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mechanism at low and high pressures, gas heating, etc.

- FOREWORD

Tne'ob=ective of fhis'contract was to explore the-possibilitYIOf'

.obtalnlng meanlnaful experlmental data on microwave breaﬁdown at pulse
_W1dths belo& twenty nanoseconds. Theultlmate goal 15 super range re-
_”solutlon radar tnrOLgh the use of shorf pulses.‘ The magor problems of in-
fterest 1nc;nded appllcatlon of breakdown theory to -micreowave nanosecond:

.pulses to determlne experlmental requirements and provsﬁe a theory to

compare w1tq experlment, the de51gn of a sultable experlmental setup, and
the de51gn of components for the experlmental setup..

chroﬁ;ve A35001ates’ approach followed the general outllne of magor

‘A problems stated in the last paragraph. Appllcatlon of theory to the nano- .

second case »as accomplished insofar as this was possibie. The experi-

‘mental scheme is. based on r- f bulldup and storzge in a sectlon of wave-

- guide wnich is & few wavelensths in length. The naoseoend palse is formed

when the wa'egulde sectlon 15 qulckly swltched into another sectlon'of )

wavegulde ceqtalnlng the test chamber . The most formidable problem is
the wavegu1ue switch, but progress on the development of uiﬁebleiswitchn-
has. been encoureglng to dat -
f Brleflv some of the more -important conclu31ons gre as fol¢0w5°
(l} ;re theory predlcts substantlal 1ncreases in peak poner handllng

capablllty for pulse widths below twenty nanoseconds even at the poorest

'pressdres to be encountered in practlcal appllcatlon.

-(2) Further theoretical work is needed, espec1a11y as regards the

effects of space charge,ffield distortion, differences .in the breakdown

11
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Lhe properties'of.high-dielectric strength géses'snould be

(3)

.studled exporlmentally in the nanosecond region.-

Further 1mprovement of “the experlmental scheme dev1sed under

Wy

thls contract 1s de51rab1e. .
ThlS contract is belng extended for one year in order to. accompllsh

.thE'tasks_outline@ above.

B  WILLIAM C. QUINN
- -RADC Pro;ect Englneer
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AESTRAC?. :
An estlmate is made of the pulse breakaosn characterlstlc for_
alr on the basis of the theory worked out by Gould and Roberts and
the avallable data. The theory is exr i% cally eXamlned and the conw-

sequences of the assumptions made are 1nvest1gated to 1nsure its fﬁf

. applicablllty to extremely short pulse brs ?down. Several p0551ble Co

modif‘g.cations are advanced which requn re “Xiierlmental Verlficatlon :

.wltn nanosecond pulse lengths. The g ssi ible advantages of u51ng

so-called high dielectric strength gas is also d1Sﬂussed.; Progress. IR

on develepment of a nanoseconﬂ pulse genef"t*on 01rcu1+ is reporteu,

" several ATR switches are deseribed an‘ disg ssed.-
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 breakdown of the gas fllllng the gulde*

I, INTRODUCTION_' SR

how can one *ransmlt very h gh peak power mlcvewave 51gnals

through a havewulde system wlthout beng troubled by electr1cal

There are various approaches

to solving the. problem, each w1th 1ts own 11m1tat10ns of power handling
ability and practlcallty. Spe01flca11y, one can.”'af' SRR _3t” _
evacuate the system_“': ' o '

e
- p) pressurize the system
¢) - £il1 the system with hlgh dlelectrlc strength gas

©° d) transmit short pulses._  
.The work of this contract has been tc examlne the “short pulse“ ap— _
p;oach in detaﬂl in order to evaluate 1ts promlse‘:  _7f_f f -ffffﬁ"
: :”_ The breekdown of a gas requires a certazn 1eng th of/time; For
Ca glven gas Dressure this time becomes shorter as tne aénlied elec-
Therefore/ if the length'

trlc fleld or transm1t+ed power 1ncreases.
of a mlcrowave pulse is shorter then the breakdown p}ﬂe cerrespondlng

to its amplltude, the gas Wlll not break down and uhe Dulse will be
Thus the problem becomes one of determ1n1ng

transmltted urdlsturbed.
the breakdown fleld - pulse 1ength charaeteristlc Gf the gas fllllng

the waveguide.;.'_ R _ :
For S¢gn1flcant increases 1n pulsed breakdown power 1evels over

cw brea down power et atmospherlc pressure the tlme requared is typl—

'cally less than 1@*7 or.lo_gesec. This fact brings up the second

_'greblem,;ﬁﬁef of producing high’power'pulses of such‘snort durethn.
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Primary microwave sources to do this job are not available. A-micrc-.'

wave circuit emp7“1*ng.a resonant‘secfion of waveguide wach is

\ .
harged by a lcub, relatlvely 1ow'pcwer, magnetron pulse and dls-.

~-charged into the following waveguide section by means of a fast ATR~
_ type switch, can yleld the ired short pulses at hlgner peak power.'

level than the magnetron can produce.

In thls report an estlmate 1s made of the pulse breakdowu

characterlstic for air cn Ethe vasis of tﬂe theory worked out by

Gould and Roberts and the avallable data. The theory is cr1t1Ca11y‘

- examined and the consequences of the assumptlons made are investlgated

to insure its appllcability to extremely short pulse breakdown. qeveral

p0551b1e modlflcations are mdvanced whlch requlre experlmental verlfl- -

_ cation with nancsecond pulse lengths. The possible adyaetages of u51ng
..SO‘Called high clelectrlc stirength gas is also diecusseﬁ._ PPOgLESh on
-development of a auOSECODﬂ nulseﬂgeneratlon circuit 1s Feported- _

:'several ATR sw1tches are descrlbed and discussed. Furvker develc mentl
of the fast switch and nanosecond pulse c1rcu1t 1s ou*lmned.,_Some fll"'

experiments to measure the nanosecond pulse breakdown char acteristic,_f

as well as addltlonal experlments to s*udy the b351c breakdown mechanl sms

i

are suggested-,:::-ﬁvr-ﬁ~ L

T




II."QW?AKD ’Y NfC€ANISM AND THEORY

-An.ereetrio-fielé app 1eﬁ to. a ‘gas 1nltlally containlng SOme:

_ free electrons accele“ates these eTectrone. Some acqulre enough |
"energy to 1onlze gas molecuTeq and thereby create more free elec- _
'trons, hthh, in turn, are accelerated and produce rther 1onlzation.
An electron avalanche develops.' Electrons. are. lost from the avalanche

when thev'dlfruse to ehe walls confining the gas or, in electronegative

T gases, ﬁhen they atta nto reutrul molecules formlng negative 1ons. .

"The negative ions eveﬁtually recomblne w1th 9051t1ve 1ons and form

two neut“al molecules. ' v' . | SN |
Electrical breakdown of the gas is governed by the relatlve rates

of ionlzation and delonizatlona Denote the 1on1zatlon rate per elae-.

_trnn by vy (1on1zat10nsfsec—eiectron), the attachnent rate by v,

{attachments/sec- elecL;on), the d111u51on loss rate by ”d (fractlonal-,;f

1OSSGS/SEL“EIECtr0n} and the eléectiron density by n (electrons/cm3)

. The rate of 1ncrease of elecuron den51ty is simply L

n
t.

Gt S Pepelr o @y
 where v_ .=4u.-u1-ud is the effective ionization'rate3per eleétrOn.r

efl i
If v eff is p051t1ve and constant, the den51ty grows exponentlally in

, tlme from an.inltlal 5ﬂn51ty no,,.,




The rate of d;ffusxon loss depends cn,the gecmetrg of the con-

talner.: For a 01fferent1a1 velume element 1t 1s

'-where D 1s the electron dlffu51on ccefficient. With_this term,Eq;,'

'r(l) becumes f; 3.:

F = (b= an +DVmL. T )

o
ot

The so‘atlon satlsfylng tne bounda*y CO?ﬂlt“GﬂS, the electron densmty

' zero at the wa‘ls,_ls

- “ﬁpg-)t

R T R N SR
-~ nlT,t) = Z.nme BRmoox (Fy o ey

where v, = ﬁi””a is called the net icnizatioq rate, Amrls the dif- :j
th

" fusion length 6f the m alffu510n mode and is cetermlned by the

'geometry;' XQ(F} is'a spatial functlon descr;blng the-electron _
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distribution.associated with the mol diffusion mode. The nm are
coefficients determining the & mount of each mode presant.”f -
Infinite parallel plane e;ectrodes separated by a dlstance d

w1th a unlform gas den31ty ard unlform electrlc fleld is the sxmplest

_case. In this geometry Ap = d/mn and Xy = cos x/A m® where m = 1,3, 5,?""

and x is the coordlnate perpandicular to the electrodes as measured
‘rom the mldplane hetween them. The lowest mode, m = - 1, has the
'1argest effectlve 1cnlzatior *a e'and iﬁ is geﬁerally possible to o

neglect the higher modes.- &?en, ve have

'[;;fn(%ja];§' £  ;;*-?7”"

BRI e (6D

H

'n = n(x,t)

Hence, in Eq. (2) the initial density is nj = n - cos nx/d and
eI*

Vo T Yy - D{n/d)?.' If v_np > O for & pulse of 1engtn T,_the:= 
ratio of final to initial electren density is ,f.iQ. ‘

e e e
—e X @ eff s

¥E
<

- @

Teking logarithms, we obtain -
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EQ.-(?jris'fhe pulée breakdoﬁn‘relaﬁion_ﬁsed'by Gbuld:anﬁ Rcberté‘

in which they set ne /ng ".108 or 1n nf/n ;18;4 as gijigg be§;fi_“
. agreement w1th experlment.q:7 ' '44*# S j..ri 1 3 ':T_. o
- The breakdown electrlc field is determlned by Eq. §§} aﬁﬁf£hé  ﬂ_

dependencies of.vi, ué and D on the amplluude of the I Fie @ B ;_its :
-fréﬁuency and the‘gés pressure. The-experimentally maasﬁréﬁ ionif--:
zatlon parameter is the first Townqend 1calzat10n cosft icisnt'&,.
aellned as the numbe; of 1onlzat10ns one electron ma¥es 11 one centl-;.
meter drlft along a d¢ electrlc field. Si 11arly, the e$§i#1ua1_at—‘
tachment coefflClent N is the number of azuachments per om per elec--

: .:f_tr0n. The electrons acqulre a drift V&lcc&ty Vg4 MblCﬂ _s ?aughly :

':f l : pédportional to the field. | The constant q% proportleualitj is Ehe_

‘ | electron moblllty 4y SO that vy = pd.r Ehé diff@sion;;eéﬁficiégt ié f'

"}D 2pU/3, where U is the average electrc T energy. ‘é p@?é&iail?.”j 

1mportant quantlty is the amount of enersy an elect on acgu ires i:'
': fm  "” 2 mean free path’ between colllslons. Slnce the mean free path is
| 1nversely proportlonal to gas pressure, the energy galned per mean

' free path 1is prOportlonal to the “reduced £ield® E/p volts!cm~mm-hg.

 The quantities_a/p, ﬂ/p,-td,;pp,'and_ﬁ are all'functidgs of E/p bnly

and pp is ‘essentially. constant. - They have been measured in dec electric

S




7 fields over ii ted ranges of E/p, as sumﬂ;rzzed in Table T. ‘The net
1cn;zat10n rate is v, = (a n)vd, hepce v /p —'(a/p nfp)v is a function

' :of E/p onlv in & dc fleld

TABLE I

Mo M

| AVATLABLE DATA ON BREAKTOWN PARAMETERS FOR AIR

Lot : g tfglts/cm-mmﬂg;' Sl ' |
Cem 200900 3, psd h, pp 128,132
.;nvd}“b-fif';’   ﬁ. ;;l- {.Of2é=f_  LR 1::\_4, P58 .
'f jkfj 7fj'f‘jf_lj ';fff, bHi_20: ;i"fi;‘7.";fﬁ_"lf7}i* .i 2_ﬂH5

All of the parameters depend on E/p by way of the éleétron .

'energy'ﬁ.. In an rf field of amplltude E and radlan frequepcy w _f ,;:ﬂ"

T _i do the energy of the average electron 1535.'

j-ﬁ_# U [(1 +a cos (2mt 3)} (1-e K‘?;) 'fj:{.- (8




T g g e
o = eEO - € Ej : .
. 9 w® v
y c vZ) ML T

and '

.The anéﬁﬁiﬁy x'ié fhe enefgv 1oss.parame£er,'tﬁét is therfraétién of
its energy an electron losas in a non-lonlzing col;zs*on w1th a gas
‘atom. The elentron collision freauency Vg is propertional to pres-"“
. ?;:_ _éure, maki; uc/p a functlon,OI w or B/p. Both x ard v /p depend

- J'"._Z.'i - upon E/p as shown by the éata of Crompton, Huxley, and SuttonF(in
[ | Fig. 1. The'derivaticn.o?.Eq. (8) assumes them to Eejcénstant,' The

measured u\E/p) at de is also given in Fig. 1. An rf field is I?SSI'f:

i

'eff¢c1ent than a de fleld in heat;ng_the electrons and causing ioni-
iatioﬂ. The aciual rf amplitude mﬁst'be multiplied hy the-frequency'
Factor 1/&231+w?7vc’)'to obtain the'equivalent dé_field Ee" For air,

Gould & Roberts use_w/vc = 36/pr, where L is the free space wavelength




__ma'm"' & bt iy ‘ .. :

. g

- t’9f ,

whloh is higher then reported in Ref. 2, however we have contlnaed to

‘use tha+ value for purposes of comparlson. "Gould and Roberts have

' accounted for energy modulatlon by averaging v /p over an rf cycle_t

and computing a correction curve from the pA = O (w/v = w) llmlt.

We shall therefore omit energy modulation effe“ts and work w1th the

infinite frequency limit as the referenoe breakdown ourve..;”

The net 1on1zat10n frequency 1s plotted in Flg 2 as a funotlon o

of B /p usrrg the knOWn o/p and n/p. The drift veloc1ty is extra--
.\. ‘Po1ated to a value of E/p = 900 by the formula H}iffffm

= (3.92 + .263 B/p) x 10% ew/sec, - |

L e, T

coefficient beoomes negligible for E/p > 60.' The net ionization frequ-

" ency was extrapolated to values of E/p between 200 and IHOO by’ eye

wqere the upper llmlt is roughly equal to the COlllSlon frequency.

ACtually, at these ‘extremely high values of E/p, v /p has to decrease'
again, as the 1on12at10n eff1c1ency decreases' the max;mam Wlll be f_.

'_broad and flat._ff.~

The data of Fig. 2 used in Eq. (7) yields the pulse breakdown_-'

1ng this theory down to pr'i 1.7 x 10 -5 mm Hg-sec at Wthh POlnt jr“

"._Ee/p = 53 v/cm~mm'hg. The extreme p01nt was at a pressure of 21 mm Hg

R

‘of the microwave signal in em. They took v./p = 5.3 % 107 sec"l e Hg-l

© which is epproximately that used by‘Gould'and.Robertsl. The attachment:

'curve of” Flg 3. Gould and Roberts ehow experimental points confirme f: X
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a 7 _ : _ '_ A .'__1 :_ "'- _'_ _'.w
and pulse'length of 0.8 RS and pA = 275 mm Hﬂ-tms “The un—normalize§
| LllO v’cm, correSpﬁﬂﬂlng to about 27 kw

I

.rms fieid strength was E

‘ pea% pulse power in § band wavegulde. o [ E
{
\

Except for m/p > 900, the llmltatlons on tle data used in the
extrapnlation are ﬁot serious. The extrapolatlon.ef the drift velo

- city over such a long range is questlonable. If we use vy = S + %
4, 2 60% smaller pr

E/p) x,10 cwm/sec, obtained from the dats in Ref.
is obtained at the nlgher values of E/p, which suggests that the extra-

pe;atlon error is of {he order of a factor of 2.
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£. Discussion of fhe Theoretical Model

- The breakdown relation, Egq. (7), 1s based on a model in which
the follow1ng assumntlons are made- - _' ' -
:1; "A wnifeorm rf electric field is impressed on a gas at uniferm

pressure (molecular dens1ty) hetween inflnite, parallel plane

'electrodes..

2. -Higher mode dlffu51on is neglected S0 tnat the lowest mode ".
'(c051ne dea51ty distribution} exists during most of the pulse.lﬂ
"Regardless of the actual inltaal distribution, the cosine
'-ai_%":. _-_f o distrlbutien is esteblished’ ‘so rapldly that 1t is considered |
N to be the initial distr1bation.s~ '

'3. :B;eakdown has occurred hden the den51ty anCrGaSES ey a faetor,
. or IOS.J[ 5d:]1 Va.a.._/:'
L. Tne net ionization freﬂuency, daffusion coefflclent, energy _
loss parameter, and colllsion frequency are gll censtant in
: %»Q i ]_' . "'space and time duriné the phlse, with values corresponding .
";f;EQ.._’."" d_r_to the final electron energy u(E/p}.. . d _ |
'75_ i:ff‘d:f_. 5. The electron heatlng transient is neglected.},.i;ﬂji'

6. Space ‘charge effects are neglected.

7+ The rf field is applied in a ‘single, isolated pulse.--

'8;_ The 1onlzat10n is. by electron 1mpact only (e« process)

fdg o i The question now is whether to expect this theory to remain substant—_d'”'
- '}-— ; ially valid in the limit of very short pulses.e5fﬁ“‘

¢
S
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To neglect higher diffusion modes relative to the lowest reqeires .

first, that the decay time at the first higher mode bermuoh shorter‘

than the lowest. This is always true since the ratio of decay times'”

for the first two modes between parallel planes is 1/9. Second, the

pulse 1ength must also be 1ong compared to the hlgher mogde decay uime.

These condltions w111 result in a c031ne dlstrlbutlon and Eq. (/)
applles. if the pulse is short enough to violate thls assumptlon,

any hrgher mode eontent, 1n1t1e11y present, w111 reduce the rate of

'electron den51ty growth s0 that Eq. (7) will predict a breakdown field

‘which is %oo low. This is based upon the breakdown criterion nffn

108 at the maximum in the distribution. An extreme limit of this L

-sxtuaflon, 1n whlcn the electrons are 1nitia11y locallzed in a plane_

“parallel to the electrodes, is examlned in- Bection B below .We shall

see that thlS bree&down crlterzon, whlch resu*ts from f1tting the

"theory fo experlrent, may lose 51gn1f1cance when the inltial electrons

are blghly ;Oballzed and do not dlffuse epprec1aory durlng the rulse.
To treat ﬁhe breakdown parameters, especially the-net ionlzatioo .

meocy as a constant in time, - requires that the pulse length be o

"1ong compared to the electron heatlng time, and that the parameters
e.be averaged over a cycle when energy moduletion is 1mportant. The -
‘7va11d1ty of neglecting the electron heatlng tran51ent, while tak.ng f e

into account the time varlation of the energy loss parameter is l‘~
'enalyzed in Sectlon C and found to ‘be Justlflable in the short pulseh

gllmlu._'

The_effeet of space charge on the rate of growth‘of electron
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density is not taken into account in,this.theoryf Gould and Roberts
determined breakdown by'detecting“the‘f'irst occurrencef of visible

iight with a phototube, it *s possible that the den31ty at this time

‘in tne aevelopﬂent is not hlgh enough te affeCu materlally the trans—

L

m;551en cf a microwave signad, partlcularly.lf the 1on12ed volume is

_st*ll small. GSpace charge will inhibit the spatlal growth of the

ionlzed region and hence may be important in lormulatlng a better

;breakdOWn orlterlon. Some theoretlca1 woTk has been doneqon evaluating

the gpace cnarge contrloutlon to the breakdown time 1n-dc'f;elGS"s

" in which mcbility loss and secondary emission of electrons are neces-

sarily taken into account. These processes do not'apply to rf-breakm

- down" It was noteda; however, that space charge begins to become . ,ﬂgém'

imporuant in air at atmospberlc pressure at a carrent depsity of 107 5

'amp/cm . Ihls corresponds to an electron den51ty of the order of

IQ? cm-3, or an 8% impedance change at § band.  More work, both theo-

' fetical and experimentai are needed in this area, partlcularly appl*ed
.'to t%e mlcrowave breakdouq problem.

o The prcblen of dlflerences between low and nlgh pressure break— ‘__f
'ﬂf‘dowr has also “e~91ved very 11ttle attentlon. Tne pressure scalxng

_law Efp (pd, pk, pT) is generqlly assumed ‘to hold at all pressures, fe

whereas the experlments are usually performed ae reduced pressure to:

" keep breakdown power requlrements down. Miller* ‘has found both

pulse’ length and pulse repetltlon rate dependeqce of treakdown pdwer

Es atmospherlc pressure W1Lh puLses 200 to 700 ps 1ong Wnlch should be

-ef‘the CW l;mit- Gou‘d ,ud Poberts augmented their thecry uo 1nclhde f

Co¥Miller, S. J., Lineoln5Laboratcryy Private Cqmmunication;
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repeated pulses'by'taking into account dlffus;cn of electrons out of
the gap_bgﬁﬁeen pulses;i Tney cherked this in the 25»100 mm Hg pres-
. '   } Sure_rahgo with a 0.8 pqEC pulse and ohfalmsﬁ generai agreement.  It
: is conjectured that a gas healing process ccours at sufflcaennly high
ﬁ.pressure, in which the puises may be far engugh apart to be 00D51dered
51ng!e and 1so}ated as rar’ as eLectron diftvsaon is eoncerned - but not
for dlffu510n ci heat in L%e gas. ln thls event, the below—breakdown
elect:on.;;oud producea 3n orie pulse wzil he almost all gone when the
_hext pﬁlsé Egmes.along~' tiowever., tLhe energy *he electrons acqulre
from the eiéctric.field ig very rapidly truuslerred Lo the gas. This
loéal.heatiug éf the gas #ill deerease;its Eutal molecular density,
.increésing Ffp:ah chat_pﬂinf._ Thus the possibi 1ty exists for a series
of fuises, feiativelv widel? sebarated, te ?*eak the gas down at power
.leve 5 lesq than pulse r;eakdown theory pr i zhs. Lnas heating phenOv
menon is ajsc related pzv bly to the motion of a miarowave arc 1n a

'wavegulde

There are several precesses by h‘l"h e axlirons are éenera*ed in

atoms by eleztron 1maa:t or photﬂulonlza n, OT nhey may,come from~3

'-tne wal;s ry socondqry, thermionic, field or photo electric emission.

~In generah, at nlgh pressures in rf flelds any electrons emltted from

'the sur“are a;;l not contritute 51gn1IiCant1y to the overall electron
den51ty or 1te gvowt at . ThlS source of electrons could be taﬁen_
1nto as couna ‘y ‘hanﬂlng tue boundary con ition on the so¢ut;on‘to

o~

' Eq. (4\ ¢ & hon-zero_ 'alue of electron dsnsity at the valls. This

F

a gap'dur‘rg ﬂ?eaAdOWHa Free ele trons may bc produced *rom the gas g'
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"would efiectlve?y increase the diffusian 1ength of the gap slightly._

independent of pd. i
, _ ; ’

Thus, when the pressure is high encugh_+hat the breaﬂdown fleld is

it will ulso be unaffected by any ﬁurface em1ssi

of electrons. PthO'icqization and st reamer formation arp senerally -

lmportant on extremely non—uniform fields s and is probably negli—

glble in other cases. It is therefore reasonable to asFume that

the 1mnact ionizat1on p“ocess is the only 51gn1ficant one operatlng

“an rf breakuowu_when d1f”usion is negflglble, i. e., at high pd or short

.Jﬁpulse iength.

B. Electron lefu51on' 7fﬂ¥:th'i':ﬁ*f""Vf"i'. SRR J-n' .
- _ et N _ . . SRR

A breakdown avalanche may be initiated by a single electron, ar

perhaps a lOL&li&Ed group of electrons such as might exist after pas-

sage of a cosmic ray. If the pulse is short‘compared to the diffu31onﬁ

“5( 2 mm Hg-sec electrons will ‘scarcely dlffuse'

"~ time TD,'pTD s ¢C

at all and *Le Pnflre avalanche may be fairly localized in space._ The;-

" breakdown' ;1vld predlcted by Fq. (7) would appear low in that the

breakdown wcu;a be 1pcomplete and the 1on1zed region would not fi;l an

-apprebiabLe pofoon of the gap. On.the other hand,-the fleld strengyh-

is suffic=eqt o increase: the central density‘by 8'0rde*s of'magnftude.

"'Le;-us ther

iayér 8 whlcn'is dlffu51n5 into ad;acent reglons in the presence of a
o unlform rf eiectric field. Tne walls may be con51dered 1nf1n¢tely |
remote. Tke density dlstributlon n(x,t) w111 proceed_as sketched in
Fig. Qa- LEe analytlc soTQtlon, obtalﬁed by standard Four*er Integal )

te hnlwae* 1s;

' *«11debrand. C F., Advaqced r‘alculus Por Epglneers,'Prentlce Hall
_‘;L}%9 P %;1.; S o . SR

assume a uniform 1n1ulal electron dens*ty n ina thln_ -



Which reguces to. o

on{xyt) = - v} erfy - erfy ""'_—'E...... )
- e SRt S - Dt _‘ .

as no- ® and § - O but n & remains'finite. ‘The temporal growth at

x =0 glven by Eq- (93 is comparsé with that of Eq. (6) in Fig. 4b.

Note tnat the volume Geaslty 1n1ti 3’drops from infinity to a mini-

/

mum in & £i k
wime min / 11

tron Gen51ty tc 1ncrease by a fsctcr ef e. We have taken this minlmum
- value to be Ny tpe initial central fensily of the lowest diffusion.

- mode case, i.e.,/Eq. (7} becomes

.
O al slt <x@/upt
Con{x,t) = S g g T

S
I

' rlg. hb covers just 5 time carsﬁants, whlle 18 H may . be required

. Tor areakdown._ Clearly the differenye in the c¢urves within the first

”time constant‘is af no real cohseauence on the'breakdown time gcale..

| “he w1dth of the 1cnlzed reg%eﬁ Zrows with the square root oP

f'FHJ.J

1;2 v :i_.;e., one half the tme it takes the elec- c o
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"iimlg whlch 1s slow compared to. the exponential growth 1n density.. '

fThe width at "half helght' is x1/2 Jﬁ(lnz)Dt.. At one atmOSphere

| ‘
tnis is approx1mately x1/2 Jt725 cm, with t in microseconds.: Even .

;for pulses of 1 psec this is very small spreading.

If we adapt the ne /n = 108 breakdown crlterion to the present

min

p*cblem, calllng the density at t=t the equlvalent 1n1tia1

e::a ens ity, we can write the breakdown relatlon as:

TS o |

" 'The relatlon of Eq. (7) for infinite gap width.is

Eq. (10} yields a 14%ﬁhigher'u /p and at pt = 10"8 a 5%'Higher Breakf,
" down E/p than Eq. (11). The data apd the extrapolated breakdown f_
. curve of Fig 3 are centalnly not good. to 5. Thls 1eaves llttle

'13glcal bzsis for ch0031ng either 1n1t1al condltlon in preference to

8

.whe other using the n/n = 10 breakdown crlterlon Ho»ever, for
'sqort pulsea there is no need to retaln thls crlterlon, a more useful'

br eakdown crlterlon might be based on the 1mpedance perturbation of

ehe 1eqlzed volume in the wavegulde.
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;~_ ThAS ana1y31s has neglected the electron,drlft motion in the‘
electric fleld, space charge and field distortion. These effects
should be-examlned.' They may help to explain the filamentary arc

type of breasdown encountered at pressures greater than a few cm-Hg. L

c. Electron He;tlng Tran51ent o u'ﬁf IR -;[ lf“ *_- ,L.ﬂf}?. :
”u | The rate/of electron heatwng is determlned by the rate of energy
'galned from the electric fleld and the rate of energy lost in collisionsllc

' with atoms.‘ It is: glven by

- where u is the energi of the average electron, w(u) 1s the energy

.loss parameter (Flg 5),'v (u) is the colllsron frequency and

P = (&R a/mu ) Ll “+ & cos (Ewt + @] is the power input to the electron -

_from the field. 'ror zero initial energy and constant K”c’ the heating o
| "transient is given by ' j]f | o |
= P R e T e
LR L e e T ey e T
The flnal energy is u, = P/xv, ~:(Ee/p)é and the‘heating time constant f.

c R , _ R E
The approxlmatlon of h(u) sketched in Flg 5, which allows Eq.

_(12) to be solvcd 1n closed form, was used The_result is compared l-
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with the comstant x = x(u_) solution in Fig. 6. Note that both time -

constants are essentiaily the same, but that the nonnqénstant x{u}.:

case attains 904 of u_ in one th, whereas it is only. 63% when x is

' constant. In both cases the heating time scales with pressure such

that.prh is a function of B/p. This is plotted for in‘Fig.l7 andlon T

Fig. 3. It is readily seen that at any E/p, the heating time is

” indeed negligible comparéd with the pulse length fequired for break-~

~Gown... .
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1. mIsE gr"?vcmqrc STRENGTH GASES
o E A , :f .;; ____: |
The dielectric stirength of a gas may'be de?ined as its dc_V
.'sparkiﬁg péteﬁtial relative to nitfogen at. é pdglarge'enough to maké B
diffu31on 1osses neglti iule‘. A few high—dlelec#rlc strength gases
and thelr strengths measare& at dc conditionc aF pd = 50 Cm-mm Hg
;argf9 : 1..f¥“ -}' jf 1",fi .1    3i ": Pt"l_f*_a  ”-72
; {%rgéhiez}:? ;:f:f1Q17f:§f7: ” 
CHC1 F (Freon-21) = = 1.82
_\F"éen—lZ) 22
{Fr eonec 318)  ]5"2¢&§”   ___
18 C2.97
”rcggi-'ﬁ - _ﬁ- "3 -fi 3.01 f }
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CClh_{lﬁw ;apor pres- - 3;2':ff“”
. ure) . S
At mierowave frequencias'the equivalent ratics for SF6, Fredn'ng

~ Freon 114 and Freon C318. have been found to be cons¢derably larger

These ¢ases are elechreﬁeg:tlve, and rely principally on high V4lues “_ j -

._of attabh ent coeff1c1eﬁts and, perhaps to a 1esser exnent, on low
'values of Twonsend coef i-ien* or their hlgh sparqug potentials._f"
The breskdown fleld is Getermlned by that value of E/p for which the
-net 1on1aatlon frequency is zero, i.e. the 1onlzat10n frequency equals

the attachment frequercg. In general_the lonization zrequgncy ;ncrgases_'
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much more'ragidly tnan'the attachment frequency as_E/o”increases.

3

' Thus; at'the higner.E/p values required for eulse”breakdosn, attach~

ment 1osses may become negllglble and only the relat on between ion-

1zation rate or Lhe Townsend coeff1c1ent and E/p determlnes the break-

_ down field.

The- available data -on the Townsend coefflclent a/p for the hlgh
dielectric strength gases is sparse, covers small ranges in E/p and is

provably unrellable because of the dlfflculty of accurately measurlng

"o in attaching gases. Data on attachment coeff1c1ents n/p-are practiff:

cally nonvexistent; However one can make some rough comparison of -

gases by extrapo.! ating what data is available.

The theory of the Townsend coefficienta ylelds the seml emplrical'ae.'

= Ae | R 1 (k)

oiR
2

. “’_ X

- B and B/A a*e called the Stoletow constants of tne ges. if-lna/p'

is pLotted versus p/E a straight line of. slope—— B should result.

For any ssmple, non—attachlng molecular gases thls 1aw is obeyed

over a w1ce range of E/p. It generally faiis for monatomic gases.

There is not enough data on the complex electronegative gases to know o

how well it works. Con51derable work has been done on the complex

rhydrOLarbons (won—attachlng) by Heylen and Lew1s s and Dev1ns and

'Qrowe . Tuese workers have measured the A and B coeff cients for _I

| .
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numercus hydrocarbons over respECtable ranges of E/p and fird the 1aw
.valid at least up to E/p ~ 200 v/cm-mm Hg.
| The log a/p for several gases is plotted agalnst p/E 1n_F1g. 8.
- All the curves are transcribed from Ref 3 except the SF6 curves.t' -
R . | labeled HG and WSB. The HG is from Birks and Hart attributed to
.' t Harrisoﬁ énd Geballe.- The WSB is determ1n°d from breakdown éata a
| publlshed by Wilson, Slmmons, and Brice'®. The dlver31ty in the SF6
data noints out the need for more basic data in thls are&-l The A and

B coefficients from these curves are roughly* hy

COLFp L350 22
t'cﬁscl ;fj,,irf_f.;tt_['f,Bﬁh_ jf-]35519-“t'.-- o
cF CF5J,t7f;]\'{:f”f'f;635tﬁ7f;_; %11;;="””
C, 5Br -.t:.lflt:'f ittg33" ',"..?xlo9
CgHyp . - 1,t;_1380 g t_f,3xlo?1
SFg(viBngel) 1920 3xott
- CHC14 ﬁtfx ;t_,' rf_\'__ggao._ti'_t'éxio 2.
i_-_[001l+ "'_f'_"3"“~.”; 7670 10t
.'It is vlrtually certain that gasas with anomalously hlgh values of
tA either do not follow this law, or a/p was 1naccurate1y meaaured._-j
_' Despite all the dlfficultles in estlmatlng o/ p for very hlgh
‘E/p in the high dlelectric strength gases, a most strlklng feature t.
1emerges. A1l a/p tend to gpproach_or Cross that oi air:at hlgh E/p,f _
TEpr_E/p_i 200_it would seeé thét_théfadvantage_ove£f§if_of_the high.-tt




' Hg at E/

_23-

) strehgth electronegative gases is conside“ably,&imihiShed,_Qr lost
_ altogether. The validity of thls speculation depends of course upoh
--the behavior of the attachument coeff1C1ent at high E/p. The attach—

' ment coeff1c1ent for Freon 12 was ‘measutred by Harrlson and GebalTe

i

and is %;;gh in Ref. 3.' It has a maxlmum of about 1 attachment/cm—mm_-

110 v/cm—mm Hg. ‘It has not been measured for the other  '

.gases* attempts have been made to ‘measure attachment Cross~ sectlons

f—

in SF6 but numerlcal values are still cent rover31al. There is-stlll '
much difficult work to be done in this faeld. Neverthe1es§, it is  2 :
probably safe to say that n/p becomes negilglble compared to a/p for

E/p greater than a few hundred in all cases. RERCRY
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V. ?S“OSGuOND PULSE CMFJQATTON LIQCUIT

- The basie microwave. circuit for generatl 12 very shorty high power '

.bﬁlses are shown Seﬂematlcqlly in Fig. 9. Ius principle of operation

is as foliews.' A 1eng, 10w~power microwave pulse from the primary

:source (magnetron) is coupled 1nto a resonant cavity through a coupling 2".

ilris. The cavity ecnsists of a stralght sectlon of wavegulde, coupllng '
- iris at the input erd, and an ATR sw1tch at the output eng. The ATR :

fsw1tch 1deally presents & serles Open elrcult in the transelssion 1ine.' '

The stand1ng wave in- the cavity has a voltage mlnimum at the 1nput 1rls '

and a voltage maximum at the cutput open circuit; its amplitude.ls-"

' determined'by the dissipative end coupiing-lcsees'of the'cevitj.;_Atf

some time during the-ihput.ﬁulse, after the carity is'charged’ﬁp,.the‘

.-ATR switch is fﬁréé} Then the forward trafeleng component of the stand—

ing wave moves toward the load the bacawerd traveling compenent reflecus

'off the 1nput iris and joins onto the forward. gomng wave, anﬁ a pulse'°_}e
of twice the elect*;cal length of the cav1ty travels toward. the load.

“ﬂThe pulse rise time is determined by the:speed wltn whlch'ehe sw;tcn _'

To get the most out of thls c1rcu1t, the cavity must be de51gned: 

: for optlmvm power galn and the ATR switch for hlgh speed and low loss.'
The cavity des1gn is straightforward, however, the design of & good
'_nanosecond microwave switch is a maaor problem.' In Section B several '

'sw1tches which were uried are dlscussed and two llnes of attack for

further experlmentatlon are con 1dered.':¢
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Cavity Resopator Circuit Anaivsis . -

ey
A transm1551on line dlagram of the cavity at réédhanceVTE shown
in Flg. 10. The unfired ATR switch is a'séortéd"stub_in the E—pland.'

The short is 1/# wavelength from the cavit& waveguide wall, where it

. . | .
appears as an open clrcult. The switch,cohductance, Ey allows for
losses in the switch and the fact that it %s not a perfect open

01rcu1t, permltting some power to 1eak through to the matched load.

Tne coupllng iris is represented by a susceptance, b BCross the llne._

Tne nower galn of the rescnator lS deflred as the ratlo of the power

carried by the forward travellng ‘component of the standing wave, Just
The square

insgide the lTlS, to the power carried by the 1n01dent wave.

root of the power gain at resonance is the voltage galn and is given

Y
\

| b _c Cam
i G. = = —ee 1(15)
VoA enfiTE
R ‘where C = 2/JE 5_15 the coupllng coeleclent of the iris and L =
S (l L+ 2g)e 2“% is the attenuation suffered by ‘the wave 1n maklng
The wavegulde attenuatlon constant is™

one round trlp in the cavity.
For resonance the electrlcal length must be.

. d, the cavity length £.

L<n~ br-ten g a
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wkere n= l 23 3*--. Neximum gain is obtained when the 1nput sus-

S N _CeptanCe is ad *usted for critical coupllngfﬁthat is when
16 = 2w, 0 4

The power gain is plotted.againSt the coupling for various loss factérs..-

Ly in percenz, *n Fig. 11.- This, in conjunction with_”ig. 12, can be

used to convert standing wave measurements in the 1nput line to power ST

gain,once the 1055 is known. The loss can be determined by measuring

the cav1ty Q

/
after the switsh is fired, to the-Tnput power. iIf the flred sw1tch
o o

'Qéréslcéeless the overall galn would ‘be just the cavxtv gain as p1otted

in gl 11 tlmes the one-way waveguide attenuation e “%-.;

-/

B. . xltch Ee ign and Resultis j'

A

"fé SRR 'I’An effecL;ve ATR swztch for the nanosecond pulse generation o
S .-leéult must_ff"' ' | '
| a) be a sood open'circuit.in'the unfireénstate,”:;

':5)' be a good.short'circuitziﬁ fhé firea stéte;;f.. _

.ﬂc) have.“ switching time of the ofder-of arnanosééoﬁd,:; _
}:3__ “f f 4d) ‘be cahable of holding off about ‘one. megawatt of rf power..-
- It should also not serlously reduce the wavagulde bandwidth when |
;.flred, nor st ogld 1t f;re randomly or erratlcally._ Of the various

'“qw1tch1ng medla used at mlcrowave ¢requenc1es, a E,as dlscharge sw1tch
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appears to be best ebie to meet the ebove requirements.

Five different switch designs w1th varlous mooifloatlons were

tried. They are schematlcally 111uSurated 1n,h1g 13.: The arm of 1'
‘an E- plane tee, Flg- 13a, whlch JOlnS the broed wall of the cavity -.

_wavegulde contains the sw1tch element and is termlnated by a movable

short. . The short is pleced so as to appear as an open circult in the

cevity wall when the SWltCh 1s not flred. The ges dlscharge switch is .

.plaoed 1n the Junction 1n the plane of the cev1uy wall, or a half wave-_e'

length back, €0 as to create a short c1rou1t at ‘the wall when flred.-d”

‘There is some sacrlllce in bandw1d*h when the switeh is & half wave-
'_ length from the Junctlon because the electrlcal 1ength to the short

-varles w1th frequenoy.-

The two simpeest sw1tches, Flgs. 13b d, oeosesued of a capa01tive

_ post end slot, reenectlvely, oross the Junctwoq, leavldg narrow gaps._ _""
 These gaps were broﬁeo down by the cav1ty ‘power after tr ggering with

dultrav1olet 11ght from an ehternal spark gap. enoeher design, Fig. 130,

1

replaced the cepac1t1ve bar with a split post Cgu 1n1ng the trlgger -

spark gap ThlS put the trlgger source much cleser to tbe maln gap

and offered some lmprovement. The switch of Feb. l3c, had a quartz N

tube, fllled with air at approx1mately 200 mm'Hg, 31tueted 1mmedlately

_:behind a rasonant slot. A high voltage trzgger puTse was applled o

across the electrodes to break the gas down and ‘the rf power malntained '

' the dlsoharge. Another sw1tch, Flg. 13f, conszsted of two hemlspheres '

mounted on opp051te broad walls of the tee, w1th a .OhOﬁ gap, located

e half wavelength from the Junotlon.e It_was tri ag- red elther by a .
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p01nted eleﬂtrode pa551ng through the narrow wall to the gep center,-

" or by llvht ;rom an external spark gap.

P

Al SW1tches trled worked but not well enough for the eoutem—

plated breakdown studles. They were satlsfactory open clrcults in the o

' ;?flred state w1th typieally 35 db 1solatlon of the cavity ?rom ‘the ‘ 

e oad: but 1n,the flred state the effectlve sbort c1rcu1t uas 1nadeeuate.

ThlS is a censequence of the rf power in the caV1ty belng unahle to '

malntaln a suff1c1ent1y &ense dlseherge.- Two 1mportant factc 3 are

‘the volume oP the region belng ionized and the equlvalent 1mpedance

E of the resonant structure through whlch the dlscharge is beveg 1n1t1ated.

Thus, the swltchzng volume should be as- small as p0551ble and tne equlvau_:

lent impedance as low as is con51stent Wlth the de51;ed power gain. )
The sw1tches were evaluated with a sampllng osc1llcseope and the trlgger
was provided by a hlgh vel+age pulser which flred eh_auxillary gap.

The low pressure switch had the best operatlng ebaracterlstlcs

”:1t was a better short and flred more regular1y thau,the others. How-

: ever, because of the 1ow pressure the switch operatea slogly'ahd eeuld S

onlv hold off %OO kw of euv1ty pOWer in standard WRSO wavegulde._ Pulses

obtalned using thls sw1tcn had a. 15 ns rlse tlme an were aboue 80 ns"

'long.' The high pressure sw1tches operated more rapldly, hewever tee

1nstrument1t10n was not edequate for eccurate meesurements.ux "‘

Te make a SWltCh which produces a better short c1rcu1t, 1t wlll

:_'probeoly be auvantageous to rely on an external source of pewer to-

maintain the discharge. To get fast sw1tch1ng, a hlgh pressu,e dlscharge_:
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usiné the geéﬁéfry-éf Fig; 13e'ahd'extefnal power 5hou1d'ﬁe-triéd;f

This type may produce a rounded leadlng edge to the palﬁe aﬂd requlre-f

‘some pu1=e sharpenlng uompensatlon, but it should be easier to mlnlmlze'
'_Jltter'e. An alternatlve scheme which should also be trled is the low
:pressure, 0“ "vacuum" sw1tch?7 The dlscharge in thls tvpe is 1n the

“':metalllc vapor evaporated from the electrodes. A falrly ;onﬂ delay,

.of the order of lOO ns, is ;e%uwred before the 1n1t*al waak dlscharge"

‘ reaches the p01nt where metalllc vapor apnears- from then en,the dense

 sw1tch1ng plasna forms rapidly. This long delay could be de51rable 1f :
it eliminates the need for a delayed trlgger pulse and can be trlggered
"51mu1taneously w*th the magnetron pulse. ygaln an auxlllary de power

‘: supply is needed, but the sw1tch1ng time 15 1ess senslthe to vcltage,:.
l_fluutuqtlo 15 than the high pressure type.;:: : _ _

A ty plcal pu;se envelope is sketched in- Flg 14 _ fhe dotted curve.
represents the magnetron pulse, the solid curve tne powef into the ioad
br deﬁéﬂto*;_.when the magnetron comes on, a small amount of:powér leaks
- through to tﬁe 10ad before the sw1tch flres- The trlgger pulse-closes
the sw1cch and the hlgh power nanosecond pulse travels Qow; ‘the llne,

_ its ampllt ide dlstorted by arc 1oss and uny other 1mperfectlops in the
'switch'operatlon,'_ence the pulse has gone by the swltch SlOle re- -
covers,.re:ucing the.outpuf_power graduaily. Sinée.thefe.is $£i11 

some power in the line, the. switch mayrnot recover fully until the-  ff

' magnetron pulse ends.




VI. ‘SUGGESTED EXPJRIMEETAL EROGRAM B

It nas been pei nted out 1n,Sectlons IT and III that an experimental,

ﬁetermlnatlon of ths pulse creakdown eharacterlstlc for air for pt < 10 5‘
‘mm Hg-sec is necessary for rellable estlmates of the power handling capa-
city of pulsed mlcrowave systens. BecauSe of the possible differeqees 5
between low and high pressure breakdown mechanlsms, the experlments B
.ought to be done as olose to one atmosphere as 90551b1e. Thls requlres
'3pulses of the order of lO -8 sec. Video pulses could be ueed, but the
correspondence to microwave breakdown is not aSeured, since electrens
'drlft in the electrlo field to the walls’ (moblllty—controlled oreaxdewn)
-and secondary electrons may be emitted from the walls by ion impect. '
These contributions to the breakaown mechanlam may become elgnificant

in the nerrow gapt ehlch are usually requlled to produce hlch fleles

. at reasonable voltagee._;'grfi | ' ' l |

' Microwave pulse breakoo'n measurements yleld useful 1nf0rmatlon

'on the Townsend coefflclent and can be used to study other gases at o
nigh Efp..' | _ _ | o S

' If more details on the breakdown mecbanlsm are known,_lt may be l;.
l possible to dev1se methods te suppress breakdown to a greater extent-‘,.'
'.1herefore,'1t would be desirable to know 'a) where the electrons come
from and how the spark starts, b) how it grows in space and tlme,-_ -
.e) how large it ‘must be before 1nterferr1ng with transm1351on, and

.d) how the pulse repetltlen Tate 1nfluenoes breakdown by resiaual

-electrons and gas heatlng.




3.

A mirimum‘eaperiﬁental program would include: | a) develoeﬂent
- of the nanoseconé pulse c1rcu1t for re11ab1e, repeatable puTses down
to 10 ns duration, b). ce51gn an d constructicn of the breakdovn chamber,‘
-c) measurement of breakdown characterlstlc of air to smallesb 90551ble
i '_1 . o :_Jpr, varying p and T 1ndependently._ The baslc circuit arrangment is
sketched in Fig. . | R |
: A more ambitlous program would 1nclude' a) .similar bulse break- f.'
down measurements on high dlelectrlc strength gases, in partlcular SF6 '
.'and the Freons, b) experlments to measure tem;oral and spanlal growth
 of the spark - probably a magor undertaking, and c) experiments to
rdetermlne the effect and 1mportance of gas heating and the pulse re--

petltTOn rate on 1omer1ng of breakdown fields..‘”’fg;r[; ,:l_f’“";: e




. .'._?‘32—. o
: :z CONCLUSIONS )

The pulse breakdown cusve'for.air indicates that.at etﬁospheric-
pressure the peak powef for'hfeekdown with-e 10 ns.pulse is abproxi-
mately four tlmes tho CW peeer, ‘with a 1 ns pulse it is about fourteen _
times the CW power. Modesu galns in wavegulde end antenna power handling'
capabllity are possible at eimospherlc pressure u51ng the nanosecond
:pulse technlque. At reduces pressure enormous galns_are_p0551ble, Wlth
a pulse with's pT 5'5 X 13‘8 mm Hg-sec‘ohe hendred times.the CW power, at
‘the same pressure, can be transmitted. There is also some hope of -
'improving on-this:theoreticel estimate by a better understanding of the
breakdowp mechanism and searching for ways of suppressing spark forma- .
tion. Presently, in practice, the theoretical minimum breakdown bowers
g  are.often not even attained, ;erhaps oue Lo gas heatlng, surface 1r—'
1regunarit1es or other eflects.- | | o :

B In order to understeu hetter the breakdown process, espe01a11y
.for very short pulses, mere sleoretlcal work is needed. .Tne problems_._s
'of space charge and fleld dis tortion, ifferences in the breakdown
mechanism at 1ow and hlgh_ﬁfessures, gas heatln and mode of spark -

'propagatlon need partlculas attentlon.‘ Experlmental work to verlfy f'

'c'the theor; is clearly reqslﬂed, a determﬂnatlon of -the breakdown fleld

' pulse length characzerlstic should be the ‘essential goal of the experi—
mental program. The pro erties of high dlelectrlc strength gases are

not well known und they saould certalnly be measured to determine the

eff1c1ency of the gases 1n tne nanosecond pulse region.
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