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I.  IWTRODUCTIOH 

Many studies both theoretical and experimental, have been conducted on 

the high frequency, low pressure discharge. The initial electron multiplica- 

tion mechanism for this type of discharge is secondary electron emission from 

the end surfaces of the discharge vessel and a proper phase relation between 

the applied alternating electric field and the electron 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- 

cro>ra.ve switching devices. The discharge produced by an internal electrode 

configuration has a promising property for high power applications. All the 

high frequency power absorbed 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 a 

high 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, 5, greater 

than one in order for a discharge 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 placed inside the discharge 
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vessel or outside the discharge vessel. In the former configuration, the end 

surfaces are conductors. The latter configuration is often referred to as the 

electrodeless discharge in which the non-conducting, parallel plane walls of 

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 of the electrons, \ , and the frequency, 1/% with which the electrons 

collide with the gas molecules are all inter-dependent quantities. The electrla 

field is given by E = E sin ait = E sin 2 « ft =. E. sin 2 ^r */ «here X is the o 0 o \ 
wavelength and c is the velocity of light.    It is assumed that \ Is nnieh greater 

than the dimensions of the vessel.    This permits 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 S is A and the repre« 

sentative distance perpendicular to S and denoting the extent (width) of the ves- 

sel is r.    The parameters are chosen euch that K 9&d. Jw »rt f»«', and 3l»d. 
e    e 

Under this choice of iaitial eeadltlons the electrons collide vith the Vails Of 

the discharge vessel much more freqjieBtljr than they collide with the residual 

gas molecules, Vhe \>a.9t<: mechanism which produces breakdown will then be second- 

ary electron emission from the end sarfaces. For d and r of the order of centi« 

meters, the pressure stould be lee« than 10  xam Hg in order ffer the requirement 

ke » d to be satisfied. 

Let us now ttirn to a qualitativ© Äe script ion of the discharge phenomenon. 

During the initial growth of the discharge, the space charge effects due to elec- 

trons are negligible, since the curreat density will be small. For xmiltiplica- 

tion to occur, two condition» must be satisfied simultaneously, flamely, the 

electron transit time should t)e {-fnf»),  where //=!, 3, 5».-.. The mode Of short« 

est transit time, namely, /• 1, wiii be considered at this point for simplicity. 

In this way, the secondary eiectröBs teeome primary electrons for tfce 

i 
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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 they ar- 

rive at the end surface must te such that 6 > 1. Also for multiplication to 

continue both the total number of electrons and their distribution in phase 

must be maintained. In order to allotf for losses, & must be greater then one 

In practice« The losses ara.mainly Aue to the angular distribution of the 

emitted electrons and to the reflection with almost «ndlminlshed speed of some 

Of the primaries. The first loss tends to remove electrons from the discharge 

region and the second loss, vhich brings about excessive speed, may Cause tba 

electrons to become out of resonance with the field. 

Under optimum conditions, vhere the electron arrival energy !• & piaxlmUQ, 

th» electron must be In phase vith the field. Thus an electron crossing the 

gap from one end surface should arrive at the other end surface and release t> 

Seeondary olectrons just as the field passed through zero. The roversed elec- 

tric field accelerates the 5 secondary electrons back to the first end surface. 

The process repeats and after m traversals of the gap, there will be ideally 5 

m electrons in the gap. However, the effective multiplication la given by 

&(l-a)m, where 6 le the secondary electron emission coefficient necessary to 

overcome losses due to electron removel from the discharge region and vhere a 

represents the small fraction of electrons «hieh are lost by falling out of 

phase. Since m is proportional to time, the electron multiplication increases 

exponentially with time until other effects such as space charge begin to limit 

and stabilise tthe process. 

One should realize that multiplication does not require the optimum energy 

«ondition to be satisfied. The discharge can occur over a fairly broad region 

of field strengths and frequencies. For any one frequency, multiplication Is 

possible in a bounded region between two values of field strength corresponding 

to too little or too much acceleration of the electrons to maintain the proper 

phase relations. 
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As the multiplication continues, space charge effects of the electrons 

become important and cannot he neglected any longer. In this and the jiext 

paragraph we assume that the effects ©f any positive charges which might have 

been created hy ionization of the residual gas molecules are negligible. Elep« 

tron space charge effects then begin to llmi-U and stabilize the discharge. Tb» 

electrons already emitted from an end surface tend to prevent the emission of 

other electrons. Also, daring transit the Coulomb repulsion of the electron« 

tends to spread tbe electrons In all directions, ßuch repulsive forces may 

«ither remove electrons from the discharge region or cause those In th« region 

to become out of syncbronisn vith the applied field. 

In the stable operating condition the fally developed discharge may be 

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

faces in synchronism vith the applied field. The electron sheet Is reconstitu- 

ted ty the secondary electrons at each impact vith t!w end surfaces. The energy 

acquired during each transit is dissipated upon Impact and the excess energy 

shove that required to produce the secondary electrons then appears as heat la 

the end surfaces. This last characteristic is desirable for high power appli- 

cations. 

If the current density in the device is increased further by the applica- 

tion of a greater field strength, the discharge may or may not cease. Ihe 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 electron space charge will eventually «t- 

tinguish the developed discharge when the pressure Is less than about 10  an Hg 

end vhen d is a few centimeters. Presumably, the positive ion accumulation IS 

-2     -h 
Of BO consequence under such conditions. Secondly, with 10  >p> 10  mm Sg» 

the developed electrodeless discharge can be extinguished. It Is believed that 

in this range of pressures the positive ion accumulation influences the behavior 

Of the electrons. The disCharge mechanism is to longer the synehronouB      o 



secondary electron emission ^process described briefly above, 

Irt order to ejcplaln the latter observations, we must not only exam- 

ine the discharge mechanism vhen the electron space charge becomes appre- 

clable, but also when the «all charge and the accumulated positive ion 

space charge^ «blch results from lonization of the residual, gas, are large 

enough to affect the electron inotlOn,|?ven though the ionizatJon rate Is 

very low, positiv« Ion epaea charges can become Important. The positive 

leas move much more slowly than the electrons and the rate of de-loniza- 

tion is very email. Henco, the Ions «an readily aacwnal&te to forzQ large 

etpacs charges and to produce effects far out-of proportion to the small 

mriber created per electron* 

Wany authors have presenteft a qpaatitatlve description of the Initial 

breakdown meotenisa which Is appllcahle for toth electrode coaflguratione 

vith 4 a fev centimeters end p < 10 mm Hgr . Vor completeness^ ve in- 

clude the theory ae AvT^'Hs A. At this point» the reader sbeu3A ffemill« 

arise himself vlth 3ziu i£ the ahore refereaees or Appendix A> 



€«•    ' It. J3BSCR1P2101T OF EXTINCTION 

We fcotf construct a model Vhlch «an account fo? the extinction of the dig« 

charge vhen positive iott epaca charges and «all charges are not important.'  A 

sel£»consi8tent field approxlniatioa is developed»'  the effect of tha ehotllins 

electron sheet la rejjlaeeä %y a» effective potential«   The motion et «» average 

representative electeoa tt tha sheet toidei* the influence off this ejfectlva poten- 

tial Is then examlneft.   JUt£heu& this tseatmeat Is net as rigorous as a treatment 

based on the distribution fonctloa it dees lave the merit of suggesting an eaplaaa- 

tlon of the discharge exUsstloa* 

We view the discharge at aa elsotvoa e&eet ka-ttetg en approxJjnate width 

2a « d and a uniform «barge densl^r Pt vMeh movee With t, phase ♦ letveea tw» 

pianes.    The x * o plane Is at eexo pctenblal vhila the x « d plane has the applied 

nltetnating potential IL sla • t.   She «fffeetlve potential in the xegioa tetveea ' o 
tbe two planee is «Leaixed.   fiinee K»&, this loundaxy valve pssiblem can be 

flsived for tile electrostatie ease at a given Instant of ttee.   She einnseldally 

varying Quantities are then Inelndel in the derived expresslone la erdetf to dee« 

cribe the motion of a representative eteetren. 

the solution to the £elJ.owlng ^oundasy valne proMem Is desired! 

(Befer to Fig 

V 

• 1). ( 0» 0 < * < (p-a)   r   Z 

▼ "       ■< f * (P-a) < X < Cp+a)    ' 

I 0,  <p+a) <X<d    t    lH 

The bevndarx eenditlons are: 

7(0) = 0, ViÜ = V^ i 

Vjifa) t VjjCp-a), VJJ Cp+a) - VjjjCP+a)! and 

*VI dV. IJ 
dx 

»•(p-a) 

cLV. dV. 

•     "A 
II 

dx 
TTT 

dx 
x?= (p+a> 
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She genet«!, solutions for the respective regions are? 

V-      =     bx ♦ c, 

o VII "     ex   ♦ fX + g, and 

VIII *     ta * J 

6vft>stltutiB5 the above general solutions into the boundary conditions and then 

folviag the resulting sei» of simultaneous equations, we obtalai 

I = I t» aCp-d) + Yo   ^ c = 0. 
d 

t eap ••• V 
1, = ^ , J • 4 cap, 

vhexo c is the pexmitlvlty of the vactmm, n 18 the «uniber Of eleetxoas peg «Bit 

«olnm» la tÄ« sheet» and % li the eteotrenic charg««   She potential l>etweeR x « O 

cnA S • A IS then given Tsyi 

vm ■   €   a   d     +   d 

tbs tlsis varying quantltlSS are now laelttded for completenes»; that Is« 7^ sin c» t 

replaces V  end a ♦ (d*&a) sin (»t 4 $} replaces p.   Th« cffeetlvo elsotrio field 

8 ■ •(dV/Ax) whlöh «a Individual electros experienoeBtas tbo fcm: 

_ gnggE . V 

^o» 
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She motion of an electron acted only this effective field Is given by the 

equation mCd x/dt } ■ 4 Z» vhere the Initial conditions are that X « 0 anS (dx/dt) 

» v. at o> t^ <• ♦« • Ve introduce the following yelatlonsi 

a V   a 
a» 23^ «nap-    * 2 

CD ittS nu>2da 

aad the» Hi« equations of jnotloa become» 

«j » -9 ein T - 8 a & C(^-l) + (1-56) ela (t ♦ ♦)] 

e^j *= .p sin T • (ft - Ct [26 (6-1) » (1>28)8 sin (t ♦ ♦}| 

S  - -0 Bin T - £ 06 (& * (1-2&) sin (t ♦ ♦)! 
XXI 

Th» eitev« differential equations are salved ty the method of endatentttned coef ■ 

Cicieats«   fbe results are: 

SL      «   -A sin T • B cos t + ;^-  ♦ i t ♦ r» 

ZJJ    ■   8 si« Vtt T •*> U cos T^ T 

+ r *7r   (» «la t ♦ K Cos T) + ^ , 

ZJJJ  ■   -A ela t - B eoe t*r^* + v»*lf# 

«ftiera 

A « - (^ •» 2 oA <i-e&) cot f 1 

B « -aC3Ä (1-26) sin | 

c « •soa (&«i) 

D = ♦ ia(i-25)2 cos ^ * PI 

S = + e(l-26)2 «in ^ 
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ttxe constants 1,  S, y, vf and V are determined by the following condltlonst 

Zj (^3 = 0,  [d Zj Cy/cl t] - 7 = (Vj/cod) , 

and 2 and Cdz/dr) are t» Tje continuous across the planes x ■ (p-a) and jc « (p4a)9 

If the paxameters are sucb that the electron can movs from one xeglon to another. 

She quantity v. Is the emission "Velocity of a secondary electron leaving 

the plane z « 0 at the ttma ^»   Xf the treatment ^er« to le mad» close* to reality, 

it wcmld ]» necessary to tabs into aceemt the emission velocity Alstrlbutlea* 

However, assuming all secondaries to be «Bitted vltli the same TalMltj v_ is set 

a ceriMta dofeot vheu one oonsidaBTs that our alectroa sheet of. uoifora density p 

only crBdely approsdmatos tba physical syrtenu 

She aotual detexmSnatlod of tbO «So»» constant» i» a f oxaldahle task siMS 

one has to examine Älffexent easesi saaaly» vbethe» or not tho «Xeetroa remains 

in a given region«   We shall not attempt this herd* bit shall manly Sadieata in 

prineipl« the approach one uses to Aeserlho the Alsehargs.   3bs eqjjatlo«« of motion 

mast.satisfy four requirement Iff thO discbarge is to he sustained.   Firstly, vhen 

t •• 1# the elapsed transit tins should he Zt or T^ ■ (^ + J&t, «here /* 1, 3, 5, 

• •••   Secondly, the preseneo of the «alls anist be taken into account.   This means 

that for ^ < f S ^j ♦  •£>*** "W6* be In the Interval 0 ^ 3 < 1.   Thirdly, the 

phase mast b« stable, that is, if tbs voltage is s\xeh that at some phase 41 the 

Oleetsoos havs transit angles   /*, then «lections having slightly different initial 

pbases ^ ♦ d^j should «ventttaily converge to phases ©f |, •   If this were net the 

ease, the discharge vould j»t bo stable.   Fourthly, it is essential that an elec- 

tro» arriving st an etid surface ttmst have gained sufficient energy during the transit 

te create, on the average, s,t least one seeendary electron«   Vhen these four con» 

Aitlcas StO taken Into aecoont^ .it is possible to estimate over vhat ranges of 

?o for « given CD a discharge «aa be «alntalned. 

Sven though 0 quantitative description of the developsd diseiarge is Dot 
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teadily avialable from this model, the model does however suggest» 6 mechanism vhlch 

accounts for the extinction of a discharge when the pressure is such that any re si« 

dual molecules.or ions have no appreciably effect on the electron motion,   The 

motion of an electron in region JI 1B th« superpositlea o£ t3ro cbaracterlstte 

motions! namely, one eomponent having Vie frequency *fäo teaH th« other Coqponent 

having tha Srequeney «••   3he amplltttda of th« «i eenpOBeal in pVQtotttoaal to 

(a/a-l).   «nils model then predicts a'critical coaflltloc.   A« a apptoaehes nsitsr, 

the amplitufle of electron motion InexeasM vltiraut Umlt.   Jfenc«, tt« VOftel InSl» 

cates that Whenever a *• 1, the elsetsons can a» ioage? vmnaln te£«tbev la a «heo* 

with a «d a»& vltli the correet ptest f •  Sven theu^i t&l« luflztlto aaplltute 

prediction io ft result of tbo •taviitjiog ascumptloes aado la ftasiiilfttiag tho satbo* 

BAttea of tDo proMem, it Aooo meaa tha* tho prevloiai theory it l&aAequato for 

tt M 1 ana that other modas of «leetxoa aotleo, tblOh art not BMgtmt vttH th» 

mainteaaaca of a f hasa dopoBSaat diediarga« l>eeQBO oasltaA« 

Tha Q»atlty a la given ty; 

{af/anus) * (ecp/o) ■ a, 

«here «L la th* plasa» froqj»eaey-   Zf o aaeeeete unity, the ajplieA aleetrio field 

only partially penetrates the region*   She atove phenomena thea suggest an explans- 

Uon of the dlecfcarge axtinetion.   fbe tnqfl&sQr • i« coostaarei to to* fixed.   Fov, 

ea the q^lieA eleetrie flaU Ineraaees, the eleetxea Aenslty a als» ineretiaea la 

acder for the teile» to baaSle the firaater power veqiilremeBt.   Uien for some value 

of 8, a caa be «neh tbat o <• 1.   OtLar aodae of eleatrca eKcitatian >4üyöi causa 

the sheet to tecome tmstatla than oecnr.   Shese tncfle« destroy the region of greater 

Charge density moving la syaehwrisa «1th the appiled tielA itA tberAy tftag about 

the aeesaWoa of tho Atschsrge* 
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III.    DISCHARGE STAGES 

The discharge mechanism becomes more complicated vhen the vail charge and 

the accumulated positive Ion space charge are sufficient to affect the electron 

motion«  6« Txanfils i»3 eondidereä this problem and the following qualitative dis- 

cussion is based upon his presentation • 

Shteft different physical processes ma/ occur daring the history of a die« 

charge.   •Th« first stage of discharge grovth, «hieb has already been ttcationed9 is 

governed by secondary «lectaron eoiesioa at the end surfaces ead Inoreases exponen- 

tially vlth time.   Tha second stag« ef discharge grovth eeenn «Siefi th« positivt 

ion space cbsarge becomes ettfftcieBt to laflnence the dootron sustioa.   5hlo feeosd 

otafis does not «Iways necessarily bavo to exist*   At very lee proMttte» « 10 

tm Hg) the self repulsion «f tbe electsons becomes e dDirritwwt teetor bifore a iaxgß 

number of Ions have been produced.. Daring every trsssttf each eleetroa Das e cer» 

tain probability of ionising * gas noleonle.   Sbie probability depends ea the 

pressure, the nature of the gas, |aiiA the electron energy.   She probability is 

greatest when the electron energy is greatest,   tbe resulting distribution Of lO&S 

in space is found to have e naxfimaa et the center of the discharge region.   She con* 

centrat Ion ©f ions at the Center is ef the order two time« that at the «alls. 

Hence, for simplicity iji «alonlatiws, one can assume * tmifom distribution,   nose 

ions can be regaxded as stationary eiaee the eleotxen sheet nalcos »any tra'versais 

during the time required for an ion to sieve a distance of the order d.   Therefore, 

a positiTO lea space charge aeeumulatee la the center of the discharge region and 

attracts. Individual electrons tevards this center region.   She result is that the 

Speed Of the electron leaving an end surface Increases and henee the ioaizatlca 

rate inereasesj while the eleetroa arrival speed at the opposite end surface de* 

Creases and hence the secondary emission decreases.   During this stage, both ionl« 

aatioa and secondary emission eggs Of equal importance in the production of new 

electrons. 
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yinally* the electrons originally produced l>y geccndaxy emission are lost 

to the end surfaces whenever their arrival speed is such that 9 is less than one 

and are »replaced by 'electrons produced by lonlzatton« The latter electrons then 

exectfto forced oscillation if/2 radians «nst Of phase Vith th« applied field about 

the central positive space charge, a» an electron in free tpace doe». The elec« 

txon.&eet noirinovea vith an amplltctfle somewhat less than d* She sheet ytdth in» 

creases slowly by self sepnielon and electrons are deposited oa the end surfaces 

at the same «ate as they are produced by Ionisation. Sbia third atage Is possible 

oaly yftietk the pressure la greater than abotrt 10 nm Eg and «hea the end surfaces 

are of sush a nature that a stxons aegative vail charge can develop* 

At pressures less than about 20 on Hg, the ion space change density is 

not enottfijl to control the electron OSOiUation« The above theory then predicts 

nöy aa iBareasing field viU exfeingntsb the internal electrode discharge but win 

Sot extingsiSII the eleetZOdelesa discharge for the pressure range 10     am Hg to 
•2 10    sna BiS.   0*0 atneg OCgatita cad suxflace charge that develops in the electrode- 

less discharge aids the lea Space eharge in decreasing tbe «ntplltude oscillation 

of the eleotron tiieot.   Ibia preventa tbe farther loss of electrons produced by 

ionlsatiea to the end surfaeea*   fiat» electrons swept onto the metal electrodes 

of the intexsal configoratioa do set give rise to strong fields.   The electron 

amplitude esclUatiea ia thereby not diminished auffloleatly to prevent the fur« 

ther elsctroa lose.  Hence, all electrons «Ul eveatuailar fee removed froia the 

region aad the develgpcd iaterwl electrode discharse «Ul cease» 
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JV.    POSITIVE IOK DISTRIBUTION TOR THE STABLR DISCHARGE 

It Is useful tö examine the potential distribution vhich arises from the 

positive Ion space charge and to derive a relation hetveen this potential and the 

electron sheet density.   If a discharge is to be stabilized by the positive ion 

space charge, the space charge should Hot vaiy Vith time«   For simplicity, we 

assume that the positive spae« Charge density p* is tmtform in the region 

/x/ < (d/2) emd that th« positive ions «re being created at the constant rate 

v. n, vhere v. is the number of positive ions created jfex eeeond per electron. 

The Justification of this last assumption is that the eleotron sheet moves orders 

of magnitude faster than the ions move.    The only loss process tot the CAM At band 

is the loss of ions to the vessel walls.   Any lot produced In the äifiChexge »eglon 

will eventually move toward the «all« due to «» io» self-sepal&ien.   Hence, we 

seek the potential dlstrfbrtion Vhlch satisfies %b» «©nditlon tbat tb» nomber of 

ions created equals the number lost to the vail». 

Refexrlng to rig. 3, v» see that stability Imposes tbt ocBdltien that 

A d5 ■ ft ^ a A ds, U) 

\rtiere A is the exea of tbe parallel eaA. stftfaees, And iAie»s d J is the Increment 

of ion current density at x > (d/S) ^hiflh originated between $ And s * A s«   Zf 

V Is the velocity of the onnexit d J at X = (4/2) jest %efere it io lost to the 

wallsr then 

Tdo .♦ «J (8j 

where dp* is the charge density At * ■ (a/2) OOnffOsed Of eharges which criglnated 

betweeri A sad s 4ds.   We also have 
■ 

1/2 
m») - V(d/2)l| , (3) , 

Where v(») is the potential doe to ions At x. foisson's equation gives us 

^ =. fil, (M 
dx2     s * 
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since ve are neglecting the electron space charge In this treatment. Combining 

the Eqs. (l), (2}, (3), and {k)  yields • 

/ -/dp* a - € öfv 
öx2 

d 
2 q v. n ds 

I       r^ftvCs) .V(d/2)1 

Since d is a constant, the potential Is assumed to he of the form 

v--h 

Tbie  gives us 

or 

p = 2 B1 € 
q ^ n 

2«Bi 
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2/3 
(5) 

Relation (5) represents a condition whieli must be fulfilled if positive 

space charge accumulation is to be the mecbanlsn by vhich the discharge is 

.1). ,2 
brought to an equilibrium state for pressures betveen 10  mm Hg and 10  mm Hg. 

The ion density should vary approximately as th« tvo-thirds power of the elec- 

tron density In the sheet. However» one must keep la »ind the ttnsophistlcated 

manner In vblöl» the relation was derived. At best. It vlll probably give only 

Order o£ magnitude agreement with experiment* Nevertheless» it does predict 

that the discharge might be extinguished whenever other processes which prevent 

fttXfillinent df the relatia« exist. 



V. NUMERICAli CALCUtATIONS 

In this section,  we present ©rder of magnitude calculations to chow 

the plausibility of the statemeats and assumptions which appear In tha pre- 

vious sections. 

Let the distance,    d, be one centimeter«   Then the requirements 

X»d and the desirability of operating i» the ptoper part Of the treakdowa 

region, vhich is obtained from   (a   versus    (VL/d)   plots, ilctat« that   X 

should be of the order 200d.    Ve shall assume   fe*300 Cm Or   £m ~m 10 cps. 

The discussion will be limited to the X =1 «odo for vhlch the ta.il period 
•7 is 5 x 10*   see.    The average velocity Of the •lection Chftet is 
-7 8 

(l cm/5x10"' see) or 2x10   cm/see*   This corresponds to an «vorage eaerflT 

of llev.    She secondaries are emitted with energle» of the Ottef 5 ♦▼ to 

10 ev and the impact energie« wijich are nesessar/ In order tbat   ft   to 

greater than unity are of the order of 100 er for most stibstaaeos* 

The nean free path of aa 100 ev electron la air Is  X  «> (l/2Sp)ca 

where p Is cUea in mm Hg.   Also, for a 9 07 or 10 ov olectroo the Beaa free 
■ 

path la X a* (l/^0p)cni. Beac», tor pressures less thaa 10  ma Eg the con« 

«Itlon \e » d is satisfied, there Are 3*^x10  (aolecules/m^) for each 

cm Rg of residual gas presiure at 0oG. Iberefore the fluaber of residual gas 

molecules per cubic centimeter et a pressure p and tenperature T is 

3.^xiol6(2|l5p. 

The plasma frequency 1«   f • (en/2«)=d.930x10^ f?cps.   The condition 

Uiat a ^-l   corresponds to an electron density of the order 10   (eleetrons/ 

cm3),   Sueu electron densities ere easily Obtainable ia Host discharges. 

The positive ions have tfcermai energies of the order kl ^3.76xlO*^erg» 

or 2.35x10*   ev. . This eaeror corresponds to o velocity of about (9.12/z1'2) 

xlO5 cm/sec inhere   Z    is the siolecular weight.   Eence, the Ions Indeed move 

much more slowly than the electron sheet moves« 
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In order to evaluate B, we assxaae that the residual gas is air. We 

have v. = p P. v \rtiere p is the pressure in mm Hg. P. is the number of 

ions produced by one electron per centimeter of path at a pressure of one 

mm Hg and where v is the electron velocity in (cm/sec). From data , we 

see that an 100 ev electron yields a V, *« 7 for Ng, 0-, NO, and C0. Air 

is composed mainly of N« and 0. and has an effective molecular weight of 

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

in the use of units, we find 

B. = .8l(pn)2'3 (volts/cm5), 

where n is the number of electrons in the sheet per cubic centimeter and 

where p is the pressure in mm Hg. When p =  ID*3 mm Hg and n ■ 10 (elec» 

tron/cm3), the maximum potential lv I = fci * I due t« positive i«nft it 

81 volts. Indeed, one certainly expects an 6l volt potential to Influence 

the motion of 9 ev to 100 ev electrons. 

From this value öf B, we can state &e «umber of positive loos per 

cubic centimeter n , namely. 

+ 
+   P n = -^ = 

2Bn e 
= 8.93 x 105 (pn)2/^ (lo««/cm3.) («) 

The ratio (n+/n) = 8.93 x 105 ivfn1'2)*^.. 

When p = lO"0 mm Hg and n = 10 electrdn/cur, the ratio (n /n) =  89.3- 

Therefore, we see that the positive toa density can be larger than the 

electron sheet for the above p and n value«. Also, observe that there are 

13 about 19 ■J molecules per cubic centimeter of residual gas. Hence, only an 

extremely small fraction of the gas is ionized. But this small fraction 
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must be considered when Investigating the discharge process* 

The pressure at which the positive ion accumulation begins to influ- 

ence appreciably the electron motion will now be calculated* The growth 

of the discharge may be checked by either the self-repulsion and dephas* 

Ing of the electrons or by the positive ion space charge. The pressure 

and the applied frequency are crucial quantities in determining which of 

these two processes occurs first. The treatment presented in section II 

Ignores the phase distribution and becomes invalid when the self-repulsion 

Of the electron layer causes it to spread along the length of the vessel, 

ftien motion in this case resembles a plasma oscillation. The condition 

<l«» 1 gives tis the maximum possible n which will sustain a discharge. 

However, the dephasing properties due to the distribution in phase o 

most likely occures before a *> 1. Let the value of a be \x,  where \i < 1 

when the discharge ceases due to self-repulsion and dephasing of the elec- 

trons in the shuttling sheet. Then the maximum permissible n before ex- 

tinction takes place due to the first process is given by 

n < (S^) n = —±-2 r-p <electrons/cm3) t?) 
q2    (8.98 x 103)2 

fyem Figures 8 and 9 of reference 1, we have that the positive ions 

P 
begin tft affect the motion of the electrons when (k/f) *« .2,  where 

2   +2 
k • n q /m € is the natural frequency of oscillation of the electron 

sheet tinder 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 oscillating In a uniform positive space charge becomes comparable 

with the applied frequency f • Combining the above condition with the sta- 

bility relation (6), we determine the desired pressure for a given 

: 

I 
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frequency f above which ions are Important. We write 

k = 8.98 x 103 n+ cps, 

and then have 

or when 

2     2 
It = -2 t t 

.2 r 
<Ö.S>Ö x 103)2 

(ions/cnr) 

the ions Jnflnence the electronic motion. We substitute this into the 

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

pn « lA7 x 10"22 f3. 

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

lens mast t>e considered in the discharge mechanism; namely, whenever 

v i.vy x lo'22 f% 1.19 x xo'^ f (8) 

This inequality (8) Indicates that experiment« perfbmed In such a manner 

that (PA) an^ PA) have the same respective values should yield similar 

results. From Inequality (8), the critical pressure for transition from 

a self-repulsion checked discharge to a positive space charge checked dis- 

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

we must have \ » d and we thereby arbitrarily state that \ (large 

number) d. Therefore, p is also related to d through the mean free path 

condition. Herce, discharges with tile same (p/\) and (p d) will 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 switching device. Firstly, we note in Section II and V that the 

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

all operation conditions« This condition restricts n to be less than 

(m u> e/q )• Fox* frequencies Of the order 10 c.p.s. this means that n 

must be less than 10 (electrons/cir). High power applications require 

10 ^ 
electron densities which are generally greater than 10  (electrons/cm0). 

Stability conditions also prohibit the presence of such high electron 

densities. 

The starting of the discharge depenSfl on a chance electron being at 

the right place la a suitable phase ♦ Vlth the applied field. Due to 

these requirements, the discharge is not likely to begin at the same In* 

etanb Cf time after the application of each transmission pulse« These 

starting time fluctuations are reduced ty providing a source of electrons. 
I 

this is accomplished by Illuminating the vessel with ultraviolet light or 

by reducing the time Interval between transmission pulses» so that a few 

' / electrons from the previous discharge are still present to Initiate the 

next one» 

The time required for the discharge to develop and pass through the 

various stages of growth depends upon the applied field amplitude» the 

phase 0, and the number of initial electrons having the phase ♦ and is 

.thereby not readily controlled by external means« The usual development 

time is of the order Of tens of r-f cycles« 

Another difficulty is brought to mind when one examines the exclta« 

tiOR levels of the discharge! especially» in those applications «here the 
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amplitude of the applied signal may increase to such a value with time 

that the discharge parameters V and a> pass through the permissible dis- 

charge region into the extinction region. Extinction of the discharge in 

a branched duplexed during the final portions of the transmission 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. 

The recovery time for the discharge ia 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 conventionai gas device. Since operating 

conditions caa be made so that essentially no ions are present, the prob- 

lem of gas clean up and sputtering doe» not plague the designer. Finally, 

the cooling of the device can be easily accomplished for only the electrodes 

are heated in the internal electrode discharge. 

\     - 



APPENDIX A 

THEORY FOR INITIAL DISCHARGE BREAKDOWN 

Consider two parallel opposed surfaces which are a distance d apart 

7"10 
and between which an effective field, (Vo/d) sin to t,  appears.    The 

equation of motion of a representative electron under the influence of 

this field is- 

: 

m d2x 

dt2 

q V * c 
d 

sin a> t. 

Vhen we introduce the parameters 

"  (Al) 

\ 

•j « » t, Z =-(x/d), and ß = (Vj q/m to d ), 

£q. (Al) becomes 

dx2 
= ß sin T. (A2) 

The boundary conditions are that at T = T 

^ = 4 = y    and Z = 0, 
d«   (ud 

• 

where v, is the emission velocity of a secondary electron leaving the plane 

Z = 0 at time i = T . The desired solution of Eq. (A2) is then given by 
o 

§= = ß (cos T - cos T) + 7 
uT O 

(A3) 

H^ugUBM»^ 
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Z = ß [  (T-T ) cos T    - (sin T - sin x )] + 7(T-T ), (A4) 

i' ti 

1 

T      < T < T    +   /{n. o   -     -   o 

The distribution of emission velocities will be neglected. 

We now apply the discbarge breakdown conditions*   When Z = 1» the 

transit time should be  /{n or T. = T   + #in Where #<   «=1, 3i 5»   ••• Solving 

Eq[. (A4) for ß, we obtain 

S -        1 * ^"y 
it cos i+2 ein t   * (A5) 

as the first kinematic condition for breakdown to occur. &£. (AJj) repre- 

sents a necessary» but not a sufficient« condition* 

The next condition is that when t   <   % < 4* ♦ t » Z must be in the 

interval 0 < Z < 1* The condition Z > 0 can l)e examined by considering 

the limiting case of (dZ/di) > 0 at ä = 0. This vill occxrf at some value 

f « tp* We then have 

0 = ß (cos T    - cos T«) +    7, 

and 

0 » ß (T.-T  ) cos T    - (sin T -sin T ) + 7 (tQ - T ) 
dO O dO CQ 
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In principle, T can be eliminated from these equations to yield a rela- 

tion between (7/ß) and T . The quantity T that appears in the resulting 

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/ß). .The elimination can be done graphically. 

The condition that Z < 1 is equivalent to ^ > 0 at ^ = TO + it and 

from Eq. (A3) we obtain 

2 cos T0 > - iv/ß)' ^ 

If an electron leaves at time T and arrives at time 1 ^ = T^ + /n 

and if an electron starting at 'g = T
0 

+ '3 arrives at time Ta = t0 ♦/» ♦ 

v, then phase stability (i.e., eventual convergence of the electron phase 

to T ) requires that /T. / < / T / or 

/T - T../ </ T -T /. • a   1' 'so' 

Therefore, stability imposes the requirement that 

/ -r-^ / < / at Tn = T + /it. 
o 

From Eq. (AJ*-) we have 

1 = ß [(^ - T0) cos TO - (sin ^ - sin To) )  + /(^ - T^). 



Differentiating with respect to T and then setting r. = T + /f jt, we 
O X   o 

find 

dt, /f« ß sin T + 7 
 1 o 
dx ~  ~ 7 + 2ß cos T 

0 o 

. 

The stability condition that  dt./dT I < 1 then yields 

V it P sin T 2 ß cos T 

or 

tan T /7- (A?) 

Finally, the impact energy Z must be such that 6 is greater than 

unity. This gives «8 that S <£.<£, %diere 5 > 1 for the interval 
• "Oil ». 

£ < £ < £1 . übe icirpact energy is given by 

q Vi ^ m vi 2, ijr (2ß *>*\+ '')2':, 

P"  _ « 
\rtiere ß satisfies Eq..  (A5).    It is useful, to normalize energies to the 

energy q V .    We write '   " .    ^  , „' 

Ve (1/2)^ v1
e 

q V 2ß » ' 

and 

Ve 
v   7 o ' 

<A8) 



From Eq. (A5) we have 
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1-ß (^f« cos T + 2 sin T ) 
7.  7^ ^ 

and upon substituting Eq. (A9) into Eq. (A8) we see that 

2 ß cos T 

1 
ft {cos To+7l8lnTo]ß 

+ 1 

(A9) 

The condition   8 > 1 then yields the final restriction on ß,  namely, 

-a < -i  <JL 
V V V e e e 

(A10) 

Eqs. (A5), (A6), (A?), and (AIO) are the conditions which ß must fui 

ould br< 

(1,5,6) 

fill. Hence, the values of ß and T over which a discharge should break 

down may be obtained theoretically from this simplified model. 
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APPENDIX    B 

In this appendix we indicate the formaliBm 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 Boltznann' s 

equation; namely, 

i+v.    V + a  .   ^f   = VW' 

The quantity f(r,  v, t) d r d 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 T. 

The spatial gradient is ^    and the velocity gradient iß   V^-    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)    =    (q/m) E sin tut. 

The rf magnetic field is taken to be negligible and E is constant in space. 

The quantity   C(f F.) denotes the rate of change in f(r,  v, t) as a result 
J 

of collisions with particles of type j having a distribution F •  The sum 

E C(f F.) can be written as 
j   J 

Of 
St 

coll.     =    E.C(f F  ) = C(ff) + S C H F  ) + E C (f F   ) 
J J A 1 - ions neutrals 

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

given by 
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C(f F.) = /   /  W a (cD,\|f) fCv') F (V') d r d3 V 
d     J y t  J p      J 0 

"/   /    W ^ ^ ^   f(Z) ri^   d r ä3 V- V  ^ r 
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The primes denote quantities after scattering. The quantity W «s /v'-v / 

is the relative speed. The differential cross-section for elastic scat- 

tering of the electron through an angle \|f in the center of mass system is 

This last expression for öf/öt  ,,  cannot be simplified further. 

Hovever, for certain types of external fields and for certain Interactions, 

it has the form 

Of 
5t 

coll 

f(l'Z) - f0 
TCI^V) 

where f is the equilibrium distribution function and x is the relaxation 

time. Its significance is that the rate of approach to equilibrium is 

^-fo\   = (f-fo^0 e 
■t/T 

The relaxation time is of the same order of magnitude as the time between 

collisions, l/v. The problem is Immensely simplified when a relaxation 

time T exists for L     C(f F ). In addition, we Ignore the effect of E 
1 ions     i 

sin cut on the heavy Ions and assume that F. has the general form shown 

in Figure k  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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f(r,v,t) to l«l«-VB a^^ shown in Figure  5.   One might examine this part of 

the problem If !>lacirr=ng condi-t±ons on f (o,v,«/a>) and f(cl,v, <>1/a)) in such 

a manner thattlie Phvy^rsics of -the process ie represented properly. 

The condictlvltie^r is a phenomenological constant tensor relating the 

cvirrent to tie ftlectaaEric fields   namely. 

J   • E 
1    i 

riJ V 

where 

Ji ' 4J        Vl *&*)  d- 
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FIG. 1       THE   ELECTRON  SHEET 

V= V0 sin a»t 

i 
I 

I 
ELECTRODE 

VESSEL 

 v  
INTERNAL 

^ —v— 
EXTERNAL 

J 
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