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I. INTRODUCTION

Many studies both théoretical and experimental, have been conducted on
the high freqQuency, low pressure discharge. The initial electron multiplica-
tion mechanism for this type of discharge is secondary eléctron emission from
the end surfaces of the discharge vessel and a proper phase relatiocn between
the applied alternating electric field and the electfon motion. The region of
discharge excitation and maintenance depends upon this phase relation and.the
electric field strength which the electrons experience. The impedance of the
space in which the discharge occurs therefore varies at certain excitation
levels. Hence, such discharges possess an application to power activated mi-
crowave switching devices. The discharge produced by an internal electrode
configuration has a vromising property for high power applications. All the
nigh frequency pover absorbea'by the device appears as heat in the internal
metallic electrodes, which can be cooled with little difficulty under most
conditions. This property is desirable when one contemplates the design of &
nigh power device for high frequencies.

This paper is being written with the above applications in mind. But, we
shall not discuss the design problem. The purpose of this paper is to consider
theoretically the growth, maintenance, and extinction of the discharge phenom-
enon. In particular, we seek a better understanding of the role played by
space charge effects during the history of the discharge.

With this introduction, we now state the conditions under which we wish
to produce a discharge. The discharge will be discussed solely with reference
to parallel plane geometry as shown in Figure 1. The end surfaces of the dis-
charge region must have a secondary electron emission coefficient, &, greater
than one in order for a dischargé to develop. It is also essential to disting-
uish between two types of electrode placement with respect to the discharge
vessel, as the behavior of the discharge depends upon the electrode placement.

(See Figure 2) The metallic electrodes may be plaged inside the discharge
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vessel or-outside the discharge vessel. In the former configuration, the end2
surfaces are conductors. The latter configuration 1s often referred to as the
electrodeless discharge in which the non-conducting, parallel plane walls oi.‘
the discharge vessel form the end surfaces.

The parameters which determine growth, maintenance, and extinction of the
discharge are the residual gas pressure, p, the frequency, f, of the applied
electric field, E, and the dimensions of the vessel. The pressure, the mean
free path qf the electrons, Xe, and the frequency, v, with which the electrons
collide with the gas molecules are all inter-dependent quantities. The elagtrig
field is given by E = E sinat = E_ sin 2 x ft = E, sin 2 % t, where A is the
wavelength and ¢ is the velocity of light. It is assumed that A §s much greater
than the dimensions of the vessel. Th;ls pernits us to neglect the spatial depen-
dence of the applied electric field. For our geometry, the distance between the
plane surfaces and In the direction of the electric field E is &€ and thé repree
sentative distance perpendicular to B and denoting the extent (width) of the vese
sel is r. The parameters are chosen such that A 35, & _>>r, 5>V, and 3>>4.
Under this choice of initial comnditions the elegtrens ¢ollide with the walls of
the discharge vessel much more frequently than ttey eollide with the yesidual
gas molecules. The basic mechanism which produces breakdown will then be seeond-
ary electron emission from the end surfaces. For d and r of the order of e¢entie
meters, the pressura should be less tham ].O'2 tm Hg in order for the requirement .
}se > d to be satisfied.

let us now turn to a qualitative desceription of the discharge phenomenon,
During the initial growth of the disgharge, the spage tharge effeets due to elets
trons are negligible, sinte the ewrrent density will be small. For muwdtiplica-
tion to occur, two condftions tust be satisfied simultaneously. Namely, the
eléctron transit time should be (£ nfm), where #=1, 3, 5,.... The mode of éhorto
est transit time, namely, /s 1, will Be considered at this point for simplicity.

In this way, the secondary electross betom@ Primary glegtrons for tle



™A

3
next half cycle of the applied field to form another group of secondary elec-

trons. The second condition is that the energy of the electrons when tl;ey ar-
rive at the end surface must be such that & > 1. Alspo for multiplication to
continue both the total number of electrons and their distribution in phase
must be maintaineq. In order to allow for ldsses, & must be greater than one
in practice. The 1®gses ave mainly due t0 the angular distribution ef the
emitted electrons and to the refleetifon with almos$ undiminished speed of some
of the primarles. The first Joss tends to remove electrons from the diseharge
Tveglon and the second Yoss, which brings about exgessive gpeed, may Casse the
electrons to® become out ©f resonance with the field. .

Under optimum conditieons, where the electron arrival energy is & maximm,
the electron must be 4in phase with the field. Thus an electron erossing the
gap from one end surface should arrive &% the othe® end surface &nd release 3
gecondary glectrons Just as the fileld passes through zero. The raversed elege
tric fleld accelerates the ¥ seeondary electrons back to the first end surface. -
'.I‘he process repeats and after m traversals of the gap, there will be ideally 5
o electrons in the gap. However, the effective multiplication is given by
8(1-a)", where & 18 the secondary elestron emission eocefficient necessary to
overcome losses dwe to electron removel from the discharge reglon and whegre &
represents the small fraction of electrons whieh a.r? Jost by falling out of
phasg. Sin¢e m i proportional to time, the electron multipiication increages
exponentjally with time wntil ether effects such as space charge begin to Mmit
and stabillze the process. -

One should realize that multiplication does not requlre the optimum energy
e¢ondition to be satisfied. The discharge cé.n occur over a fairly broad region
of field strengths a;nd frequencies. For any one frequency, multiplication s
possible in a ﬁounded region between two values of field strength corresponding

0 too little gor to® much acceleration of the electrons to maintaim the proper

phase relations.



b

As the multiplication c¢continues, space charge effects of the electrons
become important and cannot be neglected any longer. In this and the next )
paragraph we assume that the effects ¢f any positive charges which might have
been ereated by ionization of the residual gas molecules are negligible. Elege
tron space charge effects then begin $9 limit and stabilize the distharge. The
electrons already emitted from an end surface tend to prevent the emission of
other electrons. Also, during transit the Coulomb repulsion of the electrons
tends to spread the electrons in all directions. Such repulsive forc.es may
either remove electrons from the discharge region or cause those in the reglon
10 become out of synchronism with the applied field, . .

In the stable operating ecndition the fully developed discharge may be

considered as a sheet of electrons moving back and forth between the end sur-

" fages 1n synchronism with the appiled field. The electron sheet 18 reconstitue

ted by the sesondary electrons &t each impact with the end surfaces. The energy
aequired during each transit is Qissipated uﬁon impact and the excess energy
ab&ve that required to profuce the secondary electrons then appears as heat in
the end surfaces. This last characteristic is desirable for high power &pplie
cations.

If the current density in the device 1s Increased further by the applicae
tion of a greater fleld strength, the 4ischarge may or may not cease. The pos-
sibility of extinction depends upon the electrode placement and pressure.
Firstly, both for the electrodeless discharge and for the internal electrode
discharge, the disruptive effects of elegctron space charge will eventually ex-

tinguish the developéd discharge when the pressure 1s less than about 1of“ o Hg

" ond when d is & few centimeters. Presumably, the positive’ion accumulation 38

of no consequence under such conditions, Secondiy, with 10-2 >p> lO.h o He,

the developed electrodeless discharge can be extinguished. It 4s beljeved that
in this range of pressures the positive jon accumulation influenees the behaviQr

&P the electrons. The diseharge mechantsm is 0o longer the synchronoug o
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secpndary electron emis;ion proéess described briefly above.

In order to explain the latter observations, we must not only exam-
ine the discharge mechanism %hen the electron space charge becomes appre-
cigble, byt alsp when the wall gharge and the accumulated positdve ion
s;;ace charge, vhich x‘eAsults from lonization of the residual gas, are large
enough to affect .the elegtron motlion.Even though the ionlzatien rate 1s
very low, positive lon spage charges can become important. The positive
fons move much more slowly than the electrons and the rate of de-ioniza-
tion 4s very smail. Hence,. the fons can readily agewmilate to form large
gpace charges aud to produce effeets far out-gr proportion to the smald
nugber ereated per electron.

Many anthors have presented a Quantitative dsseription of the ¢nitial
breakdown mechanism which is applicadle for both electrade ceafigurations
wvith @ & few centimaters end p < 1.0'a Zm Hgl's. For completeness, ve ine
clude the theory a8 A7~ m‘.ii A. At this poi.u‘. the reader should familie

arize himself with dn. i the above refersnces or Aprendix A.
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We tow construct & molel vhich gan agcount foe the extinction of the dige
charge vhen positive jon space chayges a.nd wall charges are nob important. 4
self~gonsistent field approxfmation 2s developeds The effect of the shuttling
electron sheet 28 replaced By an effectivae pote.ntial. The motiont Of an average
representative elec_f.z'on of the shee? under the influyence of this effective potene
tia.l is then examine@. Although this treatmens is 508 as rigorous a8 a treatmend
based on the &istribution function I does have the perit of suggesting &n explana-
tion of the discharge cxmt'ion.
We wlew the dlscharge 28 aa eleotron cheat having en spproximate wilth
23 << d and a uniform ¢harge density p, whioh moves with & pbase & betwean tvo
planes. The x = @ Plane I8 et zoro potentlal whila the 2 » d plane has the epplied
elternating potential vo sin @ t. Ibe effective potential in the region between
the tvo planes is desired. Since A >» 4, this boundary vaiue problem can be
solved for the electyrostatis case at & given instant of time. The sinusoldelly
varying Quantities are then Imeluded ip the derived expressions in oxder to Jage

cribe the motion of & representative alectren.

The solution o the following Boundary value problem &8 desired:
(Refex to Fige 1). f 0,0<x<{p-a) + I
vy = %a(P‘a)<z<(p+a) : 11

0, (pte) €x <4 ¢ IIT

The bowndagry eonditlons are:

v{0) = ¢, Q) = Vi

V{pea) = V  (pea), Viy (p+a) @ Vepp(pra)s and

av av. av. av.
I I; IY 1Y
&Y & i Taw * "= .

wn(p-a) x=(pea) |i=(p+a) x={p+a)
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The general solutions for the respective regions aree®

VI = bx @ C;

V. " ex2 +fR + g, and
LI ?
VIII = hx« )

Substituting the above general solutions into the boundary conditions and then

eolviag the resulting set of simultaneous equations, we obtalas

potealpd) +V, o .

d
. . e [ & p-2(p+a)d] + V¥
B=é=%f- a :g)g"(p'a)a‘
4 gap + v,

h - -—-—T-.— ’ J = 4 eap’
vheze € is the permitivity of the vacwum, n 48 the gumber of electrons per uwnib
volums 4n the sheet, &nd ¢ 48 the eleotronic chargse The potential betveen % = O
end % = @ 18 ‘then given by:

v %
S Getdee g,

VT
V.. = P2 42,02 [2n e (pra) &) x +m(.,)2.!°.f.
b 2¢ ] a 2 \P a ’
v x
2nq ggx-dz [}
Vgrr = S 2 Ta e Y i

The tine varying quantities sre now ineleded for completeness; that is, ?o sin® %
replaces V, end a ¢ (a-2a) sin (wt + 4) replaces p. The effecotive slsotris fisld
B = «(aV/2x) which en individual elegtren experiencesbas the form:

En
E . ._2ngp V .

138 6¢d To »
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The motion of an electron acted on by this effective field is given by the
equation mtdax/dta) = @ E, where the initlal conditions are that e 0 and {axfat)
. v a%w *']. = ol. Ve dntroduce the £0llowing yelationss

te 0t 2w (1), 5w (sfa),

2 Y. q
am S~ mape S
®ne 4

and thea the equations of motion becomes

%, = -Betnt-2ab {(5:1) + (1-25) sta (v ¢)]

o0

£q = Bointe0z -0 (s-2) - (2-28)2 s1n (s + o))

Z
1
The adove differential equations are solved by the method of undetermined coefs

= offgint-206 [5+ (1-25) g1 (3 » 0.))

ficients. The results are:
’ 2
21 = -Asinr-Bcosr-r-c—;- +icer,

Zy = 8 sinVE e Ucos V2 ¢

+G1'—l’ (D sin s+ & cos ?)+g-,

(o
R
"In - _-Asint-aeoot-or-?-pvvon,

‘flel'ﬁ
&a-[pe 20D (2:25) con §)
Ba -208 (1-25) st §
C e o208 (841)
D = + {of125)% cos ¢ - B)
£ = + e(2-28)° 1n ¢

F..z@a



The constants I, S,‘ U, .v, and W ;re determined by the £ollowing conditionss
O g=0 g (f) e ey - nft),
and z.a.na. (az/ax) ave to e continuous across the planes x = (p-a) and x = (p+a),
if the payameters are such tha% the electron can move from one yegion tg another.
The quantity vy is the emission veloclity of & secondary electron leaving
the plane z @ O at the ﬂ.me *l" If the treatment were to De made closer to yeality,
4% would be pecessary {0 taks inte accomnt the emission velocity distributiom,.
However, &gsuming all secondaries 10 be emitied with the game velosity vz 4s not
a eericus dafeot when one considers that our electzon sheet of uniform density o
oaly crudely approximates ths physical syst.em. .
The agtual determinatiop of the a‘bow constantas i8 a foxmldsble task singe
one has €0 examine diffeyent eagess nangly, vbethe® or ot the alectron remains
in a given region. We shall not attempt this here, but shall marely Indicate in
prineiple the approach 6ne uses to descride the dischargs. The equations ef motion
must satlsfy four requirements 4f the &ischarge is to be sustalned. Firstly, when
£ = 1, the elapsed traneit tine shoudd be.ls or %, = ¢y + Lr, where Ja 1, 3, 5,
..... Segondly, the bresenco of the walls pust be- taken into accowube This means
at for §y S$Sfy ¢ L5 5 must Ye in the dnterval 0 £z € 1. Thivdly, the
phase must be stable, that 4s, if the w_roltage is such that at seme phase 41 the
electazons bave txansit angles A1ty then electrons having slightly different initial
phases ¢, + &9, shonld eventually converge to phases of $yo If this were not the
ease, the ddscharge would uot be stadle. Fourthly, it is essential that an elege
wren errdving &t an end surface mist have gained sufficient energy during the trxansit
t0 ereats, ¢n the average, 8% leasd one seeondary electyon., Whena these four cone
dftions eve taken iagto account, 4% 4s posslble to estimate @ver what ranges of
'o Por & given w a dfscharge ean bs maintalned.

$ven though & quantitatfve description of the developgd disechagge 28 pot
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veadily avialable from this model, the model does however ‘suggesh & mechanism which

_ accounts for the extinction of a discharge when the pressure is such that any resi-

dual molecules or ions have no appreciable effect ou the electron motione The
n;otion of an electron 2n region II is the superpositien of ¢wo characteristic
motfonsg namely, one component having the frequency Y3 ® and the other couponent
having the frequency @. The amplitude 'of the w cemponend &8 proportienal o
(afa-1). ®his modedl thea predfcts a’critical econlditicn. A8 @ approaches wmity,
the amplitule of electyon mation increases vwithout 1imit. Eence, the molel indie
éates that Vhenever @ ® 1, the electzons can no loage? remain together 4n a shest
wvith a €{d end vith ths correct phase . Xven though this infinite smplitule
prediction is @ result of the simplifying essumptions malds in formulating the wathee
gaties of the prodlem, it doss mean that the pxem thgory is inadequate for
G 1 and that other modes of electron motion, shiich sre not capatidle vith the
maintenance of a phase depenlent dischargs, beccme excited.

The quantity & 1s given by:

(08%u%c) » (ep/a)® = @,
vhere % 1s the plassa frequency. If G exceeds unity, the spplied elestris ficld
caly partially pene_trates the reglon. The above phenomena then suggest an explang-
tion of the dlschaxge extinction. The frequevcy @ is comsidered ¢o be fixed. Fow,
&8 the epplied olectric fi0ld inoresscs, the elgetren densitiy n also intreuses in
ordar for the deviees to hanflc the greaster pove? requivement. Then for some value
of 8, n can be such that @~ 1. Other zodas of clegtren excitatian M cause
the sheet €6 decome wnstable than occur Thase moldes dsstToy the reglon of greatar
Gharge density moving in eyachropdien with thse appiled £10l2 ard therddy brzﬁg aBouf,
the osssation of the €lschargs.



III. DISCHARGE STAGES H

The discharge mechanism becomes more complicated when the wall charge ax;d
the accumulated positive ion space charge are sufficlent to affect the electron
motione G&. Frantis has ¢onsidered this problem and the following qualitative dis-
cussion 4s based upon his gresentationlo

Threo dif:.t‘erent physical processes may occur during the history of a dlse
charge. The First stage ¢f discharge grol.rbh, which hag already deen mentioned, 1s
governed by secondary electron emission at the end gurfaces ead Ingreases exponene
tially with time. The second stage ¢f d2scharge growth occurs shiea the positive
don space charge becomes safficient to influence the elestron motion. 7This second
stags does not .always necessarily bave ¢0 exist. At very low preasutes (< 104
wm Hg) the aelf-repulsipn et'ihs.llect!ans-tecomel & doninant factor before & large
number of ions have been produced.. During every transit, each slectron bas & Cere
‘tain probability of ionizing @ gas molecule. This prodability depends on the
Pressure, the nature of the gas, and the electron energy. The probability is
gree.t".est vhen the electron energy is greatest. %be resulting distritution of icus
in space is found to have @ maxfimmm at the center ¢f the &ischarge reglon. %he cone
centration ¢f fons at the ¢enter 48 ¢f the order two times that at the walls,
flence, for simplicity iy. ecaloulations, cne can assume & wmiform distridtution. These
dons can be regarded as staticnary since the elegtron shaet makas many traversals
&uring the 4ime required for an icn to move a distance of the order 4. Therefore,
a posittva ton space charge accumulates in the eénter o tﬁo discharge reglon and
attracts 1ndividual eleetrons tewards this genter region. The result is that the
speed of the electron leaving en end surface Increases and henee the fonizatioz
rate increcases; while the elagtion arrival speed at the opposite end surfaes dse
Creases and hence the sagondary emisslon decreases .. During this stage, Yoth ionle
zatiea and gacondary emlssions&® of equal 1mpoftaﬂce in the production of new

electrons.
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Finally, the electrons originally produced by secondary emissfon are iost

o the end surfaces whenever their arrival speed s such that 3 is less than one
and are yeplaced by electrons produced by ionizatlone The latter elegtrans Shen
execuate forced oscillation /2 radians ogt of phase vith the applied £ield abous
the ¢entral positive space charge, as an electron 4n t'ree epacs does. The elecs:
tran :8eet now moves with an eamplitule somevhat lees than & The gheet width ine
- cregsé8 8lovly by self repulsion and electro;ns ave depogited on the end swfaces

~ 8% the sams rate as they are produced by fonlzation. This third stage 1is possidle
' only vhen the pressure 4s grester than ebowt 10™* mm Hg asd vhen the end surfaces
are of Ieuch & nature that 4 strong negative wall charge ean éevelop.

&4t pregsures less than about 10'!‘ mm Hg, the Lon space ebargs density is
not enough to control the elsctron 0ssillation. The gbove theory then predicts
shy an {noreasing £iold will extinguish the internal eleectrode diséparge byt will
ot c:tinm the elestroldeless discharge for the pressure rangs lO'h mn Yg to
10'2 ma gg. The strong negative end surface charge that develops in the electrode-
less discharge adds the fon space eharge 4n decreasing the gmplitude oscillatlon
of the electron ghect. This prevents the further loss of elettrons paeduced by
fonization to the end gwrfaces. But, slectrons swept ¢nto the petal electrodes
of the internal eonfiguration @5 pot give rise to strong fields, The electron
amplitude oseillation is thereby mot diminished sufflofently to prevent the fure
ther electzon loss. Hence, all electrons will eventually Be remgved from the
Teglon and the developed dnternal elegtrode dlscharge willk ee&se;
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JIV. POSITIVE JON DISTRIBUTION FOR THE STABLE DISCHARGE =
Tt fs useful to® examine the potential distribution vwhich arises from the
positive 1ion space charge and to derive a relation between this potential and the: -
electron sheet density. If a discharge &s to be stabllized by the positive ion
space charge, the space charge should ot vary with time, For simplicity, we
assume that the positive spate €harge density p"' 4s wniform in the region
/x/ <.(a/2) and that the posttive ions are belng created at the constant rate
v, 1, vhere vi is the number of positive jons cyeated pex second per electron.
The Juetification of this last assumption 48 tha{ the elegtron sheet moves orders
of megnitude faster than the ions move. The emly loss process for the case at hand
is the loss of ions to the wvessel walls. Apy $o3 produced in the disehexge reglon
will eventually mgve toward the valls due to the icn sélf—tepulsun. Hence, we
seek the potentlal dlstrfbutlon vhich satisfies the eonditlon that the mmber of
ions created equals the number lost t® the walls.
Refexring to Fig. 3, we eee that stability dmposes the ecndition that
Ad3mgq v, nAds, - . (1)

" where A i the eYea ¢f the parallel end sutlasss, end vhere 4 & is the increment

of jon cuxrent density at % = (@f2) vhich originated betwesn s end s + 4 s. "
v 45 the veloeity of the owrzent 4 J et % = (@f2) Just before 4t 48 lost to the
walls, then

vao'= & (2)
vhere dp¥ 18 the cimrge density at x = {2/2) ecmpomed of eharges whigh origlnated

" Datvesn o 8nd s ¢+ ds. Ve algo dave

e
= i% (v{s) = %(¢/2)) v ’ (3)

vhere V(x) ie the patential dve to ions &% 2. Poisson's equation gives us

v .o
0 5

= e, ()
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since we are neéle'cting the electron space charge in this treatment. Combining

the Eqs. (1), (2), (3), and (4] yields -
a

qvinds

2

e fagt = - ﬁ= ) :

i / PR R [ {?-E[v(s)-v(d/a)]
m

Stince p+ is a ¢onstant, the potential is assumed t® be of the form

V:-lea .
This gives us
a/2
Q¥ n -
p+=eBl€= 112 l!nl(?"
2q8B
Py 0
+
m
or
qvin:t 2/3
B = ﬁg (5)
e 2
m

Relation (5) represents a condition whieh must be fulfilled if positive
space eharge accumulation is to be the meghanism by which the discharge is
brought to an equilibrium state fop pressures between 10'2‘ mm Hg and 10‘2 mm Hg.
The iom density should vary approximately as the twoethizds power of the elec-
tron density In the sheet. Héweﬁer, one must keep 4n mind the unsophisticated
manner in whigh the relation was depived. At best, it will probably give only
order of magnitude agreement with experiment. Nevertheless, it does predict
that the discharge might be extinguished whenever other processes which prevent

fulfillment @f the relatiam exist.
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V. NUMERICAI, CALCULATIONS

In this section, we present erder of magnitude calculations to show
the plausibility of the statements and assumptions which appear 4n the pre-
vious sections.

Let the distance, d, be one centimeter. Then the requirements
A>>d and the desirability of operating in the propes part of the breakdown
region, which is obtained from w versus (Vold) plots, dictate that A
should be of the order 200d. We shall assume A0 em or fe 2—3 - loacps.
The discgssion wil) be limited to the X =l gode fLor v.hich the 3alf period
is 5 x 10”7 se¢. The average velocity of the electson gheet is
(1 cm/5x10'7 se¢) or 2x108 cm/set. This ¢orrespends to a3 average energy
of llev. The secondaries are emitted with energleg of the order S eov to
10 ev and the impagt energies which are necessary im ovder that & bte
greater than unity are of the order of 100 ey for most substances.

The mean {ree path of an 100 ev glectron 4n afy is )L. L ) (llm’cll
vhere P is given in mm Hg. Alse, for a 9 ev or 10 ev electron the mean free
path 18 A 2 (1/40p)cm. Hence, for pressures less than lo'e m3 Bg the cone
@1tion A 3> d 1s eatisfied. There are 3.5!.31016 (molecules/en®) for each
em Hg of residual gas presswre at 0°C. Tnerefore the mumber of residuzl gas
moleeules per cubic centimeter et & pressure p and tempeiatm‘e T 4o
3.54x10% ( 2%2 Jp.

The plasma frequency is rp- (apleu)=8.98021034/n— eps. The condition
that @ %1 eotresponds to an electron density of the ordew 108 (eleetrons/
cma): Sueh eleetron densities ere easily obtainabdle in most @ischarges.

The positive ions havé thermal energies of the ordey k7T ”3.76810.uergs
or &353&10'2 ev. . This edergy corxesponds to & velocity of adbout (2.12[211 2)
x105 em/sec where Z 18 the moleculap wedght. Hence, the fons fndeed mowe

mu¢h more glowly than the electron sheet moves.
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In order to evaluste B, we as'sum# that the residual gas is air. We
have v, =P Pi v vhere p is the pre;ésure in mm Hg. Pi is the number of
ions produced by one electron per ce+tim'eter of path at a pressure of one
mm Hg and where v is the electron vel¢city in (cm/sec). From da.tas, we
see that an 100 ev electron yields a P1w7 for N,, 02, NO, and co. Air

is composed mainly of N2 and 02 and hé‘g.s an effective molecular weight of

29. Substituting these numbers into ﬁq. (5) and being particularly cautious

in the use of units, we find

B, = .81(pn)2/3 (volts/cm3),
where n is the number of electrons in the sheet per cubic centimetes and
'wixe:e P is the pressure in mm Hg. When p = !.0.3 mm Hg and n » 106 (elee-
tron/.i;m3)' , the maximum potential lv |= ‘Bl da! due tg positive ions is
81 volts. Indeed, one certainly expects an 81 volt potential to &nfluence
the motion of 9 ev to 100 -ev electrons.

From this value of B, ve can state the aumber of ﬁositiVe 19ns per

cubic centimeter'n'*, namely,

2B )
n" - '§+ B ; - 8.93 x 10 (pn)?/¥ {soma/en3.) {6)

The ratio (n+/n) = 8.93 x 107 (p/nl/2)2/3.‘

When p = 103 m Hg and n = 106 electran/cms, the ratge {n'/n) = 89.3.
Therefore, we see that the positive ton density can Be larger thap the
electron sheet for the above p and n values, Also, obséﬂe ¢hat thege are

about 1013 molecules per cubic centimeter ¢f residusl gas. Heénce, @nly an

extremely small fraction of the gas is ionized. But this small fraction



must be considered when investigating the discharge process.

The pressure at which the positive ion accumulation begins to influ-
ence appreciably the eleqtron motion will now be calculateds The growth
of the discharge may be ;:hecked by either the self-repulsion and dephase
ing of the electrons or by the p.ositive ion space charge. The pressure
and the applied frequency are crucial quantities in determining which of
these $wo processes occur's. first. The treatment p’resented. in section II
ignores the phase distribution and becomes invalid when the self-repulsion
of the electron layer causes it t0 spread along the length of the vessel.
Then motion in this case resembles a plasma oscillation. The condition
@ % ) gives us the maximum possible n which vill sustain a discharge.
However, tﬁe dephasing properties due to the distribution in phase ¢
‘mos% likely occures before & = 1. Let the value of Q be u, where p <1
vhen the discharge ceases due to self-repulsion and dephasing of the eleg~
trons in the shuttling sheet. ' Then the maximum permissible n before ex-

tinction takes place due to the first process is given by

n < nm_:e) P i 33 {electrons/cm]) (7)
q (8.98 x 10°)

¥rom Figures 8 and 9 of reference 1, we have that the positive ions
begin t6 affeet the motion of the electrons when (k/f)2 ~ .2, vhere
¥ . n+q2/m € is the natural frequency of oscillation of the electron
sheet under the influence of the ions alone. The quantity m is the elec-
tron mass. This is the point where the natural frequency k of the elec-
trons os¢illating &n a uniform positive space charge becomes comparabls
with the applied frequency f. Combining the above condition with the sta.-‘

bility relation (6), we determine the desired pressure for a given
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frequency f above which ions are important. We write

k= .8.98 X 103 n' cps,
‘and 1".he.n ha.ve "
K2 = -2 £°,
or \}rhgn .

+ .2 fa
n = 3
(8.98 x 10°)

5 (:l.ons/cm3)

the ions influence the electronis motion. We substitute this into the

stability relation (6) and solve for pn. This gives us

22

pn = 1.%7 x 10~ £3.

Using the inequality (7), we obtain the pressure above which positive

dons must bYe considered 4n the discharge mechanism; namely, whenever

) -22 8 3%

This inequality (8) 4ndicates that experiments performed In such a manner
that (p/\) and pd) have the same respective values should yield similar
results. Fraom inequality (8), the critical pressure for transition from
a self-repulsion checked discharge to a positive space gharge checked dis-

charge is directly proportional to £ = (c/A) and the pressure is also
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proportional to (l/he). Now, in order for the discharge to occur at all

we must have A, >>d and we thereby arbitrarily state that Ao (large
number) d. Therefore, p is also related to d through the mean free path

condition. Herce, discharges with the same (p/A) and (p @) vill behave
similarly.
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VI. CONCLUSION

The high frequency, low pressure discharge of the type discussed in
this paper is not readily amenable to being used as a high power micro-
wave s{ritching device. PFirstly, we note in Section II and V that the

electron density of the sheet is limited by the condition @ < 1 under

all operation conditionse. This condition restricts n to be less than

(m wa e/qe). For frequencies of the order 108 c.p.s. this means. that n
must be less than 108 (eleetrons/cm3 )e High paver applications i'equire
electron densities whichk are generally greater than 10%° (electrons/cm3) .
Stability conditions also prohidit the p;‘esence of such high electron
densities. o

The starting of the discharge depends on a chance electron being at
the right place in a suiteble phase ¢ with the applied field. Due to
these requirements, the discha.rge §s not Yikely to begin at the same ine
stant of time after the application of each transmission pulse. These
starting time fluctuations are reduced by providing a source of electrons.
This is accomplished by $)luminating the vessel with ultraviolet light or
by reducng the time interval between transmission pulses, so that a few
electryons from the previous @ischarge are still pr.esent to Initiate the
nexﬁ one,

The time requiyed for the discharge to develop and pass through the
various stages of growth depends upon the applied field amplitude, the
phase ¢, and the number of initial electrons having the phase ¢ and 1s
thereby not readily controlled by external means. The usual development
time ¢8 of the order ©f tens of v-f cycles.

Another difficulty is brought to mind when one examines the excltge

tion lewels of the dischargej especially, in those applteations wheve the
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amplitude of the applied signal may increase to such a value with time

that the discharge parameters v and w pass through the permissible dis-
charge region into the extinction region. Extinction of the discha.rge in
a branched duplexer during the final portions of the tranission pulse
would severely damage the receiver, would reflect energy back to the trans-
mitter and thereby produce arcing, and would deliver very little energy to
the.antenna. All the above effects are undesirable.

Tlvxe recovery time for the discharge is very short, or the order of a
few r-f cycles, when compared with the recovery time for a gaseous dis- .
charge. Any remaining electrons in the gap after the applied signal ceases
will be quickly lost to the walls. This discharge device should also have
a very long life, compared to the conventional gas device. Since operating
conditions can be made so that essent?ally no ions are present, the prob-
lem of gas ¢lean up and sputtering does not plague the designer. Finally,
the eooling of the device can Ye easily accomplished for only the electrodes

are heated in the internal electrode discharge.
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APPENDIX A
THEORY FOR INITIAL DISCHARGE BREAKDOWN

Consider two parallel opposed surfaces which aré a distance d apart

and between which an effective field, (Vo/d) sinw t, appears.7'l° The

equation of motion of a representative electron under the influence of

this field is.

2 qV
m d’a‘ = o-a—g sinw t. (A1)
dat
Vhen we introduce the parameters
2 .2

swwt, 2=(x/d), and B = (Vo q/m 0° &%),
Eq. (A1) becomes

:ﬁzé- = B sin 7. (a2)

dz

\

The boundayy conditions are that at 7= <

(e}

where Vi is the emission velocity of a secondary electron leaving the plane

Z = 0at time 5 = 1 . The desired solution of Eq. (A2) is then given by

S1&

=ﬁ(cos-r°-cos'r)+ v

(A3)
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and

z=81[ ('r—'ro) cos T_ - (sin t - sin 'ro)] + 7(1’-1’0), (ak)

The distribution of emissidén velocities will be neglected.

We now apply the discherge breakdown conditions. When Z = }, the

transit time should be /(n or T,=T  + /n vwhere .( I, 3 9 ... Solving
Eq. (A4) for B, we obtain

B = l-/srr

h . (A5)
X COs 1°+2 sin ‘o

as the first kinematie eondition for breskdowa to ceeur. ¥g. (A5) repre-
sents a negessary, but not a sufficlent, condition.

The next condition is that when T < 38 A * T 2 must be in the
interval 0 <Z < 1. The condition Z > O can be examined by considering

the Mmiting case of (dz/d7) >0 at %2 = 0. This will eccur at some value
T = 12. We then have

0 =B (cos T, = cos 1-2) + 7,

and

O0=p8 (1’2-10) cos T_ - (sin 1,-8in ro) + 7 (1-2. - ro).
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In principle » Tp can be eliminated from these equations to yield a rela-

tion between (7/B) and 1, The quantity 7  that sppears in the resulting

m—mmmﬁﬂ@ﬁ}\ i il

expression is the maximum negative phase angle that will allow an electron

to leave the surface Z = 1 against the retarding electric field 'for a given

(7/8). .The elimination can be done gra.phically.(6)

The condition that Z <1 is equivalent to g—% >0at 1 =1 +x and

from Eq. (A3) we obtain

2 cos 1 > - (7/8). (46)

If an electron leaves at time T and arrives at time %= ‘r° + ,/ n
and if an electron starting at =T + 13 arrives at time T, = ‘o 0/ T+
"h , then phase stability (1.e., eventual convérgence of the electron phase

to 10) requires that /Th/ </ T / or
/'ra.- 'rl/ </,'rs‘f'r° /-
Therefore, stability imposes the' requirement thag
dt '
1
/dT°/</at T = 'ro+/1r.

From Eq. (A4) we have

1=8 [(1l - To) cos T - {sin 1, = sin 'ro) 1+ 7(11 . To).
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Differentiating with respect to T and then setting U

e
find

_d_Tl_ . /ﬂtﬂsin‘ro-c-y
d'ro' y + 28 cos T

The stability condition that ld‘rl/d-ro | < 1 then yields

Vﬂ B sin Ty

2

<|2Bcos To

fA7)

Finally, the fmpéect energy I, must be such that & is greater than

unity. This gives us that £ < I, < I, vhere 5 > 1 for the interval
};o <& < Zl. The ifipact energy is given by

&
Coe .
2 7V ‘ |

Q “ 2 < . .
i = 2B (25 COBA'T° + 7) )"'

e
W

vhere B satisfies Eq. (A5).

It is useful. to ili@maliize energies to ‘the '

energy q Vo. We write ' o
(3
v (1/2).m v12 2 @
—— —————— - Z— 6
Vo - q yo T EB o’

and : ‘

v
v—i = (2 cos 1 +1)2
o 4 o

(48)
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From Eq. (A5) we have

1-8 (fx cos T, + 2 sin 'ro)
7= /ﬂ » (A9)

and upon substituting Eq. (A9) into Eq. (AB) we see that

Vi | 2P cos 1 2
QO +1

1 2
e ];t- - {cos To +7; sin To}s

The condition & > 1 then yields the final restriction on B, namely,

zO vi zi
T <T <y (A10)
e e e

Eqs. (A5), (A6), (A7), and (A10) are the conditions which B must ful
£111. Hence, the values of B and To over which a discharge should break

down may be obtained theoretically from this simplified model.(l’ 5,6)



=
i

-

o i ot 4] ]

e gy T

SEpr R

2T
APPENDIX B

In this ‘appendix we indicate the formalism of a more sophisticated
approach to the discharge phenomena. A method for obtaining the gross

electrical properties is outlined.

The electron distribution function f£(r, v, t) satisfies Boltzmann's

equation; namely,
af+v Ve+a. ¢ f =2 C(fF).
T =" -8 = 3 13

The quantity f(r, v, t) 4 r 4 v is the probable number of electrons in

volume d r about r having velocities in the range v and v + d v at time 7.

- The spatial gradient is ‘Z_S and the velocity gradient is Zv The quan-

tity a (t) is the acceleration due to external forces. For our problem
we assume a arises from the Lorentz force of a microwave electric field,

that is,
a (t) = (a/m) E sin ot.

The rf magnetic field is taken to be negligible and E is constant in space.
The quantity C(f FJ) denotes the rate of change in f(r, v, t) as & result
of collisions with particles of type J having a distribution F 3 The sum

}.'.JC,(f FJ) can be written as

of
coll. = EC(EF,)=C(ff) +ZCHF,)+LZLC(£F_).
l:&] J J ions neutrals L

If we assume only binary collisions are of importance, then C(f F J) is

given by
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c(f FJ) = f' _/; W o, (w,¥) £(v') Fj(z')‘drd3 LA

'.];, fr Woy (w v) £(y) Fy(V) ar a3 v.

The primes denote quantities after scattering. The quantity W= /v'-v /
is the relative speed. The differential cross-section for elastic scat-
tering of the electron through an angle ¥ in the center of mass system is

UJ(‘”; v).

This last expression for of /ot cannot be simplified further.

coll.}
However, for certain types of externgl fields and for certain interactions,

it has the form

3 £(x,¥) - £,
t

T
coll LY

vhere fo is the equilibrium distribution function and 7 is the relaxation
time. Its significance is that the rate of approach to equilibrium is

(f-fo)t = (f-fo)t=0 e-t/T

The relaxation time is of the same order of megnitude as the time between
collisions, 1/v. The problem is immensely simplified when a relaxation
time T, exists for £ C(f Fi). In addition, we ignore the effect of E

i ions

sin wt on the heavy ions and assume that F, has the general form shown

J
in Figure 4 subject to the relation (5).

The next task before us is to incorporate the crucial secondary elec-
tron emission process into the formalism. As a first order approximation,

one would expect from the previous work that the distribution function
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£(r,v,t) to ke 8s=s shom in Figire 5. One might examine this part of
the problem Y placic—xyg condit 1ons on £(o,v,¢/w) and £(4d,yv, 0l/a>) in such

& manner that the physmgsics of the process ie represented properly.
The conittivitymsy i & phencmenological constant tensor relating the

current to tpelectrme—ic field; namely,

where

Jiaq/ vif(I,t) dv.
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