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VOLTAGE BREAKDOWN IN IONIZED AIR AT
FREQUENCIES FROM ZERO

TO 10,000 MEGACYCLES

Introduction
a, Background _
‘ During the summer of 1957, The Martin Company, Denver Division, expressed

a need for experimental data which'would enable more exact design of surface-

‘mounted antennas on m1531les which would avoid corona and voltage breakdown

in the hlgher.atmosphere, Inasmnoh as some experimental data were then avail-

able, a request was also made for a literature search on voltage breakdown in
air as a function of pressure, frequency, pulse length electrode spaeings and
degree of ionizationo

Contract No. DEN 57-5652, under Prime Contract AF Ok (645) 56, was initi-
ated with the Purdue‘Researoh Foundation in January, 1958, to obtain (1) a.
literature seareh\and‘(z) experimental data covering a range of the parameters
listed above, The literature search was delivered to The Martin Company on
November 25,'1958; The'experimental data are the subject of this report,

- Bxpe

rimental Data Required
The exoerimental‘data requested in the contract are shown as curves of -
electric field intensity at voltage breakdown plotted as a function of pressure
in air, The breakdown is to_occur in an essentially uniform field, and:meaeure=
ments are to be made at the frequencies, pulse lengths, and electrode,spaeings

listeds



: Zefo.frequency:
| pulse length: ‘}. | continuous
~electrode spacing: 1 mm and 4 mm
200, 500, and 1000 mes: T ' |
pulse length: 10 /usec. of longér :
electrode spaclng. S 4 mm | |
3ooo and 10,000 mes: |
pulse length: :: | '_ O 25 and 2 0 /usec.
~electrode” spacing. R 1 and 2 m |
For each frequency, pulse length, and electrode spaclng combination, three_-
values of jonization density are to be used: the ambient ionization present 1n.
the‘laboratory!enviroﬁment;”artifioial“iohization“snffioient to reduoe the ‘
breakdown field‘strengthjby"aﬁ‘leaet‘a"factor_of_two; and one inteimediate-

value,

Ionization Sources
a. Cobalt 60
Ten millicuries of “the artlficial radicactive 1sotope oobalt 60 were pro—

cured and installed in a specially designed, lead shielded containerﬁ-,The con~

struction of this econtainer was such as to produce avreasonably-coiliméted_beam

of gamma rays vertically downward fr@m&the’bottom'of the vessel, -Provisions

were also made to allow for two different intensities by the movementeof,the
isotope within #he sample holder. | | _ |

\ Following the methods used on pages 232-233 of "Mierowave Trénsmissioﬁ: .
Circuits®, vol, 9, Radiation Laboratory Series,”a'orude estiﬁate"of the ion |
density may be made. Ten millicuries of cobalt 60 gives 3.7 x 108 disintg;

grations per second; perhaps one per cent, or 3.7 x 106 gamma, raye, are '__
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emitted in the desired direction; of these, some three per cent areeffective
in producing secondarj' electrons from ’ohe brass cavity walls and, therefore,
about 10° ionizing events per second ‘result.’. " Bach sec:onczia,rﬁr eleetron prodnces
perhaps 100 ion pairs per centimet.er of path 1eng‘bh, and, 1f an effective eross
section of 3 em2 is assumed the ionization :|.ntens1ty is roughly 3x 1@6 ion
pairs per second per cubie centimeter,

Since the generation and reeombination of 'ion | pairs 1s governedhby- the
steady state relationship, | |

ﬁ n?
" where ny is the rate of generation (ion pairs per second per cm3) , n is the
ien densrt.y (don pairs per cm3), ‘and ﬂ is the recombination coefficient
about 1076 in air at atmospheric pressure s a velue of 3 x 106 for no 1eads to
about 2 x 1@é ion pairs per em3 This is onl:,r a erude estimate and is most |
applicable for the 10,000 -ines eqnipnent at atmospheric pressure, The lower
frequency experiments"'employed'"phySically larger devices and'. conseqnently had
someﬁhat small’er‘i’onizetion“rat‘es' -and densities. """"Th'e; ionization r_at_e a_lso
-.drops with the 'pressnre,

Without any artificial means of creating an appreeiably ion density, iv
is es‘simated by the ‘Radiation Laboratory ‘that natural sources ’ sneh ‘as cosmic
rays and natural radioactivity, produce a rate of generation of 10-1 ion pairs
per second 'per cmg' and a resultant i"on'density of 3 x 12 ion pairs per,c:im3 .
Judging from the long "’periods of time that it was necessary to spend waiting
| for breakdown to oceur when no ionization was used, this estimate appears to
be ‘on"t-nehigh side,

b, Point Discharge
’ Ionizfation of better known and more ee,sily oontrolledintensity was -also
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bobtained from a point discharge, A n'egative voltage of a _few"'thousend volts
was a_pplied through'v“l‘a“ megohﬁs to a#fipely**sharpene’d"'platiﬂum*iridiﬁ}n point.
kA groded"ring"surrounding"and 'just"‘ahead’“of “the point produced a high elec-
- trie field intensity at the point-and a resultant electron current, A small,
| controlled, air leak-behind the point assisted the electrie wind effeot in
moving' the- eleetronsh‘"into“"t‘he'”regionof:' thegap., Above a’ pres,sure, of _a.boat
1 mm Hg, an air ’. flowof*apprexiﬁatelfy "l“’“om3/minute“ was used, -both to help
propel the eleetrons e:nd “+to-insure- removal -from -thegap- of nitrogen oomunds
produced “during-the’ “breakdown.,

In order to estimate the electron density produced by this point discharge R
a special vacuum- chamber was- ‘eonstructed- in-which the electron current eould be
me‘asared ina 'relativeiy---‘small"“pertion ‘of ~the cross section of the beam. Pro-
visions 'were"“"ma’de'"'to""alliofw*t*his‘"eurrent'“density"-to""*be""*detemined at various
distances from the point, Know:n.ng the current density J, then the relationship

| | J = f v (a/cmz)

was used to determine the charge density ‘a (eoul/em?) or eleetron density

(eleetrone/cmB) in- terms of‘the mean velocity v. This velocity Wa.s obtained

by using an eleetrostatic voltmeter to measure the potentia.l ‘of the eolleeting

sereen, From the - tential the velocity was easily found by
v =5,93 x 107 \/—‘- (em/sec)
where V is in volts.

Breakdown data were taken for nominal ‘currents of 10-and 50 mioroamperes
frOm the' high“‘volta:ge"'supply, ~The "ele'ctron"“d;ensiti‘es “varied with the. pressure
and cavity geometry between 102 and 3 x 106 electrons/cm3 Figures l to &4
shew the logarithm of the electren density in eleotrons/om3 as a function of

‘the logarithm of the pressure in mm Hg for the five different resonant seotiens,
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The curves for 945 mcs and 9370 mcs are identicél.

:'erimental Methods

a., 21

The:f:eqaeneies, 211, AAB, and 9k5fﬁss;i§orréspond tb“the“three*frequencies
giveﬁ in the specifieations, 200, 500, and l@®0~mcs,-énd were'detéfmined by the
exﬁct dimensions of the resonant eavitiesAdeseribéd béiow‘::' B |

 Figure 5 is a diagram of the experimental equipment and Fig, 6 shows a

representative resonant cavity in-more detail, -The dimensions applicable to

- each of the three'frequemcies‘are”tabulated'on“the'figure.

‘Tﬁe.Qvof sﬁch a'cavitywiS“high“and“therefere a relatively small powef in-
put“at'tﬁe’resbnﬁntffreqnéney*pwodnees'a'large electricvfield'intehsity across
the gap. » | | |

A erystal deteqtor and wide~band oseillosecope, together with suitable co- |
axial’attenuafors,'wer; used tO'monitor'therfield strength‘in“the'gap:by sampaT
ling the cavity'fields ;tithg-dutputwcoﬁnection, -Aftér?gonverting the oscillo-
scopeﬂdeflection‘td voltage, applying the exPerimentaily determined céyétal dee
tector and attenuator calibrations, an@ using the measufed'ratio of cavity in~
put poﬁer to:outﬁut power, the peak‘power input to the cavity'was obtained.

The gapvfield strength was related to‘the input péWer‘by using Siateris per=

turbation theorem for a cavity with a matched input,
| on o dAo '
E = \[% Q By, — (v/cm)

where Q = cavity Q with‘inpﬁt matched .

Pin: = peak inputvpower (watts)

d: g

dv

= shift in resonant wavelength (em) per gubicn?
centimenter of inserted volume of perturbing plunger.
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Cylindrieal pluﬁgers were installed in the long center conductor and the
~ change in resonant frequency“determined“aSFthe"plunger was advanced 1/80 inch
into the gap and withdrawn an equal distance from the flush“positidn, The Q
and"resanant“frequeney"weremmeasureﬂ“by“ﬁon”entional methods, | B

Peak power imputs of the order-of ZOO“watts“werey;éqyired"tO"produee volt-
age breakdown at atmosbheric pressure with some ionization in the Lmm gap.
‘Sinee the pulse repétition”rate"for the'lé“michSe@ond pulses was 200 ppsec,
'the average ﬁower'required'was only about one-=half watt, |

b, . 3300 and 9370 mes

At eaeh of the"twawmicrowave’frequencies,”the resonant cavities consisted
of shortaCircuited“waveguide sections which tapered down to a shorter section,
approximately one=half guide=wavelength long"and“having‘a'“b"“dimension equal
té the desired‘électrode’spacing. Sketches of the‘experimental'eqﬁipment
arrangemeht for 3300 mes and 9370 mcs are shown in Figs, 7 and 8, respectively.
Each evacuatéd section contains the peint discharge, an air drying‘chamber, a
metered air leak, proviéions for-manometer; thermoecouple, and Piraﬁi‘vaeuum
gages, and the exhaust line to the pump, The £060 container is placed im'medr=
iately above the gap when it is Being used,

The field strengih in the gap at brg;kdqwn‘is determined by using a
directional coupler to measure the eirculating power in the resonant waveguide
’se@ti@n5thi@hmextends“fram“theLshort cireuit to an iris fdllowing the E-H
tuner, 'The”relationﬁhip“between“tﬁé“peak“transmitted power and the peak eleec-
tric field intensity in the eenter'of'a'matched'guide'excited in the TElo mode

is given by

' udab gt /m _ 7 A&
= T5om fY“l’/ za)

(watts peak)
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where,
Eyd = maximum peak electric field intensity (v/cm)
a = wave-guide width (larger dimension) (cm)
b = wave-guide height (cm)

o = free space wavelength (cm)

In a short-circuited section, the maximum peak electric field strength is

twice Byo, and, therefore,

o (9201 £y _._ (./ ‘) |
o rab i (et o

where,
Pﬁve ol J' P= averége power (watts)
fp‘= pulse ?epetition frequency (pps)
7’ = pulse length (sec) |
Ep = gap field.sﬁrength (v/cm)

Pave is determined by a thermistor and thermistor bridge.connected to the
direetionalbcoupler'thfough'calibrated attenuators or 6ther direetional couplers,
For breakdown at étmospheric pressure, an average power input of about 40 watts
was necessary,

Neither the available 3300 mcs or 9370 mes radér transmitters were designed
for pulse widths less than a nominal one~half microsecond, which was aetuailj
measured as being closer to 0,6 microseconds between 90% amplitude points.
Shorter pulse lengths lead to greater possible field strengths before break-
down, |
c. Zero Frequency

Figure 9 is a diagrammatic sketch of the eQuipment assembled for the tests
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at zero frequency. The electrpde assembly consists of a flét upper plate
mounted‘abOQe the adjusiable mushroom«shaped lower electrode which rests on

a brass plate, Both electrode surfaces in the gap aré'silver—plated.and ;
poliéhéd, and the entire assembly is surrounded by a conventional glass bell
jar. A‘secbnd plate containing the eléétrical connection to the upper elec~
trode and an air leak valve seals off the upper opening‘of the bell-jar, while
the lower 6pening is covered by the brass table containing the pump, manometer,
and vacuum gage connections., Whenever Cob0 was used,'the containerAwas center-
ed on the top of ihe upper electrode, and wheh the isotope was not beiﬁg used,
it was replaced by a metal cylinder of the samé dimensions,

"~ The d~¢ power supply, continuously adjustable frem zero to 15,000 volts,
is conneéted as shown in Fig. 9. ‘The four megohm resistor serves to limit the
current and the ten thouéand ohm resistor is used to provide aﬁ indication of
incipient breakdown on an oséillOscope. |

Data for the curves in Figs, 10 torl2 were obtained over the full range
of air preésure, from about‘75® mm Hg to a few microns, for the three electrode
spaeings of 1, 2, and 4 mm,' Ionization»of the gap, when used, was achieved by
means of the cobalt 60 only and was always the ﬁéximum obtainable from the
available 10 millicurie source, For each observation made, the.voltage was
raised slowly and noted at the point 6f incipient or of complete breakdown. The
ineipient value waé alﬁays recorded when observable, The field stréngth wasg
easily obtained by dividing the recorded voltage by the known electrode spacing.

4o The Experimental Curvés | . '
The ecurves appearing on Figs; i® té 23‘show breakdown electrié field in-
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tensity in volts/cm as a funetion of pressure in mm of mercury for the various

frequen01es, pulse lengths, electrode s

figures,

o

paclngs and ion densltles glven on the

The,eurves are arranged by 1ncreaslng frequency flrst, then_by in-

r,ereesing electrode spacingsfor'each frequeney, and finally by increasing’pmlse

length.

L Several general (and, in some cases,

be made which apply to all of the curves:

a.

b,

Cs

e,

.‘vaiue,may,be,reduced somewhat if

The effect of ‘cobalt 60-and of b

"'Smoother’Curves with less scatte

some ionization. Such'ionizatie

obvious and familiar) statements may

Breakdown at atmospheric pressure occurs at“aboﬁtvjo,OOO v/cm.

‘The'minimnm breakdown field stre!

pressure range of 1 to 10 mm Hg,
tion is about the same,
ionization'or radietion.‘

Without ionization, the field st

than that needed with some stabi

ngth occurs within the epprdximate
oth values of point discharge ioniza-

ring‘of"the"peihts'are obtained with

n has been aptly termed "stabilizing”

rength required for bfeakdoﬁn_is larger

lizing ionization, However, this larger

period of time. Stated another

interval of time, the probabilit

the field is epplied_for a longer -

way, it'ﬁs apparent that,'in a given

y of breakdown deereases as the voltage

is reduced, The breakdown:field intensity‘must, of course, be larger

than that required with 1onizat10n. When stabilizingvionization is em-

e ployed, breakdown occurs simulta

field or of the 1onizatlono

neously wlth the appllcatlon of the

Some of the data at pressures below the p01nt of minimum breakdown field

1ntens1ty are not dlrectly applicable to- the electrode spaclngs 1ndicated
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because‘the breakdown moves away from the center of the gap and occurs across
a longer path, This will also occur in any system in practice, such as in

~ the region surrounding a slot antenna. This effect was readily observed at
zZero frequency because the gap was visible inside the bell jar at all times.
The curves at zero frequency are drawn with a solid line in the pressure range
for which the‘discharge occurred in the gap, and with a broken line for the
lower pressures where the discharge moved out across a longer path.

All of the curves at the other frequencies show the field strength in the
gap at all pressures, but breakdown is probably taking place across a longer
path for pressures below the curve minimum, Thus, if the breakdown were re-
strained to occur in the gap, the curvé‘obtained would lie above the one shown
for that gap by an amonnt dependeﬁt on the geoﬁetry of the cavity, Safe de-
signs are achieved by designing for the minimum breakdown field strength,

A comparison of the several figures indicates these general conclusionss

a, Higher field strengths are possible with smaller electrode spacings.

b. The safe maximum fiéld stfength before breakdown for large electrodel

spacings is somewhat less than that indicated for the largest spacing
used, 4 mm,

c, Greéter fiéld Strengths are permissible with shorter pulsé léngths.

d,, Greater field strengths are permissible with lower pulse repetition

rates,

e, ‘The“breékdown'field strength shows little change when the product of\

pulse width and repetition rate is maintained constant,

f. Breakdown at atmospheric pressure is relatively independent of fre-

quency,

g. The maximum safe field intensity in the neighborhood of 1-mm Hg
is smallest at 200 mcs and has a value of about 160 V/em for the 4 mm gap.
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