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INTRODUCT ION

A. Erlef Higtory of Lightning Knowledge and Work

Man's basic Interest In high voltage gaseous discharges
probably becan In the caves of marly caveman thousands of
years ago as he looked out into the storms and observed the
{lohtning. Through the years, he bullt up 2 fear of thls
unknown and powerful force of nature. |+ was Ben Franklin
who flrst showed that the lightning of the skies was the
same electriclty produced by 2 Leyden jar or static gemera-
tor.

However, !lghtning remalined just a terrible phenomenan
that onia protected onaself prorlrat using Franklin's 1ight-
ning rods, with |lttle else known or cared about I+ unttl|
the end of the |9th century. Man them began to study lfgkt-
ning tn earnast because he had started transmitting electri-
cal power over transmlisslion |Ines which were subject o
tightning strokes. These |lnes had to be protected from the
lftghtnina and, to protect them, more had to be known about
the bahavior and characteristics of lightning streokes.
Methods also had to be devised to test the safeguardg that
were Installed to prove they would really work.

The first englneering study of !lghtning was under-
taken by Stelnmetz and hls coworkars at Schenactady, Hew

York. He bullt the first artlificial lightnlng generator in



1923 at his laboratory and used It to investigate and ob-
serve the effects of controlled lightning strokes.

Stelnmetz's work was followed by that of F. W. Paek,
Jr. at Pittsfleld, Massachuseotts. Usling the description of
a new type of |lightning generator developed by E. Marx In
1925, Peek started bullding bigger and blgger generators
with which to test apparatus.

At this same time, many Investigators took to the fleld
to observe and take measurements on natural lightning,
wherever they were able to find iIt. As a result of these
Investigations, standards of Insulatlion leveis and specifl-
catlons of protective devices were established. !

The Investigations suggested that testing of equlipment
could be carried out using laboratory lightning generators.
The voltage wave that was standardized was one which reached
its crest peak In one and one-half microseconds and fell
back to one-half of crest Iin 40 micreseconds, both times
measured from the virtual zero of the wave. The methods of
obtalning these voltage waves and how measurements are to
be made are given In the AIEE Standards.?

These methods of determining whether or not a piece of
power apparatus |s safe for general use on transmission
lines have been used with much success for the last 30 years
or more. However, with the advent of much higher trans-

mission voltages and much larger systems belng used for



@gconomical reasons, new problems srose.

B. The Switching Surge Problem

When sections of thase large systems are switchad Into
or out of the systems, Inductive volitages are created In
accordance with Lenz's law. These changes in oparating
conditions bring about voltage surgas that travel on tha
lilnes. These surgas are kncwn as switching surges. The
voltages present In a switching surge may be sevaral times
the operating voltage level of the line on which It occurs.
In this respect, tha surge Is much |like a lightning voltage,
but In othar respects, thé surges are very different from
lightning waves., While a lightning pulse reaches crest In
onéa anu one-half microseconds, the switching surge may take
as long as 1000 microsaconas. A typical lightning wave Is
back down to ona-half crest in 40 microseconds, but a
switching surge may stay within 90f of crest value for as
long as 200 microseconds. Thesa facts about switchling
surges have baen known for some time and It has been gensr-
ally assumed that a ratic of |.5 batween switching surge
strangth of apparatus and low frequency crest voltage
strength was satisfactory for adequate protaction.

The voltage waves that have been dlscussed so far arag
imposed wn the whole alectric power distribution systems

and, to some degree, on the Insulation of each compunent.



Since most transformers and swltchgear are In olt-filled
cases, extenslve work In the testing of these olls has been

done.
C. Appllication to Gases

Lately an Interest has been generated In using electro-
negative gases as an Insulating medium because of thelr
greater electric strength as compared to alr. Testing has
been carrlied on with such gases as C;‘a’ CaFa, SF6 and NF3.
These tests have been carrlied out using 60 cycle and light-
ning impulse volfngos.3'4'5

The next loglcal step Is to extend the work by cover-
Ing the gap between these two extremes of 60 cycle and
Ilghtning waves. This range would cover switchling surges
and compare thelr breakdown strengths to the two extremes.
This type of work has been done for oil and solld insula-
tlons, but very little has been done In tha Intermedlate
range wlth gasrs.6

Since, In gases, there are a varlety of things that
can |Influence the character of breakdown, as will be dis-
cussed shortly, the most meaningful way to proceed Is by
experimental comparison between gases.

ldentical conditlons are set up and tests are conduct-

ed on both electro-negative gases and s standard gas, usu-

ally alr. Tha results of these tests glive dlrect comparli-



sons of relative strengths of resistance to electrical

breakdown of the particular gases.

D. The Alm of This Thesis

The problem considered In this paper |s the establish-
ment of a crlterion, namely the electric strength of nitro-
gen (or Its approximate equivalent air), over a wide spec-
trum of wave shapes by which tests on the electro-negative
gases can be evaluated.

Thus, the speciflc problem dealt with in this paper Is
how the breakdown character of nitrogen gas changes as the
shape of the Impulse wave Is varied. The varlation In
waveform used here was obtalned by changing the rise time
and tIime back to one~-hailf crest of the wave. These times
were varied over a region of rise times of 0.5 to 550
microseconds and time back to one-half crest of 10 up to

9000 mlcroseconds.



LITERATURE REVIEW

A. Evaluation of Hew Insulation by Comparison

Englneers who are responsible for bulldina electrical
power systems hava found thé required levels of Insulation
in thelr systems mostly by oxperimentation. MNew typaés of
Insulatien or insulating systems must be tested and the
results compared tc results of tasts on materlals currently
In use. Standuard test procedures have be&n establlished to
make |t @wasier for meaningful comparisons to be made.
These procedures bypass the necessity of findling absoluts
Insulation strenaths of the new material or system under
all conditions that might be encounterad. The abllities
of the older materials are gensrally known and the neaw
materlial Is rated In terms of the old. There are many
examplies of this type of work cited In the literature. The
enijlineer uses thls knowleige of relatlive strengths In
degterminlng what materlals ha should use In his design of
equipment.

Much Interest has also bean shown In the thsoretical
aspects of breakdown. The Interest of thils paper Is In
gaseous breakdown and the work in thls area alons consists
of many volumes. An extensive biblliography af thosea works
would be longer than this paper. The references used In

this paper are nct meant to be mora than merely rgpresenta-



tive of these works. For a more comprehensive study, the
reader Is referred to the bibilographies of the references

clted herein.
B. Theorles of Gaseous Breakdown

There have been two maln theorles of gaseous breakdown
set forth In the |lterature. Following is a brief explana-
tlon of sach along with a discussion of the shortcomings of
each. No absolute predictlions of the value of the break-
down voltage can be made concerning the toplc of this paper.
However, these theories wlll be halpful In analyzing the
results of the present experiment.

I. The Townsand Theory

The flrst major Investigation of the conduction of
elactriclty through gases was carrjed out by J. S. Townsend
around 1900. The results of this work were set forth by him
in various articles and a book.’ Townsend's concept was
that the fleld applled to the gas caused free lons In the
gas to move toward the respectlive poslitive and negative
electrodes which established the fleld. These free ions are
present Iin the gas due to cosmic radlatlon, photo~-lonization
and other sourcas. When the lons ares accelerated by a large
enough fleld, their collislons with other gas atoms wilil
cause new lons., He assumed the gas was lonized by both

positive and negatlive lons. |t was shown later that



tha negativa lons mre actually free ilecfrbn:.8 His equa-
tlon Is:
(a-B)d
e (a-f)e i hH
. Sy o A
a‘s.(ﬂ-a)ﬂ

where | Is current between the electredes, 1, I8 the photo-
elactric or lonlc currant In the gap, d is the gap langth,
¢ I the number of naw lons created Ir the gas par cent]|-
moter of travel along fileld axis by an Initlal electron,
and B8 Is the number of new lons created by the mdvance of
n positive fon one centimeter along the fleld axis. Thls
equation ls able to give satisfactory results for small
gaps and low pressures, |t was shown |ater that the elec~
trons are the active particlpants In the brmakdown., Conse-
quently a and B were redeflned te spaclifically ralate to
the number of electrons created per centimeter of travel.
Two other squations were later written by Loeb as mod-
ifications of Townsend's original equation because [t wos
found that electrode materlials affected breakdown points.

The equations are:

.ud
HW iy T (2)
l~yta "-1)
1™ le ag?? (3)

a-ndglet=wld_y)
in aquation (2), y Is the chance that electrons will be

liberated ¢rom tha cathode by positive lon bombardment.



All other terms are as previously deflned. In equation (3)
@ Is the number of photons, created per centimeter of ad-
vance by an Inltial etectron, whose frequancy will be such
that they could Iiberate an electron from the cathode; g Is
a geometrical factor of about 0.5 which gives the fractlion
ot photons in the gap which reach the cathode; n is the
fraction of photons reaching the cathode which actually

| lberate electrons Into the gas; and pu Is the adsorption
coeffliclent of the photons In the gas. With properly de-~
termined coeffliclaents, these equations glve much the same
results as Townsend's aquation. Also It was shown that 8
Is negllgible In gases at fleld strengths needed for actual
breakdowns, The criterlon that Townsend gave for sparkling
was that the denomlnator of equation {(Il) go to zero:

% = e(a-—B)d (4)

or assuming B8 small,

L 3 (4a)

Thils singularity was Interpreted to mean that the current
increased without |IImit and breakdown occurred. In equa-
tlons (2) and (3), the denomlnator was also set equal to
zero as a criterlion for sparklng.9

Most of Townsend's work was done with laboratory



apparatus that was conslderad very cruce by standards of
10~15 years later. Consequently, as eguipment lmproved,
@rrors in Townsend's work were found and his theory was
not able to stand as first stated. However, Townsand re-
fused to modify the theory or to sccept data showing his
theory Inadequate.

The major stumbling block to Townsend's theory are
dischargas at gas pressures near atmospheric pressure. The
process described by him would take several crossings of
electron avalanches before the gap is sufficiently ionizad
to be a fres conductor. |t was found In subsequent experl-
ments that the time of formetlon of the spark Is insutfi-
cient to allow mora thain on@# crossing. This high speed of
formatlon of the spark Is such that the positive lons In
the gap do not have time to move. !9, 11

Many other less signiflicant probiems were encountered
with Townsand's theory and are discussed In the |lteratura
cites in this paper, espuclally In the works of Loab. 1t
suffices hara to say thesa problems made Townsend's theory
unacceptable for many peopl@. Hany of these problems ware
overcom#, In part, by & different theory presented In 1941
by Lomb and Meek. Thls theory was callad the Streamer
Theory of Electrical Breakdown,.

2. The Streamer Theory

In the Streamer Theory, the process |Is started by



an electron avalanche, the same as Townsend's spark. Thls
avalanche leaves behind the positive lons which form in a
conical shape. The cone Is smallest at cathode side and
grows larger as the avalanche approaches the anode. These
positive lons are the source of a space charge in the gap.
This space charge tends to Intensify the fleld gradient
between the charge and the cathode. The electrons In the
inltial avalanche wili collide with gas atoms and excite
them. Some of the exclted atoms wlll glive off electrons

and others will give off photons of various energles (fre-
quencles). Due to these exclted atoms, the whole region
between the electrodes wlll be subjected to a shower of
photons. Some of these photons will contain enough energy
to photo-lonize atoms and cause them to give off electrons.
In the gap region, there is a source of new photo-electrons.
A part of this source wlll be between the space charge and
the cathode. The electrons nearest the space charge will be
drawn Into it. The positive lons the photo-electrons leave
behind wlill move the channel of the space charge closer to
the cathode. The electrons that are pulled into the channel
will reduce the effect of the space charge on the parent or
flrst avalanche so it will continue until it reaches the
anode. At the same time, however, the space-charge channel
will be propagating Itself across the gap from the anode to

the cathode. This space charge channel Is a plasma of



conducting charges and Is called the streamer.

The criterion that Loeb and Maek set for determining
If the streamer would propagate or dle out was whether or
not the field at the surface of the streamer was squal to
the Impressed fleld. |f the fleld was less than the Im-
pressed fleld, the photo-electrons would not be . drawn into
the streamer channel. Meek set the space charge fleld,

Ry Kk (5)

where Xg Is the Impressed fleld, X, Is space charge
field and K Is a constant which varies from C.1 < K ¢ |.0,
If K Is too smalil, the streamer will not propagate. Loeb

and Meek set K = | .0. Thenr they worked backward and came

up with the following equation for breakdown:

ad + |Og. g% = |4.46 + Iogo i% + 1 log g (6)

Here a Is the flrst Townsend coefficient; d is the gap
length; p is the gas pressure; X  Is potential gradient of
the gap needed for breakdown, which 1s the unknown; and
the constant 14.46 Is dependent on K and the lonization
radius of the space charge front. |Its determination Is
not given here but can be studied In the boock by Loeb and
Meek which Is cited. The equation can be solved by trial
and error to yleld a value of 524 Then

p

X

v = -5 pd. (7
- pp )



The equation glvaen here is for a uniform fiald and
atmospharic pressure. Thae e@guatlon can be varied for other
flaids and pressures. A changa In the field and the pres-
sure willl change factors influencing the space charge radi-
us, tharafore, changlng the constant factor 14.46.12

3. The Rzethar Theory

The theory presented by Loeb and lMeek was paral-
leled very closely by H. Raather, who was working Independ-
ently of Loeb ana Meek. There were some differences in the
presentation of the two theories. Raether's criterion for
breakdown was that

a®d = N, = constant. (&)

He chose H' as an amperical value for the constant and
proceedad to find d, the distance naasded. This was, of
course, strilctly an emperical method but was merged with the
Strsamer Theory as wlll be shown.'s

4. Modltications of the Streamer Theory

The Streamer Thaory was criticized on saveral
counts. The constant In the equation depands on & valua of
K which Is arbitrarily chosan. Alsa the equation do@#s not
Jepend In any way on what materials are used for electrodes.

It was also pointad out that tha manner In which the
space charge acts was assumoad and It wmight not really mct
in that mannar. Therefore, the photo-mlectrons mlaht not be

drawn Intc the channal as supposed. {+ was alsm assumpd

1874883
SOUTH DAKOTA STATE UNIVERSITY LIDRARY



that a remalned constant at any polint throughout the gap
whan tha {fon densitlas and consequantly the flald of the
channel was calculated. Thls was not so because a depends
on the fleld appiled.

Also, It was polnted out that Raether's criterion,
09 s constant = 10, gave essantlally the same results

28 Meoek's squatlion. Thils suggested that a modifled Town-

send aquation could be set up, such as:

ad
I = ,. — . s (9)
i (a -1
a

=48+ vy + B (10)
Here & Is elaectron amisslen from the cathode caused by
impact of photons and tha othar terms are as deflned pre-
viously. The condlitlion that I-(g)(q°d~!) = 0 |Is the condl-
tioan that assentially 2% = constent. This Is Raether's

14

critarion and could hold Just as wall as Meek's. In

fact, with some manlpulations, Meek's eguation can easlly

ba put Im this same form,

a X 1/2
In ad + ‘09- :' = | 4.46 4 log-~f§+ Iog- (%)

lat Iog.C, = 4,46

C'(“_)( ) g '/2= constant i)
By ) e
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Here X_ Is arbltrarily chosen, as It Is In Meek's equatlon
and a, Is Townsend's flirst coefficlent at the anode.

That the precedling criticisms were true was readlly
accepted by Meek and Loeb. The real signiflcance of the
Streamer Theory did not lle In Its mathematical exactness
but in that it endesavored to present a better physical
picture of what was happenling.

5. The Presently Held Theory

As can be seen by the preceding discussion, the
actual mechanism of the breakdown Is probably a combination
of the Townsend and Streamer type of formations. This view
Is the one that Is prasently held by most experts In the
field. The breakdown starts with an avalanche and |f the
overvoltage Is small, a Townsend type mechanism occurs. |f
the voltage Is higher, the space charge left by the aval-
anche will be strong enough to initiate the streamer mech-
anism. The theorles were formulated for uniform flelds and
statlc voltages. For conditlons of high overvoltage and
non-uniform flelds, the theorles are extended or extra-
polated to cover thése regions. Thlis means that the pre-
dlctions of the breakdown voltage become very Inaccurate.
The equations clited are very heavily dependent on values
cf a, B, v, &, v, efc.ls' 16
These lonlzetlion coefflclents are functions of the

flelds, pressure and several other factors of less import-



ance. Thelr velues 2re not yet completely determined in
most areas. The streamer ldem Is well enough accepted that
severzl|l Investigators have and are trying to evaluate these
coefflclents more prec}sely.l7 For more extensive informa-
tlon on these coefflclents, the reader Is referred tc
referances 9, |l, 16, 31, 32 and 33 In which work on these
problems Is dlscussed.

6. Peek's Contribution

The concern of this paper Is with Impulse bresk-
down In non-uniform flelds. The aforementioned theorles
can be used here hut several Inadequaclies are present when
overvoltages and fast rlising pulses are used.

The usual manner In whilch fast risling wave fronts are
to be treated was first suggested by Peek. The key to the
question Is that In the theorles of breakdown, the process
Is started by Initial electrons present In the gap. When
the voltage reaches the static breakdown point and no
elactrons are present, some time wlll elapse before the
electrons can be produced. Durlng this time, the voltage
will reach some peak above the static point. The ratlio of
this peak to the static voltage needed Is termed the im-
pulse ratio. Based on this idea, some conclusions about
the helght of wave at breakdown could be made knewing the
steepness of the wave front and the time for the electrons

to appear. I8
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in later studles, It was shown that the time that
elapsed after the voltage passed statlic breakdown until
the actual breakdown process started was a statistical
functlon of external lonization factors. This time lag of
the system was called the statistical time lag. The time
taken by the breakdown formation was called the formatlve
time lag. The statistical time lag was shown to be a func-
tlon of external Irradlation, which is a time dependent
phenomenon.'9
7. Hagenguth's Yolt-Time-Area Criterion

In 1941, Hagenguth reported that the rise time of
the wave used had an effect on the statistical time lag of
the gap under test. Up to this time, It was assumed that
the lag was not related to the voltage wave. This had been
the basis for constructing volt-time plots. These plots
showed the crest vcltage versus time to spark over Irrespec-
tive ot what the risetime of the applled voltage wave was.
Hagenguth proposed that volt-time-ares plots be made In-
stead of Just volt-time curves. These volt-time-area curves
were obtalned by plotting the ratlo of *. time to crest of
the wave, to f2 time to bremkdown of wave, both measured
from time zero ot the wave, versus spark-over voltage of
the wave. Hagenguth assumed that the time to spark over of
the wave was & function of the rise time only and the sta-

tistical nature of the time lag was neglected. He |limited



his results to waves that rose to crest Iin less than 6-10
microseconds. He recognized his proposal to be empiricatl
and correct only over a small range of waves.zo

The statistical time lag was also found to depend on
the electrode surface conditlon and electrode material. A
set of electrodes which are greasy or coated with oxldes will
have longer time lags than those which are cleaned and pol-
Ished. Electrodes made of alumlnum or magnesium have short-
er time lags than electrodes of copper or copper oxlde.

By usling clean electrodes of proper materlals, irra-
dlating thewm and the gap wlth Intense radlation (mercury
lamp or radioactive materlials, etc.), and using steep front
waves, the statistical time lags of a gap can be mads very

~9 seconds, statistical

short. Time lags on the order of 10
plus formative, have been observed using these methods. At
the other extreme, lags of seconds have also been record-
ed.Z'

It can be seen that the statistical time lag Is really
a functlon of many varliables. Due to the large number of
these variables, which Is probably greater than yet recog-

nized, no determinatlion of the relationshlip has been form-

ulated.
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8. A Breakdown Theory for Non-Unlform Filelds
An attempt has been made to formulate a criterion
for calculating breakdown undar non-uniform flelds and Im-~
pulse voltage waves. Earlier Meek's equation was shown to

be In a torm much |ike Raether's,which was

s ..~ = constant
It the fleld Is not unlform across the gap, e« will vary
since It depends on the fleld. This varlation can be
found and has been plotted. The equation can be varled to

allow for this to get
]g elx)dx CiEg
] ol 7 4
%A
Meek assumed that for the streamer to propogate the space

¥}

chargea fleld must equal the applied fleld. This meens L
is a constant equal to a at the anode. The above equation

can be written In this form:

d CiEg
(x)dx = K; = |o VS ..
Ie . i 9e ap (13)

Thls equation Is the equation of Schuman.?? He specifled
that K' have the value of approximately 20 at atmospheric
pressure and unlform fleld.

tf tha value of K' Is evaluated from measured hreakdown
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veltages In non-unlform tleids for verlous gup lengths, It
Is tound that x' varies from about 10 to 4% as the gGap
varies from 0.1 to 10 contimeters. Since o varles greatily
with tleld strength, velues of breakdown using Ky = 20 will
0ot de very tar from the true volues in the unlform flald.
Coesequentiy, results sre obtalned usling this criterlon,

io & nop-unlfoerms fleld, tho sssumption bos Iittie valldity.
The function thet raplinces K; should Include factors that
participute In the lonlzation process. The equation would
read

,4 alx)dx
v o

. » 86d, p, X, u, $H 0,...) (14)

whoere G Is the unknown functlon of gap length &, density p,
tield distridution x‘(x), photo~lonlzaticen In the gap u,
humlal ty fnzo, snd other factors. Work In The area hes
shown Thot ¢ end p sre the dominmant varisbies, so the other

tactors ore noglected. The mguatioen 1s:

é
[actnbdu

u, = 8{d,p) t1s)

It the pressure Is held canstant, the equation may be re-

wWriltten *o bo

d
log, (u,) ¢ juutxldn = gtd) = leg, Gld.pe) (16)
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it the field Is unlform, a is constant and

log ¢ + ad = g(d) (17)
Under these conditions, the values of g(d) can be calculated
using breakdown values for different d In a uniform field,
When g(d) Is determined this way, the flield distortion
caused by the field is neglected. Since the distortion ls
also neglected when the equation is appiled to the non-
uniform field, the error will|l tend to compensate for itself
to some extent.

This method could be used to calculate vaiues of bresak-
down for any gas where the values of a near breakdown are
known. However, these values are not yet known to suffi-
clent accuracy to prive iIf the method is valid for many
gases.z3

The method just given was set forth by A. Pedersen, who
claimed that It would hold for Impulse waves. He states
that the method 1s a semi-empirical quantitative breakdown
criterion. He has correlated breakdown In unlform fleids
with that In non-uniform fleids.

However, it Is the feeling of this author that the
method, being an extenslon of Meek's proposal for non-
unlitorm flelds, Is subject to the same criticisms that can
be leveled at Meek's original fheory.z4

Nothing regarding the matter of statistlical time lags

has been taken Into account here. it has been shown that
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those lags are of Importance In dealing with Iimpulse waves.
It can be sald that If this method assumes the presence of
sufflclent inltlatory electrons at ali times, It wil! proba-
bly give tha lowest possiblie value of breakdown to be ex-
mcted. The static unlform fleld case will also glve This
lower linit,

Although the theories accounting for the mechanisms
of electrical breakdown of gases lend much to the under-
standing ef the physical phenomena involved, it can be seen
that In the design of his equipment, the englneer must rely
on experimentally found |imits in determining the Insula-
tlon levels for that equipment. He elso finds that the
best way to evaluate hls Insulation system Is by test and
comparlisen. This Is true becsuse the theorles are complex
and hard to evaluate and that they requlre experimental data

In thelr evaluation. The results of the theoretlical calcu-

latlons are {imited In both application and accuracy.
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TEST PROCEDURES AND EQUIPMENT
Gas Test Cell

i. Construction
The test cell used for this experiment was a cell

especlally desligned for electrical tests on gases and is
shown In Figure ta. It Is currently belng used by seversal
laboratorlies and industrial researchers. The cell was
constructed by M. J. Seavy and Sons. [t consists of two
machined aluminum electrode holders clamped to a two Inch
Inside diameter by elght Inch long pyrex glass cylinder.
The aluminum ends have provislons for admitting and seallng
gases and for micrometer adjustments of the electrode gap.
The internal volume of the cell, conslidering the displace-
ment of the electrodes, Is approximately 350 miitlliliters.

The etectrode configuration used in the cell was iIn
accordance with suggestions listed in an AIEE paper on

25 It was

standardization of testing procedures on gases.
Intended that the suggested system A, conslisting of a 3/4"
dlameter sphere and a |1-3/4" diameter grounded plane, be

used. After testing had begun, it was discovered that the
sphere was |" Instead of 3/4". The remainder of the test-
Ing was carrled out using this system which was deslignated

system A', Both electrodes were mada of brass of unknown

composition.
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2. Cleaning and Preparatlion for Testing

Betwaan each seat of tests run on the cell, the cell
was gliven a standard cleaning. The cell was disassembled
and the electrodas sanded wlith emery paper and pollshed
with a rouge wheel. The electrodas and Inside parts of the
test cell wers washed with |aboratery nlass cleaner and
water. The parts were rinsed with distilled watar and
chemlcally pure acetone. The cell was reassembled and
evacuated wlith a vacuum pump for at lmast 15-20 minutes.
An oll seal type of pump was used whlch would exhaust fo a
pressurs about one millimeter of mercury.

3. FHllling the cell

The gas was transferred to the cell uslng the
apparatus shown In Flgure 2. The nitrogen used was cbtalned
from 2 local suppller. The gas wns water-pumped grade and
was pure to about 99.6%.

Tha celi and flasks A and B ware evacuataed by the pump.
Leveler tube C was raisad so the sllicona oll leval came to
the stopeock. Slllicone oll was used to pravent gas contaml-
nagtlon. The valvies on the gas cyllindér were adjustad sc the
gas bubbled slowly out of tube D through opening E. Tha gas
was passad thrcugh dried KOH pellets to remove moisture in
the pas. When sufflelient evacuatlon had +aken place, (ap-
proximately |0 minutes) stopcock F was closgd. Stopcock H

Was openiod vary slightly and gas &l lowad to sesp Into
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GAS HANDLING EQUIPMENT

FLASKS  vACUUM EEEE\f_ﬂ

H N E G |
A .‘=l[i=/ B :=:n=??=m: [
J 1 LEVELING

TUBES
&

,//’;7 VACUUM
cid PUMP

L SILICONE

T Ol
REDUCING
VAwVE

| _‘1 e (KOHE———

oW~ BUBBLER
- TUBE

N
OVERFLOW TUBE GAS
CYLINDER

Fig. 2



27

flask A. Care was taken to insure bubbllng continued Iin D
while A was flliled. When A was full, stopcocks G and H

were closed and stopcock F was opened. Again stopcock H was
opened slowly and flasks A and B were fllled. Stopcocks

H and | were closed and G was opened, H was opened slowly
and the cell was allowed to finlsh tilling.

When the cell was filled with gas, the electrode gap
was closed until an ohmmeter Indlcated zero gap. The mli-
crometer setting was noted and the gap opened to one-half
inch.

Stopcock H was closed, | was opened and the system
again evacuated. The system was refllled as before. Two
evacuations and fllllings were used to Insure the purity of
the sample tested. Stopcock J was then opened and H closed.
Temperature and atmospheric pressure readings were taken In
the room, The pressure In the cell was adjusted using the
leveler tube to glive a standard condlition of 80°F and 28.35
Inches of mercury, this being average temperature and pres-~
sure at test locatlion. The cell stopcock was closed and the

cell was ready for testing.

D.C. Voltage Tests
-t. Test equipment
The D.C. voltages were obtained from a power supply
supplied by the Klilo-volt Corporation. It consisted of a

voltage doubler clrcult using an auto-transformer Input,
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The maximum output was (20 K.V. at 5 ma. The ratad ripple
was less than 0.5% at rated output. Tha tosting clreult
arrangement was as shown In Figure 3. The voltage at the
cél| was measurad by a voltage divider. The dlvider re-
silstor was a precislion |20 megohm resistor constructed by
the author of 3| resistors connected In serles enclosed In
2 gless tuba fllled with transl! oll. Measurements were
takan across a one megohm |¥ reslstor at the ground end
using a D.C. VTVM of 1/2% mccuracy. 1t was found, using
the voltage divider, that the D.C. breakdown voltages were
at a highar voltage than tha A.C. This could not possibly
be so. The dividaer was checkad agalnst a set of 6.25 cm
sphere gaps. The check showed that the divider relation-
shlp was not accurate.

Under high voltage D.C., the divider resistance droppad
to 2 value of about {.08 megohms due probably to the shunt-
Ing of resistors by the resistivity of the oli. This prob-
tem was not Investigated due to lack of time. The sphere
gap callbration of the divider was used to obtain the values
of D.C. voltage Indicated Iin this report.

At voltage levels needod for this axperiment, the coro-
na isakagas from the clrcult were not measurable although a
trace was present.

2. Conduction of D.C. tests

The tasts were conducted by ralsing tha veoltage
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manually at a rate of approximately 1.2 K.V. per second untll
breakdown occurred. After a one minute rast, the test was
repeated until flve trilals had bean made. The voltage was
then ralsed to Bpproximately two-thirds of the apparant
breakdown point. |t was ralsed 1.2 K.Y. at the end of each
minute unti| a discharge cccurred. This was repeate? four
more times. The cell was then removed and anothar identical
cell placed on the test set and the above process repeatidd

for I1t.
60 Cycle Voltage Tasts

A 75 K.V., 60 cycle, General Electric testing trans-
former was the 60 cycle source. Tha set was corona free up
to Its top rating. The output voltage was measured by hlgh
Impedance mater cennected tc & voltmater ceoll that Is an
Integral part of the test transformer set.

The voltage was applled at a rate of approxlimately one
K.V. per seconc by manually adjusting & verlabie autotrens-
former untll breakiown mccurred. After a rast of ona min-
uta, the test was repaatad until five trials had bean mada.
The voltage was than raised to spproximately two-thirds of
apparent flashover point. At Intervals af one minute, the
voltage was ralsed one K.V, urtil breakdown occurred. This
was done flva timaes. The cell was than removed and ancther

ldantlcal cell was tested feollowing the above procedure,
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Impulse Voltage Tests

. Test Set

The Impulse waves were obtalned from & portable
Impulse generatar bullt by Wastinghouse rated at 25 K.V,
The unlit 1s shown In Figure Ib and ¢. The control cabinet
contalned a voltmater that read voltepge applied to the first
capacitor In the generator. The generator used a Marx,
parallel charoe-serles dlscharge of capacitors clrcult, so
the voltage at tha first cepacitor was, after 2 time had
elapsed, essentlally the voltage on alil capacitors, three
In this unit. Upon triggering by a mechanlcal arm which
shortad the flrst sef of spherse gaps, the voitage at the
output terminal was three times the voltage read an the
meter, less drops across Internal alr gaps used te put
capacltors In serles.26

2. Wave shaping clrcult

The wave shaping circult Is shown In Flgure 4.
R, was lass fhnn‘ﬂz 8o C‘ charged to m pesak voltage through
Ry and discharged through R,. R, was the total resistance
from top of C; to ground. R  was sarles resistor across
which the oscllloscope voltege was daveloped. The voltage
at the oscliloscope was thenrn Rilnz of the voltege at the

cell. The csclllescopes used was a Tektronilx Type 507 wlth

a maximum applled voltage of 3000 volts and &2 maximum
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writling spead of 20 x i0”? seconds/centimeter. The oscil-
loscope had an Input Impedance of 72 ohms, so & 40 foot 75
ohm coaxlial cable was used to connect the oscllloscope to-
the divider. A 75 ohm non-linductive r@sistor Was uS@d Bg
serios resistor at the divider te terminate the cable. Rs
was the parallel combinatlon af 72 snd 75 ohms for most
experimants.

The wave shape used was that speclfled by AIEE Stand-
ards £4, 1953. The front of wave rose to crest in time T,
anid droppad back to ona-half crest In time ty, bath maas-
ured from timae zeroc of the wave. In the present expaeriment,
times T, and t, were varied by clircuit adjustment. Thils was
accomplishad by holding capacitoer Cl constant and changlng
the values of R, and Ry. A thaoreticel analysis of the wave
shaping circult is glven In appandix two. From this analy=
sls, f| and fz could ba datermined knowlng values of H', Hz
Bnd Cl' Prasumably, values of H| and H2 could ba found
krowl ng T', ?2 and C'.

3. Wave shape sdjustment

This procedure provad to be mathematically diffi-

cult. &So the times t, and t3 weare determined experimental-
ly. R, and R, were varied and the resulting changes in
t, and t, ware noted with the cscilloscope. *t, depanided
mogtly on R, and t, dependad mostly on RZ' Whan the wave
locoked correct on the esclilecscape, a plcture of the wave

was taken using & Polarold cemera mounted on the osclillo~
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scape. Mmasurements of the wave were taken on tha plcture
te Insure thet proper times had beasn attained. Pictures
ware taken of mll waves used and aras shown In Flaures 5c
and i through 8. Plctures were taken of both positive and
negative |-1/2 x 40 waves =s shown In Figure 6. The two
were smen to be ldentical except for polarity, se plcturas
weroe taken omly of the posltive waves for the remainder of
the waves used.

4. FEqulpment for long tall waves

Since large valums of R, ware needed for waves with
very lena talls, the valtage across Hs became small. Tha
typm 507 oscllloscope needed a peak voltage of at least
50 volts to coperate; tharaefora, Tektronix type 545A oscillo-
scope was us@d on these waves. Tha 545A had an input Imped-
anca of one megohm, a maximum fnput voltage of 120 valts and
maximum writing speed of on® microsecond/centimeter. The
cable was terminated at the oscilloscope end with a 75 ohm
non-inductive resistar whenever the 545A was usad,

Thea resistors used In the wave shaping clrcult weres
card raesistors wire wound fto ba non-inductive, except for
Wwavegs with very long télls, whara reguler wire-wound pawer
resistors ware used. The divider using these regular powear
rasistors wags chucked by placing & nen-lnductive resistor
veltage divider in parallel with If. The two dividers gave

idantical results Iindicating the Inductance of the power



3%

FRONT OF WAVE OSCILLATIONS

VERTICAL VERTICAL
1375 kv./cm. 1375 kv./cm.
SWEEP RATE SWEEP RATE
O.l usec./cm. O.l usec./cm.

0.5xI0 WAVE - POSITIVE

d
VERTICAL VERTICAL
9.74 kv./cm. 974 kv./cm.
SWEEP RATE SWEEP RATE
05 usec./cm 2 usec./cm

Fig. S



36
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resistors was not affecting their results.
5. Voltage measuremants

The veltmge present at tha cell was measured psing
th@ oscl|lescepe deflection and the voltage divider clreculit.
The standard wave, |-1/2 x 40 wmlecrosecands, was memsured
with a set of 6.25 cm. sphere gaps. The generator output
was controlled using tha meter on tha control panel. The
output voltage of the set was determined using the sphere
gaps &s prescribed by AIEE Standards #4, 1953, using the
correctlon factors for density and temperature. Tha S0%
arclng point was feund In terms of the ceontrol panel mater
setting. The callbration curve of voltage versus panel
meter sattings Is glven In Flgure 9. The output veltage
calibration of the ganerator by means of tha sphera gaps
was compared to the voltage divider readings and thier two
ware found to compare within the specified 3% of the stand-
arcs.

Whan the output voltage of the divider clrcult was
observey on the scope using large R,, high osclillatlans
wara notliced at the very front of the wave as shown {n
Flgure 52 and b. Msasuring the peaks of thase osclllatlions
on the pizture indicated that, if these osclllatlions were
presant at the call, thair magnitude was on the order of =&
megavolt. ODlifferent circult conflgurations and tast equip-

ment positions wara found to heve no effect on thosa oscll-
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l¢tlons. Usin@ two oscilloscopas, ona directly across the
cell and the oth@r on the divider, |t was found that thg
osclilatlions wore not present at the cell. The osclillgtlions
wire possibly caused by ripging In the cable ang Its asso-
clated reslistors. These ©sclllations on the front of wava
ware lgnored in the rest of the work.
£. Test Proceduras

The impulse voltages were started at a lavael that
coused breakdown on less than 10% of the trials. This mag-
nitude of weve was then appliied 10 times with a 30 second
rest between applications. The voltage was thern ralsed one
unit on the penel mater and the wave was applled IC timas
@t this level after which the level was Increased one more
unit. This process was repeated until a level was reached
where the gap broke down on more than 90%f of the trials.
The cel) was then rested 5 minutes. Ten more trials ware
then takan at the same level just used (90%T+), The level
was decreased one unit and ten more triamls run, The volt-
sage was decreased In this manner until the gap flashed over
less than 0% of the time. The cell was agaln rested for
five mlnutes. Then a repeat of the first set of trials was
run. This meant that at sach voltage level, the call was
pulsed 30 times. A second cell, ess@ntially identical fto
the first was placed on the clrcult and It was pulsad 30

times fur aach level exactly as the first had be®#n. A sam-
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ple of this method of racording Is shewn In Figure 10.
7. HReduction of data to Kilovolits

During the time the cells ware under test, tha
@pplied wav® was observed with the wsclilloscope. The peak
millim&ter helght of each wave was recorded. Thae voltage
belng Bpplled was datermined by knowledge of the reslistance
divider values. A plot of millimeter helght observed var-
sus panel meter setting was made as shown In Flgure |1.
Usling this graph, veltage level settings were converted to
paak K.V., and tables made of per cent breakdown versus
peak voltage applled were made. Thess valuss are shown

in tables 4 through & In appendix one.

Source of lonization

It was first proposed that the tests would be run
uslng only background Irradlatlon. |t was found that the
breakdewn pattern was so erratic that 100% breakdown could
not be achleved with the lmpuls® generator even at levels
close to 100 K.V. crest, |-1/2 x 40 wave, for a /2" gap
sattlng. So a source of weak external ionlzatlion was used.
This cansisted of a milllcurie of radlum placed In a lead
cgn 18 ipches from the electrode center |ina and |.37 inchas
of lead In the can. Thls gave & gamma ray count of approx-
Imately 3300 counts/sec at the electrodes without tha alass

wall of the test cell present. The count of natural back-
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EXAMPLE CONVERSION CURVE

Panel Meter To mm Deflection

cycle panel meter setting

- T8 o RN - - RN o N k. e F L1035 AR
Ist 20.5 2470 22.0 22.0 25 50 A%
2nd 2030 21.0 o= 22099 2540
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4th 20.0 21§30 26> 22..0 22.5 2.0 24.0
5th 20.0 721 4@ 21.5 2: 2% 22/%5 25 5 24.0
6th 20.5 74(; 0 %15 22,350 2580 235 24.0
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ground at thls polint was @4 counts per second. |t was as-
sumed that fonizatlion In the cell waes primarlly due to low
energy gamma rays since beta rays would not penetrate the
pyrex test cal! walls. Very high energy gammas are scarce
and have = lower probablliity of lonlzatlion. The gamma
counts were taken over the energy range from 20 Kev to

.13 Mav. As functlon of energy, It can be sesn In Figures
12 and |3 that high energy gammas are few in number relative
to lower energy rays. The effect of the glass wails of the
test cell on the count can be seen In Flgure |4, Here four
glass wells were present botween the scurce and the counter
crystal, The effect of one glass wall on the count was to
reduce the count by about 80 to 100 counts per second. This
tntenslity of Irradlation was used throughout the tests

taken.
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DISCUSSION OF RESULTS

Test Results

The percentane ef breakdowns versus the applied volt-
ag2 for the differaent waves are shown In Figures |5 through
20. The shape of each of these curves can be se@en to be In
the general form of a prebablility distributien curve. This
indicates that the relatlonship between per cent breakdown
and applled voltage Is statistical in nature.

The percentana breakdown curve shown in Figure 20 for
tha 550 = 9000 microsecond voltage wave, nagative pclarity,
h#s some scattured data points. The data points rise untll
about 60 K.V. and start dropping in percentage from 80% to
50£ st about 67 K.V, before rising back to 100f breakdewn
at 74 K.V. This dip shown In the date points was ignored
whan the curve was drawn. The 60 K.V. percentage Is the re-
sult of 140 trials whereas the points above 60 K.V. are the
result of only 2(i-40 trlals. On sevaral of the cycles,
the 60 K.V. voltage level caused 1002 breaskdown, so highar
lavaels ware not takan. On the cycles that weren't breaklng
down |00Ff at &0 K.V., voltage levels hiah#r broka down as
shown by the data plots. The assumed points plotted were
obtalnad using the assumptlion that cycles which gave |00%
breakdown at 60 K.V. also broke down 100% at all higher

levels sven though the points were not tried. The rasult-
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ing curva Is simlilar to others and is taken to be correct
for that reason.

It was found that the 60 cycle A.C. peak and the D.C.
breakdown voltages of the gap were essentially the same.
The differente was only 0.6%.

The plots of per cent breakdown voltage versus time to
crest of the different applled voltage waves are shown In
Figures 2| and 22. The 10%, 50%, and 90% breakdown vol tage
values were plotted for each wave and both polarities to
show the spread of values. Both poslitive and negative po-
larity seem to follow the same general trend. The negative
does rise to higher values of voltage at jower tIimes than
the positive polarity waves. The polnt where the positive
polarlity values begin to drop back down in voltage was not
found due to lack of time and |imits of the equlipment.
Figure 8 shows that the tall of the long wave Is choppy.
This was caused by the Inability of the generator to keep
the arcs between the Internal spheres from quenching. The
problem might have been remedied by using a generator of
greater internz! capaclity.

It could be assumed that the positive polarlity would
be of the same general shape as the negative plot and would,
therefore, soon decline to lower breakdown values. Further

tests would be needed to verify this assumption.
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Explanations of Results

The probablllity distribution form of the percentage
breakdown versus applled voltage curves agrees with the con-
cept of statistical time lags In the gap. If the appear-
ance of an initlatory electron with high probability of
causing breakdown Is a statistlical function of time, then In
a glven time, there will be a certain probabliity of Its ap-
pearancéa. Thls critical time of appearance wlill be that
time from when the voltage wave reaches a value such that
braakdown can occur untll the wave again recedes below
this value. WIith voltage waves such as were applled in the
present experiment, the critical time will Increase as the
crest value of the wave Is Increased. Thus, when break-
down percentage Is plotted as a function of applled voltage,
the form of the curve obtalned could be expected to be a
probabliity distributlon curve.

The level of voltege that must be reached before the
Inftlatory electron could cause breakdown Is the D.C. break-
down voltage. This voltage is In accordance with both
Townsend's Theory and Loeb and Meek's Theory.

1t the supposition Is made that the breakdown probablil-
Ity depends mostly on the D.C. voltage level and the time
that the applled voltage stays above thils level, then

the following can be concluded. When different wave forms
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Bre used, the percentage breakdown will depend @n tha time
8bove the D.C. valu# and not the crest voltage. In other
words, two waves having the same tIime above D.C. breakdown
but diffarent crest values, would have tha same parcentage
of breakdowns.

The present investigation was carried ocut In part to
test thls supposition. There was & dependence of brask-
down value on wave front time found but It s quite dlffer-
ant than that supposed. At the shorter rlse time waves,
the percentage breakdown levels do decrease as rise time In-
creamases. As the rise times bmcome longer, the lavels rilse
again before falllng off to lower values at much longer
times.

An explanation of thls phenomenon was proposed as
follocws. For the faster rise time waves, |t was suggested
that the breakdown voltage level was ramched bafore the
photo-alactrons in the gap reglon were swept out by the
appllad voltage. Howaver, with the longer wavefronts, more
time was avallable to clear the reglon of photo-electrons.
The probablitity of an initlatory slectron appearing In the
gap would be @ function of the photo-elactron density in
tha gap raglon. This danslty would be reduced more for s
slowar wave rilse time than a faster one. When the wave
front time Is very long, the density wlill be low In the

raglon, but the wave Is rising slowly and will not reach
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such a high value .before the right electron Is produced by
gamma radlation. Support for this Idea is shown by the
scattering of data for long waves.

It can be assumed that most of the photo-electrons In
the regfon are produced by intaractions of the gamma rays
passing through the region. The count rate of these rays
was 3,200 per second or about one every |00 microseconds.
If it Is assumed that every count produces an electron,
which Is not quite true, then It can be seen that It will
be qulte awhlie between electrons as far as a 5 x 10 mlcro-
second wave Is concerned. But the |ifetime of these elec~
trons is quite long. In most cases, the electron wiil dif-
fuse out of the region of interest befoere It Is recaptured
Into a molecule. |t would seem that the diffuslon process
Is a very Important part of the whole probliem. Under static
condltlions, the gap region will contaln a certain density
of photo-electrons, and the density wlill be kept uniform by
diffusion. When any voltage wave is applled to the gap,
the small volume dlirectly centered In the gap will be swept
free of electrons a2imost immediately. The electrons in the
reglon of the gaps wlll beglin diffusing iInto the gap veoiume
and begin belng swept out by the fleld. So the length of
time the wave Is applled, before It reaches a level suffl-

clent for probably breakdown, will determine what the
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photo-e#lectron denaity and denslty gradient, at tha time
that voltage leve! Is reached, will be In the gap reglon.

Experimental evidence supporting the above ldeas was
acclidentally found by this author. While running a cycla
of the 0.5 x {0 mlcrosecond voltage wave tests, the high
voltage 0.C. source was snerglzed In the test area. The
cutput terminal of this test set was suspended about one
and one-half feet above the test ceii. The D.C. voltage
was ralsed to a value such that corona was clearly visible
at the terminal. The ievel of the 0.5 x |0 wave belng ap-
plled at that time was suffliclent for breakdown on every
triai. After the D.C. set had been energlzed for a2 minute
or so and shut off, the gap coulid not be broker down by the
Impulse wave at all, at that voltage level. The wave was
applied at the same level every 30 seconds for the next
10 minutes bafore any breakdowns occurred. Once brasakdown
did occur, the level was suffliclent for 1004 breakdown
agaln. The D.C. fleid astablished over the region of the
test cell must have removed all photo-electrons In the re-
gion. A long time then had to elapse bafore the electron
density came back to normal agaln and breakdown could agalin
occur,

The above proposed explanation of the hump In the volt-
time curves for nltrogen shown in Flgures 2| mnd 22, Is

probably subject to criticlism. A detalfled analyslis Into the
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problem would require that conslideration be given to elec-
trons produced by gamma rays strliking the glass walls of
the test cell and the electrodes, and electrons belng pro-
ducad by thermail emisslion from the electrodes. What the
probabillty of producing electrons by gamma rays In any of
the above substances would be, would also have to be con-
sidered. The diffusion rates would have to be known for
the electron not only In the gas but also through the walls
of the glass test cell.

Consideratlons of these factors and probably some
others missed or omitted by this author would be needed In
order to completely speclfy a solution to the problems. A
complete analysis would have to be able to account for many
things not yet mentioned such as why there are different
curves for different applled voltage polarities. Also, It
was noted that the curves of per cent breakdown versus ap-
plled voltage have the form of probabllilty distributlion
curves. 1|t should also be noted that since they are not
true probablilty distribution curves, the relationship Is
not entlrely statistlcal In nature. Thls means other non-
statistical factors are present which are not accounted for
here.

This author has not had time or sgquipment to conslder

a detalled Investigation of all these factors at thls time.
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Correlatlion of Results with Other lnvestigators

An Investigation of the relationshlp of applied voltage
time to breakdown strength of solid insulation was carried
out by V. M. Monts'inger in 1935. His results are shown by
the curve In Figure 23. The curves obtained in this expari-
ment would correspond to the first portion of Figure 23.
Mor® work needs be done here before a complete comparison
can be made. The difference In relative time strengths can
be easily noted. The solid insulation strength decllnes
with time except for the flat strength portion. |t has no
~humps Iin It as the nitrogen curve does.26

The hump In the volt-time curve for gases has been
established by many lnvesflgafors.27 Huges and Roberts
found that the pe#r cent breakdown voltage varles with wave-
front time. The curve they show has very much the same
shape as the one found In the present paper. They used a
different electrode conflguration (rod-rod and rod-plane
gaps) and differant wave times than used here. The simi-
larlity of results would indicate the phenomenon Is a gas
characteristic and not dependent on electrodes. They gave
no theoretlical explanatlons for the shape of thelir curves.?8
Walters and Jones also found that wave-front time had

an effect on percentage breakdown levels. Thelir investi-

gation was concerned with very long gaps (30 Inches), so
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the results were not comparable to this paper. Thelr volt-
time curve did not vary in a smooth manner and so no gener-
al shape could be determined.?29

An investigation of the effect of approach voltage on
statistical time I;gs In alr and SFg and mixtures of these
was carried out by Binns and Daryan. They superimposed an
Iimpulse wave on top of a D.C. voltage. They state that
Ilttle effect on time lag was found due to changing D.C.
approach voltage levels. Thelr data shows that as approach
voltage Is varied from O to 80f% of D.C. breakdown, the
average time lag goes from 45 to 75 microseconds for alr
and from 65 to 90 microseconds for SF6' This 1s an Increase
of about 70% for alr and 50% for SF6. This author confenés
that approach voltage does have an effect on time lag. This
increase would correspond to the differences In breakdown for

short and long front voltage waves as discussed prevlously.30
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CONCLUSIONS

The curves of percentage breakdown voltage versus
wave-front risetime shown In Flaures 21 and 22 represent
the breakdown characteristic of niftrogen under varying
wave fronts. These curves can be used to compare the
realative strength of nitrogen (or its equivalent air) with
any gases (Including electro-nagative gases) under the same
test condlitions. More points should be taken on the nitro-
gen curves at long wave fronts to more definitely define
the shape of the curve and find where the positive polarity
begins to descend.

The shape of the percentage breakdown voltage versus
wave risetime curve is much different for the gas tested
(nitrogen) than that generally recognlzad for solld Insula-~
tions, especially In the midrange, switching surge regilon.
The ratio of the midrange, swifching surge, breakdown
voltage to the D.C. breakdown voltage, Is about 230% while
It Is of the order of 850% of the D.C. breakdown voltage
for sollds.

In this report, as In the l|literature, the percentage
bremakdown voltage was plotted as a function of voltage
wave risetime. It Is believed by thils author that |f the
time to one-half crest on the waveback Is 10 to 20 times

the risetime or more, the length will have little effect
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on the breakdown value. Thls affect should be Investigated
and determined more pracisely.

The theoretical raasons for the shapi# of tha volt-time
curve Is open to more Investigatlon and discussion. Pro-
posed in this paper are some explanatlons (see pages 59-63)
of the shape of the curve In terms of the avallability of
initiatory electrons in the gap reglon. Much more work Is

needed to determine 1f these preoposals are creditable or

not.
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TABLE .

BACKGROUKD GAMMA RADIATION COUNTS AS FUNCTIOM OF
ENERGY 60 MINUTE COUNT TIME.

73

Channel | Counts

Channsl | Counts Channel | Counts
i 7467 36 1454
2 6304 ° 37 1383
3 8301 38 1274
4 12550 39 {250
5 17559 40 1224
6 19077 41 1218
7 18593 42 1127
8 18t48 43 1103
9 17258 44 1110

10 15758 45 951
11 14509 46 896
12 12756 47 934
13 11651 48 868
14 10441 49 940
15 9411 50 890
16 8481\ 51 i56
17 7683 52 a4 1
18 7128 53 763
19 6379 54 124
20 5615 55 660
21 5042 56 598
22 4579 57 578
23 4102 58 628
24 3775 59 349
25 3357 60 515
26 3125 61 485
27 3015 62 495
28 2756 63 494
29 2554 64 462
30 2245% 65 448
31 2012 66 442
32 1763 67 438
33 1730 68 410
34 1561 69 414
39 1566 70 412

Each channel

one starts at 25 x 103 elactron volts, 99 ends at [065.7

x

S — o m— L - —

e s e e e e

74
72
73
74
75
76
77
78
79
86
81
82
83
84
85
86
87
88
8%
99
9l
92
93
94
95
96
97
93
99

403
41
3748
424
391
35%0
370
377
334
342
352
357
337
323
347
314
283
306
208
309
285
254
254
237
274
263
267
253
293

e e ——————

I = 314357

per sac, = B7.32

10 electron volts.

Is 16.7) x 103 slectron volts wide and channel



TABLE

74

1. GAMMA RAY COUNTS AT ELECTRODE POSITION WITH RAD-

IUM SOURCE

18" DISTANT

IN LEAD CAN AS A FUNCTION

OF ENERGY COUNT TIME 20 MINUTES.

- —

Channel | Counts

COVETNdOUDUWN-—

64038
59528
56117
58972
72065
80591
72468
70101
73119
75430
76890
78296
80507
82535
83852
85368
85359
82386
79028
72728
68437
63287
59895
57245
55912
52042
50341
47649
46590
45125
43953
43379
42472
40730
40285

-

Channel | Counts

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
66
69
70

59921
39079
38889
39031
39418
40454
41425
41879
40576
38719
37200
36469
36442
37903
39751
41243
41301
39549
36442
53222
50255
28486
27528
26406
25902
25850
25364
29352
25891
25647
25978
25753
25358
24462
24423

PHFSra—— = m

—— e —

71 236717
72 22530
73 22266
74 21687
75 21000
76 20694
il | 20228
78 19764
79 19717
80 19501
8l 19082
82 19069
83 18586
84 18643
85 17727
86 17813
87 16621
88 16433
89 1625353
90 15771
9l 15710
92 15370
93 15783
94 15643
95 16004
96 16737
97 17815
98 18610
99 19234

I = 3,954,05|
per sec =

3295.04

TRy

R e e B P ETEETIRL — A e i
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TABLE I11. GAMMA RAY COUNT AT ELECTRODE POSITION WITH RAD-
UM SQURGE IN TEST POSITION AND 2 GLASS CYLINOEHS
BETWEEN RADIUM AND ELECTRODE POSITION AS
A FUNCTION OF ENERGY.

—— o = - mmm s amn —
- T - T e e e —

Channel | Counts Channel | Counts Channel | Counts
I 67500 36 37627 71 21288
Z 56851 37 37045 12 20697
3 53955 38 36411 75 20648
4 57095 59 36044 74 19754
2 Giolce 40 36323 75 19190
6 76286 41 56708 76 18894
LA 71416 42 57435 77 18465
& 12062 45 37568 78 16084
b4 75947 44 37458 79 17679

10 74816 45 35928 Bl 17546
| 78912 46 34714 8l 17456
12 76655 47 54037 82 17254
i3 79651 4B 33035 i35 16631
14 60150 49 33257 84 I6955
15 81171 50 33945 85 16517
| & 82176 51 35686 66 l6255
7 81085 52 36537 87 I5476
|G 77985 53 G121 Y] 15321
19 74919 34 34361 89 1413
20 6ua2l 55 31594 90 14504
21 65341 56 ZBE98 21 13911
22 60821 57 26545 92 14153
23 57263 54 23162 83 13976
24 54214 59 24496 94 15836
25 51983 60 23608 93 15883
26 50003 6l 23605 96 14381
27 47691 62 £3308 97 14723
20 46217 €3 23021 98 15205
29 44754 64 FEFAN 99 15751
30 43193 65 22904 B “"
31 42260 66 23353 L = 5 738.69]|
32 41037 67 23005 T

33 40323 68 22858 yor Chie. *

34 9413 9 22095

35 38373 70 22090 3,0115.7

— i ———e e - — -

e Sl meL— x i




TABLE

K.V.

TABLE

IV. VALUES OF PERCENTAGE HREAKDOWMN AT THE APPLIED
VOLTAGES INDICATED FOR THE 0.5 x |10 MICRO-
SECONDS VOLTALGE WAVE.

Positive Pclarity

52.3
£0.0

i
o W
o
.
w O

1 ]

S -
c
o
W
W
Lt
E-N
i B
w

(& ]
~4
L* ]
~ &
(8]

.

K.v. 55.3 50’-5 6’.9
! B3.5 90.0 100.0

Kegative Polarity

34.9 37.5 40.2 42.¢ 45.4 48 .2 50.8

1.6 6.€ 3t.6 25,0 45. 6£5.0 65.0
K.V, 53.3 56.1 8.5 61.5
* 65.0 gl.6 d6.6 100.

V. VALUES OF PERCENTAGE BREAKDOWN AT THE APPLIED
VOLTAGES INDICATED FOR THE 1.5 x 40 MICRO~
SECONLS VOLTAGE WAVE.

Positive Polarity"

22.3 5 .6 25.8 .0 8.1 ’9.2
3.3 .6 10.0 0.0 48 .3 50.6 58.3

K.V. 40.5 41.5% 42.7 43.8 4%3.0 46.2

» 65.0 70.0 81.6 83.3 48 .35 95.0

Negative Polarity

2 39.4 41.5 43.7 45.8 47.6
.6 20.0 38.2 41.6 51.6 G6.6
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TABLE ¥i. VALUES OF PERCENTAGE BREAKDOWN AT THE APPLIED
VOLTAGES INDICATED FOR THE 5 x 100 MICRO-
SECOMDS VOLTAGE WAVYE.

Posltlive Falarity

l.B  32.86 34.0 3%5.2 36.4 37.%5 38.7
) 2.3 13.3. 26.6 36.6 50.0 61.6 66.8
K

= 39.9 41.0 42.2 45.4 44.6
2 1.6 75.0 90.0 86.6 88.3

Negatlve Polarity

K.V. 40.0 41.% 8.9 46.1 49,1 0.2 p2.2
i 3.3 8.3 20.0 13.3 40.0 38.3 48.3

K.V, 54,2 58.3 58.5 60.4 62.4 64.4
¥ 66.6 55.0 €5.0 78.3 Bl.6 93.3

TABLE VIil. VALUES OF PERCENTAGE EREAKDOWN AT THE APPLIED

YOLTAGE LEVELS INDICATED FOR THE 50 x 1000
MICROSECONDS VOLTAGE WAVE.

Positive Palarlty

K.V. 32.9 34,1 38.2 36.2 37.53 38.3 39.3

¥ 6.6 18.3 26.6 45.0 56,6 66.6 #8).6
K.V. 40.4 41 .6
4 90.0 93,3

Nagative Polarity

K.V. 5%.6 57.6 59.6 61.6 63.8 65.6 67.8

£ 3.3 13.3 10.0 M.6 20.0 21.86 26.6

K.V. 70.1 72.0 74.3 76.3 78.2 #0.2 81.8

4 31.6 46 .6 43.3 75.0 65.0 5.3 70.0
K.V, 83.5 85,14 BE.8 8a.l

| 73.3 83.3 A6.6 93.3
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TABLE VIII. VALUES. OF PERCENTAGE BREAKDOWN AT THE APPLIED
VOLTAGE INMDICATED FOR THE 550 x 9000
MICROSECONDS VOLTAGE WAVE.

Positiva Polarlty
K.V. 40.0 42.9 44 .| 46.0 48 .2 5¢.3 52.5

] 20.0 1.6« 24,3 24.3 30,0 36.6 41 .6
K.V. 54 .7 56.6 58,8 60.7 62.9 65.0 67.0
4 56.6 50.0 50.0 61.6 65.0 75.0 73.53
K.V. 69.1 71.1
4 80.0 83.3

Negative Polarity

K.V. 33.7 35.9 38.1 40.0 42.0 44.1 46.0
4 0.0 0.0 18.8 7.7 12.3 £2.1 37:3
K.V. 48,2 50.3 52.5 54,7 56.6 56.8 60.7
4 33.6 36.7 50.6 60.6 72.2 69.3 82.6
g 87.5
K.V. 62.9 65.0 67.0 69.1 70.8 72.5 74.2
< 62.5 57.5 $0.0 50.0 70.0 95.0 100.0

4 86.4 89.0 91.9 91.0 94.5 99.1 100.0
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TABLE IX. VALUES OF DIFFERENT PERCENTAGE BREAKDOWN POINTS
IN K.V. VERSUS THE TIME TO CREST OF THE
DIFFERENT WAVES.

Positive Polarity

1| 10% polnt 50% point 90% point
0.5 34.7 43 B 55.7
l.5 33.4 38.3 4343
5.0 31.9 36.5 42.9
50.0 33.3 36.8 40.7
550.0 39.8 56 .1 73.7
A.C. 31.6 crest
D.G. 31.8
Megative Polarity
T 0% point 50% polnt 90% polnt
0.5 37.1) 47.6 59.0
i.5 36.7 45.3 56.6
5.0 42.5 $2.7 65.5
50.6 59.6 75.5 87.5
550.0 40.0 54.7. 66.9
A.C. 31.6 crest
.5, 31.8
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APPENDIX TWO
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THEORETICAL ANALYSIS OF WAVE SHAPING CIRCUIT

An equivalent clrcult of the Impulse generator
charged and ready to be triggered is shawn In Figure 24,
The switch 1s closed by the arcs In the generator.

Summing the voltage drops In the direction of current
around the loops using Laplece transformed varlables; the
foliowling |Is obtalned:

In Loop .’

-t et @ 1R+’ -'2 =09 e
in Loop 2.
I 12
- 36, + s, + IR, = 0 (2)
from (1)
‘(51 + 12 yAWTREEE Y (3)
t'\s sC sC, sC2
from (2)
|
Wt ! (4)

| 8 T . L

2 sC R ‘) (RCs+ 1)
4 ( sC2 22

Substitute (3) In (4)

Ee !
)
2 (h}6£§"¥“15 ) Be ¢ 1 %1\
sc' sC,

EoC
i B .. — %

i ————
2 RyR,C,Cp8Z + (RyC, + RpCy + RiCz)s + |




IMPULSE GENERATOR EQUIVALENT CIRCUIT

Fig.24

Z8



83

How _
E = Izﬂz (E)

Substitute (5) in (6) and rearrange

Ee | |
E = % _— e S (7)
Mg o &/ 1 1" Ta \ew . g
Ri€z RRC R\R2C)C;

fet
! Ry ¢ Ry - i
X I PN . | mnd K, = __ A (8)
: (hacz JLPLY 2 RREE,
Substitute (4) In (7)

Ee I
B 5 wohe - (9)
agcz l} + K,s + Kz

The Inverse Laplace Transform of this Is:

=¥ |l - W W=k -at 2 2.1/2
2 [;:02.s+bg] thz-uziT?z . hiaki-in R o Ll

Applyling this to equation (9)
[sln(&r-x'z '/215) (o)

nnnnn

E 2
n.éz - A' ’ C{zu’(} - A’: (11

Substitute (I11) Into (10)

A} By I t ¢
alt) = Ay ° 2 t sin Ay 12)
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To obtaln the risetime of this wave, equatlon (12) is
differentiated with respect to t, sat equal to zero and

solved for f'l

-Ki K
et |
de(t) _ M _ Ky 24 t
-d-‘f_- FE 5 a sin Az‘f' + e - ]
cos Azf' Az (i3)

Set equal to zero and rearrange.

Ky
5 sin A

K
Dividing by ! cos A,t
-3 21

ot = Ay cos At (14)

2A2
Taﬂ ﬁzf, = T'-
or
| 2A,
T' = x; arc tan ”KT (15)

where K; and A, are defined above.
When appropriate values were substituted Into (I5),

It was found that

K|2
g L

This made A, an Imaginary quantity. The followling
change was made to take care of this problem:
In C(14), It lAz is substituted for A,y

K
|
~F sin lAzf' = IAZ cos lAzf (16)
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