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ABSTRACT

_ A - The statistics of gaseous treakdown initiation are_analyzed)in

I ' detail. The probability of immediate breakdown is discussed in terms

| . . of the lifetime of electron bursts and the frequency of burst genera-
tion by c¢osmic rays and natural radloact1v1ty The probability of
'breakdown during. the appllcatlon of the pulse is dlscussed in terms

: of field-assisted electron generatlon at the walls or electrodes of
‘the test cell. The fea51b111ty of photometrlc technlques in the

study of dlscharge temporal and spatn.al growth is cons:.dered
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% T : “Evaluation of Final Report
; . - (Contract AF30(602)2781)

1. The work reported herein is part of a short pulse-range
‘resolution program which has been underway at RADC since 1960. For _
the most part, interest has been‘confined -to range resclutions of : -
e ‘& lew fTest and pulse energles suitable for long range radar opera- '

S0 %den, iee., pulse duratiins léssighan”twenty nanoseconds and peak
o i opower of the order of 1049 te 10™° watts, Needless to say, micro-
. macond- pulse techniques fall far short of solving most of the
problems; new technical approaches are needed in most cases.

Lanie 20 To date, emphasis has. been placed on two major problems -
‘generation and breakdown. This contract is mainly concerned with
e statistics of discharge initiation and photometric diagnostic
wechniques; other studies presently underway are investigating dis-
sharge growbh,® Probably the most important conclusion to come out
uf this contract is that the probability of breakdown initiation in
& nanosecond radar may be quite small. This leads one to speculate
on.the possibllity of a radar in which peak power is well above the
iimits imposed by discharge growth considerations, and in which a
reasonable percentage of the pulses are sacrificed to breakdown.
Further study of the latter concept and the' photometriec diagnostics
iz contemplated.

*Contract "AF30(602)-2779, "Nanosecond Pulse Breakdown Study" with
. “pace Sclences, Inc., waltham, Mass;»theoretica1_and experimental . :
investigation involving discharge growth in video pulses. _ o ' .
Contract AF30(602)-2782, "Nanosecond Pulse Breakdown Study" with
Ficrowave Ass6elates, Burlington, Mass.; theoretical and experi-
. montal investigation involving discharge growth at microwave fra-
qusncies, . : : :
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NANOSECOND PULSE BREAKDOWN INTTTATION AND GROWTH
" INTRODUCTION

'Geseous ‘breakdown 1s a phenomenon which can limit the per-
'H‘formance capablllty of mlcrowave systems operating at high-
‘ipower levels It may occur 1n portlons of the transmltter
'dplumblng, at the transmlttlng antenna, or possibly in regions

of free space where local c¢onditions and microwave power con-

centration obtain.’

In the BDM'reportl presenting results of the first six.
months of {heoretical study, it was pointed out that the in-
vestigation of discharge-initiating processes has generally
“been ignored in microwave breakdown studles. It appears, how-

ever, that an understandlng of these problems may lead to tech-
nigues to inhibvit 1n1txatlon and greatly increase the probablllty
"~ of transmlttlng super power pulses without breakdown It was
also pointed out that photometric measurements of the discharge
growth would provide a More sensitive measure of free electron
concentratlon in the breakdown region and give more detailed
-information about the spatial and temporal growth of the dis- -
.. Charge:, Durlng the six-month period covered in this report,
more detalled 1nvest1gat10ns ‘have been conducted in these areas;

and the results of these 1nvest1gatlons are. presented in. thls
report._




I. DISCHARGE INITIATION

.,_ﬁ. ;Gcneral'

Thcre 1s 8 time. delay between the application of a microwave pulse”

-;r u IX voltage ‘pulse to a test volume of gas and the buildup of the

zﬁéiﬁvhivge in the gas. This tlme delay is divided into two parts, an

ttin ory tlme, t, ; and a formatlve tlme, t,. The initiatory time 1s

f

the time delay experlenced before a discharge-initiating electron

sppears. It is statistical in nature and, accordingly, is called the

_3tatis£ical'time.lag. The second. part of the total'timé*delay observed

in diseparge studies is the formative time lag, t,, which is the time .
required for the discharge to grow from initisation to levels gt which
nicrowave energy 1s reflected. Th;s growth or formatlve_tlme is nesrly

mministic in nature. Taking these definitions of statistical time

_lag and formative time lag, the total time lag, t ms MBY be -expressed -

68 rql}OWS-

tg =t bty | | (V)
Previous studies of microwave discharges have dealt almost exclu=

#ively ‘with the formative time, tf,

The results of these studies appear to establish well-defined limits on
'_»he LJ-ﬂr cap&blllties of’ mlcrowave systems._ In these studies, however,

 ;:1;1¢ or no consideration has been given to the Chafaétefistiés;of the

stetistical time lag and underlying physical proceésés. In moét é&ées

T ey " . .- .
<ot Bratistical time lag is regarded as an experimental inconvenience

.which is rgduCEQIby using artificial radiation to.provide en abundance

and the details of discharge growth, -




of-discharge-initiating electrons. In examining the dlscharge phenome-
non from the point of view of the transmission of super-power microwave
pulses, it is particulerly pertinent to study in deteil the discharge .

initiation processes.

. . Fbr both the microwave and IC cases the appearance of a dlscharge~
- inltlatlng electron: has similar statistical characterlstlcs and the
same underlylng physical processes. The time lag depends on the proba—
' blllty that an electron will be Iiberated in the test gap and on the
probablllty that this electron will initiste an electron avalanche.

C ALl processes liberating dlscharge-lnltlatlng electrons are random.-
They are amenable’ to the same statistical analysis. Therefore, these
statlstlcs will be dlscussed first. Details of the physical processes

produc1ng free electrons will then be discussed.
' B.  Theé Statistics of Discharge Initiation

When 23 voltage 1n excess of the static breakdown voltage is applied
to a test gap, a discharge will not +take place untll an electron appears
in the gap which generates an electron avalanche. As previously defined
the tlme 1nterval between the application of the voltage to the gap and
the appearance of the electron which inltiates an electron avalanche 1s

the statistical time lag

- The statlstlcal treatment of the tlme lag is stralghtforward
Assume that a large number of trlals, B, are conducted in Wthh a
step functlon voltage pulse in excess of the static breakdown voltage
is applled to a test gap. If time measurements are begun at the time

of the applicatlon of the voltage pulses, a number, n, will not have



: experiehced breakdown after an interval of time, t. Then the number,
dn, which experience breakdown in the following small interval of time,

dt, is given by,
dn = -IWndt - o (2)

whére I is the average number.of electrons which appeaf per second in

the gap and W is the probability that an electron appearing in the gap

will lead to & discharge. The negative sign used in the expression

- indicates that the number of surviving voltage pulses is redﬁced'by
‘dn during the interval of time, % to t + dt. if this expressicn is

- integrated, it'iéads to the expression for n as.a function of t as

follows: | | S

~IWt
n=mne .(3)

It is more usual to use the expression for the probability that in a
~simple measurement the time lag will be grester then a tlme, t. This
is given by the ratlo of" n/n as follows:

n - IW | '
E—-—e _ = (,-l-)
o

Fbr cases where pulses of w1dth T rather than - step function volt-
ages are applied to the test g8Dp, - the probablllty that breakdown will

mccur durlng the time the pulse is applled is given by, _

P} =1 - e TWT o _ | '(5);' '




- For the case under consideration here the field applied to the gap will
be much:greeter than the minimum breakdown field. For this case W= 1®

and we may write
P =1-e" o (6)

Equation (6) does not include the probabllity that there will be
" an electron or electrons present in the test gap at t = O, i.e., when
'jthe'pulSe is applied If there is at least one electron present in the
3..gap whlch leads to an electron avalanche when the pulse 1Is applied,
breakdown then - occurs 1mmed1ately There is a probability that such
an electron will be present; therefore, to express the total probabil-
ity, PT’ that breakdown will occur at the beglnnlng of a pulse of
width 7 or during the pulse, the probability, P. i’ of such an electron
belng préesent in the gap must be combined w1th P ? yleldlng*
PT'= P{ + PT - - (7)
. To determlne P it 1s necessary to examine the physical processes
whlch produce free electrons before the field is applled and determine
the lifetime Qf-these electrons in the test gap, " These are examined in

detail in the following sections.
C. Field Independent Sources of Free Electrons

_ ‘In a test gap containing a specimen gas there are natural sources
of free electrons which are independent of the applied electric field.
-In particular, free electrons are generated by cosmic radiation and

natural radloact1v1ty in the materlals surrOundlng the test £2p. Other

% An additional term, _PiPT’ which will be negligibly small in cases of

interest, is not included.
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;gs_ible spurcéS*of free electrons independent of the electric field may

vy

idéred such as thermal ionization of the gas or thermionic emisSion

the electrodes; but these all may be shown to contribute negligibly

i

hatiae

s
v5 the ‘preduction of free electrons. Such sources as ultrav1olet light
~+ificlal sources of radicactivity are not con51dered since these
wre controllable experimentally and can be eliminated. Thigs section

w11l deal with those electrons produced by cosmic rays and natural redlio-

seLivity.

If the specimen volume of gas is Shieideq“égainst radiation, cosmic

rediation and natural radioactivity in material surrounding the gas con-

ertbute equally to ionization in a specimen gas, about 2 ion pair/cm” sec .

for cach, or a total of k& ion pair/cms.sec.s This figure itself does not
provide the information needed to quantitativély discuss. the effeﬁt of
cosmic radiation emd natural radibactivity on the breskdown characteristics

of & pulsed gap. It is more significant to speak aboﬁt the number of

iﬁni -ing events whlch occur per:second in the test volume.' The flux of
: 2 : :
-vatural radiatlon is about 0.0k partlcles/sec -~ cm . Particle energies

- due to cosmlc rays are in the hlgh Mev to Bev reglon. Particles'due'to h

rauural radioact1v1ty are in the Mﬁv region. In either case the specific

_ tonization is about the same, i.e., about 7O ion pairs/cm. .Thus, ionizing

particles from natursl sources produce bursts of electrons in the specimen
g¢as.  The number of bursts per second and the_number'of electrons per

burst dépend on test cell geometry.

D.  Free Electron Lifetime

_ If a single free electron is in the gas volume when a voltage pulse
with greater than the static breskdown voltage is applied, it will initiate.
& Llucharge. Free electrons may be present in the gap and initiate

rraxdovn after a cosmic ray or natural radicactive event if a voltage
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‘pulse is applied in‘a time shorter than the lifetime of free electrons

produced by these events. It is the purpose of this section to determine

the electron lifetime after such events.

~ Free electron decay times are -determined by the diffusion rate of

" electrons to the container walls or electrodes in the gap, by recombin-

“ation with posifive ions in the volume of the gas and at the walls and

electrodes, and by atitachment to electronegative atoms and molecules.

. Lo g .
Gould and Roberts have shown that diffusion can be neglected if either .
of two conditions are fulfilled,

pd > 25 m Hg - cm
6
.7 < 3 x 10 "4 sec

where p is the pressure in mm Hg, 4 is the gap width in ecentimeters, and

T is the-pulse 1ength At atmosPherlc pressure and centimeter gap w1dths,

of 1nterest here, the flrst relatlon 15 ea31ly satlsfled and dlffu51on

':may be neglected with resPect to attachment. For electron den51t1es of

lOlscm -3 or less, recombination may be neglected_w1th respect to attach-
ment. The effect of naturally ocecuring ionizing rays on the discharge

“initiation depends,- therefore, on the rate of attachment of the free

electrons to gas molecules. The Case_of air at atmospheric pressure

will be considered here in detail.

" Assume that: an average number of electrons, no, are produced per
iinZlnD ray. For ‘an SJband guide typlcal path lengths viould be about
3 cms, corresponding to about 200 electrons per burst. Most of these
qve'energies in the kilovolt region. Initially no attachment will pécur,
" in a short time (nanoseconds) the whole group of:electroﬁs will experi-.

- leastic and inelastic collisions which degrade the electron energy.



. of densities from 10%2 electrons/cma to about 10

It is only when' the energy of the eiectrcn is reduced to about 2. 5 ev that

ﬁkrben attachment (the only important attachment process in alr) becomes

pignificant,

In the Appendlx the decay characterlstlcs of* the free electron popula-
ion are calculated from collision and attachment data. The results are

g“own.in Figure 1. Very few electraons are lost until the ‘electron energy

Vapproachcs 2. 5 ev. At 2.5 ev 0Oy attachment becomes important and the

lﬁiectron decay beglns. When the electron energy . reaches 0. 025 ev (thermal),

the decay is-exponentlal with a’ decay constant of 2 x 10 -8 sec,

Fbr an individual electron the llfetlme is quite complex. . It will

st certalnly survive durlng the 1. 5 x 10 =3 sec requlred to reach 2.5 ev.:
The probablllty of attachment will “then increase, partlcularly as the
Snergy approaches thermal energy. The probability is about 0.4 that it will

be thermalized, and this will occur at about 3 x 10-9 sec after it has been
-8

- generated. If it is thermalized 1t will survive about another 2 x 10 sec.

fﬁué, assigning an average 11fet1me of 2 x 10 -8 sec to an individual electron .
ﬁppcars reasonable. This flgure differs:- conS1derably from publlshed data5
wbich is cbtained from afterglow measuremsnts and which applles to decay

T electrons/cm .

Since electrons are génerated in relatively large numbers, consider-

ation of the lifetime of an individual electron is not of direct importance
e tbe p01nt of view of discharge initiation. It is the total time during

h:ian one or more .electrons are avallable to initiate a discharge which is

significant. " To determine this tlme effective use may be made of Figure 1.
A typleal track in a wave gulde wlll_produce about 200 electrons. Figure l
ahowg t*at'BO of'thesé will survive after 3 x 10 = sec and be thermalized.

“he time for these 80 to decay to 1 is given by Equatlon (84) (exponential
n Figure 1) as follows:
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=2 x 10“8 in 80

= 8.8 x 10'8

.?huﬁ, adding to this time'the'time_to reach thermal energy levels gives

a total time_tg'reduée'the7original number from 200 to a single electron

oo

;
aa,-

tp = 9.1 x 10”8 sec

_If.a voltége{iﬁ_excess'of-breakdown is applied to the gap within-
.1 x 10-8.360 after the passége'of an ionizing particle, electrons
wi{ll be immediately available to initiste a discharge. Thus the effec-

tive lifetime of thegburst_;s_nrlO-T?sec.

. E. . Probability of Immediate Breakdown

If lonizing radiation produces electron bursts in the volume of the
specimen. .gas within 9. 1x 10_8 sec of the application of the pulses,

treakdown inltlates 1mmed1ate1y upon the appllcatlon of the pulse. To
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determine the probability that this will occur, use is made of the Poisson

Distributionu‘ This is given by,

P.zan-l—-re_-m" - _ | ; (8)

.  ﬁheré“Px'is the probability of observing x ionizing events in one trial

and m is the mean number of ionizing events which occur in the gas volume

: : -8 : : _
within 9.1-x 10 gec of the application of the pulse. For the case of

: breakdown in waveguides we may take x as unity and determine m from the

geometry of the test cell and measured levels'of-local'natural ionization.

Using these values, Equation (8) may. be used for F, in Equation (T) to

get the total probability of breakdown per pulse as follows: | ' '
PT: me —i—(l - e ) _ : (9)

Consider a case where only cosmic radiation and natural radioactivity

are considered as sources of free electrons. If the cross sectional area

-of the test region is 100 cm?, then the following values of 'I and m applyj

1§
1l

I 0.0% x 100 L

7

m 9.1x10f8x,ly—_- 3.6 x 10°

" For a 3 hanqsecond-pﬁiSe width Equation (8) yields,' 




T

- . : __9 :
_3.6_x 10, (1 _._e-h x 3 x 10 )

P = 3.6x 10"7 e

8

Tr12x107°

il

= 3.6 x 107

The calculated probability of breakdbwn_baéed on these assumptions is
“thus Qery small, It is interesting to note that it is Pi’ which depends
" on thealifetime of electron bursts generated before the application of the

pulseé, which predominates. However;‘only cosmic radiation and natural

L ~radicactivity are considered as sources -of free electrons in calculating -
‘Té _ I.' This.assumption is valid only at breakdownrthreshhold. In the

| presence of high electric fields I will be much greater and will depend -

upon the value of the electric field. This is discussed.in detail in

the following section. .

P, Pleld-Assisted Free Electron Generation

'inrthe preceding section it was shown that  the probability of

sreakdown -due to cosmic radiation and baturai radioactivity'is;rela-
~tively small and only raerely does an ionizing event occur immediate”

fj;ﬁ preceding or during the pulse and initiate a discharge. IT




. cosmic radiation and natural radiocactivity were the only source of free .

electrons in the discharge volume, one could specuiate on the high pro-

bability of transmitting super-power microwave pulses without breakdown

.occuring and devising special techniques to deal with the rare break-

' down event which-may'occur. Uhfortunately, in the case of super-pover

pulses, the free electrons whlch initiate discharge do not arise from

cosmic rad;atlon or natural radloact1v1ty but are emitted from the elec-

_ trode of wé#ewgﬁide wall assisted by the high local electrical field.

In the past microwave studies have dealt exclusively with the forma- -

tive time for the discharge breskdown and the magnitude of that breakdown
field. The statistical time lags were eliminated as an experimental in-
'convenlence by irradiating the gap with natural rad10act1v1ty or ultra- o

“violet light. It now appears that the statistics of 1n1t1atlon and

underlying physical prdéesses_may be of great importance in studies of

super-pover microwéve sy$téms. Except for some modification necessary
to take into mccount the time variation of the electrie field, the ini-

- tlation statistics and processes in the microwave case should be similar .

to those of the DC case.. This section will therefore deal with fleld-

assisted free electron generation in DC fields.:

Various work in the study of field-assisted electron emission from

electrodes was conducted by F. Llewellyn Jones6._-He sﬁudied statistical

time lags in cases where the eleéctrode spacing was extremely small(about

0.3 millimeters). With the close spacing used, it was easy to achieve .

field intensities of 5 x th-v/cm and greater. For these values of the

_1.3




8 ied electric field, the observed statistical time lags were far too

FPa
short to" be explained by cosmic radiation and local radicactivity. TFur-

- ther work by Jones showed that there was electron emission from the cathode

| - gurface of ‘the discharge gap whlch prov1ded the discharge- 1n1t1at1ng

clectrons.
1. Techniques of Jones

The method employed by Liewellyn Jones consisted'of exemination of

~the distribution of the time interval which elapsed between the application

. of & constant electric field well in ekoess of the minimum required_for
breakdown and the appesrance of en electron emitted from the cathode. 7In

the presence of the high field the appearence of an electron in the gap from
wny cause at once led to the electrical breakdown in the gap which was
rccorded eiectronically. The assoc1ated c1rcu1ts limited the charge passed
“at breakdown to- less than 10’ -6 coul and also isclated the gap from the
rduource of potentlal w1th1n a tlme of lO -6 sec. Under these conditions

the electrode surface was not 51gn1f1cantly altered during the measurements.

Jores used a triggered vgcilloscope to record statlstlcal time lags.

'Applicatlon of the pulse triggered a calibrated time base, and breakdown

' “blanked the trace. The system ran repetitively, and traces were recorded

- ©n & vertical moving photographic- film. A typieal record of time lags was
& series of time base traces. of verying lengths (time lags), each trace

”starting at the appllcatlon of a trial pulse and termlnated (blanked) when '

o 3‘5”F3rgc occurred

e




FOREWORD

Gaseous breakdown.can impose serious limitations on the .
capabilities of high—power microwave transmitting Syétems.
Although much is known of this rhencmenon for DC and micro-

wave pulse systems, éonsiderably more détailed theoretical

:-and7éxperimental information is needed to advance the state-

of -the -art in high-power microwave transmitting systems.

Technical considerations indicated that improved perfor-

mance may be realized by using reduced pulse widths. Rome

" Air Development Center is ‘conducting an intensive'theoretical

and experimental study of breakdown phenomenon in the nano- -

second region. BIM has”conducted theoretical investigations

-under this program. An earlier report presented the results
of the first 51x months of BDM activity. Durlng the second
?31x month perlod BDM investigated the processes of dlscharge
'_1n1t1at10n and the feasibility of photometrlc technlques for
K studylng dlscharge characteristics in the nanosecond region.

'The results of thls study are presented in this report._“

BDM Report No. BQ-102.

. AIR FORCE, Cato Show Prig, Co. 2/11/64 - 107 -




Since the surface emission of electrons is statistical; the surface

current I is related to the time by Eqﬁation (h)_given here again as follows:

-It
= e

s[u

o

The electron emission, I, may thus be obtained either from the slope
of In n plotted versus t or by calculatlng the average time for breakdown,
that is the average statistical time, t. The average statistical time

can be shown to be

2. - Influence of Micro-Geometry. and Nature of the Surface

Direct measuremerit of the rate OI electron emigssion from different
surfaces gives the following results: _ _
Pre-breakdown electron emission from clean, sﬁooth, cold cathodes
of ordlnary metals under appl:ed electrlc fields of the order of 10
v/cm is very small. However, the presence of mlcroscoplc irregulari-
ties on the cathode surface enhance locally the applled electric
- field and increases the local- emiséion This locally enhanced field
is the field effective in extracting electrons from the surface and
not the macroscopic applied field. The presence of a layer of very
fine dust or of a layer of oxide produces very much the same effect,

' cau51ng enhanced emission at moderate Tield strengths

Average values for the emission current from different metal
.surfaces in various’ condltlons of surface ‘finish are given in Table l
The results were obtained at the same value of the macroscoplc elec-.

tric fleld E (equal to 5 x th v/cm)

15




TABLE I.

" The Influence of Surface Conditions and Nature of Metal on the

Metal Surface
Freshly turned
Tarnish oxide layer

Highly polished

- Electron Emission in Air

Electrons emitted per seco

under applied field 5 x 10

- volts/em from

Nickel " Brass

18 x ;03 8 x 107
8.x 103. 5 x.'lO5 -
6-x,lQ3— 105

nid
L

Steel
90 x 10
30 x 10

5 x 10

Molybdenum"

30 x 10-3

T b'4 103

2 x 103

o L




ﬁMéfalréﬁrfaces'éfe least éctive vhen they are clean and haﬁe
. been carefully'pollshed The same surfaées aftér exposure to the
'_atmosphere for a perlod of hours show a deflnlte increase in emis-
“sion which can be as much as an order of magnitude or greater.
- Also, it-appears that it is'the actual state of the metal'surface;
. rather than the metal itself, that governs the activity, at least |
for metals of roughly the same Physical properties.

3. The Dependence of the Emission on the Applied Electric Fields

Llewellyn Jones establlshed that there is a general correlation between
the applled electrlc fields and the measured electron emission current. An
- example of thlS Tield dependence is given 1n_F1gure 2 for molybdenum and
nickel surfaces in air. Over‘the limited range of measurement shown in .
Flgure 2 the emission current is given closely by the expre551on for cold

field emission developed by Fbwler and Nordhelm7

I. [38 5 x 10 gEng/(Q + g)@z] exp ( -6.8 x 3.07@3/2/3') (10)

where | o L
' I' is “the nunber- of electrons emitted'ﬁer second from
a surface of area S ' |
@ is.the work function
' the fermi energy in ele;tron volts
and
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.Mhere

P microscopic field at the cathode surface

¥ - is a factor representing the local intensification of

the macroscopic field E by microscopic roughness

- Two conditions of oxidized layers are differentiated by LleWellyn

'Jones thlck ox1dlzed layers (greater than approximately 10° cm), as

'commonly found on- metals exposed to the atmosphere, and thin ox1dlzed

layers (approximately 10 Tcm).

In the case of thick oxidized layers substantial em1551on of 10h
to.lO5 electrons/s is obtained from cathodes of nickel and tungsten with
electric fields of about- 105 v/em. By relating this emission to the
electric'field by & Fowler-Nordheim equation, estimates of the work

functioﬁ and'emitting”area of the source of the electrons were made.

_It was. found that the effectxve work functlon for the emitting source

.izon ox1dlzed nickel and tungsten was roughly 0.5 e.v, and that the emit-

ting areas: were 1¢ ~13 m?. This ‘is consistent w1th_the-v1ew that the

electrons were obtained from the oxide itself and not from the under-

lying metals. Presence of]tarnished films and oxides on electrodes

inhance the cold emission greatly and play an importart part in electron-

preoduction.

The results for thln tarnlshed fllms are con51stant with the v1ew that

electrons emitted are extracted from ‘the metal substrate by the high electrlc

field set up across ‘the thin surface film when covered with a layer of pos-""'

itive ions, the presence of positive ions on the thln film being essentlal

- to the emission mechanism which follows & field law; +this high em1551on‘

-does not occur when the thin surface tarnished film is ebsent.
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Very recent studies by Little and Whitney8 seem to support the Fowler-

 Rordheim theory of cold field emission and show that it can also be caused

by sharp surface irregularities which greatly enhance electric'fields.

Jaing a shadow electron microscope, projections aboutVEp high were found

9

at'pre—breakdown'eiectron emission sites. The calculation by Lewis” showed

that a prolete hemlspher01d on a flat surface with a height to base dlameter

“ﬂtio of 8 produces a Tield enhancement, M, of 100. This means at the

.whisker, or projection, the electric field would be 107 v/cm if the gross

field were only 10° v/em. Little & Whitney shows that this pre—breakdown

emission is Independent of -emitter temperature up to 1000 °K.

- On the other hand, the emission curve shown in Figure 2 may also be

satisfied by the field assisted thermionic equation by Schottkylo

B T TR

'where,e is_the:electronic.cherge, E is the field strength and-

I, = 217 exp (-8/x1) S

is the electron emission at zero electric field at a temperature T and @
is the work function of the solid. This approach ie-given some support by

the work of Lewisg.

The . range of electrlc fleld.values for which measurements have been made_
iz small; ang, considerably extended range measurements mist be made to

398 .
dotermine which field expression, if either, is the accurate one.




L. Conditioning

In almost all cases the condition of the surface contributes impor- .

tantly to the character of the emission. OFf very special interest in the -

”approach to super-power microwave transmission is the work by Llewellyn-~

Jones in which he was able to "condition" electrodes to eliminate surface

emission. This required a special sparking procedure.

The conditioning process consists of prolonged bombardment of
oxide - covered surfaces by p051t1ve ions in a low, current-limited,
hydrogen glow dlscharge. This ion bombardment was alternated with

hegt treatments in vacuum to remove gas atoms driven into the metal

.7§ - . . _ by the'dischargé.r When this process was repeated at voltages approx-
4 imately twice the'static breakdown voltage, at hydrogen pressures of
600 mm of Heg, the electron emission was reduced to a level accounted

for by cosmic rays and natural radloact1v1ty

In the case of iron this process must be repeated many times over
@ period of many hours. On the other hand, a highly'polished nickel
cathode requires only 15 minutes of square pulses at a rate of 50 a

second to condition the surface. The nickel emission is initially

10 .electrons/seconds, and after 15 minutes, 1t is less than 100 elec- _7

' -trons/second




IT. OPTICAL METHOD

A. Introduction

in detecting:the initiation and the build-up of breakdown cufrehts

dn en &valanche, it is de51reable to ‘measure the alscharge current early
_ ?n the cxponential bulld-up ' In. caseu Where the mlcrowave technlque is

ased, Lhe reflectlon is only strong in the region of the critical electron_

density (510 electrons/ém ; &.8., &t SmBand) With modern nancsecond

- pulse measuring equipment, measurements of anode current provide about

the same sensitivity and resolution.

The feasibility of Qsihg optical diagnostic technigques in discharge

growth investlgations was considered during the_first_six-monﬁh period

* usder this contract. It was shown that during the discharge build-up

‘the power absorbed, B, in the gas during discharge build-up was given

by

u';¥_= evdEn exp( net ) o '.'..=._(13)

where

e - electronic charge

I

“electron veloc1ﬁy in the applled electrlc field

-applled electrlc fleld

SHN
1

" initial electron density in electrons/bm

Vhet . ionization coefficient

ot .~ time

S22
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Preliminery caleulations of the light output were made, based on a conver-

sion efficiency figure of 10”5. These indicated. that optical'observations

.of discharge growth were possible.

Durlng the second six-month effort under this program, the preblem

- of more accurate calculation of the conversion effic1ency from electri-

cal power absorbed in the gas to light power out was exsmined in detail.

This section presents the results.’
B.  Electric-to-Optical Power Conversion Efficlency

Although measurements have been made of £he'light ouﬁput.efficiency
of gas discharge devices, the information which is available applies to
cases of low pressure (few mm of Hg). The case under consideration in

this program is atmospheric pressure, and quantitative information on the

3_eff1c1ency of conver51on from electrical to optical power is not avall-
able. It is expected thet the conversion efficiency w111 be considerably
eless at hlgher pressures than it is for the low pressures. In the high

pressure case account must be takeh of the non-radlative loss of. exclted

states due to collisions with neutral molecules.

It is possible to develop & relationship between the efficienciles

" of the high pressure and low pressure cases.  To do this, it is necessary

-to assume that the ratio E/p is the same in each case and,‘therefore, the

dynamlcs of electron collisions are identical Since we are considering

the hreakdown levels of 40,000 v/cm at 760 mm Hg, the associated low

7 pressure case corresponds to & few hundred v/cm at geveral Inm pressure.




For either the hlgh or - low pressure case, where the E/p ratio is

e

the same, the rate of formatlon of. exc1ted states by & 31ngle electron

1q alsc the same. In equlllbrlum this rate is egual to the rate of loss = ' e
by rediation and by non-radiative collisions. This is given by the |

following: - - - - o

%;—=An_+0f1 _ - (11;)

Here A and C are, the tran51t10n probabllities for radlatlve and non-

rudintive tran51tlons respectlvely. The fraction, ¥, of all execited
states which decay radiatively is then given by, : '
A 1

T e it o as)
. C A+ C l+K

It may be shown that A is the reciprocal lifetime (A = % ) of ‘the
) ; r
exclited state in the low pressure or vacuum cese. This ig. of the order of

loﬂs'seconds. On the other hand, C is the non-radiative transition rate..

It 15 only QUrihg7a'édli{sion“with'a'gas molecule that & non-radiative
transition can occeur. The energy of the exc;ted state is transferred as

' f; o kinetic energy to the colliding molecules. This is the so-called 00111_ '

sion of the second klnd,_or,nonfelastxc collision. Accordihgly,'we-may..

: *
- represent C as fellows:

C =5x loggg—'sec;l

3 o

¥ where

i - a constant < 1

§ - pressure

; 1N - - mtmospheric pressure

; : ' ' : ' . '

Note: Taking the collision frequency at P, as equal to 5 x 107 sec .
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L.

From this expression it is seen that there is an upper limit on the value
of C. This is the case where k equals 1, and corresponds to a situation
in which each collision experienced by the excited state results in'a

non-radiative transition. Thus, we may rewrite Equation (15) as the

forlowing inequality:

o — 1913' o o (16)
1+ %Ilo'.ﬁgTr '

Taking this expression, we may now. consider values for the low pressure

-and high pressure cases as follows:

"Low Pressure Case:

For this case the assumed parameters are:

P - 1 mm Hg
P - TEO mm He
To- 2070
r .
£= T

146.5x10°°

High Pressure Caseﬁ_

For this case the assumed parameters are:

P =P
. o 8
Tem 00

.'féu 1

*T+50 - 002

- which yields an abosolute electric-to-~optical power conversion efficiéncy
' _of 2 x lo-h_for the high pressure case5'a35uming'1% electric-to-optical

~ power conversion efficienéy at low pressure;ll This is ten times the efficiency

25
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necessary to measure light output with a nanosecond resclution as shown

in the first six-month report.

Pemporal Observation

T

The temporal growth OI the dlscharge in either the mlcrowave or
Tﬁrha se can'be treated in-some detail theoretlcally Microwave break-
down is discussed by Gould and Robertsh, and the results of their
*"oretical con51deratlons are confirmed by experiments using a micro-
wuve resonance cavity., Similar work for the formative time lag and the

I case was done by Fletchert® in 1949. Recently, Proud and Felsenthal

-teve.used Fletcher's DC technique with pulses of widths off I angd 8 ns
1o extend the results of Gould and Roberts .

In the experlmental studies of dlscharge growth, measurements are
made of the current flow to the electrodes (DC case) or of the reflected

energy in the microwave case. It has been shown that the light output

‘power from the discharge region will permit unusually sensitive measure-

ments of the early phases of discharge growth,-usiﬁg'gae fluaorescence

as the'diagnostic tool U51ng a photomultlpller and a high speed oscil-

~loscope, such as the Tectronlx 519, it would be possible to record the

discharge growth by detecting the gas fluoresence with 1 ns resolution.
The method would be  capable of recording discharge current levels of 1.0

‘C“oampere, and thls would permlt observatlon of the earliest phases of

dis c}a rge Whlch are not acces51ble to the electrode current or mlcrowave

rv"ﬁvction technlques.

For the hlgh pressure case the early phases of dlscharge are quite
glmflar in both ‘the. microwave and DC cases. Both may be described by the

13




~called lefu51on Equatlon whlch relates electron productlon by ioniza-
tlon and electron loss by attachment and diffusion. “This equation is as

‘foilows-
on -, ' o
Sty v - |

where n is the electron density; v and v, ‘@re the 1on12atlon and

'attachment coeff1c1ents, and ‘D 1s.the dlffuelon constant. Gould and
:'Robertshshow that in the microwave case at high pressures, the dif-
ﬂ_fu51on loss is negllglble and the temporal growth of the. dlscharge is

o 'glven by,

In

el o L .
n < vl va >t

.where nO is the. 1n1t1al electron den81ty'and <. v - v > is the average
' value of v "V over a complete cycle of RF. For the case of a ‘short
_&v1deo pulse or the early stages of DC breakdown in which the electrode
‘effects have not entered, 1t ~may be shown that. dlffu51on is negllglble,

and the grOWth equation is glven by,

1

In = (v, -y )t
. o i Ya’

where the values asSigned vi and;va.are the DC values.

Tt is readlly seen by comparlng Lhe two growth equatlons that they
differ only in the use of average values in the microwave case and DC values
for the video case. The correspondence between the video breakdown and micro-

"wave breakdown cases. are dis cussed in some detail by Proud and Felsenthal.13;
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;.DQ ‘Spatial Observation - . . ' ) o
Opticael observation is spatially selective'in that it allows a pre- o o
S dete xmdnea velume to be ‘studied. .The size of the volume,mey e determined ' '
| 1y selecting the focal length of the 1ight gathering lens and using'an '
spirture etop to determine the depth of field, The location of the
| volume in. 'W-‘ test gap may be selected with a field of view limiting

-ﬁ;wrture as shown in Flgure 3

_ Spauial separation of- the electron 1n1t1at1ng events makes it

- yassible to study free-space breakdown Tar from electrode surfaces.

- Theelectrodes may have a domlnatlng 1nfluence on breakdown formation
rates. Previous studies- of avalanche growth have been con&ucted with

closely speced electrodes

In the case or expansron ehamber metheds the introduction of
-eentaminants are necessary to 1ndleate the charge presence which

could, affeet ‘both. 1n1t1atlon and growth rates. - Optical methods are T ';
remote as well as spatlally selective and, hence, will not affect | -

the physical case to be studled

:ﬂég'
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GURE 2. THST GAP & OFPICAL RECORDING SYSTEM
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AIT. CONCLUSICONS AND RECOMMENDATTONS

%#. Conclusions

1. Field-assisted electron emission from electrode or wave guide
nulls is the major agency of discharge initiation in the hlgh Tield DC

. ar microwave cases.

2. A further understanding of the statistics and underlying physical
processes of field-assisted emission is essential to the development. of

ecsign technlques which minimize breakdOWn in buperpower microwave systems,

3. An optical emission technlque is feasible and required to

sbserve the early temporal and spatlal dlstrlbutlon of breakdown.
B. fReCommendetions

“ 1. Further study of the effects of surface characterlstlcs on

: ficld—3551sted electron emission.

2., Study of the effects of- surface condltlonlng on field- assmsted

¢lectron emission.

3._ Investlgatlon of dependence of fleld-essisted electron emission
on field strength A w1de range of fleld strengths should be used.




by, Development of the optical emission technlques for the study
of dlscharge temporal and spatlal growth.

5; - Development of a free space statlstlcal breakdown model to

" determine the reflection characteristics of free space in which dls—
charges are 1n1t1ated randomly in space and time by cosmic rays and,

'  natural rad10act1v1ty durlng the passage of a hlgh-power pulse.
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APPENDIX
Electron Energy Decay Time
The time required for the electron energy.to decay from kev to thermal
energles may be calculated from the average fraction of energy lost, X, by
‘an electron in a collision with a molecule. In & molecular gas such as air,
~irelastic collisions excite vibrational and rotational states such that ) is
a function of energy. Teking w as the energy of the electron in e.v., the

cneTEy loss per collision is, -

oy (18)

L e ava - O (=a)

Sut'vc is related to the electron energy as follows:

| v, = 2.46 x 10121_11/_2 | - (38)

. where the electron mean free path is taken as 2.5 x'lo-s cms. Combining
“Equations (2A) and (3A) yields, '

Epeesxi0a C(u)

W




- Integrating, and noting that at t = 0 the electren energy is uo,_gives

the expression for free electron energy as a function of time,
: 1 s s _ .
neé.u 2 = 1.23x 10l Azt o (5A) -

' In using Equation (5A) to caleulate the time to reach 2.5 ev from
kilovolt levels, the time, t, is insensitive to the Selectioﬁ of the
initial value of the.énefgy, LA It does, however, vary inversely with
the selection of ). If only elastic collisions are assumed () = 3.?x10“5),
'ethen.the decay time to 2.5 ev is 1.5 x 'lO“8 sec, If inelastic collisions
are con51dered (a ch01ce for A of 2 x 10 -3 is reasonable), the decay time
to 2.5 ev is 2. 6xlO - sec., This value is more realistic and agrees with

values deduced Trom range ve. energy tables for electrons.

When electron energies approach 2. 5 ev, O2 attachment becomes impor- -
tant. This is shown in Figure: (lA) -Bince Né is a noneattachlng ges,
this O2 attachment is the only significant attachment process. The rate:'
- of loss of electrons by attachment can be considered in two steps: a) loss
rate as the energy is degraded from 2.5 ev to thermal energy, and B) the
loss rate after the electrons reach thermal equilibrium with the gas
_:(average energy 0.025 ev). For step a) the rate of loss of electrons is.
given by, | L '
CEeewx0®ER (&)
where n is the number of surviving free electrons, h is theHEttachment-

frequency and u is the energy of the electron.




To find n as a function of time from Equation (64a), 1t is necessary
to use numerical integration and values of h from Figure lA . To calculate
finite time dlfferences for the integration, the appropriate values for A\
are given by Massey and Burhoﬁls._ These vary from 2 x 10 at 0.025 ev to

3 x 10“ at 2.5 ev. Figure 1, which shows free electron population as a

- function of time, presents the results of this numerlcal 1ntegratlon in

the central portion of the curve.

‘05 get the "tail" of the cuse, corresponding to the time after which
the electrons are in thermal equlllbrlum with the gas, & different epproach
is zequired. For this case a fixed velocity of 0.025 volts and a corres-
ponding fixed collisiongfrequenCy v, of 3 x_lollsec'l are used. For this

case the rate of loss of electrons is given by,
L SE=van S (Ta)

Integration yields,

B~
i
ct

where nt corresponds to the number that reaches thermal energles and h is

‘the attachment coefflc:Lent approprlate to O. 025 volts. From F:Lgure (JA)

" L ; o : _ .
_Note: Figure (1A} gives values for pure'Oé. ‘When used for air, these.

_values are reduced by a Factor of 5.
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-h '
» i5 estimated as 1.6 x 100 . Thus, the decay of electron population

wieh reaches_t_hemal energy is expon.enti_al with.a decay constant give.n :

Vi

(3 x 10™) (1.6 x 207

=2x 1078 sec




