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ABSTRACTY

fhe physics of gas breakdown for large collision frequency,
v/w>1l, is being pursued at the Naval Research Laboratory. The hybrid
inverted coaxial magnetron, 500MW, 3.2 Chz, 30ns pulse width, allows
investigation of gas breakdown in the high v/w regime. The 35 Ghz gyro-
tron, 150KW, 300pps, allows lnvéstiqaftbn in a moderate v/uw regime. Large
gas breakdown plasma densities have been measured, n«100n.. “Spectral
measurements have been made showing only excitation of molééular bands.

Preliminary propagation experiments have also been performed.
!
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1. INTRODUCT JON

The study of microwave hreakdown of afr Is not a new one. In
the past many Individudls have pursued research on the threshold for
microwave breakdown of gases. An excellent review of thls work (s afven
by MacDonald.! These efforts were limited to threshold studies due to the
power of the microwave sources available, Sufficient electric fleld
strength to produce atmospheric breakdown levels were generated using high
Q cavities. The ability to study the Interaction between the breakdown
plasma and the microwaves did not exist, since once the plasma formed, the
Q of the cavity was greatly decrcased.

With the advent of new high-power microwave sources 2,3,4
interest in alr breakdown and the resulting microwave plasma interactlon

5 In particular, the Naval Research Laboratory

has gained new impetus.
(NRL) has developed a Hybrid Inverted Coaxial Magnetron (HICM) with a peak
power of 0.8 CW at a frequency of 3,2 Chz (S-Band).® Thls source has been
used to begin an experimental program at NRL to Investigate the physics of
microwave interaction with air.” This facility 1s unigue in that enerqgy
deposition in the breakdown plasma can be investigated. The peak electric
fleld, F>5x10* V/cm, 1s qenerated independent of a resonant cavity, and
therefore deposition occurs for many microwave cycles (1°500/w). It is
the initial results of Lhls experimental program that this report deals

with,

First a short discussion of eleclromagnetic radiation interac-
tion with air is given In Section 2. Then In Section 3, the experimental
appardatus is discussed. The program has expanded and now includes more

microwave sources than the original magnetron. Section & discusses the

experimental results and their interpretation.




The aoal of this program is to understand microwave interaction
wilh gases in Lthe reqgime where Lhe collision freauency is laraer Lhan the
plasma freauency, l.e., where v/wpe > 1. To this end, the plasma
density, lemperature, emission and distribution function should be
measured versus both time and space. As will be described, a first

dttempt at measuring some of these parameters has begun and is continuing.




THEORY

In the regime of interest to us, near 760 Torr pressure, micro-
wave interaction with gases is a collisional process. The electron colli-
sion frequency, v=5.3x10° p (p = pressure in Torr), is large compared to
our driver freauency, i.e., v/w>1. Thus, strong classical coupling (due
to inelastic collision of the electrons with the gas molecules) of the
microwave power to the breakdown plasma is expected. Before this coupling

can beain the gas must of course breakdown, that is, ionize.

When microwave eneraqy larger than the breakdown threshold
impinues on a aas, the electric fields of the microwaves accelerate any
"free" electrons (from cosmic radiation for example). These electrons
then collide with gas molecules and if they have sufficient energy
(greater than the ionization potential for the gas), they knock-out addi-
tional electrons. The process then proceeds by avalanche. It should,
Lherefore, be clear that breakdown depends on the electric field (power),

time, pressure, and type of gas present.

The overall shape of the breakdown threshold is shown in Figure
2-1 and is taken from Felsenthal.® At low pressures the threshold
increases because of diffusion and also because there are few molecules to
collide with and, therefore, few to create the secondary electrons needed
for avalanche. At high pressures the electron collides so often that it
is difficult to gain the required ionization energy. Thus, the resulting
parabolic shape (Pachen curve). The regime we are interested in is to the
right of the Pachen minimum and for frequencies less than 100 Ghz, i.e.,

where v/w>1,

We have talked about breakdown, hut have not clearly defined
it. Ffor a non-pulsed system the definition is fairly straight forward.
When the electron production Is exactly balanced by the loss of electrons,

the gas ls considered to have broken down., lonization is the gain term,
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and there arc three competing loss terms: (1) attachment, (2) diffusion
and, (3) recombination. Diffusion dominates at low pressures, and at high

pressures attachment dominates. From an experimental point of view, this

balance is somewhat hard to measure. Further, in a pulsed experiment,
! ) this type of steady state may never be reached. In the high { cavity
experiments the point at which the cavity Q dropped and, therefore, the

microwaves were strongly interacting with the plasma, was taken to be the

| - point of breakdown. For a collisionless plasma this occurs when w=wpe.
» This is also the definition of breakdown we will use in the collisional
; case (wpe2=4ﬂne2/me). Thus, 1in attachment dominated experiments, ]

breakdown occurs when 10'3/A%2=njexp(vt), where v=vi-v;, Vi 1is the
ionization frequency, vy 1is the attachment frequency, A 1is the
» wavelength of the incident radiation, and ny is the initial electron 1

- density (“1gm‘3).

In order to understand how the microwaves behave when interact-
’ ing with a collisional plasma, an expression for the rf electric field

inside a collisional plasma can be derived. By using the two fluid

eauat ions, and assuming no steady state fields, and a cold plasma, and

linearizing, it can be shown that the dispersion relation for a

» collisional plasma is:/,8
2 w? mpe2 iv
kK2 =2 [1- (1-=2)]. (2-1)
c? v2 402 W
)
If we define: u = Re (k)
x = -Im (k)
a = x w/c
’ B =u wl/c
Z = a + i8,
; then the propagation of an electromauanetic wave in our uniform medium is
f ) Ex exp (iwt-zz), and a above Is the allenuation constant. Assuming that

v>ou, we may write equation (2-1) as:




k=1 - LS (2-24)
r o2
W 2
and ki S 1 , (2-2h)
A

then, using the approximation in the appendix of Heald and Whartonll, we

can show that for kr2>>ki2 and ki,0 (our case):

u = k1/2 (1+ k.2 /(8k 2)) (2-34)
r i r
and z k1/2 (k. /(2 )) . (2-3b)
r i r
Thus, we can calculate a, and determine the absorption, The physical
meaning of a is related Lo the skin depth, § = 1/a, and is expressed in
units of cenlimeters. Thus, 6:(0/(0)2kr]/7/ki, and  increases  appros-

imately linearly with the collision frequency,

The detailed derivations for electromagnet ic interaction with
plasms stabs and the inclusion of maanetic fields has been done by Heald

and Wharton® .,

Wee now have an understanding of how the microwaves will interact
with o hiahty collisional plasma, We expect the farge numbers of coifi-
sitnns to jnerease the skin depth and allow penetration of the plasma for
denctities mych Tarager than the collisionless eritical density. We also
expect the Jarge mmber of inelastice collisions of the electrons witho @
nentral qas, which hecome internal enerav and esentually resolt in heat -

i, o el ficien l_v roup e 1 he eneray from the microwaves ta the gas,
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free  air hredgkdown resegrch gt NHL uses the NRL high-power
inverteet cogial magnetron, This {5 an S-Band, 3.2 Chz, 30 ns, 0.5 (W
source  toee biogre 3211 with microwaves ontput in the TF., mode (see
Figare 3-0) it g 200 em oversize wavequide. The Tt ), s a low loss
propatat ton mode,  Plans call for the pulse length to be increased on this

SONres,

Recently we have also hequn resedarch using a lower power, higher
frequency source, the 3% Chz MNBL gyvrotron, This 150 KW source supplies 35

thryy e palecs at o up to 309pps,

"o high repetition rate is usefal in some applications, and
intor=ar i on fregoeney scaling can also be obtained by using the second
froqae ove Unfortunately, at present, the power is far too low to perform
Hroeokd e rescarch near one atmasphere, and studies must be done at 50
Torr. A *vig aressare v/w™l, and we are in a transitional, rather than

et ine anmingteqy regime,

Wee wili tirst describe the air breakdown experiment using the

Mgt e an g soaree, and then quickly describe the gyrotron experiment.
Pilaare 324 crown g oschenat e of the existing maanetron system.  The micro-
wav gawmer i o monitored using g specially designed bi-directional
dap e, The gir Sreokdown chamber s shown, It is a4 section of the
waveddo o withog M lar o window on one end, This acls as a vacuum scal
all el o The maanetton ta he gt low  pressure (p<10'5 Torr) and the
d0 o bhe gt atmospheric pressure. The cell alsuo has two
can for viewing the hreabdown reaion, These windows are desianed so
vt et i the waveanide wall have only o small effect on the micro-
aavens N i ternat bve section with no windows, but wilh probe ports, can

et ol low ase of Langaair probes, Al the 3.2 Ghz date described

et wan taren asiog the maanetron source and this cell.




A new diagnostic chamber allowing for better dccess has been
desiancd and is being phased fnto the system (sece Flgure 3-4). This
chamber differs from the cell In that it is a quasi-focused system, as .
shown in Fiagure 3-5. A focused system better simulates a free alr break-

down far from surfdaces.

The ayrotron experiment (see Fiagure 3-6) is a focused system. A ]
horn expands the microwaves, which dare then focused usina a dielectric
lense. The chamher is a plexialass box with access points for probes, gas
inlet, etc. The focal spot for this system is less than 2\ in diameter.
The total 3db focal spot is approximately 2 cm?,

The plasma density diagnostics used to date in both experiments
have been Langmuir probes. These were constructed using four mil tunasten
wire. We have used the collisiqnal theory of Kiel!2 to analyze data
obtained using these probes. Using Kiel's theory, we obtain,

ekT
I, =2 2rl S amps, (3-1) |

J
ln(nL/urpRs) mj an

where:

n = plasma density

[; = current collected

L = probe length

rp = probe radius

k = boltzman constant

e = charge constant

mj = mass of species j

Vin = collision frequency species j with neutrals

Te = clectron temperature

Rs = 1+ a (Ap/rp ¢ (volts) /Te(ev))0-62  (a=2.5 for our case)




Ven = 5.31x10% p(Tore)
Vin = 1.4210°% p(Torr)
Ap = Debye Lenath

"

This equation was used In analyzing all of our Lanamsir probe data.




EXPERIMENTAL DATA

The experimentgl ddata obtained using both the magnetron and the
gyrotron will be discussed and compared. HRecall that the important para-
meter v/ is different for the two cases, due to the difference in operat-

ing frequency and pressure.
4.1 MACGNE TRON AIR BRE AKDOWN Rt St ARCH

Work has bequn using the HICM to investigate the physics of air
breakdown, Mode impurity problems have plaqued the early stage of the
program, but we have been able to begin measurements of the plasma density
in the breakdown plasma. Theoretically, hreakdown in air at atmospheric
pressure is. expected to occur at approximately 1.5 MW/cm? of microwave
encrgy. tor our experimental configuration with a Tt,. mode, breakdown
would occur first at a ring with about a 5 c¢m radius at 250 MW of
microwave power, The Tty, mode has approximately a factor of two
enhancement in power, at the 5 c¢m radius, over an evenly distributed
pattern of power. Due to the mode impurity problems, the complete factor
of two enhancement will not occur., We are correcting our mode problems;

and expect, in the near future, to be operating in a pure Tt,. modc.

The mode impurity problem required reassessment of window desian
in order to eliminate initial window arcing. Fiqure 4-1 shows this
arcing. It was eliminated by using cross strips on the window slots.
This can be scen in Tigure 4-2. Photography of the breakdown looking
sideways and down the quide (Fligqure 4-2) shows o aredt deal of structure.
The structure seen in the end-on view Is not the expeclted rina structure
for the TEg, mode, and must be due Lo the effect of other modes beina

present.  We do not, at this tlime, undersland Lhe structure seen in the

sideview,




Faperiments Lo measure the plasma density using Langmuir probes
weere also pertormed,  This diagnostic technique suffers from two problems:
(1) anreliability until after tarn-oft of microwaves and, (2) possible
inducement of breskdown, tor the time bheing, it does offer g4 redasonable
eatimate of the plasma density ofter the microwave pulse. (A micruwave
interferometer [s being constructed for fulure use.)  Tlaure 4-3 shows
dala taken for two different pressures,  An alumimim short was utilized to
insare hredkdown 4t atmospheric pressure. The probe was not placed at A/4
from the plate, but rather many wavelenglths in front, It wdas expected
that the solume would FLHD with plasma, based on the photogrdaphs of break-
dowa,  The probe wdas placed ot the radius for maximom ejectric field, As
can he seen jn the flaguare, there 1Is g large amount of  shot-~to-shotl
variat ion, tor bolth pressare  ranges, the density s u,>10l“PM’3.
This Qs an extremely large density if viw, Since the eritical collision-
lres  densily ‘up WS ngg Lol emed, However, 1f collisional
effects  wre  incloded,  the critical density  (wp-v) is found to bhe
“v7‘5‘;”1“ (7600 Torri, Critical density is the point at which the

dielectric constant hecomes completely imaginary, so that the wave becomes

evanescent gt Lhat point,

Plasma densit jes of this order were observed using hoth electreon

13 using Lhe

gl fon cnreent measarement s, Farther, comput at ions by C. Yee
HRL (CHMATR) code!™ predict the decay constant for 4 101 4cm-3 plasma at
100 Tore pressare to he 180 ns. This Is In extremely good agreement with
our 160 oo megsurement,  The HRU (CHMALR) code includes diffusion and air

chemiatry,

Cood correlation between maximum plasma density and microwave
power has not yet heen achieved,  With the resolation of the mode impurits
probhlem, we expect to agccomplish this shortly. Improvement 1o density

aedasaroment s aslog mlcrowave Interferometry [s also expectled,

10




Preliminary measurements of propaugation hdave also been made, ds
can be scen i Floure 4-4. Trace #2 Is transmitled power and trace #1 is
forward power. The forward power will have reflected power superimposed
upon it with a time delay. This is due to reflection off the magnetron's
output couplinag disc. This reflected pulse is seen in the lower two
traces, and occurs very near the 50ns delay one would calculate usina the
qeometry of the experimental system. Photo #1 shows no breakdown, At 350
millitorr breakdown occurs. We see that trace #2 is shortened, sugagestina
totul reflection of the Incoming wave part way into the pulse. For 350
miilitorr, v/w=0.1, we are "collisionless". Also seen in trace #1 is the

reflected pulse,

At 10 Torr, v/w=?2.5, we are also near the minimum of the break-
down threshold, In this case, the pulse is seen to be entirely reflect-
ed, In fact, the front edge of the pulse, pre-bredkdown, must have been
transmitted, since prior to plasma formation, there can be no reflection.
The formation of the plasma must have been so fast that this transient
pilse was undetectahle hy our system, At this t.me higher pressure

studies are underway.

L. 2 CYROTRON AIR BREAKDOWN Rt SFARCH

Wee have also heen using the NRL gyrotron to perform air hreak-
Aown cxperiments.  As mentioned earlier, this is in a sliahtly different
reqime where v/wel. The high repetition rate of the gyrotron has allowed
us to usc 4 spectrometer to measure the spectra of the light output from
alr bhreakdown plasmas, Attempts to do this on the onc shot magnetron
system met with faflure, due to the small amount of 1light output on one
shot and high loss of the spectrograph. (An aottempt at mulitple shots
(500 over g one hour perlod) was made bul met with no success). We used a
Spex 34 meter Dverny-Turner monochrometer/spectrograph,  The data taken

on the gvrotron s shown in Flaure 4-5,  Mercury llnes were used for




calibration., This system had Ar=0.5A. It {s clear from the data shown
Lthat it {s the molecular bands that are beina excited. The system was

scanned From 3000-50008, and no atomic llnes were seen.

We also measured the plasma density using a Lanagmuir probe.
Heasurements at 5 Torr (v/wx,12), Figure 4-6, aives a plasma density of
about 1x10'tem-® for power of =60 KW/em?. At 50 Torr (v/ws1,2), the
system was very noisy (see Figure 4-7). The plasma density was approxi-
mately 1x101 3¢m-3 again for power of =60 KW/cm?  at 35 Ghz; nc(mzwp)
is 1.5x10!3. It is clear that, as the collision frequency increases, so
does the plasma density. Thus, the large density values observed with the

magnetron (v/w=28) seem very reasonable.

This work is preliminary and much still remains to be done. In
particular, a measurement of the electron temperature is very important.
Work is underway to do this using the nitrogen line spectra. As mentioned
earlier, an interferometer system is under construction to aid in the

density measurements.

~ Sy o
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F1GURE CAPTLONS

Figure 2-1 - Shown are pulse microwave air breakdown thresholds versus
pressure for different pulse lengths and microwave frequency. This is

taken from Felsenthal®.

Figure 3-1 - The NRL Hyhrid Inverted Coaxial Magnetron is shown in cross

section,

Fiaure 3-2 - The TE), mode is sketched in three perspectives. This is the

mode used in the 3.2 Ghz experiments.

Figure 3-3 - Schematic representation of the 3.2 Ghz air breakdown experi-
ments., This system is modular so that more sections, such d4s additional

directional couplers, may be added,
Finqure 3-4% - Focused microwdve oir breakdown chamber for 3.2 Ghz.

Figure 3-5 - Plot of microwave enerdy vs distance for device shown in

Fiqure 3-4,

Migure 3-6 - Schematic of alr breakdown chamber for 35 Ghz experiments.
Figure 4-1 - Window spdarking probably resulling from mode impurities.

Figure &-2 - Pholographs of air breakdown using sel-up shown in Fiaure
3-3.  Upper photo was Laken perpendicalar to direction of propagation,
Lower photo was taken looking down wave qulde by replacing load sectlon
with a window. Microwave power as monitored by a crystal delector is

shown Lo Lhe right of cach photo. Time scale for both is 100ns/div.




Figqure 4-3 - Bregkdown ol different pressures, as measured uslng a
Langmuic probe., The breakdown was In front of 4 reflecting metallic

sutface,

figure 4-4 - Effecls of microwave propaaation throucsh bredkdown dischdrge
are shown, Trdces dre for crystals located as shown in dlagram. The
secand peak in lrace 1 In the bottom two cases is due to reflection, The
microwaves reflect off of the breakdown plasma, and again off of the
coupling disk, resulting in a delayed signal in the forward direction.

The delay is correct for the lengths involved,

Figure 4-5 - Optical spectrum observed using 35 Chz 114KW focused micro-

waves at 50 Torr of alr pressure,

Fiqure 4-6 - tlectron and lon densities measured at a 5 Torr air pressure
using a Lanygmuir probe in the 35 Chz experiment. The upper trace is the
microwave pulse as monitored using a crystal. The lower trace is the
probe. The time scale Is 2us/div. The electrons are 2V/div and the ions
0.2 V/div.,

Figure 4-7 - This is the same as 4-6 but at an afr pressure of 50 Torr.

Time scale is 2us/div. The electrons are 1v/div and the ions 0.5v/div.
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WINDOW SPARKING

300 MW PEAK MICROWAVE POWER

Figure 4-1
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PHOTOGRAPHS OF AIR BREAKDOWN

AIR BREAKDOWN AT 10 TORR AS SEEN .
THROUGH SIDE WINDOW |
(3 SHOTYS)

- <P> =400 MW

MICROWAVES !

AIR BREAKDOWN
VIEWED WITH OPEN SHUTTER
’ CAMERA (1 SHOT)

v PRESSURE =70 TORR

MICROWAVE POWER

RN i
100 ns/DIV
P=6€ MW

L " Figure 4-2




BREAKDOWN OFF METAL PLATE

WINDOW | ATMOSPHERE SFg
{, e o TR

VAC GAS

| f
LP
ALUMINUM
SHORT

PRESSURE = | ATMOSPHERE AIR

14
en =2

“e

RN
T=100ns/DIV
PRESSURE =100 Torr AIR

I TR TG ATETING TR T A ETAS 1

nexlS x10'%17¢m3

o .\ ..
s nithom 5 e n...‘..u:-’

(T T T O I O I A T O O T Y O B (O
T=100ns/DIV T=100ns/DIV
T=160ns

Figure 4-3




) PRELIMINARY PULSE MODIFICATION DATA

|26 m-st 9.8m | 2.lm |
Al t =
) ' VAV 2
/ BN T
COUPLING |(‘I jl l MYLAR l(l WI l
DISK WINDOW
®© @

MICROWAVE SIGNAL MEASURED USING A
CRYSTAL DETECTOR

NO BREAKDOWN

350 mTorr
BREAKDOWN

NOTE PULSE SHORTENING !
AND REFLECTED PULSE

(REFLECTS FROM PLLASMA AND THEN
COUPLING DISK IN MAGNE TRON)

10 Torr
BREAKDOWN

COMPLETE REFLECTION

Figure 4-4
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AIR SPECTRUM
GYROTRON POWER = 114 kW

T T R SRR R T TR Talme & T

| PRESSURE = 50 TORR
' 4344
x ——4278/4270
1 4059
, ’
3805
— 3756
’
3577
— 3537
’
3371
’
— 3159 3136
’




PROBE MEASUREMENTS USING BOTTLED AIR
PRESSURE=50 TORR POWER=110 KW i

ELECTRONS
ng=6x1012 cm3

| ' IONS
ne=2.9x10'3

s T e N4




PROBE MEASUREMENTS USING BOTTLED AIR
PRESSURE=5 TORR POWER =110 KW

ELECTRONS
) ne=9.9x1010 ¢cm3

’ IONS







