

a dfo

E
{iw + vm) av (9)

A

For the low frequency part, Eq. (5) gives

) L as +
,——- + v Vf + aEL av © 4 % vV e tz = -vmflh (10)

We have neglected the second to last term in Eq. (5) in the

above equations because this term is small and it actually

_does not contribute in the later equations.
: _ 2
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IITI. MOMENT EQUATIONS FROM THE BOLTZMANN EQUATION
The macroscopic equations can be deduced from the kinetic
equations described 1in " Section II. Quite often we need to
refer back to the k#netic theory in order to understand cer-
tain macroscopic measurements. For high frequency phehomena,,

we also need an equation,_obtéined from Faraday's and Ampere's

laws of Maxwell equations, to describe the high frequency
electric field Eh

2 R .
~ 2_2 ? -
-:-:zﬁh-cv B, =dre gz SV £ 4V (11)

Here we have set V - Eh = 0 since high frequency charge

separation is neglected as described in Section II.

Substituting Eq.v (9) into Eq. (11), the equation for

microwave propagation is obtained, with Eh « eiwt, as followus

a~

. 2 .
vE +x2eck =0 . a2
here the complex dielectric function € is given by B
"
2
4ne l 4 v >
t'l--ﬁ—ffo;fa;(m—_—{;;)dv (13)

In general is a strohg function of v, therefore Eq. (13)

v
m
is difficult to evaluate. Howaver we will use Eq. (13) as a
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Page 15
definition for an effective high frequency collision coeffi-
eient v, as

1 wd s 1,4 v )av | (14)

® - Ivh 3n o ;7137 I
heren =/ fb av. Notice that when the electron-neutral
momentum transfer.collision frequency v is not a function of
v, then Vp = Ve
Using EQq. (4), the particle conservation equation can be

obtained, after integraging over all velocity space, as fol-

" lows

g‘g*'v‘;'-fvsfod.\’r (15)

here 3 s 1/3 f v TIL dV. The source term is due to ionization

and attachment of electrons.

The aomentum conservatiqp equation can be obtained frém

y o
Eq. (5), after multiplying by mv/3 and integrating over all

velocity space, and it is given by

-

3 .3 ..D L g%
m}%+vp+_en§L+v P, 37 vv BN av (16)

2
here m 1is the electron mass, P= w/3 v, d;, and
-+ . ->

- . .
;2 »2m/15 J v2 ?2 ¢3. Here 32 is the ponderomotive pressure

tensor, which cannot be obtained in our present derivation,

however, it can be derived using other approaches‘. It is
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A
§ . given by‘
v .3 _m v 'l-» 2 2 B oxVx ( -.*‘)';) L

3 P27 u |° - S Im [u, x 9 x (vpuy (17)
. . ‘ * h * -

. where U = 1/3n S v ?1 dV, which is the high frequency oscil-

lation velocity. of the electrons due to the microwaves. The

> second term on the right hand side of Eq. (17) can be larger

than the first teram if v, > ©. The first term prevails in

" the presence of substantial standing microwaves.

fatata e WX

Basically we are more interested in the later time de-
velopmeni of the phenomena, especially. as the system ap-
proaches steady st#te. After the atmosphere is s=ubjected to
microwave breakdown, -electrons and ions are created rapidly.

As soon as a significant number of ions are created, the mo-

i) .‘a‘Wﬁ: E2 &0 L

tion of the electrons is limited by the heavier ions through
;j . ambipolar drag. Therefore we set 3 = nﬁ, here U is the hydrg-'
$ o dynamic flow velocity of,zgg ions. Because the ions do not
i . -
- . interact with the microwaves the hydrodynamic description for

/ . . the ions is éppropriate. The momentum equation is given by

3 |

e M(FE nua + V °nuu) - en E = 0 (18)
% here M is the ion mass, and the ion-neutral collision and the
.3 y ) ' . :
N thermal pressure of the ions have been neglected.

% Coabining Eqs. (16) and (18), EL caa be eliminated and
N .

Ot
Y
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Wwe odtain

.

. . <>
MEpni+ 9 i) + 7 -+ Gy vEE S =0 a9

-The evaluation of the last two terms comes from the ex-

perimental measurements which are usually done in the steady

state.and'in absence of microwaves. In this case, a wmoment

equation obtained from EQq. (10) is given by

: ‘ 3 2
e 1 a ,v > _1 A A -
3 -.- E'EA I £, ;;I,a; (;;) av - 3 Y-f £, ;; av (20)

The first term on the right hand side of Eq. (20) is the

mobility term, and the second teram is the diffusion term. The

5-8

so-called swarm experiments actually determined the drift

and the ratio of the diffusion coeffigient to the drift inde-

" pendently as functions of an applied electric field fA.

- Therefore an effective electron temperature can be defined as
A . . ‘

: 2 3
ee--mffog;d'v'/f fo-il?g;(g;) av (21)

-

as a function of E,. Also an effective dc collision "frequency

v, ‘can be defined as

. 3
1l 1 l1 4 v > .
S == [ f 5 (=) dv (22)
“L 3n o vi dv Vm

as a function of E,.

........ B
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Page 18

The best way to approximate the last two terms of £q.
(19) 1s to relate them to the above two defined quantities
measured in the experiments, and Eq. (19) become

: >
H(gg ni +V e+ nuu) +V - 32 + Vne_ + mv nu = 0 (23)

v

. - .
here 32 is given by Eq. (17) in term of ﬁh, which can be

derived from E3. (9) to be

o

(24)

-

The independent variable th of €o 8nd v, can be set to be

.?f?equal to the microwave electric field asl (also see Section I)

£ Ey

2 ™ (25)
' Z1+ ;i}th

which is known as the effective electric field. The meaning
: of Eq. (25) is that EA results in the same amount of colli-
- -

‘sional energy dissipation in both dc and ac cases, therefore

it gives roughly tha saﬁe €_ and Vi

e

-

-

Al so vy, can be approximated Dy Vi especially in the
highly collisional case. Since Yh is also a function of Eh'

and so ué see that the wave equation Eq. (12) is a nonlinear

equation.

-~
£
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Finally the coniinuity equation Eq. (15) can be written

as
_ %% +Vv- fﬁ = (vy = v, )n | ~ (26)
here vy and v, are the ionization and attachement rate coeffi-

cients. Both werg measured in dc experiments®™13

as functions
of the de electric field, which can be related to the mi-

érouave tield defined in Eq. (25) using the above argument.

\
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IV. RATE COEFFICIENTS FROM EXPERIMENTS
- In order to investigate the dynamics of microwave break-
down in air, experimentally determined rate coefficients are

required. Most of the measurements were done in dc experi-
) 1

asnts. However, thére are ac experiments” which show that the
breakdown thresholds of air is similar to that of dc experi-

ments at high pressures. Within the accuracy (19-20%) of the

experiments, several approximate formulae are modeled from

various measurements for the rate coatfipients. It turns out
they can be described macroscopically;'ql:hout knowing the de-
iails of their electron velocity dependence, by the microwvave

o field strergth. 1

The electron-neutral elastic ~ collision
frequency vV, = vV, = Vv, defined by Egs. (14) and (22) is
given bys's

a‘ *\
v . -
€ _ m5x10 / . T (27)
‘vpborr e+ SR
e

in the ranje 0@ < a<198. Here a is a quantity related to the
effective electric field described in Szction III and {s given
by

Q= : (28)
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4

Notice thht Eg. (27) is a nonlinear eguation for Ver Aand is

voughly constant at high field.

Once the oiectrohs are heated by the microwaves, the
processes of excitation, 1ionization, and exchanging energy
with the ioans and'hen;tals occur. Energy balance on the col-
lisional time scale will determine the electron temperature
locally. The use of the measured temperature includes the
electron energy gain and loss, and so an electron energy equa-
tion is not required. The 2lectron temperature defined by E3.

(21) is given by7'8

3

3
€e

= 2.1 x 10 a (91 + a) (29)

in the range 0 < a < 49, and €e is in eV. The temperature {s
a weak function of o as expected since the iqnization and ex-
citation restrict the énergetic electrons. Even though the

range is not large we an extrapolate to larger @ because of

‘ ~.‘s

Ionizatjon occurs only when the microwave _breakdown

strength 1s reached, which is toughly1 a = 32, The ionization
rate is given by9'1°

v ’ -
1 25,14 x 101 exp (-73 a79°%) (30)

p".l'orr

in the range 32 < a < 100.
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‘in the range 0 < a < 60 and th2 three-body attachment rate is

‘Notice that Va3 1s only important at very low microwave

Page 22
Attachment occurs due to ths combination of electrons
with the neutrals. In our case, two processes (e + 02) and (e

+ 202) can be dominant. .the two-body attachment rate is given

by11-13
Va2 o -4 2 2
= 7.6 x- 10 a“(a + 218) (31)
'pTorr .

given by13
v 1/3
a3 5 a
—_—= 5,7 x 10" p (32)
Prorr atm " 761 023 + 1.6 at/3 4+ 0.11

in the range 9 < a < 5 which corresponds to 9 < gg < 1 eV,

strengths., Also V,, is not important as compared to the ioni-

zation rate for larger values of & after the breakdown.
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3‘3 : V. REFLECTION OF MICROVAVES BY FIXED ELECTRON

WX T y '

1-3 - DENSITY PROFILES

P . The reflection of microwaves by the breakdown plasma in
Ao . ) . .

%ﬁ v _ the atmosphere is a key factor in the determination of how

- much microwave powei can be delivered through the atmosphere.

;‘i,. ' _f5 i.;g we will calculate the reflection of the microwaves for
ig  _ vﬁrious electron density érofles. We find that the reflection
hl " basically depeﬁds on the height and the slope of the density.
Eé , B Both analytical and numerical calculations will be presented.
i ' .

. The one-dimensional wave equation (from Ej. 12) can be
fi weitten as (for slnplicity the subscript is dropped)

NGy 2 |

: T :—x{’, +x2eE=0, ¢ -1- n‘,’u L roTa (33?
?5 since v_, given by Egs. (27) and (28), is a function of
?;, ..B. therefore thz wave equatgag is a nonlinear equation of E.
e A I
‘g' when the reflection is very weak, vV, can be co§§idered as
;f' a constant in space where E is quite constant albné the re-
:»‘ flection path. .In this case we actually can analytfically
\éﬁ. N solve Eg. (33). Two types of plasma density profiles are
i;f consiered. The first type is an exponential density profile

which is given by

%— = exp (x/%) ‘ (34)
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The second typ2 is a linear density profile which is given by

- = %- for x> 0 " (35)

Notice that £ = n(dn/dxf? = L n/n_ is the local density gra-
dient scale length for both profiles.

The reflection can be obtained analytically for .

- constant V, for the above density profiles by using the

Phase-Integral Method14. The reflection of wave energy ({s

given by
R= | exp (2ik, [, Y€ dz)| (36)

here zZ, is the complex point where the 'complex dielectric

function € = ¢§. For an exponential profile E3g. (395) becomesl‘

. . .
e-4 kpz fap (vqlp)

R = (37)
and for a linear profile it is given byl4
‘ 8 ’ -

R = e" -3- kOL \\"C/U . - N (38)

-

From Egs. (37) and (38), it can concluded that reflec-

tion is important when

. . .
koz tan (vc/g) <1 | ' | | | (39)
and -
n.v
a £ <
koh vc/m koz o <1 (40)
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In fact, Eg. (49), which is for a linzar profile, is roughly
the same as ﬁq. (39) if we use thz turning point density (¢ =

#) in Eq. (49{. From ;g} (33), the turning point density

roughly is

2t 1+ v.2/e? /2

n, Vg /u”) (41)
_Using the turning point density in Eq. (40), we find,

k2 vo/o (1 + v 2?2 o :  (42)

One can see that Egs. (39) and (42) are rouzhly comparable.

In general Eg. (39) and n > n, can be considered to be

the conditions that reflection becomes important. In %he

limit vc/b >> 1, they are given by
koz <1 - and n> ncvc/m (43)

and in the limit v /w << 1, EEFY are given by
. -k

k2 < w/V, an@a n>n o (45)

In useful atmospheric units, the two conditions can be rewrit-

ten roughly (valid for Potm > 1073 fonz) 25

-1 : -3 13 o
L({cm) < £ CHz and n{cm ~) > 10 PatmfGHz (45)
) _
and (valid for g;l < 10 fGHz) as
R -2 -1 -3 10 .2
L(cm) < 10 Patm and n(cm ~) > 10 f GHz (46)
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Prom E3s. (45) and (46), one can se2 that reflection {is " im-

portant at higher atmospheric altitude and lower microwave

The above anqutical calculations are only valiad for weak

' teflection. Fot a complet reatment of reflection, nunerical .

‘ficalcula.ions have to be made. Compu*ations are made for a

ffﬂtransmission are measured at the boundarles.._ﬂ R

iu;one-dimensional finite _region. _ The boundary conditions are
: Lincoming and reflected microwaves at th° left, and transmitted
’7?mictowaves a*- the right.; Eq. (33) is solved with Vo (E) by

'itera*ion. The coefficients of reflection, absorption and

' The numerical solution in Figure 1 shows th° portion of:
"nicrowave energy reflected just before rea hing ‘a point on tha'f‘
: :éf density profile as a function of the 1local density at that -

lipoint for various values ofﬁl and L. The calculation is done

-,

'Lh;in very collisional air (v o~ 102) with p=1 atm, f:’- 3 2

Guz, and %nns/phorr =4 Obviously, a significant portion is

reflected after n/n < v ﬁu, which is tha second condition of

Eq. (43).

" After the microwaves have passed a certain density, the

reflection reaches fts maximum value (Figure 1) which is a

.funct'ion of the density scale 1lenjth. The density scale
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length: for the maximum value is shown in Figure 2. The

-2
tesults k L < 1 and kL < 10 (therefore k.2 = kom/nc< 1

since n/nc -~ vc/u ~ 102) for reflection to be significant are

Just the sane d; the fltS; cdndition of E3. (43).

Rasults forlfhe reflection as'a function of atmo§pheric
pressure (or equivalently as a fuaction of microwave frequen-
cy) are presented in Pigure'3. Ocher parameters are the same
as previously. The value of vc/w is roujhly 102 Patm in this |
case, therefore the region Patm € 10‘2 corresponds to a less
collisional atmosphere. ) In this tegiohithe turning point is
approximately at n,, corresponding to the second condition of

" Bg. (44). Aiso L = %, each koinz.l curves for both profiles
are quite similar to each other and they give the first condi-

tion of Eg. (44).

thﬁive also calculated the dependence of reflection on
‘the {ncoming microwave poJ;r. It was found tha:t the depen-
-dence is ;ery weak as long as E_ ./Pporr >> 8, as can be seen
in Eq.  (27). This is the usual case in the microwave break-

down atmosphere.
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VI. ABSORPTION OF MICROWAVES BY FIXED ELECTRON DENSITY PROFILES

L

In the prevlous sec tion we have calculated the reflection

of nictowaves fot £ixed plasma density profiles. Similar cal-

culations have been done’ for absorption. W1thout significant

-f teflection, _ tne_ absorption _ can be represented as a

14

ij’-phase-integral _of a traveling wave which is given by

'A-l-lexp (-ik f /‘dx)| | (47)

t. e
RS S

By In genetal Eq. (47) is diffieult to evaluate. Here we
consider a simple case with a constant plasma density slab and

constant collision f:equency vé.' The absorption, for weak re-

e e W - .
- - ~

tlection, is given by ‘ijl7 , ;'.' ' gf_;" o (48)

‘v /w )(l + v /w - n/nc)]

A-l-exp [-—-—kA/f1+
.--.-‘.C

- ."_.. RIS

hete A is the width of thﬂ Slﬁb. _tor the vc/w >> 1, the ab-
R ALE e S L o -
sorption is given by T L T

w
Y :
0

TRy

A '.1'- exp (-,:n/nc w/vgy kA) T R (49)

The highly collisional case is more interesting ' because
13 gives high absorption. For comparison, numerical results
(described in Section V) are plotted in Figure 4 for a plasma

slab of width 1 and 5 16, here A is thz microwave wavelenjth.
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‘e

Other parameters are p = 1 atm, f = 3.2 G4z and Erms,P'rorr =

80 (as 1is in Figure 1 in very collisional air). One can see

.that almost total absorption is obtained before the turning

point density n/n_ ~ 102, where the reflection becomes signi-
ticaﬁt. These portions of the absorption curves agree very
uell- with Eq. '(ng) if we use an average, V. /w ~ 150. At
higher density, the absorption is reduced due to the increase -
in wmicrowave reflection: However the reduction is less if
other more gentle density profiles are used, since here the

step profile gives the most severe reflection.

If the reflection is not serious, Eq. (49) shows that
good absorption occurs for

-V

n ] .

Rewritten in atmoaphéric units, Eq. (50) becomes

n Afem™?) > 2013 B, o0s (51)

Since the atmospheric density is N 3 x 10t? Patm cm°3,' there-
fore Eq. (51) becomes T

n -6 '

N A(cm) > 10 (52)

For plasma slabs of width on the order of centimeters, a small

percentage of ionization gives good absorption.

»
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A'lthough only a constant plasma density slab is used here
for absorption calculations, other density profiles will give
o | "s‘ipj'lié results with an Q_ffeétive width A to be defined as the
e !ull -'h’é_l.f-\gidih‘ of .the'v_;;_t;:f'ile. We have proved this numeri-

. | feally.
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VII. MICROWAVE ABSORPTION WITH HYDRODYNAMICS IN PLANAR GEOAETRY
‘ All the previous calculations of reflection, absorption
and transmission coefficiengs use only fixed plasma density
profiles. In a realistic sjituation, thg density profile
should be determinad self-consistently with the microwaves,
The time evolution of the density profile was derived in Sec- .
tion I1I, and the one-dimensional continuity and momentum

equations are given by Egs. (26) and (23) as follows

B, ow = (v -v) (53)
and ,
‘ (54)
n(a u+u 3 u) + 13 ne +£f£ +mvu+ My, -~v)u=20
13 x n 9x e P c i a
- where tp is the ponderomotive term which is given by

v
£~ 85 lu)? - 2 32 mmtey, 5w (55)

-
>

- A1l the rate coefficients viqfva,vc and €, are functions of E
as described in Section IV. Conseguently the hydrodynamics of
the system evolves according to the microwave ftg}ds (Eq.

33).

Without any pre—arfangnen:, the electron density ‘usually
grows in all space evenly from noise once the microwave power

is abovo the breakdown threshold. After some time, th=2 densi-
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’ ty e;;n_'grows faster at the places closezr to the microwave !
‘E source because the nicrowaves'are stronger there due to re-

. : flection._ !inally the microwaves will be cut-off due to the

; . very high plasma density near the source. This 1is not the

? ~case of interest because after a while the microwvaves are

ﬁ s blocked from leaeing the source.

ﬁ a The importadt“issue is how the system can be designed :6"

o achieve the desired physical result. Two cases will be inves-

tigated here. Pirst, a local region is pre—lonlzed by other

">

) -eans,~ and second a reflector is placed in the system. The

2%

gy L tuo cases will be examined separately in the following subsec-

tions."
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A. Pre-ionized Lecalized Plasma Density

i o

' !f we lnitlalize tba plasma in a very narrow region of

g
[CF 2NN -

CESULICRNC ok o

-'i{tl'ralatlvaly high dansity, ‘then the plasma grows to high enough

1fdans!ty to causa high absorption before the density at other

3 ??f“ places grows significantly. nopefully. enough energy could be
' '1¥3 absorbod in tha tima interval bafore the plasma grows in the -

i_regions that ara not pre-ionized. The pre-ionization could be

il

?'producad by othar devlcas.

?ftﬁ“n”l W will start with strongly collisional cases. The first
) LT

‘, ) it;{?; calcu;ation is shown ln Figure 5 with E s/PTorr = 40 (I = 2.5
%g- T My, p o= 1 atm, £ = 3.2 GHz, and an initially localizad
'5j:?ﬁ Plasaa density n/n, = 1 (n ~ 1011 cm™) as k ok = 14 and n/n =

..1'-;001l00het..: The position of the pre-ionized plasma ls in-

T

'dicatad by an arrow ia the £igure.' The plasma density grows

L.

| i,

"'*f'tha tigura. This motion o£ the profile is mainly due to the

_ i

ion!zation process by tha larger microwave field in.front and

S aAtata.

2 tha da-lonlzation process by the smaller field at the back of

; ‘if;‘ tho profile.

noughly starting from t = 100 nsec, the density profile

evolves very slowly toward steady state with the incoming mi-

»<

¥, " \. - ' 'v.ﬂ-',‘-' .
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crowaves. The asymtotic behavior of this sort can be s2en in

the time hi;tory of the obsorption as shown in Figure 6. The
nsymptonio npninnn den'sity-iis»nmax/nc~ 60 and the asymptotic

'f aosotption is nbout ﬁb.éz with 1ittle reflection. The small
;n; totloction‘in consistont with the prediction in Section vV
'. (here vc/u ~ 1l ). A; t ~ 200 nsec, the asymtotic density pro-
tilo is desttoyed due to donsity grow*h evolved at locations

. other than the pteionizad region.

jbo mot ion ﬁoward the source is ye;y.tabid. The speed {s
j.abont i!a cn/soc. which is 2 or 3 ordots'higher than the sound
'”5l§cod. Thorotore it is dua to the rapid ionization rate., The
ftont slops, toughly represented by an exponential profile

_ with kot ~ 1, remains about the same for all time.

T e have ttied to £ind how the initial pte-ionization af-

' tccts tho asymptotic :esults. It turns out that the product
f{ ot the -axinun and the width of the asymptotic density protile
"ﬁfnnd tho nbsorption remain about the same._ The .first l1ine in
Table 1 (ai shows tho tesults for the case we justw/described,
and the rosults.for an identical case bu: with a different in-
,itial profionization are. given in the second line. The same

thing habpons when the frequency is varied as shown in line 3
{n Table 1 (a) . All cases give the roughly same nd such that

" the value ot-— 9 koA in Eq. (49) is found to be roughly the
c Vo :

Y
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> sams and therefore th2 absorption is the same.
iR
N
3 ) 3
;: The above constant absorption phenomena, for the same mi-
" Crowave powsr and athosphe}ic pressure, can be explained as
; .

_ﬁ follows. Nesar the peak of the density profile, the microwave

& . . :

z field strength ‘has to be near Eap ~ 32 Ppoyr which is the
breakdown threshold, so that steady state is achieved. The

A ‘required attenuation of the incoming amicrowave field to

‘% Exp fixes the value of nA. Therefore fixed absorption is

achieved by varying either the maximum or the width of the
] density profile. This fs just what has been seen in the hy-

- drodynamic calculatijions.

For higher microwave power, more absorption {s required

to attenvate the microwave field strengyth to E;,. Therefore

higher absorption results for higher power. In Table 1 (b) .
absorption is listed for vafious microwave powers. One should

-
. note that absorption increases rapidly wuntil the microwaves

| G e

 are totally absorbed. If the microwave power is flxed. ab-

i

lorptibn decreases with the atmoépheric pressure. The depen-
dency goes  roughly with the effective microwave
strength g = Brms/PTor:°

We also find tha- the density required for significant

ARSI A

reflection (Eq. (43)) is not attained therefore there is
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little reflection, and that the density scale length kozldoes

not vary Qer much in general becauses ths microwave strength

3

is attenuated to a = 32 at steady state.

Now we turn to weakly collisional cases. Since the con-
ditions k L < w/v and n > n, (Eq. 44) are easier to meet,
here reflection dictates the microwave absorption. As beforé.
tha value of koz does:'not vary very much at steady state,
therefore the reflection depends mainly upon vc/u (Eg. 37) or

the collisionality of the system.

The parameters used in the hydrodynamic calcalations in
the weakly collisiohal cases are typically I = 33
kW/em? (E_ = 3500 volt/cm), £ = 35 GHz, and the initial
ﬁte-ionized density s 0,1 n; with width 0.25 Ao. In this

 case v /w = 17 P The calculations show that, as in‘ the

atm®
-Vcollisional cases, the plq\?a density front moves toward the
'.-icrowave source and reaches steady state, however the ptofile
:at the back continues to be elongated due to the weak
de-fonization rate there. Nevertheless the elongation does
not affect thelieflection in the front and thz microwave ener-

gy that is not reflected will be absorbed.

~ Runs with various pressures (or collisionality) aré shown

in Figure 7 in which the weakly collisional regime is tha: for

Ak ok o

e—
A
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wvhich Patm << 9.1, 1In ?igure 7 (a), the asymptotic density
.-heigﬁt obtained in the weakly collisional regime fs roughly

"constent slnce c = 9. 783 € Jf does not depend upon pres-

rms’ - GHz
:;3sure. Also the esymtotic absorption increases (reflection de~
7‘ereases) with pressure as predlcted in the previous discus-
fh. eion.z: ‘The cutof! at glté 5 8.13 is dus to q < 32 so that the

;~power te below the breekdoun threshold. The speed of the ion-
ization front toward the microwave source fs shown in Pigure 7

Jﬂ;}(e)ﬁ:j“
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B. Reflector at the Boundary

g -

It a reflector is put at the right boundary, standing mi-

--érowaves wlll be Eorned. " The incoming power is below the

~ breakdown thresholg, therefore the problen of cutting off the

" microwaves near 'Ehe "source mentioned above can be avoided.

However :he maxima of the standingy wave can be above the’

breakdoﬁﬁ threshold, so that plasma isfgenera:ed resulting in

ifabsorption.
A collisio1a1 case (Figure 38) with Brms/PTorr =22 (1 =
? 0 62 MW/cmz), p=1 atm and £ = 3.2 GHz is run for a system of

length, L=3.1 1 « Here the incoming wave a = 23 {s below

breakdown threshold however the standing wave a = 40 is well

-; above threshold

- Roughly starting from timp t = 100 nsec, the density pro-

tile evolves very slowly towards stationary steady state,

_L;ngure 8 phows the asymptotic microwave and density profiles

ié t = 209 nsec. One can see that the density profile forms
with spikes aligned with the anti-nodes of the standing wave.
The absorption at this time is about S57% such that th° maxima

of the standing wave no longer is & = 432 but a = 32, wh}ch is

tho breakdown threshold, so that a steady state is achieved,
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Calculations also have been performed for L = 1.5 Ao'and

Ty

6.2 A;. The asyntot ic results for the three cases are listed

-
w
| OF

in Table 2 (a) .. One can sees that the product of the length of

e Ar¥

T

the system and the maximum density for each case are roughly

s 4
SPL Y

DRt an)

éz . the same, so that .the absorption is roughly the same (Eq.
: 49). This is th; same constant absorption phenomenon dis-
:> ”*'cussed iﬁ.the previous subsection. In this case, the absorbed
’i '.~energy is distributed among the density spikes. If there are
* ' 'a large number of density spikes, the mazimum density in each
;‘.' " ':spike is smaller.

3 :

K g

'ci%} -- As in the last subsection, the absorption increases as

the power Increases. 'This is listed in Table 2 (b)Y, showing

XA

the values of the absorption and the power. Near the break-

r

[P A,
L]

1down threshold, the microwaves are completely absorbed.

Thé advantage of the case with reflector is that there s
. ™
- absorption of the microwaves in the stationary state. Whereas

" in the previous case with pre-ifonization the moving steady

-

-

' state stays only for a finite tinme.

o',
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VIII. MICROWAVE ABSORPTION WITH HYDRODYNAMICS
» IN SPHERICAL GEOMETRY

. ‘iino problan of cutting-off the microwaves near the source
‘can “oe avoidad by using converging microwave beams that are

abova breakdown threshold only near the focal region. The

i;convetgenﬂe o£ ths nicrowaves can be obtained from structured’
for several antennas, or just due %o the self-focusing of the
1liCtowaves..l The actual geonetry can be very coapl icated, for

sinplicity. heta we use spherical geometty to simulate these

‘-}ottects. we assume tbat all the quan*ities are functions of

r, tho sphetical coordinate, only. For normally incident mi-

.; ' crouaves, assuning k r >> 1, Eq.. (12) can be written as15

| “~-.'az 24 L2 .
SR ] B + -r- a-i; E”'l' k €eE =0 . (56)
. ar _ o :

y -

Assuming the veloeity oE the flow i{s in r-direction only,

| :_Jg“ thsn the continuity equatioﬁ (Bq. 26) becomes

o %% + 37-55‘(r 'nu)‘= (vi -‘va)n ) (57)
r -. - : -

~

The momentum equation {s the sane as Eg. (54) in the previous

section with x replaced by r.

We have run a case with E_/Po .. = 30 (I = 1.45

HWI&@Z which is just below breakdown threshold), p = 1 atm and
o~
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£ = 3.2 GHz in a system that extends from k r = 80 to kr =

109. The initialvplaéma density is n/n, = 1 everywhere (this

- does not affect the later stage). The density and microwave

"-5-pto£ilés are shown in ?igu(e 9 at time t = 102 and 509 nsec

.';'tcquétively. The density grows initially at the far right

untii transmission of the microwaves is blocked to a valus

‘u just below the_breakdown.threshold. The density peak grows to

"fifb/nc ~ 7 and ‘hqées toward the microwave source. At t = 590

‘f;‘nscc the dénsity peak.moves very close and slowly to the

'wv}ﬁ-soutgef such that thg"ttansmitted mictowaves pick up some

. '?.itteﬂgth at ;hé far righi égain to initialize another density

ﬁliﬂéeak.' The prdcess'repea:s itself. At this time the absorp-

tion oscillates about an asymptotic value of about 18% with

.- little reflection.

_ f Aﬁdthcr;s}ﬁtém ﬁith:so‘; kof < 10@,. which 1is twice as
long, 'hasvbeeh';un Qiéh ﬁhehfame parameters. FPigure 10 shéws
-;fihe-laté'tlﬁi Qtofile; QE {N: 1259 nsec. Many density peaks
-jf have 'onetged and” ﬁoée‘ toward the source. The déééity peak

' cannot move bé}ond.korh; 90 because the microwave stréngth is

. below the breakdown threshold to the right of that point. The

microwaves in the system are attenuated to the breakdown
value. The absorption oscillates about an asymptotic value of

adout 568 with 1ittle reflection.
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In Table 3 the asymptotic absorption in systéms of dif-

ferent lengths 1is listed. Wes se2 that the longer the system

et} o
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the higher the absorption, anq absorption increases as the mi- |

crowave convetgénce increaées {Iine 4).
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IX. SIMULATIONS OF FOCUSED MICROWAVE EXPERIMENTS

¥

In the experlmen:éz

~carrlpd out at NRL (Figure 11), the
microwvaves (frequency 35 énz and Power 112 kW) are focusd
through a lens (7.6 cm diameter and 11.2 cm focal length) into
the nitrogen gas (25 Torr) . The measured elliptic area of the
Ioéus is * x 9.55 cm x 8.75 cm. Using a circular area to
model the measured oliiptlc area, the equivalent radius is
9.64 cm. The radial profile of the microwaves is approximated
by a Gaussian with an e-folding distance of 9.77 cu. The max-
imun power tlui is 62 kW/cm (equivalent to the total power

evenly distributed in a circle of radius 8.77 cm) at the axis,

The diffraction of the microwaves starts to occur at an

"axial distance of 3.5 cm (4 wavelengths) from the focus.

Between this point and the lens, the microwaves are focused

. spherically. Our simulatipn starts a: an axial distance of

b

about 6 cm (7 wavelengths) from the focus with I = 8.2
kH/cnz at the axis (equivalen: to the total pow2r evenly dis-
tributed in a circle of radius 2.1 em). The microwaves are
focused spharically in a distance of 2.5 cm and connected to
the solution in the diffraction rejion (3.5 + @ cn).  We ap-
proximate the diffraction effect by another spharical effect

of aspect ratio 1.55 (equivalent to a 2.77 cm radius circle a:

focus and 1.2 cm radius circle a~ 3.5 cm). The schematic of
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the simulation region is shown in Figure 11.

g Aithough the coefficien:s in our computer code are for
. alr, the code éan be uéed to apprbxima:e N gas. As in the

_'cxpeglnents, tﬂo.gases are run with and without a metalic re-

_+ flector placed éﬁ the focus. The microwave pulse length is

el -

w1 usees

S

In the case withouﬁ reflector, the spatial profiles are

??fipresénﬁed in yiéures'lé and 13 (microwaves incoming from the

E -left);; Az t = 59 nsec; the jonization of the air by the ai-

. 37w ‘crowaves occurs mainly near the focus (Pigure 12 a), however,

' fat the same time the microwaves are a:tenuated there due to

R

uf;.élon reéion (Figure 12 b) bécause the microwaves are stronger

. the presence of the plasma (Figure 13 a). The associated

_ fﬁ;}electrbd ;empetatﬁte'is p1ptted in Figure 13 (b).

At 't = 109 n#éc, the'plggma grows faster near thes connec-

there. 'p: t -_4bz nsec, the plasma a: the {fonization front

-

‘reaches the collisionless critical density and becoﬁés thicker

(Pigure 12 o, thus the ﬁigtowaves are decoupled from the

~ focal region. The {onization front moves slowly toward the

microwave source until at t = 1 psac (FPigure 12 dV, and the

front cannot move beyond 6 cm because the microwave strength

is below the breakdown threshold bayond that point. The de-
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coupling of the microwaves from the focal regioﬁ at 1 usz2c is

3 ANV

. taBmy

WP

ca" o

shown in Pigure 13 (a).

.,
.

The :alchiated profiles agrea quite well with those from
the experiments without a reflector (the frame pictures

presented in Pigure 2 of reference 2). The common observa-

QUGS O

. -tions are (1) the initial less dense plasma near the focal re- -

3

gion, (2) the much denser plasma just inside the breakdown re-

AT AT

. -

-~ gion at later times, (3) the slow motion of the denser plasma

iy}
€ l.’

2\
a

.8t later times, and (4) the length of the ionization region
being about 5 cm.

12

'oér caiculated pPlasma density (4 x 12 -2 1013 cm'3p

is also within the experimental measured range. However, our

,?{Zéalculated electron temperature is roujhly an ev lower. The

S higher experimental value is probably due to the use of 15
'A-rorr Nz'ind 19 Torr He a: the time of the measurement of Ehe

RS
" electron temperature. b

The calculated spatial profiles are presented in Figures

14 and 15 for the case of a metal reflector at the focus per-

. pendicular to the incoming microwaves. Be2cause of the stand-
ing waves set up by :ﬁe reflector, zhe initial fonization is
stronger and spat{ally more non-uniform than in the previous

easi, This is shown in Figure 14 (a) for an early time, = =

- DV e B W T N VO O S O S R T T B et et~

.« o . - cataT At e a T e et e T T T e
L P PR AR A G T L TR o Y RN S I T AT S A T A LS IR PRI LI
S AR S P TR OV, W A WY alatalatata®a




16 nsec. The standing wave characteristic is shown in Figure

15 (a) with the microwaves attenuated near the focus due to
3w

the presence of.the plasma.

A; in previeus caees. the plasma grows faster near the

~ connection tegiéh. and moves out slowly as shown in Figure 14

(b), (c), and (d) at t = 1aa, 439 and 10320 nsec respactively. -
fi; nowever, the denser plasna profile in this case iIs split due

“;i'&o the .growth of the spikes. The decoupling of the microwaves

-
o

wffton the focal region at t = 1 usec is shown in Figure 15 (bV.

o -".

, Quallta.ively the cases without and with reflector are
.f slnilat. This is consistent with the observations in -he ex-

porinent (!igutes 2 and 3 in Reference 2 for the two cases),

:fjhe _additional features due to the presence of th- reflector

focal tegion at eatly time and (2) the spiky feature. In gen-

;ng eral, similat results are oStalnod at later times due to the

'nV'Sttong _absorption (A 2 90%) of the microwaves by the plasna,

_. such that the reflectiqn by the reflector is not impgftane.

The motion of the ionization front and the decoupling of
the microwaves can be seen in tha time plot of the position of
the maximum of the electric field in FPigure 16 (similar

feature for th2 case without reflector). As quickly as 59

.....................
__________

.....

shown in the frame pictures are (1) stronger ionization in the
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nsec, thé microwaves are decoupled from the focal rejion.
After that the ionization front moves slowly just inside the
breakdown rejion. Th2 speed of the ionization front is obvi-
“odsly  £ funcéton of time,' The average spead is 4 to 5 x
:-Alps cﬁ/scc. The time plots agrees with the. experimental ob-
servatfons (Figur;'3 b in Reference 2).
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X. SUMMARY

~ - In this report thé.qit'bgeakdown due to microwaves propa-

dhtihé‘in thé.atnosphete'is investigated. The kinetic and hy-

dtodynamic descfiptions of the problem are reduced from the'

Boltzmann_ equation; .The available experimental data for rate

:éoétficiédts'é}e used  $nd related to the microwave field

~st}en§th .hacroﬁcopicé;}y; The important processes are elec-

: N tron-néuhral coll}sioné{ ionization, attachnent, and excita-

s E?f§ ; gion, '?hgtngl. ;§¢11i5t£um of the electrons with the mi-
e ‘ctoway;s.ii ;IQO’bptainéd;

| _-Roflecti§n ;ﬁd'aﬁsa}htioh of the microwaves in the pres-

q‘f{£§gf-cnqé .§f‘thg‘plasma dégsi;y piof{}es are investigated both an-
. .5;7;£§¥i6a1i; aﬂé'hﬁéﬁriééiifi-»Condiiions for reflection ind ab-
?:_so;piién ;téppbtained;lf;: . |

-
> ™
N

—ﬁydradyh;mic caiédi;tions'in‘plqnar géometty were carried
‘f;l out for ﬁﬁo'cases: .pre-ionization in a locallizad region fni-
tialiy and with a reflector at a boundary. In the Efrst case,
onougﬁ' microwave eneréy_can be absorbed in the time interval
of interest; whereas a stationary state can be achieved in the
second éase. Calculations in spherical geometry show that

. sany density peakS energe from the end close to the focus and

deccelerate toward the microwave source.

.......
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Some typical planar results show that the ai{ljs foni zad
rapidly ¢to }form an {fonization front moving toward ths mi-
crowave.soutce thch ééﬁ;equently decouples the microwaves
‘_ttoh tﬂeioriginal tegio;.' By.focusing the microwaves or plac-
ing a reflector, {bcalized regions can be heated by the mi-

_crowaves.

The c1ectr§n tempeféﬁure obtained tends to be roughly 2
"eV at steady state tégatdless of the microwave power. The
.f-hcatgd}olecttons are able;to exchanje energy with the neutral
at@oséhdéic mélekules;s and will possibli enhance th2 neutral
'iieqperéture.' ‘ |

e

At high altitude, ;:hg heating of electrons by other

AN

.

185 F

-_éf’h;éhaniSms,' sucﬁ_-aéziﬁg collective plasma effects, is possi-

“5gbie.~.pr'e££ects, parimgtric instabilitiesl7 and resonant ab-

-SOrptionlg, can result in h§eting suprathermal electrons with
& L . R - -
'fﬂihigher temperature. These effects are being investigated.

The limitations 6£.the calculations are due to the avai-

- lability of the expefimental data for the rate coeffients,
Nevertheless, comparison of the calculations with recent mi-
crowvave .expetimeqts give excellen: agrea2ment. More accurate

19

rate coefficients are being investijated in th2 presence of

a microwave discharge.

........
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Table 1

[

absorption

@) £ (eEz2) .  a/m M/

3.2 . 60 0.6 0.82
32 - 27 13 0.80
32,0 & o6 0.82

N o | * IR -2 P - -
(b) -Erms/PTorr ... Power (MW/ém ) | absorption

33w - a9l L 0.33
B S R S X
45 31 _ | 4 - 0.97
| so'i?_',j',i §§{ 3.8 | "7.'; 0.99
D0 T uss 1.00

Asynptotic values of density height, width and microwave ab-
sorption from planar hydrbdyn;mic calculations in véry colli-
siona; air with pre-ionization. (a) Results obtained, lines 1
snd 2, py varyiné'initial pre-ionization and, lines 1 and 3,
by varying frequency. They all give roughly the same nA and
. absorption. Here p = 1 atm and I = 2.5 Hw/cmz. (b) Abvsorp-
tion increases as power increases. Here p= 1 atm and f = 3.2

GHz.
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Table 2

(a) L/, n/n; absorption

1.5 . 44 0.60

3.1 19 0.57

6.2 11 ) 0.62

| | 2. . "

(b) E s’Prorr Power (MW/cm“) absorption .

20 o.62 0.60

25 0.96 0.89

30 o 1.40 0.99

-
L

Asymptotic values of density height and wmicrowave absorption
from planar hydrodynamic calculations in very collisional air
with reflector. (a) Results obdtained by varying the system
length. They all give rouzhly the same nL and absorption.

Here p = 1 atm, f = 3.2 GHz and I = 0.62 MW/cm>. (b) Absorp-

tion 1increases as power incrgases. Here p and f are the same

K4

as in (a).
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Table 3
Region of computation absorption
80 < k_r < 100 0.18
60 < k r < 100 0.56
40 < k,xr < 100 ' . 0.80
30 < k,r < 50 0.55

The asymptotic values of microwave absorption from -spherical

hydrodynanmic célculations for systems of different lengths.

- The longer or the more convergent the system is the higper the

: 2
absorption. Here p = 1 atm, f = 3.2 GHz and I = 1.45 MW/cm®,
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FIGURE 1
The portion of wmicrowave energy reflected just
a point on the plasna density profile as a

local density at that point.
(with %),

The curves are
linear (with L), or step profiles.
is done in very collisional air with p = 1 atm

and I = 2.5 MW/ca? (E = 40).

rms/pTorr

before reaching
function of the
for exponential
The calculation

, £ = 3.2 GHz,
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The maximum reflection from Figure 1 as a function of plasaa
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.Reflection as a function of pressure for various plasma densi-
ty scale lengths. This case has the same f and E/P as in Fig-
ure 1. The boundary between strong and weak collisionality is

roughly at p ~ 10~2 ata.
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;; . .o - ———
g Absorption, transmission and reflection of microwaves as func-
’ : tions of maximum density for a plasma slab of width )‘o and
g . 5 A,» This is a very collisional case that has the same p, f
‘ and I as in Figure 1. |
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Density and microwave profiles at different times (in nsec).
The initial pre-ionized localized density n/n, = 1 is indicat-

ed by an arrow, and it evolves to an asymptotic density pro-

L4

file (t = 100) that moves rapidly toward the microwave source.

This is a very collisional case that has the same p, f and 1

as ian Figure 1.
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microwave absorption. Same case as in Figure

Time history for
5.
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PIGURE 7

Asymptotic values obtained in runs with £ = 35 GHz, I = 33
lecnz, and initially pre-ionized density n = 0.1 L with

width 0.25 Ao+ The system s weakly collisional for

patm << 0.1. Displayed are: (a) Maxmimum density and absorp-
tion, and (b) speed of the ionization front as functions of

pressure.
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FIGURE 8 - e

Density and microwave profiles at t= 200 nsec. A stationary
. state 1is achieved by using a reflector at the right such that
only the initial maxima of the standing microwaves are abdve
' the breakdown threshold. Th‘i‘s is a very collisional case with
pa21lata, £ =3.2GHz and I = 0.62 MW/cm?.
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> g

Density and microwave profiles at two different times (in

e AR
.

nsec) for spherical geometry. Density peak iIs created at far
T ' right and moves to near the left edge where th2 microwave flux
is Delow the breakdown threshold. This is a very collisional

case with p = 1 atm, £ = 3.2 GHz and I = 1.45 4d/cm?,
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FIGURE 10

Density and microwave profiles at t = 1250 nsec for the system
twice as. long as that in Fig. 9. Many density peaks are
created at far right and bunch:up near the left edge. Note

that the microwaves are attenuated to the breakdown value.
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g , Schematic of the geometry for calculations to simulate the fo-
E '.cused microwave experiments with p = 25 Torr, f = 35 GHz and

- power 112 kW. The estimated power fluxes on the axis are

. shown and diffraction (simulated by another spherical effect)

starts roughly 3.5 cm from the focus.
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; FIGURE 12
Density profiles at & different times for th2 case without re-
flector. The ionization occurs initially near the focus,
however, the focal region is decoupled from the microwaves due
¢ to the stronger ionization near the'connection region at later
)
. ’ time.

L




“« -
s

- P
e B
RS- ST,

A S o 0
VYN VL 7

g
o

A
A
<%

W ._-,‘5-_,..4-.’(

st - P Y

7
Page 66

100 - - 140

=] (b)

t =50 nsec

1.50 ' - 3
6 . 3 o
.~z (em)
. ’ " FIGURE 13 - -

Microwave and temperature"‘profiles corresponding to the plots

shown in Figure 12. Microwaves are decoupled from the focal

region as shown at t = 1000 nsec.

PN L R R R B T e
..:..' ‘1’ n".."-'.' > \- , '-‘y."q. "

AR R I T T R
BRI Shn S R A A N 4

s A T L L Y T N e _
v . P
SN : .

- -
- \‘1

.....
S



X

=t

.‘;. _"

APV YY

f
:

X LA

o X
R

A I g Rt IR S I - e c e A o - .~ -
U taR oy 4 .-‘ IS, - .‘-.-, \’\\._«.". = %q.\*ul),v.'_\‘. e

..................

o oo o
-~ a T j
- -
t < e
N g
o o o
3
L4
. O ‘—t.
(-} T | -1
. e P
] L - c
g g
’ -~ 2
o 2 g
. 0 o o (<]
E -
L 4
-
o ——— \ ——
]
FIGURE -14- - - o -

Density profiles at 4 different times for the case with a re-

flector at focus. A spiky structure is observed in this case.
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. Microwave profiles corresponding to the plots in Figure 14,
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" FIGURE 16

Time history of the position of the maximum of the microwave
electric field. This shows the microwaves are decoupled
f " quickly at adout 50 nsec and the ionization front moves very

#f slowly near the connection rezion.







