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I. Introduction 5%

O

The Plasma Research Group of the University of California Qf

at Davis has continued the theoretical investigation of mi- ;i
crowave - atmospheric interactions, in close coordination with E;
personnel at the Naval Research Laboratory and elsevhere. ;ﬁ
This report covers the period September 1, 1982 to August 31, 'd
1983, | s
v

We have made advances in the following areas: (1) Con- ff
tinuation of the previous survey to gain more insight into the ;;
important phenomena; (2) detailed comparison of the recent NRL Z;
focused microwave experiments with our theory; (3) discussion - ;?
of important collective plasma effects. ﬁ;
—~—d

=

The basic investigation concerns the propagation and ab- :'3
sorption of microwaves above the breakdown threshold in the 2;5
atmosphere with the self~consistent breakdown plasma. Typical }‘T
hydrodynamic calculations show that an ionization front is ra- :Qﬁ
pidly formed which moves toward the microwave source and con- ;;é
sequently decouples the microwaves from the original ioniza— ':i
tion region. By focusing the microwaves or using a reflector, E;
ionization can be confined to localized regions where the mi- ?dd
crowave strength is high enough to cause breakdown even though f?
the incoming microwaves are below threshold. 1In a strongly f;?
2




collisjonal atmosphere, it is found that the cutoff plasma
density, which roughly equals the collisionless cutoff density
multiplied by the collisionality, is much higher than the cal-
culated maximum density. This results in high absorption that
increases with microwave power, decreases with atmospheric
pressure, and is quite independent of other parameters. 1In a
weakly collisional atmosphere, breakdown easily creates a
plasma density higher than the cutoff density and causes re-
flection. It is found that the reflection decreases with the
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, and the resulting electron temperature is
about 2 eV, independent of the incident microwave flux.
Limitations of the calculations are due to the availability of
experimental data for the rate coefficients, but comparison to
results from recent focused microwave experiments shows excel-

lent agreement.

In addition, collective plasma effects, such as parame-
tric instabilities, resonant absorption and the ponderomotive

-

face due to the microwaves are also investigated.
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II. SUMMARY OF PREVIOUS RESULTS

The previous investigation concerns mainly the build-up
of plasma due to the breakdown, or the ionization of air,which
strongly affects the propagation of the microwaves. In the :ﬁ
past, most studies and measurements were done] near the break- =
down thresholds. Recently experiments have been
performe62 for microwave power higher than the threshold, to

study the behavior of the plasma after breakdown.

If we neglect free electron diffusion, experimental

data show that the breakdown threshold is roughly given by

2 2 . .
Eyms ~ 32YEvorr + 2 fgyzs here Epys is the rms electric field

in wvolt/cm, p is the atmospheric pressure and f is the mi- Eé
crowave frequency (the subscripts indicate the units). At sea ::
level (pyorr >> £fgHz)s, the microwave power flux breakdown |
threshold is about 1.5 MW/cmz. This kind of power is achiev-

able wusing present technology. Free electron diffusion is —
only important in weakly collisional air and at the time bf X
breakdown, and can be ignored once the plasma builds up; this L

is the stage we are most interested in. 7 -

After breakdown, the plasma density grows exponentially
in time quickly until the density is high enough for reflec- -

tion and absorption of the microwaves. - The microwave-plasma

oy ‘-\-—h‘ ~: = ‘1:* S
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interaction 1is basically dominated by electron-neutral ¢olli-
sions in which the <collision freguency ié rouchly given
by vo ~ 5 x 109 P torr @t sufficiently nigh microwave power,
In the important frequency range of a few GHz to several hun-
dred GHz the system is very collisional in the lower atmos-
phere (vc/w >> 1, where w = 2nf is the angular frequency of
the microwaves). In this case the cut-off plasma density of
the microwaves is given by n/nc ~ vc/w, here n_= 1.26 x
108 £2 cn3 is ‘the critical density, instead of the usual
n-~ n, in the collisionless case,

We had shown that reflection depends mainly upon the
height and the slope of the density profile. 1In the strongly
collisional limit, reflection becomes important when ko L2 <2
and n/nc > vc/w, here kKo is the wavenumber of the microwaves
and is the scale length of the density gradient. In the
weak collisional 1lirit, they are given by h)l < w/VC and

n/nc:> 1. In useful atmospheric units, the conditions for the
1

two limits are given by 2 (cm) < £ GHz and
-3 13 . -3

n{cm 7)) > 10 PatmfGHz valid for Patm > 10 fGHz' and £(cm)<

10—2 Phtm and n(cm_3) > 10]0 szHz valid P for

Potm < 107 £ GHz Fespectively.

In very collisional air, the condition for good absorp-

tion 1is given by (n/nt)(k 8)> v /w, here is the width of
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tion is given by (n/nc)(kA y v Cﬁu, here is the width of }
the density profile. Rewritten into atmospheric wunits, this
is nAten™?) >10'% B, or (n/M)4 (cm) > 107%, here N is the
atmospheric density. Therefore only low ionization of the air

is needed to give good absorption.
The currently available experimental data were mainly ob-

tained in dc experiments and are roughly valid in the range

carefully, we can relate the data to an effective microwave

0 <E_ /Py . <100 within an accuracy of 10 to  20%. 3
Checking the relation of the data to the kinetic description yi

field strength which 1is defined by E(1 +u 2/vc2)']/2 .
Therefore the rate coefficients (which are elastic collision,
ionization, and attachment) and thermal energy of the elec-
trons, can be determined macroscopically as functions of mi-
crowave field strength without knowing the details of the mi-

croscopic kinetic description.

We present hydrodynamic calculations for both planar and
spherical geometries. 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 strength is stronger there due to re-
flection. Eventually the microwaves will be cut-off by a very

high plasma density near the source,

A

AR

T T AL B R TP M
Tty mee sumisy WEAE L TR LR R . o« o T LR L REIAC IR ¢ -~
D e O T RN Sl

........
“a UL




A i Y AL e B iR e A ‘R A B S D ML S AL A ol Y AN I A
* - . B . - '. - e S T ae N .‘.".'I L] L] e ™ '-.v—h, ., - L
A sini LI N N R R T T Y I DU RO Uy VSN R .

R AR

Page 6

In the planar case, we present two types of calculations.
First, 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-

tained in this case.

In very collisional air, results for both cases show that
the product n A(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  absorp- i
tion. The reason is that the microwaves have to be attenuated
to the breakdown value Ens ~ 32 pTorrin the density profile

in order that a steady state is achieved. Thus the required

attenuation fixes the product of n and therefore the absorp-




------------------
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absorption. Energy that is not absorbed will be transmitted

in the pre-ionization case because the density required for

significant reflection is not built up. e
We also find that the asymptotic abscrption increases ra- iiﬁ}

pidly with the microwave power and inversely with pressure.
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- :;:1
creases with‘%:/w, the collisionality of the system, and is
guite independent of the microwave strength. The energy that
is not reflected will be absorbed due to the longer elongated

density profile at the back in the pre-ionization case.

In spherical geometry, which simulates converging mi-
crowaves, thé cut-off problem is also avoided because the mi- iﬁ;;

crowave beams are above breakdown threshold only near the

.~ . N

focal region. We find that one after another density peaks
are created at the end close to the focus, and they move to-
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 increases

N R IR ISR I .._.-.v._...‘,.‘.._: R e . . . . N ‘_\.‘...‘_-.
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Page 8
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

microwave strength is roughly the breakdown strength.

We have also simulated the recent focused microwave ex-
periment32 by two connected regions with different spherical
convergence with and without a reflector at the focus. The
ionization occurs initially near the focus, however the plasma
grows much denser near the threshold region at later time and
decouples the microwaves from the focal region. The length,

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

cellent agreement with those of the experiments.

R A s
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III. SIMULATIONS OF NRL MICROWAVE EXPERIMENTS

.

We have compared the NRL experiments, (Figure 1) with our gl;
calculations previously. The experimental and theoreticeal Ef&
results are described in the following. In the ;«
experimentsz carried out at NRL the microwaves (freguency 35 .

GHz and Power 112 k%) are focusd through a lens (7.6 cm diame-
ter and 11.2 cm focal length) into the nitrogen gas (25 Torr). 0.
The measured elliptic area of the focus is w x 6.55 em x 0.75 =
cm, Using a circular area to rodel the measured elliptic

[ Dot

area, the equivalent radius is 0.64 cm. The radial profile of P .

the microwaves is approximated by a Gaussian with an e-folding

distance of 0.77 c¢m. The maximum power flux is 60

. S
kW/cm? (equivalent to the total power evenly distributed in a !g~

[ circle of radius 0.77 cm) at the axis, fin
. r'_..:-
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 iﬁ;

spherically. Our simulation starts at an axial distance of é
about § cm (7 wavelengths) from the focus with I = 8.2 {ff
kW/cm2 at the axis (equivalent to the total power evénly dis- 3:£

) tributed in a circle of radius 2.1 cm). The microwaves are ’_
E focused spherically in a distance of 2.5 cm and conrected to ;ﬁ;
E' 5 the solution in the diffraction region (3,5 -+ 0 cm). Ve ap- ;;E
| »
[ -




Ty (A R ACR A CA SO ALV ICR IO |
A A ey N A e A S A A o _ :iﬁ
-

Page 10 iy

i

ff_'_-]
proximate the diffraction effect by another spherical effect S

'.‘4‘;,\

of aspect ratio 1.55 (eqguivalent to a 0.77 cm radius circle at -

' v

focus and 1.2 cm radius circle at 3.5 cm). The schematic of e

S

the simulation region is shown in Figure 1. AN

o

R

Although the coefficients in our computer code are for -
air, the code can be used toc approximate L% gas. As in the -]
experiments, two cases are run with and without a metalic re- e

8

flector placed at the focus. The microwave pulse length is s
1 ,sec. fﬁ;

Eh

-1

In the case without reflector, the spatial profiles are b

R
presented in Figures 2 and 3 (microwaves incoming from the ;Qﬂ
left). At t = 50 nsec, the ionization of the air by the mi- e

KIS
crowaves occurs mainly near the focus (Figure 2 a), however, e
atv the same time the microwaves are attenuated there due to Zﬁf
the presence of the plasma (Figure 3 a). The associated elec- —

- r:1
tron temperature is plotted in Figure 3 (b). p

7

-
At t = 100 nsec, the plasma grows faster near the connec-

- A
tion region (Figure 2 b) because the microwaves are stronger )
there. At t = 400 nsec, the plasma at the ionization fron*
reaches the collisionless critical density and becomes thicker

(Figure 2 c), thus the microwaves are decoupled from the focal

region. The ionization front moves slowly toward the mi-
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crowave source until at t = 1 usec (Figure 2 d), and the front
cannot move beyond 6 cm because the microwave strength is
below the breakdown threshold beyond that point. The decou-
pling of the microwaves from the focal region at 1y sec is

shown in Figure 3 (a).

The cal-ulated profiles agree quite well with those from Eﬂ
the experiments without a reflectcr (the frame pictures E+
presented in Figure 2 of reference 2). The common observa-,

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

I AT T

L 4
PRSI . O R B

gion, (2) the much denser plasma just inside the breakdown re- '
gion at later times, (3) the slow motion of the denser plasma f
at later times, and (4) the length of the ionization region a:

st

being about 5 cm.

Our calculated plasma density (4 x ll)]2 -2 x 1&3 enid)

is also within the experimental measured range. Also, our

¥y oo PR
ha e PR T S
e te P

Adad 4l oo s

calculated electron temperature is roughly an eV lower. ' The
higher experimental value is probably due to the use of 15
Torr N2 and 19 Torr He at the time of the measurement of the jj
electron temp2rature. Another explanation for the measure- Eﬁ

iments is due to the two dimensional effects.

The calculated spatial profiles are presented in Fiqures

4 &and 5 for the case of a metal reflector at the focus perpen- f@
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dicular te the incoming microwaves. Because of the standing
waves set up by the reflector, the initial ionization is =
stronger and spatially more non-uniform than in the previous

case, This is shown in Figure 4 (a) for an early time, t = 10

[ DN S PPN

nsec, The standing wave characteristic is shown in Figure 5
{a) with the microwaves attenuated near the focus due to the

presence of the plasma.

As in previous cases, the plasma grows faster near the
connection region and moves out slowly as shown in Figures 4 '
(b)), (c), and (d) at t = 100, 400 and 1000 nsec respectively. 5
However, the denser plasma profile in this case is split due
to the growth of the spikes. The decoupling of the microwaves

from the focal region at t = 1 U sec is shown in Figure 5 (b). -

Qualitatively the cases without and with reflector are
similar, This is consistent with the observations in the ex- ;
periment (Figures 2 and 3 in Reference 2 for the two cases)}.
The additional features due to the presence of the reflector
shown in the frame pictures are (1) stronger ionization in the -
focal region at early time and (2) the spiky feature. In gen-
eral, similar results are obtained at later times due to the

strong absorption (A 2 90%) of the microwaves by the plasma,

FRras B

such that reflection by the reflector is not important.

Py
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The motion of the ionization front and the decoupling of
the microwaves can be seen in the time plots és shown in above
figures. As quickly as 50 nsec, the microwaves are decoupled
from the focal region. After that the ionization front moves
slowly just inside the breakdown region. The speed of the
ionization front is obviously a function of time. The average
speed is 4 to 5 x 106 cn/sec., The time plcts agrees with the

experimental observations (Figure 3 b in Reference 2).

_The one dimensional calculations compare well with the
experimental results, Some possible two dimensional effects
should be investigated further. However the breakdown should
not be strongly affected by the two dimensional effects be-

cause these are low pressure experiments.
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IV. COLLECTIVE PLASMA EFFECTS DUE TO MICROWAVES

'

In addition to the microwave absorption mentioned above,
which is due to electron-neutral collisions, if the microwave

field is high enough, the plasma is unstable to the growth of

parametric instabilities3. The threshold of the parametric

decay instability can be estimated by using the electron- neu-

tral and ion-neutral collision frequencies, whick is given by

4 6
tm

the electron thermal energy in eV and I is microwave power flu

1.2 x 103 x Poyn Uo(142.8 x 107 fGHZZ/Patm?)/fGHZZ, here u, is
in Watt/cmz. For fgy, =3, Patm=152 (an altitude 30 km), and
ue=2 ev, Imlosw/cmz. Therefore the parametric instabilities
are important at high altitudes (varies as pﬁ) and high fre-
quencies. Microwaves are absorbed and the energy is deposited

in the hot tail of electron distribution.

An alternative way to increase the microwave absorption
is to use p-polarized microwaves. The p-polarized microwaveé,
with one of the electric field components along the plasma
density gradient, could drive electrostatic waves in the same
direction. Electrons are slowly heated by the excited elec-
‘trostatic waves resulting in resonant absorption of the mi-

. 4 .
crowaves. The absorption can be as high as 50%.

A RN

Propagation of microwaves is possible even after break-
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down. The point is that the ponderomotive forces(the radia-
tion pressure) of the microwaves can be large enough to expel
plasma from the breakdown region. After the plasma density is
low enough, the microwaves can tunnel through the breakdown
channeil. This effect is more important at high atitudes and
high ffequencies. The ponderomotive force is inversely pro-
portional to the square of the electron collision frequency so
it increases rapldly with altitude. Effects due to the pon-
dercmotive force beccme important at a power of roughly
| 105w/cm2at am altitude of 30 km (roughly 100 times the <CU
breakdown threshold). Thus, channel formation is possible at

this power flux.
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V. SUMMARY

We have investigated the air breakdown due to microwvaves

propagating in the atmosphere.The important processes are

electron-neutral collisions, ionization, attachment, and exci-
tation. Thermal equilibrium of the electrons with the mi-
crowaves is also obtained from available experimental data.

Some previous results are summarized as follows.

Reflection and absorption of the microwaves in the pres-
ence of the‘plasma density profiles are investigated both an-
alytically and numerically. Conditions for reflection and ab-

sorption are obtained.

Hydrodynamic calculations in planar geometry were carried
out for two cases: pre-ionization in a locallized region ini-

tially and with a reflector at a boundary. In the first case,

enough microwave energy can be absorbed in the time interval
of interest, whereas a stationary state can be achieved in the
second case. Calculations in spherical geometry show that
many density peaks emerge from the end close to the focus ahd

deccelerate toward the microwave source.

Some typical planar results show that the air is ionized

rapidly to form an ionization front moving toward the mi-
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. 5
N

crowave source which consequently decouples the microwaves %

from the original region, By focusing th= miérowaves or using ;

a reflector, localized regions can be heated by the ni- ;

crowaves, g

2L The electron temperature obtained tends to be roughly 2 %
eV at steady state regardless of the microwave power. The §

P heated electrons are able to exchange energy with the neutral :
atmospheric molecules5 and will enhance the neutral tempera- )

ture. - : ~ i i

-

T

At high altitude, the heating. of electrons by other Z

mechaﬁisms, such as the collective plasma effects, is possi- ;

ble. Two effects, parametric instabilities3 and resonant ab- ;
sorption4 r can result in heating suprathermal electrons to ;

higher temperature. i

.

The limitations of the calculations are due to the avai- :3

lability of the experimental data for the rate coeffients. i
Nevertheless, comparison of the calculations with recent mi- "

crowave experiments2 give excellent agreement. B 5
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cused microwave experiments with p = 25 Torr, £ = 35 GHz and

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

shown and diffraction (simulated by another spherical effect)
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starts roughly 3.5 cm from the focus.
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FIGURE 2

Density profiles at 4 different times for the case without re- e
flector. The ionization occurs 1initially near the focus, :3

however, the focal region is decoupled from the microwaves due -

to the etronger jonization near the connection region at later .
times. -
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Pensity profiles at 4 different times for the case with

flector at focus., A spiky structure is observed in this case.
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Microwave profiles corresponding to the plots in Figure 4,
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