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 ABSTRACT -

'The experimentei_equipment, experimental procedures, and .

:'testrresults of a'laboratory'study.of the'statistics_bf discharge

initiatiqn-in'highly'over-velted planar spark gaps is presented.

_The_theory of operation of = Bdbnanoseeond_rise—timermultikilovolt _

= puise'generafer.developed,for~the_study'is_described;. Testfdate_

~on the'electron.emiesion'of different eiecﬁrode materiaie.as a17 
':functlon of gap field strength and . electrode condltlonlng is L

_presented . In addltlon, a 51mpllf1ed model of the statlstlcs of '

' free-space breakdown in & transmltted mlcrowave beam is developed
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- INTRODUCTION

This repcrt presents results of a 13-month program conducted 
by Braddock, Dunn and McDonald, Inc. (EDM) to investigate the statis-
_ﬁigs bf gaéeous breakdown. The purpose of the program was to achiéve a
:bétter undefsfﬁﬁdiné Of Séseous breakdown statistics for use-iﬁ the *

development'df superwpdwer?radar systems.

Previous studiesl’ehave shown that it may be possible to transmit-
éxtfemely high-power during the total time delay which precedes.eleétri— |

| cal breakdown. ' This total time delay is composed of two parts:

a. Statistical time delay

o b.  Formative time delay

Gould and Roberts3 have shown theoretically and éxpérimentally
:the peak'power.limifations aé'determined by thé forﬁative time for'
the case of.microsecond pulses. Proud and Felseﬁtha12 have recentiy
extended this work into the nanosecond region. In ﬁrevious work con-
]'ductéd_by BDM;.under_ghis program; it was suggésted that the average
'staﬁistical time dela& can bermade much‘greéter than the formative time
~ delay and permit the dg;ign of sﬁper—power s&stems using nanosecond
pulse widéhé. The éuf;ent'ﬁrogram was_conﬁucted to investigate the

‘characteristics of statistical time delay in more detail.

In the course of the current investigation, BDM conducted éxperij

‘ mental studies of the dependence of statistical time delay on electric



fieldrgtrength_and electrode surface characteristiés. Toraccomplish _
thié,.it Wés_ﬁe;ésséry to de%eidp a §;b;nanosecond'rise—time, multikilo-.
volt pulse generator. With this generator it was possible to study
breakdown statistics in test gaps in which the voltage applied was

as high as 10 times greaﬁer than‘the.static-breakdown voltage. The
studies cqnducted wiﬁh'this equipménﬁ indicété fhat by electrode
"conditioning” the statistical time delsy can be increased signif-

icantly.

In addition to.the studies of the statistics of breakdown in

discharge gaps, consideration was also given to breakdown in free
, .

space. The results of the preliminary.theoretical aﬁalysiS'indicate
that breakdown of this type may not be a serious problem in super-
powér-systems.

__uIn.fhe_sections_which follow, a detailed descriptioh of the
theory. of fhe'ékpefimehtal'appafatus,Ithe experimental procedu:es, and

-

results of the current program are presented.’
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SECTION I
THE STATISTICS OF BREAKDOWN

-
-

The theory of statistical time lags is based on the fact that
two prpbabilistic events must jointly occur before a breakdown can
be initiated. These events are:

~a. A free electron must be generated, and

b. The electron must be located in a position which will

permit it to initiate an electron avalanche.

 In.a test gap with planar electrodes every electron generated at the

-~ cathode will initiate breakdown when the electric fiz=ld is at least

25% greater than the static breakdown field, Es' For the fields

considered in this program, the static breakdown field is always

"exceeded by more than 25%. Therefbre, the statistical time lag will

... depend only on the probability_density.function which describes the time

required for an electron to be emitted from a metal electrode under the

“influence of a high electric field.

Rt The ‘statistical treatment of the time lag is straightforward.
Assume that a large number of trials, n_, are conducted in which a step -
function electric field'(>1,25ES)_is applied to a test gap. If time -

measurements are bégun at the time of the'application of the voltage

pulses, a number, n, will not have experienced breakdown after an

interval of time, ‘t. Then the number, dn,"whichjexperiencésbreakdown'_

in the following small interval of time, dt, is given by,




e BE e e

using Rongski,electrodesh'was used.

i dn = -Indt o (1-1)

where T 1s the average number of electrons which appear per second in

the gap. The negative sign used in the_expreésion indicates that the.

_number of surviving voltage pﬁlses is reduced by dn during the interval.

of time, t to t +dt. Integrating equation (1-1)} and making use of the
fact that at t =0, n = n_, one obtains
n=n €  . ' - . i o (1-2) .

57 which occur in the time

interval o to t is found by subtracting equation (1-2) from LS This

The number of breakdown-evéhts, n

yields‘
N o . o
‘my=n (1-eT) - (a-3)
:fRearranging this equation gives
;E-z F(t) =1 - 1% | o (3-h)
o ' : - '

where F(t) is the probability distribution-function for the'number'of

breakdowns as a function of the interval O to t. The density: functiun

is : o - :
CaF(t) | L -Tt . o
= = - _ 1-5)
at Ie . (t) | - ( 5)
" and the expected value of t, which is the statistical time lag, tg, is
- : _ a
tg "f; t £(t) 6t =% (1-6)
o] - ' '

* In the experimental work'cdnducted under this program, - test.gap-

Thé gap spacing was'small and'the
Lo . , - o



volume between the gaps was small. No artificial radiation was_iﬁtrof

‘duced into the gap. _Accordingly, for the high electric fields applied

it was assumed that all discharge-initiating electrons were emitted
from the cathode of the gap. It was also assumed that the theory

presented'above-applied to these conditions.
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" SECTTON 1T

APPARATUS AND INSTRUMENTATION

A, Apparafus'Descriptibn and 6peration

‘TOfinvestigate the statisticalrdelay for highly 0vef-volted planar
.ga?s it ﬁas necesséff td design é'kilovoifigenerator with tﬁe capabil;ty '
df providing a step-functidn pulse with a subrnanoseéond rise time.i.
ngices'emﬁloying'comme;ciélly”availableithyfatréné or spark gaps fall
considérabi}'short bf thié rise tiﬁe requifement. Fletcher5 has
déveloped a sub-nanosecond rise time kilovolt generator ﬁsing'a high-'_

pressure, triggered spark gap'and commercial coax ' cable as a pulse-

- forming lire, For this investigatibn, a system capable of considérably'

higher voltages and employing'éimpler_spark gap operagtion was desired.

~Buch a system has been developed which uses a design concept based on.

. the statistical time lag preceding electrical breakdown. The system

also employs large coaxial geometry so that extremely high operating

voltage may be used and at the same time_the'discontinuities of the

* spark gap are minimized.

The basic apparatus consists of two gas-discharge switches, a
"slow" switch and a "fast" switch, a test gap with Rogowski electrodes,

and a pulse-forming coax line. Figure 1 is a schematic diagram of the

device.  The coaxial transmission line is constructed from polished

alﬁmihdm pipe.” The outer conductor has a.h.O inch I.D  and the inner
conductor has a 1.0 inch 0.D. This geometry gives a characteristic

impedance of 83.3 ohms. ' The pulse-forming section is twelve feet long
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'"andfgeneratee a pﬁlse'approximately 2l nanoseconds wide. The large

geometry was selected for three reasons:
1. The large separation between the inner and outer conductor -
' .fl : permlts the use of very hlgh voltages. |
2. The task of 1nsert1ng 1nstrumenuatlon is simplified.
3. iThe gap electrodes become more nearlj an 1ntegral part
" of the device. Spe01al'electrode sections (required when
.estandard coax is used) Which.adverselj affect pulse shape
:ere eliminate&. | | |
The gas sw1tches and the test gap are enclosed in pressure
| chambers. The pressure chambers for the "fast" ewltch and the test gap
FL . conform w1th the geometry of the inner conductor. . The number of
S dielectric-scpports for the_inner conductor has been minimized and all
fk£i>: ' .metalllc protrusions lnSide the pipe'are.eliminated. |
N ._;'_ . . The slow switch charges the pulee~forming line. Afteruthe_source
capacitor is charged to the operating voltage, the valve.controlling_
_pressure in the slowwswitch chamber is opened. .lhis causes'e rapid

drop in pressure in the slow switch chamber.. At the same'time it

~

operates a pressure-sensitive relay whlch dlSconnectc the source cap-

PR 3 S

acltor from the hlgh voltane supply Thls assures 31ngle-shot operat101 _
. 4”When the pressure reaches the breakdown value, the slow sw1tch closes

and the source capac1tor beglns to charge the main line. The rate of
charging is a functlon of the rate of close of the slow sw1tch the

damping resistor, R, and the capacity of the pulse-forming line. 'These

parameters are adjusted to assure that the time required. to charge the




line is shorter than the statistical time lag of the fast swifch,_'

This charging time is usually 100 ns to 200 ns. The statistical

time lag of the fast switch varies from 1.0 to 5.0 p seconds.

When the line is charged, Lthe voltage drop across the fast

switch is almost equal to the voltage set on the source capacitor.

The final value of the electric field in the test gap is determined

_ by thls voltage level and by the gap spac1ng The fast switch will

not break down, however, untll an electron appears in the gap. When

the discharge-initiating electron does appear, the breakdown begins

o immediately.

The fast switch rise;timeris'a function of the electric field,

- the type of gas, and the gas pressure. The rise~time control is

accomplished'by adjusting”the pressure in the fast switch vacuum-
chamber. It was found that an E/P ratio of 500 would result in a

rise tlme of 2 to 3 nanoseconds. .For sub-nanosocond rise t;mes the

r'ratlo‘was 1ncreased to 1,000. Nltrogen gas was used in the fast switch
 -and the preSSure controlled by pumping theIVacuum chamber through the
‘;_ hollow-oenfer conductor. This pumping technique'eliminased the.oossi—
bility of any dlscontlnulty caused by pumplng llnes protrudlng dlrectly
i.; into the ooaXWal llne. The-hlghﬂvoltage, fastwrleevtlme pulse_generated..
by the fast switch is applied to fﬁe'test gap electrode; This gep is.
.tsed to study the breakdown phenomena. | |

*B. Instrumentation |

1. Voltage Divider
The 1nstrumentatlon used to measure the voltage pulse
applied to the test gap was a transm1531on llne lelder _

similar to that qsed_by;FletcherS,-.The dielectric was
L g i B



o

-

-constructed from .OOi"_thick.mylar sheets.  This thickness

- provided a voltage division of 2100:1. One side of the

sheet was coated with a highly conducting silver paint which

_servéd as:the inner conductor of the:transmiséion line divider.
'The”shéet was cut to the exact size and then inserted inside
the outer conductor of the apparatus - The divider section was

-made 2 feet long and the connectors were separated by 18".

One connector was located near the fast sw1tch and the other -
hear the test gap.

There was concern that the transmission line divider

- would distort the pulse shape. To test this, several dividers
of g}éatly'différing.leﬁgths'were'friéd. The signals from

these dividers were all identical. - Baged on this result,

it was”aSsumed'thatfpulseVShape'ﬁas not obsérvably“affected

by the divider. .The divider shown in Figure 2 was sebtled

- upon as the final design, since it was much easier to construct

and install.

‘The signal from the capac1ty lelder was: sent dlrectly to

'the deflectlon system of a Tektronix Mbdel 519 oscllloscope

whlch had a rise~time capability of 0.3 nanoseconds. Three
dividérs were installed so that the characteristics of the

slow switch, fast switch, and test gap could be'conveniently

" observed. A typical oscilloscope trace showing the pulse

10
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. shape is shown in Figure 3.

' Photo-Multiplier System

Instrumentation to observe the light output during gap

breakdown was also added to the equipment. This instrumen-.

“tation is shown in Figure 4.  An RCA 1P28 photomultiplier

tube was used for light detection.

. 1Hitiwésifound that a”complétély shielded power supply
was required td eliminate thé noise piékup. The supply
used consisted of four 300-volt dry cell baftgries mounted
ingide the metal light:shiéld which surrounded the photo-
multiplier system. The éhoto—multiﬁlief tube itself was:
ﬁiso enclosgd inside a' separate metél shield which héd a

slot cut in it to expose the . photocathode. This shield

was grounded ﬁorthe outer conductor of the coaxial line.

Figure b  illustrates the shielding arrangement.

The circuitry required by the'photqmultipliér was

designed to minimize stray inductance and capacitance. The -

 output of this system was connected directly to the 515

scope. A typical oscilloscope trace of the signal from the

f?fh@tomuitiplief_is shown in Figure 5.
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SECTION III

 EXPERIMENTAL PROCEDURES AND TECHNIQUES

Experimental Procedures

The technigue used to obtain the‘statistical time lag data

was stralghtforward and falrly fast. The proeedure consisted of

two parts

1.

2.

Prellmlnary Adjustments

a. The operatlng level of the experlment was set by adjusting
fhe source-capac1tor-v01tage. Once this voltage is fixed the .
voltage level at the test gap may be caiculated. -

b, The test gap spacing was adjusted by means of the micro-

:meter settlng control to glve the de31red electric¢ field in

the test gap

¢. The pressures in both the fast switch and the test gap were

1ndependently set 'to give the de51red E/P ratio.

‘d. The 519-oscilloscope probe was connected to the output of

the capacitive divider nearest to the test gap and the scope

was set to internal trigger.
Time Leg Measurements

- a. When the prellmlnary adJustments were completed, the slow

switch pressure control valve was opened, causing the slow

" switch to break down. This charged the pulse-forming line and

applied high voltage to the fast . switch. The statistical deley

associated with the fast switch was adjusted by the choice of gap

16



"féﬁacihg'énd choice of electrode materials to be much greater
_'than the time required to charge the line.
b. After this delay, the fast switch operates and a rec-

tangular voltage pulse of amplitude half the line voltage

propagates toward the test gap electfode. This pulse is

detected by the capacitive divider instrumentation and .

:displayed on the oscillosgopé. When the pulse reaches the

tést_gé?:éléétrbdé it-is refiected back and the reflected

pulse alsq appears on the scope trace. Figure 6 shows a

typicel trace used in measuring a single statistical time

delaj. The small step at the beginning represents the time
delay associated with the pulse traveling from thé.éapacitive
divider to the gap electrode and'back. :

¢. The voltage applied.to the_test gap remains constant until

a free electron is emitted f;oh the test gap cathode. This free =
elécﬁrén causeé.the voltage across the gap to collapse sﬁafply _

since the E/P ratio is adjusted so that the formative time is-

'much'leés.than a nanosecond. This causes the observed voltage
 emplitude to drop to zero. The length of time that the voltage
',:ieﬁgips cqnsﬁant is'theféﬁgtisﬁicallag,_indicated'py.ts in F;guré
*-6. The scdpé éWeep.speéd is set so that the voltage collapse can be

"observed.. - | | |
“d. Tﬁe fime lég, ts’ is obsérved visually on_the scope for each 

:shot and recorded. The process- is reﬁeatéd until i,OOO shots for

éach-elecﬁrode are obtained. The electrode is then repolished, thexna
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elegtric field is readjusted, and the entire procedure is-

repéated; The eléctric field settings were 100, 200, and.

_‘360 kilovelts per centimeter. At these values statistical’
time lags gssociated with field strengths as-high as- 10 ES.
were observed with the 519 oscilloscope. Five differén$

metal electrodes were selected. These were:

Xl)l Bfass
(2) Bronze
(3)_ Steel

(4) Aluminum

(5) Silver¥platgd bronze
Experimental Conditions -

Io.perform_yalid measurements of the average Stétistical_

-.£imé-iag;”£he fbiléwing'coh&itions shouid bé satisfiedf
a. The electric field must be_applie@_in the fofm of a step-
'fﬁnétioﬁ:pulsé'ﬁith a riée timg'short compared to the average
statistical time lag. | |
b. The formative time should be short compéred to the average -
statistical time lag. | |
| ¢. The eléctric field mﬁst_be.greater than ;.25'38,'
d. The macroscopic field in the gap must bé miform. -
e. No ionizing.radiation such as ultraviolet or X-rays should
be admitted to the test gap. | | |
ffg'The-cathode electron emissioh shduld-be-consﬁant'during

the measurements.

.- 19
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Using the apparatus described in Section IIL it was |
possible-to satisfy the first five conditions listed. The
sixth condition was not met in general, since cathode

electron emission is functicn of electrode preparation

‘and treatment. These are discussed below.

Cathode Preparation
The emission rate from thé cathode was found to be

falrly constant only after it was ccmpletely "conditioned"

or had a heavy oxide or tarnlsh layer. If a polished.

cathode surface is subgected to repeated sparking as lt is

durlng time lag measurements, the emissicn starts high and

fgradually approacnes a_flxed,lower level. The number of

sparkings, or shots, required to produce a noticeable re-
duction in emission is a function of surface finish.

Because of the importance of the electrode finish, a

~ -standard technique for polishing the electrodes was used.

The polishing procedure which-gavc_best results was:
a. Initial polishing with crocus cloth to remove large

surface 1rregular1tles

. B; Intermedlate polishing w1th hOO ATLUNDUM powder to

remove the scratches made during first stage.

¢. Final polisﬁing with jewelers' rouge and a polishing oo

wheel to obtain a mirror finish.

Using  this three-stagc procedure insured that the

. 20



electrode surface finish was the same for each set of
statistical measurements and that major surface roughness,
microscopic splinters, and similar surfacé features were

eliminated. Microscopic scratches did remaln, however,

'”iénd'WEré_reﬁ6Ved;only by_conditioning.

21
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SECTION IV
EXPERIMENTAL RESULTS
Statistical Time Lag Measurements
 The curves shown in Figures 7 through 20 are plots of emission

as a function of the number of breakdowns for a constant electric

" field. These curves represent the emission associated with the

conditioning of the electrode surfaée, The wvalue of emission for

'a given.numbef-of breakdowns was computed from eguation (1-3)using

50 time lag data points which preceded the civen number of breakdowns.

“For example, the point at ﬁ = 700 was computed using the data between E

650 and 700. Fifty data p01nts were selected since this number was -

small encugh to permlt-the assumptlon of constant emission and at

' i_the same tlme larce enough to have some statlstlcal meanlng

As can be seen from uhe curvea, the emission is somewhat erratlc
with an overall characteristic decreasing with the number of
breakdowns. Some of the variation is due 1o occasional electrode

pitting as the electrodé approaches the conditioned state. -

The statistical data for the aluminum electrode was very erratic -
‘and was taken several times It was-found'that'the statistical times
for aluminum at 200 and 300 kv/cm were almost the same and fOr thls

T3reason only the data for 200 kv/cm is presented

It is also.seen from the data that the'least active metal'was
steel. This result may be due to the fact that. steel is much harder

than the other metals tested. __'
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Table I presents a summary of the emission of the various

metal averaged over shots 700-1,000.

TABLE I

ELECTRCN SURFACE EMISSION IN ELECTRONS PER SECCND

Electric . .
Field (kv/cm) Brass Bronze Silver Alﬂminum Steel -
100 - i,3xloh  1.0 :2.2x106. 2.ha®  8.3x10°
200 o 3;6x10h ,lf6xlO6 C1.3x1007 1.2#108 1.7#10”:_
300 o 3.2x10° 1.70®  1.ux0® _1.2x108:" 73;5x105'

Baﬁking the metals in the.brder bf'least_active £Q most acﬁive,
one obtains: (1) steel, (2) brass, (3) bronze, (4) silver, and
(5) a}umipum. | | . a
| A;ﬁhédgh no.éefihifé Eonciuéion can Ee:atﬁribufed to this’order,;-'
'it'doés-appear to be related to either the conductivity of the metal,
with éluminum"being an-exéeption, or .to the hardneés éf metal again
with aluminum being the exception. The fact'thatjaluﬁinum does not.
fit either of these criteria could be due to its ipw;mé;ting POiﬁt'
'és_éompared to the other metals. It was also Qbséfved fhat the aluminum

‘electrodes were more susceptible to spark damage.than the other metals.

Again, this is probably due to the low melting point of aluminum (GOOOC).

"Conditioning"

" Even a polished surface has scratches and other irregularities

_easily observed under a.microscope. ‘A prdceés which leads to a

"conditionegd" surface consists of sparking a polished.électrode_until

23
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these surface irregularities are eroded away and the surface has a

uniform, very fine grainy structure. This process results in a

less active surface. Figure 2la is a micrograph of a bronze electrode

~after polishing. Figure 2lc illusfrates'the'same electrode after
‘a.large number of sparks have occurred. Tt is observed that the

polishing marks are removed and a fine grainy structure is visible.

_:This surface represents-the conditioned state for the metal. Similar

‘results have been cbserved for all of the metals. Figure 21b shows

the result of electrode pitting.
Photo-optics

- The sensitivity of photo-optics system was less than was
B

_expected, but it still was capable of detecting the light emitted

from the spark in the final.sﬁages of'development; A few calcu-

- lations of discharge current buildup for-several-values of E/P ,

.illustrate the speed.at which the electron growﬁh rate proceeds .

near the final stages. For purposes of the calculations, a uniform

electric field of 40 kv/c2 was used. A simple exponential current

: buildu? was assumed with a time constant v determined by ionization

frequency data. -

- Table II shows the time, tl, reqﬁired for the dischérge current

to reach 1.0 ampere and the time;-ta, feduired to reach. .the full

breakdowh:value.bf'h82_émpefés;

-



..é;;), .. e | o o . IfABLE 1

t, t t. ot

e , | ) e
| | | 52.5_ | _ 4.55 x 1070 | 21.9 ns. - 19[8'_ ns-__.2;l - ns
100 o 10"1? . 483 ms k.35 ns 0.8 ns

'.500_ " i.os'i{lo;ll | 0.526 ns - 0.473 us - 0.05. ns o
1,000 7.52 % 1012 0.367ns 0.33 ms 0.037 ns

From Table Il it can be seen that if only the rise of current'-

B from % to t 5is-observed; a rise time rgsqlution of abéut_.03

1 2 _
nanoseconds would be required to detect differénces in the final
stages of the spark growth. The rise time capability of the phote- .

- multi?lier was about 2.5 to 3 nanoseconds as can be seeh'from Figure

1_.5,:Sedtion I1I. Because of this limitation, growth rate measﬁrements.

were'notﬁgttempféd.
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Emission Data for Silver at 100 KV/cm
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”l;(alpha, beta, and gamma—rays) into the air,.

atmosPhere;

SECTION V

 ATMOSPHERIC BREAKDOWN

Introduction

Work belng conducted at Rome Air Development Center has shown

':that at power levels ewpected 1n future systems, pulse w1dths and

peak fleld_strengths-may be sufflclent to lead to breakdown in the
‘Aelin the case of breakdown within wave guides and

near antennas,kthislbreaﬁdown'will occur only when freeielecﬁrons
are oresent;f This section will.discues the agencies which produce

free electrons‘in‘thefatmosphere and develop a simple statistical

" model of breakdown in free.sPace.

Atmospherlc Productlon of Free Electrons

For altltudes below flfty kllometers, the agenc1es malnly '

respon51ble for the fbrmlng of free electrons 1n air are.e

l..:Radiation from radioactivity in the earth and;in:'
local eouipment materials: N |
-3 Radiation from the radioactive;gassee in the air
itself. |
3;' Cosmic radiation.

The earth s crust and the materials used in constructlon and dn

_'equlpment contaln w1dely dlstrlbuted small quantltles of uranlum,-

-thorlum,'and other radloactlve materials which emlt ionizing radlaulon_

Alpha—rays penetrate only

a few centlmeters from thelr source, beta—rays penetrate up to -

b1



‘several meters, and garma-rays penetrate farthest of all and are

cdnsequently the most effective in produciﬁg free electrons in
the atmosphere above the earth. The ionization associated with

these rays is confined to a region less than two kilometers above

' the surface. At the earth's surface the intensity of this

e . : : ) . 6oL,
radiation varies, but from data on the associated ionization™ it is

estimated that it is around 0.1 particles/cm®-sec.

' The_air_itself’cdntains*a'number of gasses, such as radon,
thoron,  and their disintegration products, which are radiocactive

and produce ionization. These gasses diffuse from the earth and

are mixéd in the air by atmospheric turbulence.-'Fromiionization
data the radiation due to atmospheric gasses is estimated to be 0.1
- particles/cm®-sec. It is confined generally to less than two

- kilometers altitude.

 Cosmic raﬁiation, whose nature and or}gin are still-subjgcts of
much ihvestigation; comes into the atmosphere from.extra-terrestial
origins, Ifts most remarkable characteristic is its penetrating_power,
its fange ip'air being many times-greaterfthan that of gamma radiafion
of radicactive substances. Thé characteristics of cosmic rédiation
ﬁiil be discussed in more detail in a later section. |
statistiéél Model of Atmoépherié.ﬁréakddwn

| In considering atmoépheric breakdqwﬁ'in.a high—pqwer_microwavé_iz
beam; it will be assumed thét‘the beaﬁ power density levels
are above the bréakdown £hreshold ir_all regions Qf interest.. Three
characteristic regioné_within the volume through which the beam
energy passes will be examined: | |

Region 1 —_Bgtﬁeen,the.feed bdrn and thg reflecting diéh.

Lo



~ Region 2 - Bétween the reflecting aish and ‘an altitude.of 2 km.
ST : o Region 3 - Between 2 km and 50 km altidude.
Region i deserﬁés_separate énalysis bécause ét lower power.levéls 
B o the reéionfbetween the horn andithe dish is the oﬁly region in
which powef dénsiﬁieé reach breakdown levels. Power levelé are
.i greatest at the hqrn.and decrease répidly as the beam apﬁroachés
::ﬁhé*aiéh. ?ﬁééions 2 an&:3 are considered separately because
different sources of ionizatioﬂ_preaominaté in these regions. In
ﬁﬂRegién 2 the principa1 ionizing agency is natural radioactivity.
-from the éérth and from the gassés1ih the air. The effects Qf cosmic .
rédiétion may be neglected. .In Region 3 6nl§ cosmic radiation o
_EBntributés to electron production. Coémic radiation arrives in

. ." s . Ll‘ . . .
z ﬁ) _ ‘ . bursts of 10 to 107 particles, whereas the ionizing radiation from .

SR

| nafural radioactifity'is due to-singlé'partiéles or.pairs of particles
Ef - : - _ ..'.ﬁhich occur ‘randomly iﬁ_time ;nd space; These.aiffefences lead to
great diffe;encgs in thg resglts of statistical analyses of_the _
Bréékdown'in-RegiQns'E and 3; aléhough the average flux 1evel§ due
‘ ; ' o | 1 . to natural radioactiv@ty ahd to cosmic'rays may be comparable. |
" REGION 1 .

As miCrowéve'enérgy tfaveié from.the feed—horﬁ fo the'reflecting-;
dish,‘it.passes'through a volume which is appro#imétely coﬁical; The
""75 H - . "  ”base of-thé cone is the area bfithe reflecting dish.  Any ionizing

 particle which produces eleétrons'in.this.volume.which are still

P L f upattéched when the microwave'pulse passes will initiate breakdown.

k3




Only ionization due to natural radiocactivity will be

"' considered. It will® be shown later that the effects of éosmic
radiaﬁion‘may be-neglectéd; From ionization data the totai flux
of parﬁicles due to natural radioabtivity is estimated to-be

. typically 0.2 particles/séd—cme, but it may rédch 1.0 particles/sec~
Zcme in the presence Qf éqgi@mept. Mest of thege_particles will pass
%h;qugh the céhical.foiume. :Tﬁéféfdfe,.to'eSﬁimate the number of
particlés entefing this volume per unit time,rit is nebessary only

: tb compute the number-which pass throﬁgh a projected.area otf' the |
cone. - This area will va¥y according to.thé orientation 6f the plahe
of projeétion. The area of the feflecting dish Ab can be taﬁen'fb; |
the pufpoSes-of Ehis énélysis.' Thus, the nﬁmbef of ionizing particiQS'

h'imj entering the cone per second is
U . AT o (5-1)

where I is the local particle flux in particles/cmz-sec; If 7 is

. the time for all electrons in a burst'to attach to neutral ions, any

P

i ionizing particle entering the volume during a time T preceding the

passage of the.pulse-will'provide some free electrons to initiate a

[ X NN

. discharge. The average number of gleétrons,an, entering this volume’
during a time T is then:

t Using the Poisson formula, the robability, -P , that. a free electron

b
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.‘»

ﬁill be pféSent when the pulse passeé through Region 1 is:

e
i
-
[{1]
[

o =bplT S : o
7 ApTre = SR : ' (5-3)
Taking as typical numerical values the following:

-7

'
H

_'10 sec (See reference 1, page 10)
'f0.5.particles/cm?78¢c

106 en?

H
i

B

yields =~
= 0.05.
REGION 2

In thls reglon the beam spreads laterally along the path of

'propagatlon Beam d;ameter, DB, as a functlon of range, R, dish

-dlameter, QD-and'beamqangle,-a, is glven.approxlmately.as.followsf

-_'”_"_:‘:’B= Dy + oR - ._ [ _ (5-4)

where g is the beam angle. For purposes of this analysis this is

more conveniently expfessed as a function of altitude, H,'and-antenna'__

'éléVaﬁibn;'e, as follows:

D= Dy + S ‘.:.(_5-—5)_
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Ionizing_ﬁarticleszbéssing through the volume defined by the

 path of the beam energvaill generate free electrons. The particles

passing throusgh any portion of the beam can be estimated by determining
the number passing through the area projected by this portion on a
plane parallel to the beam path. Along a differential length of

beam path, dR, this projected area is as follows:

D5dR o ',. _ | (5-6)

The total number of ilonizing particles, NE’ pa551ng through the volume'

deflned by the beam energy path which can produce dlscharge-lnltlatlng

electron° in Reglon 2 is given- by

Ve

ef DjitaR e

where DB is the diameter of the beam at range, R I is the local

particle fiux dehsity and H, is the upper altitude- llmlt of Region 2.

2

Here the time T is the time required for a burst of free electrons

created by an ionizing fay to decrease to zero. Althbugh T is-a

function of pressure and, therefore, alse a function of altitude, it

does not vary significantly from O to 2 km altitude.

:;Tpe local flux intensity of inéident partic1és is. due to natural

‘radioactivity of the earth and atmosphere. This intensity decreases

" with altitude and is negligible at 2 km. No accurate data in the

altitude disfribatidn*of intensity is available. For purposes of these

analyses this intensity distribution'is assumed to be as follows:

)




e B
o K Io (l - TH

, Hs Hy | (5-8)

2

where IO is ground level of ionizaticn inténsity. Using equations

(5-5) and (5-8) in equation (5-7) and integrating yields

Tor . [ Pn o o,

NE T Tein 6 5 T B sin § [ - '.(5‘9)

~ For a typlcal case the following values may be used:

 Ie

2

'é 0.2 partlcles/cm - sec
Tl = thT sec
- 5
H,= 2 x 107 cm
2~ |
sin B = 0.5,
‘= 109
DD = .lQ il
o = 107°
These yield'
N, = 9

It -is easily shown that the pfobability;Pe,_that one or. .

~ more ionizing events occurs is 0.998.

. REGION 3

- Bétwgen'éukm_and 50.km the principal'source of iohizing

radiation is cosmic radiastion. Prlmary cosmic radlatlon is of

extra—terrestlal orlgln and consists malnly of protons k86%) and
alpha particles (13%) with energles ranglng from lO9 to 10

The primary. radlatlon 1nteracts Wluh the upper atmosphere

'produc;ng secpnda:y”partlcles These secondary partlcles conslst

mainly of mesons, electrons, and high-energy gamma rays. By .

N7



subsequent transformation these particles are multiplied into -
- millions of particles creating an extensive shower of high-energy
particles penetrating downward into the atmosphere. The showers

penetrate many miles spreading laterally only ten to 100 meters. The

cosmic radiation which is observed between 2 km and 50 km consists

of these bursts of_highfenefgy particles. Thé average number of

< | particles in these bursts is of the order of 10° particles per
burst. | | | | |
Secondary cosmic radiation affects microwave beam transmission in
"a different. way from ﬁatﬁral_radiéactivity in ‘the atmosphere. Natural
radi§activity produées ioéiéing rays'singly or at most in groﬁps.éf two
 or three particles. Cosmic radiation, on the-ofhef hand,'pfoduces
i;/# = ._milliqns.ofnpgrtigles:yithip.a few‘microsgconds‘over an érea of 162 to
?E > _J"lohime_ Tﬁe.éffeét dn.ﬁi§;§wé#e beam transﬁission'Will bg quite differeﬁt.
To determine the number of qosmic ray bursts which'geherate'freé
' électrbns inx%héiregion £hrough Which_the'béam energy is passing, much

. of the previous analysis used for Region 2 is apélicable. Equation 5-7

may be adapted to yield the following expression for the number of cosmic

‘ray bursts, N3’ which prcducé'diséharge—initiating electrons in the beam

PR T S

-volume:

N ;-f DyITAR _ L -_;_(5.-1-0)"'

- aré the lower and”ﬁpper altitude limits of Region 3.

where H_ and Hj

o o

“-~ . In addition, an expression for the number of cosmic ray bursts/cm-sec,

S




T, is used to replace the expression'for natural radicactivity

I

intensity. From available data on the rate of appearance of cosmic
ray bursts vs. altitude,ﬁit is possible-to'develdp an appaokimate_
'*analytlc expre331on for this quantlty The variation of cosmic ray
- burst. 1nten31ty with altltude is shown 1n Flgure 71 of Reference 6.
Using this data, the following approximate expressions for cosmic
. ray 1nten51ty is. assumed' . B |
) 21!-xlO5IoH 2x10° s Hs 1k x 107 .
i o , : o C o (5-1m1)
= 33.6 To, | :mxlossns 50x105 o

ll'

-_a where H'is'in Cenfiﬁeters. Tt should be noted that these expre3310ns
give values of I.everywhére greater than those given in Figure 71 of
_i;fm>-  .v ~ Reference 6. Therefare, estimatea of N3 baaedon'#héaa eXpreSsians.
_— _ _ wiil tend to be high. This.is_garticularly'trae.for.the regiDn above
,f  R |  ' lh kﬁ,ﬁwhere.a.aonstant-level-df.I is aSSumed.aﬁd cosmia.ray data show -
a deéreaSing~ie§e; with altituae. o | |
| .Td.use equations.ts-li), To mﬁs£ be-evaiuated - An apprdximate T

value for Io can be developed by con31der1ng the average particle flux

due to cosmic radlatlon at an altltude of 2 km and relatlng thls to the;
average number of partlcles appearlng per burst. The partlcle flux due
to cosmic radlatlon at thls altltude is approx1mately 0.0z partlcles/cm -Sec;.
ia_?wé.;' B .The average mmber of 1on1z1ng partlcles per burst is 106 partlcles per.
| burst. - Therefoxe, the rate of appearance of bursts at thlshaltltude

per .cm®-sec is:

kg
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where D

2 x'10"8 bursts/cma-sec

Using equations (5-5) and (5-11) in equation (5-10), the number of

cosmie ray bursts, N3, which generate electrons which can initiate

& discharge in the microwave pulse in Region 3 are:

D

s
2.4 x 107970 ¢, 14 %10 -
s 1 D H + gH
- sin 8 j 5( D sin @ ) dH
2 x 10
33.610{50"105 R
o2 fppt ol (5
* sin 8 g _J D_ sin 8) an ‘ (5-12)
14 x 10° S :

and H are in cms andiTl and T2 are approximate values for T

"in the 2 to 1k km and 14 to 50 km regions, respectively. These-valﬁes

VA

are dete

rmlned in part by the 11fet1me of an electron burst and in

part by the varlatlon in the tlme of arrlval of 1nd1v1dua1 partlcles'

in & shower. They will vary from lO_7 1o 10 -k seconds,-accordlng tp
altitude...
.. Integration of equation (5-12) yields , e
2.4 x 10‘5Io'¢l o 18+ 1
= : + ¢ T
N, s L9.6 x 100t D+ 0. 92 x 1077 S !
. | . 33.6 o Ta 3.6 x 105+ 11. 5 x 1012 (5 13)
sin § L o smn 9
Assuming the following values for a typical case
To = 2x 10‘8 bursts/em®-sec’
- 1070 :
T, O“ 10 7 sec' .
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Ty 1072 sec
51h.e = 0.5
_ 103 '

DD,f 107 com

4 = 10-2.
yields

N == ‘

A3 3

-

._The corresponding probability,-PB, that an lonizing cosmic ray

. Shower will produce one or more discharge-initiating electrons along

the beam path is 0.95.

The precedlng analyses are greatly 31mp11f1ed but do 1ndlcate

-_that atmospheric breskdown must be taken into account in superpower

mierowave transmission. The probability of electrons be1ng'avallablé
for breakdown initiation in Region 1 is not high. In Regions 2 and 3,
however, this probability appears to be high, but must be émphasized

that the analyses concern only breakdown initiation, and do ot

‘determine how breakdown occurring within the volume of the transmitted

beam'affects'beaﬁ-ﬂfansmissibn. Breakdown may be confined to small

}volumes in sPace and scatter only small fractions of the beam power.

"“,There are other conSLderatlons whlch must be examlned in detail, however,_

such as the possible propagatlon.of breakdown along therdlrectlon of

" propagation of the beam.

51



SECTION VI

CONCLUSIONS

A. Summery of Program Results

The thlrteen—month 1nvest1gatlon of the statlstlcs of nano-

. © "second breakdown has led to the followlng significant results:

1.

Development of a 51mple pulse generator capable of applylng

'Tsuh nanosecond rise- tlme voltage pulses of over 25 kllovolts

to a test gap. Gap fields of 300-kv/cm have been used in

f:the test gap, and flelds in excess of 500 kv/cm can be
.reallzed The pulser is s1mple, rugged and rellable It
_can be used to gatner statlstlcal time lag data to study

| '_electrode condltlonlng, and to. study formatlve t:.me

.Prellmlnary data on cathode emission at Tield strengths as’

- .high as 300 ky/cm (lO tlmes ES) have been obtained for five

- different metal surfaces. Theserdata are required for future

systemldesigns’in which pulse power levels will be in excess of .

breakdown thresholds.

Data on electrode "conditioning” to reduce cathode emission have

fbeen obtalned These-data‘show that appropiiate-conditioning can

lead to cons1derable reductlon in eathode em1s31on.

.t;A prellmlnary analy51s of atmospherlc breakdown has been developed.

'Thls analy51s 1nd1cates that this may not pose a serious problem

on super-power transmission, although more detailed analysis is’

required.

<
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‘Recommendations for Further Work

The current program has demonstrated the effectiveness of the

experlmental technlque used to study breakdown statlstlcs. The

'program can be extended to prov1de considerably more- useful data- and

to develop more effective condltlonlng teohnlques In addltlon, the

ianalySLS of freesspace breakdown requlres refinement. The fbllow1ng

' ‘spe01f1c_suggestlons are made for further 1nvest1gatlon:

| l,*:Improve'the.voltage pulser to provide a higher repetition rate_

and'greater;ease of operation. The goal of this improvement
| :would be to. increase the.data.rate.by'a'factor of 10 to‘lOO;
2. Carry "conditioning" sparking to 10,000 to 100, 000 shots. In the
work accompllshed under the present program, the condltlonlng was
l_stopped_at l,OOO shots. In some 1nstances the emission was still

decreasing 51gn1f1cantly often at this polnt

3. Place special emphasis on developlng condltlonlng technlques w1th

"~ the more. promlslng metals such as steel with a goal of reduc1ng

3'electrons/cm at 300 kv/cm. This would demOnstrate-

emission to 10
.the feasibility of operating nanosecond microwave pulse generaﬁing

devices. at superpower levels w1th low probablllty of breakdown

' d_h,_jInvestlgate the effectlveness of dlelectrlc films placed on. cathodes

Hln 1nh1b1t1ng dlscharge 1n1t1atlon
5. Conduct a more detalled analy31s of atmosPhericbreakdown statistics.'
6; ;Analyse the propagatlon of a dlscharge initiated within the volume
occupled by a superoowez pulse in free- space In this study, exper-

| imental verlflcatlon of - the results of the analys1s may be requlred.
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