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. An experimentaL study of the factors
involved in the determination of the response time

of voltage cliviclers. for H.V. inpulse generators

is presented, ¡yith particr-llar emphasis on thcse

factors essential to the developinent of a circrrit
for producing linear rates of riseo
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The behaviour of polver transformers when

subjected to impulse vtaves is presently one of the

major study areas in poeier transforner research

programs o The stresses produced in a transformer

winding are completely dependent on the wave shape

and amplitude of the applied impulse wave. It is

therefore essential that an accurate measuring system

be used to measure the applied impulse voltage" Since

no measuring system can be perfectly "".ut^t., it is

essential that some measure of the degree of accuracy

be developed.

This thesis describes methods of determining

the accuracy of a measuring system with particular

emphasis on a practical approach using a volt-time

curve for linearly rising voltage waves.

!¡Jhen a particular measuring system is thor*

oughly understood it can be used to study the sha.pe of

the impulse waves applied to Power transformers, in

particular the shape and duration of the voltage

collapse across a rod gap rvhich is the most severe rate
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Ti're impulse test which has bee¡:

for many years as a standard oielectric

of the high voltage electrical equipment

is in many evays an unknou¡n qu an ti ty.

CHAPTER T

INTROrlJCTION

Although the techniques for measuring the

stanclard impulse $/ave x'are fairly well developed,

the measLrremen t of fast changing impulse r¡Javes is far

from satisfactory.

Typical of the fast changing impulse uvave

is that af a chopped wave applied tc¡ the terminals of

a polver tr¿rnsformer by means of chopping the full vJave

voltage r¡¡ith a rod gap. Although this test is often

used¡ fer^J people, if âny, understand thoroughl-y what

happens during the chop. It is mainly a measurement

problem and there are very fev¡ measuring circuits r¡¡hich

can adequately measure the time taken for the voltage

to collapse and accurately record the v.raveform during

the chop.

rvidely used

test fox much

manu facture d

The standard impulse wave has
the IEC in Europe as 1.2 x 50
will very likely be accepted
the near future.

norv been accepted by
¡¡s. This u¿ave form

in North America in



Since por¡Jer transformer designers are faced

with the problern of adequately insulating transfor¡ners

to withstand the standard in:pu1se rÀ/ave it is esserìtial

that th.ey kno',v precisely the duration and shape of. the

applied wave o

Since the waveform applied to the unit is

recorded by the voltage divider and associated compon-

ents it is essential that the divider record the

voltage as accurately as possible. If the divider does

not record accurately., it is possible that the applied

waveform may be much more severe than is indicated"

The I .E "C.* has adopted tr,vo parameters for

controlling the accuracy of a measuring syster,l. These

are the t'response tine'f and "the time takea for the

response to settle dovrno" They feel that limitations

placed on these two parameters v¡ill control the

2

accuracy of the measuring systernn Creed has stated that

the tine taken for the response to settle dorvn is 
7,Í

meaningless and that another criterion should be adopted.

In any event the determination of the respoase time

of a measuring system is very important in defining the

usefulness of the system.

T Superscrip^us refer to references lis ted at the en d
of this thesis.

I.E.C. - International Etectrotechnical Conmission



The response tirne of the systen cân be

deterrnineC by cal-cr-rlation or by neasurement. The

thecretj.cal- approach is quite conplicated although it

does resu 1t in adequ a'ue re sLì 1ts . 5

The exparimental method lvhich makes use of

a sphere gap vol-t-time curve is a method recen t1y

developed by several authcrs in conjuinction r,^,¡ith ClGIlDx"

It is not precisely clear, horvevot, exactly how the

volt-tine curve is used to deterrnine the response time

of a dividei. An .atternpt at clarification çvi11 be

discussed in the text.

The volt-tr'-me curve for a sphere gap is

de'uertnj.ned by applying a linearly rising vcltage and

measuring the voltage and the time at which the sphere

gap breaks dorvn for various rates of rise. A linearly

rising rvave is required since the response tine of a

system is a measure of horv much the output voltage lags

behind the input voltage when the input is a linearly

rising voltage r,'Jave.

5

The developnen t of a circuit çvhich resu 1ts

in a linear rate of rise of voltage is therefore esscn-

tial in determining a volt-time curve or in calibrating

a divider in coniunction v¡ith a standard volt-time curve.

CIGIìts: Conference Internationale des Grands Reseaux
Electriques



Surch a circuit is not immediately obvious especially

if one is concerlned rvith extremei-y fast rise times.

A cJj.scussion of the essential steps found necessary

in the developrnen t" of the circuit uri 11 be presented.

The calil¡ration of tlo different voltage

dividers is di-scussed and the features of divide::s

essential to the accurate ïeproduction oÍ an inipulse

voltage rÁTave are dealt v¡ith.

4



adequate for measuring standard impulse vvave shapes

but as stated in the introduction, measurements of

chopped rvaves are much rnore difficult in that the

divider has to respond very quickì-y" This deviation

frorn the standard r,,,'aveshaÞe is the basis for a divider

stu dy.

Two terms used in conjunction with chopped

waves are the time-'to-chop and the time-of-chop" Tiie

time*tc--chop is the time from the virtual time zeÍo

of the wave tc the time li'here the voltage begins to

collapse, the tinre*cf-chop is the tirne taken frorn

that point when the voltage begins to collapse until

the voltage reaches zero. It is essential that the

shape of the chcp and the time--of-chop be accurately

measul re d.

Another deviation fror,l the standard r,vaveshape

occurs at the beginning of the voltage rise as shorv¡r

in figure 2"1. The loop :Lnductances l¡hich are inherent

in any inpulse generator circuit r¡¡i11 cause oscillations

THEORDTICIiL

CHAPTER II

Standard impulse voltage dividers are

CONSI DÐRATIOi{S
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with the loacling anci/or stray capacita.nces and give

a 1 to 10 rnegahertz oscillat:i.on at the beginning of

the voltage rise" These oscillati-ons can become quite

severe and rnay i¡r theory reach tlvice the arnplitr.icle oÍ.

the final peak voJ.tage" This, hovrever, is high1y

unlikely. Creed states that it is possible, due to

this oscillation , for an operator to heavily overstress

a test ob ject.7

luleast¡remen t Sy.s tem Reqr-rirernen t

The resporÌse tirne ancl the time taken for the

response to settle do,,n;n are the tlo nain nleasurement

system requi¡-'ernents as adopted by the I "Ð.Cn

The response time is the integral oÍ the area

betrveen an applied uai.t step and the norrnalized response

to the unit step" Thís is shor,vn on figure 2*2 for both

an oscillatory and non--oscil-l-atory response. The response

time has the dimension of time, and it indicates how much

the ourtput voltage from the measuring system J_ags behínd

the input rvhen the input is a linearly rising voltaEe.

Consequently the response time indicates both arnplitucle

and' time err:ors for a linearly rising vcltage, urhereas,

for a voltage which rises to a peak value and then stays

therer or else decays slowly, the response time essen*

tially defines only .the error in rise time becausc the

output of the measuring system will sti1l reach essen.=

tia1ly the peak amplitude.ó
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The I.E.C. has suggestecl that the respcnse

time be not oreater than 2OO nanoseconds.

Creed states tha'c the second parameter, the

time taken f.or the response to settl-e dor.vn is essentially

meaningless in that in some cases a systen v;hich has a

very long settling time rvill gí.ve excel lent resul.ts for

fast rising l-irrear lvaves. Ttris pararneter r,,roul-d be use-

ful. only if fr-rll knovrledge of the circuit lvere avail--

^able. "

Faxo has suggested that a standard. rise t:l_me

be used as a. criter:ion for specifying the measurt'_ng

systen. He defines the s'candard rise tirne as

/ f-,, !t,; r, ,\*t5 = ( J ¿" y'{t) d{t 7',,,"J ¿-

lo
l,r/here g*(t) is the derivative of the step response, ancl

Tn is the'response tinieó. This sLlgcJestion certainly

merits further investiþation as it rel.ates the requi¡:e-

men t of the divicier directly to the problen the divider

is trying to measure (i... a fast changing voltagc rvave ).
If the accuracy of the measurement is to be

linited to rlecording the rise and the chop acclrratel-y,

the response tine or the standard rise time could be a

sr-rfficient criterion fcr controlling the neasuring

system. If the acclrracy of the neasurement of the prelim-

inary oscillations is alsc to be controlled, additional

criteria are requirecl,

o

In transformer impulse testing it is felt that

the duration of one cycle of the preliminary oscillation



will normally be so short that chances of. an ínsulation

failure lvould be quite reinote unless the osc:.ltation

reached tlvice 'che finaL apptiecl voltage. Since this

occurrence seems frigirly unlikely r. it is bel-ieved that

the measurement of these oscillations is unnecess ayy.

If it is necessary to measute these osci11-

ations, Creed suggests that some cri'teria nay be

developed v¡hich rvould compare tþe shape of the step

response to the accuracy of the oscillation measure..

rents, 7

There are several other divider requirements

ich, although not critical, are nevertheless essentli.alwh

to acculate neasurements .

1. The divider must be

and the current in

substantially vary

is srvitched off .

2n It must be possible

ancl i ts calibration

operation.

10

non--reactive. The voltage

the test cÍrcuit must nct

rviren the measuring ins trumen'u

to calibrate the clivi der

must nct change during

3. The residual inductance in any resistance or

capacitance element must be neg1igib1e.13

The impedance drop in the lead from the point

at which the high voltage is to be measured to

the high voltage end of the divider must be

smal1,13

4.



5, The irnpedance drop in the grcllnd return lead

,from the divi der , clue to ei ther extraneous

ground current flor¡;ing in this lead or divider

current, must be negli-gibl-u.13

6. Oscillations set up in the divider circuit

(causecl by capacitance fro¡n the divider high

voltage terrninal to ground and lead and loop

inductance) must be rninímized.13

Î-egn i s s s=.*åq ¡*Æ i s:-* LB :9 s- ! t' -3gepes:s- 1åï 9

The response tine of a rneasuring systen can

be deterrnined by two clifferent methods. The first method

involves applying a unit step voltage measLlring the result-

ing wave ¡ ãñd integlating to finci the dif ference betu¡een

the tr,,ro. The .second involves the use of the volt time

curve for a linearly rising rvave. Both methods give

satisfactory results although the first is much mofe

complicated and dj.fficr-l1t to apP1y" lvhen the response

time of a measuring sys tem is accurately knoç'"n , Cor.rection

of measured valules for response time errors Can be made.

11

Measurement of the Response lir,re of- g- $-yt-{gf "l]-q}3

Applied Unit Step Voltag_e.

As stated before, the resPonse tine is defined

as the algebraic'difference bettveen the integral under

a unit step and the integral of the divider resPonse to

the unit step. The response of the divider to a unit step

(i.", the step response of a measuring system) is

normally obtained urith a zeTo impedance step generator.



This measurernent does not necessarily incli.cate lvhat

steepness of v¿ave can be ¿\ccurately recorCecl rvhen

mult:'.p1e refl-ections:'.n the divicler lead are caused

by a solÌrce impedance. This wourcl indicate therefore

that 'che effect of a se¡ies source irnpedance shoulcl also be

inves ti çrated.

Creed5 has developecl several nethods of

measnring the response time with and l,¡ithout a zeto

impedance source. He accòrnplisheci this by means of

chopping thre voltage \¡rave with a pressurj.zed sphere gap

thereby obtaining a unit step.

In order to rnake a di_rect determinat:-on of
the response of. a rneasuring system to a vortage from ¿¿

zero impedance soLìrce it is necessary to inject betr¡¡een

the tlvo input terminals of the system a voltage step

having zera rise tirne using a zeyo impedance generatoï.

The oscillogram thus recorded provides arl the information

needed to determj.ne the output of the system for any

voltage-time function input.

There is no knoçyn nethod hoivever of geneïating

a voltage step of. zero impedance be^uçvee[ two points

which are rr.ridely separated in spacen rt is the¡efore

necessary to determine the step respcnse indirectly.

Creed5 has sho,,vn in detail the method of

malcing this measurement. rt ir¡clucles a proposed stanclard

moclification çvhich would olace the step generator on the

T2



ground plane directly under the high voJ-tage input

terminal oÍ the neasuring system, The generator is

connected to the input terminal of the systern by a

vertical lead.

Creed5 also consiclers the effect of a darnpi'ng

resistor located at the input end of the lead to the

top of the divider. lf the ctamping resistor of the leacl

matches its surge imped^rr"nr20 the resPonse of the

measuring system can reach its steady state value in

a very short tinte provicling a. zeÍo impedance soLlrce j.s

used. ].f, on the other hand, the source has an imped:

ance, an oscillation will be set uP as the reflected

wave from the divider r,vil1 not see Zo upon reaching the

damping resistor. l

In effect, the divider and its lead can be

looked upon as a veriable irnpedance shunted across the

test object, Initially the impedance is 2to and it

will reach a finat value equal to the divider resistance.

The time taken for the effective impedance of the divider

to attain its steady state value is the deterrnini.ng

factor in Ceciding what is the minimtlnr rise time that can

be measured, not the time taken for the unit step response

to reach its steady state va1ue. The time relating to the

divider impedance is a function of the degree of n:'-snatch in

the divider lead damping and is therefore a functiotl of the

source impeclance " on this basis creed strggests that

I3



the time tal<en fot the s'üep response to settle dol¿n

provides an ulnsatis-f actory cri terion for the quali-ty

of a measuring system.

From the above it can be seen that the

deterrnj-nation of. the response time from a unit s'cep

measurenent rLs a tedious and di-fficult chore. It is
therefore desirab'le to use some other nethod of
measuring the response tirne

[e-æ-1I g.y-er 
-1 _eå il_e:&eePs] :9

Volt*Tirne Curve

Parl< and Cones13 suggested that a volt*time

curve could be used to deternine the respcnse tirie of

a sys tem provi din g i ts sh ape cou 1d be accLtr ate ly

deternined"

Creed discovered through extensive testing

that the volt-time curve for a sphere gap obtained

u,¡ith a high irnpedance divider agrees r,rery lve1l çr¡ith the

same cuïve obtainecl with a 1o,,y irupedance divider.I

Accorclingly an accurate volt-tir,le curve for any sphere

gap could be used in calibrating âR}z voltage divider

of any impedance.

Time Using the

T4

The use of the volt-time curve for determining

the response time of a measuring system is based on the

fact that any measuring systen: can accurately measure

a steady rate of rise of voltage provided the voltage

rise lasts long enough. lf a system is used to deternline the



volt:time curve for the particular gap in question, the

only erfor in the experimental culve should be the

measurerTÌent of ttre tinie to breakdor.^¡n and this error is

by definition the Iesponse tirne of the rneasuring sys'cem 
"

The expet'imental cuïve will therefore be shifted verti*

ca1ly from the volt-time currve by the resPonse tirne of

the sYStem.

It is helpful to note that according to the

u.s. Bureau of standards if the rate of rise is constant

between the óO cycle breakclov'¡n voltage a-ncl the impulse

breakdolvn voltage, the rate of rise of voltage belor,n¡ the

60 cycle breakdown voltage has negligible effect on the

11test, --

Ivlembers of CIGRE Study committee #B - Lightning

and Surges - have conducted an intensive investigation to

determine accLlïately the volt-time cuTve for a óo nm gap

between 25 cnt spheres. This committee has submitted to

the t.E.c. a volt-tine curve for the gap which is fePro-

duced in figure 2*3 -- curve u.'

In order to determine the response time of a

divider therefore a volt'-time curve for the divider in

question must be produrcecl. The difference betr,veen this

curve ancl the CIGRE. volt-time curve for any rate of rise

is the response time of the dividero

Ifthevolt-timecurveofaparticuÌarsystem

as deterrninecl using the 60 rnm gap bettveen 25 cm spheres

15
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is as shotvt: cn cLrTVe b of fiçru;:e 2-3, the

of the system u;ould be equa.l to the ve¡ti

between curves a and b as shotvnn ln the

the response tine equals 50 nanoseconds.

Diviclers and Their Chara.cteris tics

There are many di f f eren'c types of cìi vi ders

nor,v in use. Sonie are quite satisfactory rr¡hile other:s

are of no va.Iue other than for the measuremen t of.

relatively slorvly rising lvaves.

An uncompensa'ue <1 resis tan ce divi cler is satis-"

factory for measuring f a-st changí.ng waveshapes on 1y íf

its resisterrce is 1o1,,' (in the ord,er of 5OO ohms)" lf

its resistance is hiçh, (above 10 k) the Í-m^nedancc of

the ciirrider beco¡ies too high in relation to that of the

stray ca.pacitances fro¡n the diviCer to ground. It can

be seen that any stray ca.pacitence to grounC ivill bypass

some of the high f reqr-renc;t voltage ccmponents en tering

the high vcltage terminal of the divider. The recorCed

voltage may therefore be ccnsiderabl-rr i ¡ error.

Lf a suitable form of capacitive grading is

used, the error ca.n be minimized. The pllrpose of the

glading is to ensure that the grouncl capacitance from

any point on the divider is compensated by an equivalent

capacitance to the high voltage terminal" In this t\ay'

all voltage camponents appearing at the divider high

voltage terminal rvi11 be measured a'u the lorv voltage

re spon se tine

c¿rl difference

exallple shorvn

r/



terinin al .

. 
Depending on the degree cÍ capacitive gra'ding

this type of cjivider ca.n havc a vely short resDonse

time . It is also possible as state cj above to e lininaa;e

the effect of the stra,y grouncJ capacitances by naking

the actual resj.stance cf the divider lotv (in the orcìer

oÍ 5OO ohms ). Divicr.ers o-f this type have bee¡r slìcc'3ss*

ful1y nrenufacturecl by severa.l laboratories. lf the

physical size of such a divider is l-imited

dimensj.ons hovrever the clivider l^¡i11 oni-y wi

short duraticn Pltlses.

Chap'cer V r'¡i11 discuss the calibration of a

capacitively gradec'l- resistance divicier and a l-ow

resistance div:Lcier.

It is important to note that the h:'-gh resistance

clivicler has stray capacitance to grcund due to its

physical size: oot its actual resista,nce. creed verifiecl

this by making a smal1 high impeclance pressttrizecL divic'ler
l

an d foun d the response time very srna-1-1 . -

The pure capaci tive divicle r has a ratio i'rhich

is i-n<lependent of frequency ancl ccnseqtrently can be used

fcr bc-uh fast and slclv transients. A problem arises

l¡hen it is necessary to use a lcngth of coaxial cable

frorn the 1or,¡ voltage porti-on of. the divicer to the

oscilloscope since the termination of this cable presents

consi Cerabl-e clif f icu 1ty. Spêcia1 techniqr-res can be

I8

to

ths

re¿rsonab, 1e

t,an d



aclopted i,'¡hicir lrill- giv: reasoÌlabl-e resnl'r-s" iVhen

possible, connecting thc carpacitance clivj-der cì:l-rectly

fn fho e.ônñ I--.-i.- jlas pro\/en very satisf a.ctory.

The resDcnse of a sta-ndârd resistance divicier

can be soÌÌreiinies improvcd by adcling a series of

capacitors in pa.rallel ivith the resistance. It is

essential in this t)'ce of. divider tha'c the IìC tirire

consta.nt of- the hiclh volta.oe ar¡r be the sane as the RC

time constant oi the lorv voltage arm. This type oí

divider behe^ves as a canacitance divider for fast

pulses and a resis'cance d"ivicìer fo:: sloiv pulses.

Any inCucta.nce present in any divicier wil-1

severely limit its usefulness in that i-us respcnse tirne

lvil1 be drasticallv increased

1.9



CIRCUIT PARAI,IÐTERS FOR LINtrARLY RISING WAVES

Although many authors have sholvn results of

tests on small ga.ps very little is published on the

circuit problems encounterecl in acqLiiring a linearly

rising waveforn for such tests " Chapters III and IV

discuss sonte of the problems that can be encountered

in this type of testing.

Accozcling to the U.S. Bureau of Standard=l3 it

is not necessary to acquire a linear rate of rise belour

the 60 cycle breakdown voltage of the gap. Attempts

weïe macle in this stucly hcl,¡ever to eliminate all

oscil-lations on the rising portion of. the $rave " As a

result oÍ. this study, many features essential to

achieving a linear rate of rise have been discovered"

The discussion in this chapter and the next
'wi11 frequently refet to various oscillograÍìs. ihes"

oscillograns will be shorn;n on the acconPanying figures.

In Some cases several traces will aPpear on one oscillo*'

gram. This rvas done since some difficulty r.^ras experi-

encecl in achieving consistent firing, particularly when

dealing rvith very fast rates of rise. These traces

CHAPTER III



will be numbered conse cLì'ci-veIy frorn the top" For

example, oscil-Iograrn 3-4^'b*-2 r¡¡i11 be the second trace

on oscillograrn b shoivn on f igure 4 in Chapter III "

The timing v¡ave, the calj-bration voltages,

the charge voltages and the oscilloscope attenuation

used for each osci-1logi:am are given beneath the

oscil,lograrn. It shourlcl also be nrentionecl that the

frequency of the various oscí1lations r¿entioned in

this and the next chapter were measured from the oscillo*

grams by means of an accurate horizontal nleasurenient

device manufactured by Gziffin and George l-imited,

London, England.

The generator u¡sed u¡as a 24-stage 24OO KV

generator rvith a total output ertergy of 30 KWS. A

discussion of the measuring and recorcli-ng sys tems

will be given in Chapter V.

A study of the wavefor-m obtained directly

frcn the generator e/as the first siep in the investi-

gation. The divider used u¡as a 46.2R-l' 600 KV haefly

compensated resistance divider. The circuit used is

shown in fugure 3-1-a.

Although the lvaveform of oscillogram 3-2-a

appears fairly sruooth, when it is recorded with a

faster stveep as shol'¡n on oscillogram 3-"2*b, definite

2L

oscillations are evident" These oscillations lvere
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FIG 3-2-a
TIMING '\^¡AVD lO MHz
cAL. l5O, 3OO V
CHARGE 17 "5 KV
ATTDNUATION SAVO

23

FIG 3-2-c
TIMING \^JAVE 10 MHz
cAL. IOO, 2OO V
CHARGE 11.O KV
ATTENUATION IOAVo

FrG 3-2+
TIMING WAVIT lO MHz
CAL. 50 V
CHARGE L7 .5 KV
ATTENUATION SVO

FIGT.'RE 3-2 VOLT-TIME OSCILI-OGRAMS



measured to be approxiilately l.O itlllz " h 1O l'['iz titäing

pulse and a 17.5 I(V char-ging voltagc I'vas used for

oscil 1-ogralrs 3--2--a anc'i 3-2'*,b:

l,Irren the óO mn gap use d to dete::nine the CIGIìD

curve is placed across the div:Lder as sirotvn in figttre

3*1-b, the restil'cing tvaveforrn is as shov¡n on oscil 1oc;i:er-m

3*2^c, llote that a. 12 MHz oscil latj.on cccLìrs. A higir

fregr-rency oscillation and a definite bend ars q''ritc

pronounced on the rise. Any atteTiìPt at calibrating the

divider using the. çvaveform of oscilJ-ograrn 3^2*c v¡ou1d

only result in an unacceptable erïoï clule to the serious

non l-ine ari-ty of the r i se .

the bend lì-n the tyaveform d:-sappears for greater

charging vcl tagcs . Sj.nce -uhc gencrator cllergy is propol:-

tional to the charge voltaae sq'-ta.reC, a hinher charge

voltage increascs the availabl.e energy t','hich i n ttlrn

affects the rise of the lvave. This çril.1 be cliscursscd in

greater de taj- 1 later .

Pre-breal.<doçvit corona clischargûs at various

highl-y stressed points in the ci::cuitry and conseqltent

energy loss across the 60 mn gap before the gap t'reaks

dol¡n cause s'-lfficient loss in encrgy to result in a

benC in the lvavefortn. A hiçher energy l'¡cul-c'l reduce the

probabiti*U of en output voltage dip"

The freqr.rency of the oscillation after the

chcp is f air ly hig.h (2O l,Í.12) fcr several htrnCreci

¿L]



nanoseconds af ter ç'¿hich :-t decreases to 12 YltIz. The

high frequency oscillatlon on the v¡avefront is about

45 MHz "

In Appen dices I an d I I loop in dr.i c'cances e

sphere gap capacitances, resonant Írequencies and

darnping resistances are calculated for a circuit v.¡hich

will be discr-¡ssed in detail later" The calculations

given do apply horvever to the present situation since

circuit dimensions are somelhat sirnilar to certain

sections of the circuit str-rdied.

From these calculations r,vhich are approximate

only, some idea of the frequencies which can resul-t

from the circuj.t parameters can be achieved.

. The inductance of any of loop B, C or D on

figure 41, page 10ó, combined v¡ith either of the gap

capacitances could result in a 12 Nlilz oscillation " lt

would be very difficult to decide exactly which combin*

ation caused the 12 NIHz oscillation s¡ithout in sone lvay

determining the parameters more accurately"

The circuit shown in figure 3-1 used to record

oscillogram 3-2-c consists of the geneïator, the 600 KV

divicler and the óO mrn gap" The resonant frequency of

the divider*gap loop combined rr¡ith the 60 mn gap caPa-"

citanc. ooàulcl be in the range of 10-12 NIHz. This is

most 1ikeIy the source of the 12 MHz oscillation measured

on oscillogram 3-2-c.

25



thc 45 l11z osci-llation is n:uch inore difíiculi;

to e><pl-ain in tha'u the Þara.meters v¡or-ll.d have to be very
, sna1l to accoun t foy sr-lch an oscillation . It possir-'o11",

is cir-¡.3'co cither soine corona source or- morc likcly tc

the capaci'ua.nce of one oí the lines to grotìncì resonating

r,¡i'uh' a loop incìuctanc,:. I¡or e;<a.niple , if the ca.pacitance

to grolìÌìd r.','a.s about 1pf and thc loo¡ inc'uct¿rucc abo'-l'c

1O ¡h the resu lting resonan'r freqr-r"Ìlcy lvould l¡e approx--

imate ly 5C l.iFIz .

The rise shor,,ln on osci 11og::a-¡r 3-*3-a tal<en nsing

the circr.rit of figr-rre 3--1-b is e.c'uua.1J-1' quitc 1in¿ar
or-¡a-r 4¡r r'he 45 l'[{z csci 11a.t:'-on " The cha.rge vol-tageJJv4rrc¡.!J-!,t¿o It¡,=

for oscilloqran 3-3--a lr¡as 15 i{V',r¡hil-e'chat f.or osci-'ì-1o*

gra:ìt 3-2*c lvas 11 I(V. This e:<p1al-ns rvhy oscil-1.ogra.n

3-3^a is rnore linear than oscil.l-ogra,iri 3*2*c. This osci11-

a.tion, hct'levcr, rvoLllcl car-lsc significe.nt eirors in an\/

cal-ib::a.'ci.on da.ta taken ç,¡i.'c.h this circui i. iVhcn -[h,:

charge vclta.ge uJa.s raised tc 20',lV the rise as shoi,¡n in

oscillcgranr 3-3--b appce.rs to be somervhat ste:per a.ithouEir

the high Írequency csci-l-lation ryculld es bcÍorc causc an

rìn î--,)n+rlr'l a error in a.ny calibration attenip'u.

26

Scne data- r,"rere tal<en at this point, ho,,'levcr r

to pernrit a calibration cul:v'e to be ci':-ucrninecl anr-l j-n

J-hi c r\rr\/ el.:f ,¡r¡rinc the effect of the oSCi_1_lationS. îhis

is esîecial l.-¡ ininortan t i n vier'.' of the fac'u that sor*reLil(¡ L J\r:r¡g

meesuring syst:rns (i... oscilloscopos) rnay nct be able



FIG 3-3-a
ÎIMING IÂJAVE 10 MHz
3AL. 1OO, 2æ, 242
:HARGE 15 KV
TTENUATION lOU7o

{^t

FrG 3-3-b
TIMING WAVE TO MHz
cAL. lOO , 2OO, 242
CHARGE 20 KV
ATTENUATION LOO%

F I G:[' RE 3-3 VOLT-T IME OSC I LI,OGRAMS



to recorc'i'uiresc oscil-l-a.'¿i-cns .

obtained lr,:l-11 be c;'iscusseci in

It shoulc] bc noted

inc::ea.secÌ. char c;inc¿ vo1tage is

it elininate the bend on thc

faster rise. This results in

vc 1 t-tirrie cu r ve n

A stucì1' of the oscillations orl the lvavefor¡ls

of oscillograns 3-'4*a'a.rrC 3-4-b proves helËfr-rl j-n

The r:esul-'cs of the clar;a,

Ch a:,¡; te r V .

that tlre effcct of the

'ur,¡o-Ío l cJ . )lc t on 1y dce s

rise bu-L it also calrses a

a. rli f íorcn'c coin t cn the

obtaining a better undi-erstanCing of soille oÍ the oscil-1-

^+-i ^^^ 'í' in ihi s trrns oÍ ci-rclrit. The circuits<l Ll-Lrlr:) iJr g:5=Ll u rLr L¡lrÐ ey i .

used'in this cese are sho,,';n in figr-rles 3*'-c-'a and 3-5-b.

A loadin g capa.ci 'ucr ç':h i ch tYas in f ac'c the capaci tive

portion of a 24OO I(V rcsis'u.,nce-capac.:- ta.nce cliviclcr

was pla.ced in pa.ra11-el r¡j.th thc ç3nerator in an atter,tpt

to slot,¡ dcrvn ihe rise. The ivaveforni of osci-1.logram 3*4*a

rvas ta.ken using a 72OO pf loaCj-ng capa.citance as shoi'¡n

in figrui:e 3-5-"a, t'rh:i-1.e tha'c of oscillcgi:a.n 3-4-b rvas

taken r-ising a 24OO pf loaciing capacita.nce as shcr,vn in

figure 3-5-Lr. lio'cice that the r j.se of oscillor:::a-¡r 3-4-b

L.âô ?-a,¡n r^^rgçiab1.,¿ SlOt,¡ed fol'¡n Cule tC the inCreaSedIt c15 Ugg Ll C\r-'JL

1oa.C,in g capaci ta.nce .

The oscilJ.a.tions neasured on oscillograil

3-4-a are a 5.5 Nftlz osci llation on 'uhe rise rvith a 1.5 i\Hz

major- osci l-1a ticn af ter thc f irin 9 of '¿he ga.p *'i th e

sLlperinpose d 12 Fl'¡Lz minor osc j.l.la tion . Cn osc:l11.cgran 3^4-b

a(j



thc oscil-1a'cion on the rise rec]uces to 3 "O lltIlz l';ith

the najor osc j-11ation aÍter 'che chcp clecreasing to

1.O ltil'Iz and jhe suÌ)erin¡rcsecl osci-11-ation Cecreasing

to 10 )Hz 
"

The

iatec'i resonant

and 3-5-b.

Notice that the 1.5 }ll-lz oscil-lation and the

1. O l''ilJz osci -l-1a'c:-ons can be accoun ted fcr bv the con-

bina'ci.on of the loaCing capa.citor n'j-th the capacitor

Civicer 1oo1:, the resul-t¿rnt calcr-r1atec1 freqr-rencj-es

being I.2O li;Ílz and 1.OO rril{2. The inCucta.nce-s a.rìd capa-

citances arc estinatcd frc¡i the da.ta- Cerived in the

appen cli ce s "

annr-oxirnaie ci'-r:cltit c-lirilensions and assoc^

frequencies are shoi,:n in figures 3-5--a

inCuctance çvith the 60 inn gap capa-citance results in

an estimated 13 Y1Ilz ccsilla'uion. This acccunts for the

29

mea.sured oscill.aiions of 12 and 10 I'ij-lz.

The cause of the 5.5 NiFiz a.nd 3"O I'tJz oscilla-

tion is no-u inmediatelv obvior-ls but fror¡ the rclaticn-

ship be tçveen the tr,i,c i t app3 ars that they Cepen c; somelvh at

on the loading capacitarìces. The loading capacitences

combinecl ',vith sone snla11 stray inCuctatrce, possibly -uhe

internal inductance oí the resista.nce portion of the

RC divider usecl for the loadinç capa-citor coulC, cause

these osci 1l aticns .

The combinatj.on of the diviclcr gap loop



FIG 3-4-a
I I¡,I I NG VJAVD 10
tAL. loo, 2oo,
tI{ArìGD L O KV
\TTDNUATIO]'I IOO1.

30

Nlllz
242

FIG 3-4-c
TIMING WAVE 10 MHz
:AL. 1OO, 2OO, 242
:HARGE 25 KV
\TIENUATION LO@O

FIG 3-4-b'
TlNr ING ''^JAVD 1O ìvlt{z
cAL. lOO, 2OL), 242
CFIARGiT 1O I(V
ATTENUAT TON lOO'å

FIGURE 3-4 VOLT-TIME OSCILT-OGRAMS
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increase the ra'¿e of rise an d ÞerhaFs el-iriiinzlte the

end eviCent on osci-lloqrarrs 3-4.-a. aircl 3-4*b. The

result is a.s strcr,.'n cn oscilloçrarl 3*4*-c. the rise r^ias

inc]ced s'ueeDcned br-r'u a sevcr-e oscil-lation ar)rcarecl nn

the rise" lt is apparent frcrit osciJ.Logra,,ts 3*4-a,

3-4-b an d 3--4-c that any at'ucmpt at ca.libration r,vou IC

be fu';i l-e d.ure to the severe nonline a.r)-ty of the rise .

It r,v¿rs decided a-u this point that a nìore

elabora.'ue ci-rcui.t l^roul.c] have tc be used. tt [v¿\s

decicled to utilize an ar"rxilia.ry sphere gap as sL¡ggesteci
'l,¿by Creed- to try and acquire a linear rate of rise and

at the same ti¡ie acquir:e a f ast risin o rvavefornr " This

is therefore the surbject of the next chapter.

The charge vol,tage çvas therr j-ncreaseC, to

3¿



The in i t j- al cir cr-l i t use C in this s tu cìy r,,ias

as shoç,¡n in fi rlure â.-7-,

The principles of operation of this circuj.t

are as fo1lorvs. The inrpul.se gcneral.or cherrges the

150 pf load.ing capacitor and sj-nultaneouisl.y ra.ises the

volta.ge acloss the series gal . I,vhen the breakclorvn

level- of the series gap j s reerchccl, the gap breaks dorr¡ir

ancl the vo1-taç;e beçlir-rs to rise across the 50 Kl¿ resistor.

This voltacr. ri-ses very rap:i-c.11y si-nce the RC tinre con--

stant of the loading capa.citor and. the resistance of

the circuit is very loiv. The rate of rise ca.n be in--

creased by decreasi.ng the series resistance in the

circr-rit af ter the loading capaci tor. !'"tiren the voltage

across the óO mrn qar) reaches the breal<dol'¡n level the

gap breaks dorvn. The vo1-tage Civicìer shculd thecret*

ica11y record ever),thing that occLrrs after the ser:ies

carr breaks dctvn.

THIì DtrV]LOPi\]iIIT OF A CIIICUII FOi?
l.l'r*3Alì FfrST RISI¡{G li\îPULSE I'JAVìS

CHAT"I'L]R ]V

A series resistor must be placed bet!^.'een the

ir,ipuJ-se generatcr and the 1oa,o'ing capaci tor . If its
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resista,nce is too lo,.v, the generato:: ourtput r¡¡i11 affect

the voltage across the 60 rnm gap beÍore the series gap

breaks clolvn" Th:-s is because if a low resistance series

resistor is used the time consta.nt of the circuit is lolu"

The resrllting !vaveforrn therefo¡:e rvi1l har,ze high frequeir*

cies. The iLnpedance of the series gap to these higi:

frequencies is relativel.y 1ov; compared to the 50 K.rL

resistor and as a result, signifícant vol'cage can appear

across the 60 nim gap prior to 'che brealicloryn of the series

gap. Conversely, j-f the series res:'-s'cance in qllest:..on

is hi.gh it l,¿i11 essentially isola'ce the generator froni

the rest of the circuit by providing a high ourtpurt ti.me

constant fo¡: the generator--ïesistor netlvork and thus

a h:.gh series gap irnpedance. In this case the loading

capaci tor wi 11 be the on ì-y signif icari t source of voltage

after the ser-ies gap breaiis dor'tn in the t:'"rire range being

consi dere cl .

In fact, the series resistor can have any

3J

large value, the only limiting factor being the voltage

drop across it. An excessively high value of resistor

will result in too loiv a voltage acïoss the series gap"

In other r'¡ords , for a fixed charging voltag€: the higher

the series resistor, the 1ov¡er the avai l-abl-e series gäp

voltage. The solution for this is natura.lly a higher

charging voltage if it is available, otherlise, the

series resistance v¡oulcl har¡e to be reduced" It is



impo::'ca.nt a.lso to ensLìre that the serj-es gap is largc

enor:çh to supply suÍficient ovcr-r'o1-tagc across the

óO mm gep anci thus ensLtre consi-stent resul-'cs.

The resistor betrveen 'che bottcm of the series

gap anC grouncl nllnj.rnizes the voltage appearing across

the divj.der before the series g¿\p breaks dewn. Sirrce

the serie s gap h:rs a capa.cita.nce oi app::oxr-raately 25 pí

its impedance in series l,;:l-th the divicier i.rnpedance rvil.1

caLìse a voltage division such that a signj-ficant voltage

wil.1 appeer acrcss the diviCer before the ser:'-es gap

breaks dcçvn. An aopropriate choice of resis tor lvi11

eliminate this problern, Toc srnal1 a resistor çr'i11 result

in insufficieni voltage ecross 'uhc 60 mm gap.

the problen is not cri'cj-cal Ícr a large series

gap since the gap capeci-uance is 1oi¡ ancl- its gap ir,:ped--

ance is higir, Any f airly high Va.l ¡1s of resistance r^¡i11

then be acìequ ate .

36

The resistors shoryn in fig-ure 4-7 e/ere not

chosen froi:-r calcu lated da'ca bu t rvel:e r¿rther those

resis tcrs that lvere avai 1able "

The series resistor be'civeen the generator ancì

the loa.dj-ng cal>acitance rvas initially chosen as 650 ohrns

v¡hile the resistcr betr.r¡een the bottc¡i of the series gap

ancl greunc.ì r,vas initially circsen as 50 I.- chins.

The 35O ch¡r resistor and the 293 ohm resistor



iÁrere intenCed to be ulsecl for daurping but sr-lbseqr-rently

lvere found to be ineÍfective " The ó5O ancì 35O oh¡n

resistors r,,rere r,;atel: resi-sto::s l;hile the 293 ohm resistor

!r/as a nori.-i-nduc-tirre wirer,¡ounC resis-uor.
' The 15O pf loacìing capacitor consistecl of a

115 KV class bushj.ng i-noLìll'ue iì in a. fairly srrall. (4tx5tx(t1.2t )

steel-'canl<. the cerpacitancc of the cent::e conciuctor ancl

bo t'uor'r con Cu ctin g p1-ate to 'che f 1a.n ge an cl tire ta-nk

measured 15O pf.

The rcsu1'cs oí'uhe rìeasuremen'cs n:acle rvith this

circuit ancl the imprci,eraents that r,rJere n¿rcie to obtain a

linear rate of rise v;i1l- nolv be discussed.

Referrin g to osci l-l ogra-,,r 4--2*a lrhich r,rras ta-ken

usitr g the cir:cr-lit c-¡f. figu::e 4*1 it cârn be seen that the

rj.se is fairly lincai: althouglr therc is a lO t'ii-lz

oscillaticn sLtper:inrposecl cri 'uhe rrl-se an cÌ af ter ihe chop"

Frora Appendices I and lI it is obvior-rs tha.t the 1O ÌrfHz

oscil lation is nlost 1ikely cer-rseci by thc i.nducta.nce of

one of the sma.ll-e¡ 'loops an<l the capaci-ta.nce of one of

the sphere çâps. It is intercsting to nc'Le tha'u the

1O Nli-lz oscillation appears throucrhoLlt the r,raveform. It

occurs both l¡e:lcre and af ter the series sao f ires an cJ

before ancl af ter thr: óO rn¡i ÇârÐ fires, It is thereÍore

not ca.Lrsec'l by the caparcitanóe oÍ the ga.Ð itself but mcl:e

likely tr1' thc ca--,acita.ncc of o¡ie cí the sphercs of the

series gap to grcr:n c'l .



IG 4-2-a
IN1 I ]iG WAVI I- O lulllz
AL. 2OO V
r{AiìGD 24 KV
TT3NUATIC').I l OO'.
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rIG 4-?-c
f IMING I^/AVD IO MIIz
--AL. 200 V
]HARGE 19 KV
\TTENUATION IOU/"

FrG 4-?-b
TIMING WAVE lO MHz

CAL. 2OO v
CHARGD 19 KV
ATTENUATION lOUê

FIGJIìE 4-2 VOLT-TIME OSCILLOGRAMS



the vcl'rage rise beíorc the series çap breal<s

ciown is clue 'uo the hiqh val-ue cf-. resistance bett',¡een the

series ga.p anc'l gi:oLrncr'" This resis'c¿rnce shct-rlci be recìucecl

to approxinately 1O KIL . Îlris lvas cicne later in the

deve loprten'r .

The series gâiD tlüas set at l-O inchcs rvhich nleans

that ,a linearly risi.ng vql'uerçe oí abou'¿ -5OO I(V rvoulcl be

necessar:y tc break it ciotvn. Since the impulse gcneratcr

is a 24*s tage lOO I¿,V,/staqe generâ'ror, a cha.rge vcì-tage

cf 2/i t'iV r.'¡ouli, result in en iCeal outpu t of 24 * 2.4 fiZ
1OL)

or 576 KV rvhich is close to'the 'critical- brealcciir,¡n leveL

of the 10 inch gap. 'This is f ur ther shotvn by i;hc f act

that the voltage rise o¡ì oscillogrant 4-2--e. dips beÍcre

f ho car-i oq .!â^ 1--^ ^r-^ -r^,,"a , thc sc::ies gap dces notLrr'- J :rc\P UItrir\;\5 L{LJI/ll. f rÌg J\:II'i5 7¿\l/ uJsìt

break dotvn on the crest cf the a;:plicc-r' tvave but ra-¿her

fairly far out otl thc 'cail, The phenc:rencn r¡¡ill not be

as apparen t iviren the 50 i',JL resistcr is red'.lcecl since the

vo1-tage rise shculd not be as prcnounced"

A problen associateci lvith a breakiiotvn on the

tail- of the t¡/avc inrrol.vcs synch rcnLzation cf the reccr:d-

i n n q¡¡q 1'a¡ìr r,:i 1þ the series ga.p bre al<dorvn . If a. higiier
^-^ = 

J--l-

vol'rag.j is appliecl to the series gap, it v¡i1l break doivi-r

^n f h;- ri qi nrr n¡ri ì ¡n n4 1'.rr- rtn"l ta¡:r at annf ot¡jnla+-¡r'lrt
- IrVI LÀ.Vl¡ V-L U¡¡U VVI Uc\Ug qL cti/tL¡IVz\4t¡l<ì Lgr)'

the seÌìle tine each shot. If a 1cçver vcltag-e is appliecl

to the series ge.p¡ it nay break do'uvn on thc tail cf the

?o



applied rvave. This results j-n vety inconsis'cen t firing

and presents cons:-derabl-e diffj-cr-i1ty in recordi-ng the

60 mm gap voltage" Once aEai-n the bend in ti:e crest of

the rvave is evident. This benci rvhich disappears for

hi-ghe r charging voltages ancl thus hi.gher circuit ei:ergy,

is a]sc dependent on the 60 mm gap. This can be seen

by cornpar j-ng oscillog:: a¡t 4*2-a, ta.ken usi-ng the circr¡it

of figure 4--1, and oscillograrn 4*^2.,-b, taken lrsing the

circuit of figure 4-3 br-lt r,;ith the óO nrm sap remcved"

Apparently when the óO mrn gap is placed in the circuit

it introduces osc:.-11-aticn r¡¡hich, cornbined r,;ith insuffi--

cient energy and insufficient loaciing capacitauce,

causes a bend in the r,vave. The bend can therefcre be

elininated by increasing the loadj-ng capacitance,

increasing the series gap and correspondingly the

charging voltage, elirninating th.¿ oscillaticn due to the

óO mm gaD or renoving any one of the series resistors

r¡,¡hich v¡ould dissipate sone of the available enet'gy.
- The follorving therefore v¡ill be an attempt to

eliminate the bend by studying the effect of various

parameters on the general rva\refor:m,

As a result of the foregoj-ng, the circuit of

figure 4--3 t'ias fr-rrther investigated. It shoul-d be

noted that in this ci::cuit all the clamping resj.stors

were remove d exclu din g the 1250 ohrn res i s tor to allorv

Å"O
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for the c¡re¿rtcst possibl.: rate of rise. It shor_rId a-Lsc

be nlentrl-oired at, thls tirne that grclulcìing of the various

con;>on:nts of all the circui'cs dcscri'rred. in the text

w¿rs by neans oi. a coppe::--gror-rnd p1-ane nla.de of 4 f t.x B ft"

coppef shec'cs at-lached to r,¡ooCe¡l f::¿-r.rnes and clantpecl to--

ge'che: . This groun d plane is shor,rn in f i ç;u;:e 4^"¿i "

The resultant rrave is shoi¡a on cscillograni 4^2-c. Nrotj-ce

tha.t thr:re is a LO I'lIIz oscillation befcre anc'r af telr the

breakcor¡rn of the 60 nn gap. This 10 i'iÌ{z oscillation

s6r:pled lvi'ch '¿hc óO nr¡ gap o-sc:'-11a+;;lcr: aïe the tr,¡o rnain

probleras tc be solr¡ec1 here. rf the 60 mril gap is reinovecl,

thc resLì-l-ting ,',raveÍorin is as shclr-n on oscillogra-in 4*2-+),

Noti-ce that the 1O tvlFl:¿ oscillation is sti11 ev:'-dent.

this e1:'-rlinâ'Les the óo mil gap as tlie nlain solìrce oí the

1o lill{z oscilla'cion, although it c.'ces cause the oscilla'cions

responsible fo¡ the benC. I-u is high-11, unlilccllz tha'c the

oscilla'tion is caused by ¡efl.ections sj-nce a'uo'ra1 dis-"

tance bet,lveen coinponents cí 50 f t. ç,¡oulc' be nccessal:y to

result i-n a 10 I,lIJz oscillation assuminc¡ a travel ti.me cf

I ft. per: nanoseconcl..

.42

As stated pr:evior-rsly, it ç,,'as felt that the capa--

citance of '¿he serj-es gap or cf th,: spheres of the series

gap to gl:ouncl conbined rvith one of the 1oop.r indr-rctances

v.7AS the najor soLtrc? of the 10 }ll-lz osci l.lation.

An at-renÐt tV¿rS nlA.lo 1n r'Ìanr:r nr¡f the OSCi llationS'-- -"-'-¡' -'--''-l

by pla.cirrg e 5oo ohn resistcr beti,¡een thc loading capacitor
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and the se::ies gap. liotice fxon oscillogram 4*5-a that

the 5oo ohn resis tor appears to e n.-fec'cively reduce the

pre*breakdor,,¡n oscillati-ons although they are .sti11 
jr-rst

barely evj.den t . Af 'cer the ser:'_es gap brealcs cjoln

holevei, an oscillation is very prorninent. The osci1l.-

ation lvas neasLìred as 7-5.4 N;liz decreasing to 13"1 MHz

nearer the peal<

The 5OO ohn resistor reduceci the rate of rise

such that the osc:l-1lation appe¿\red on the fron-c" To

critically damp the oscillations originatí.ng from the

capacitance and incluctance of the circuit it can be seen

from Appendix lr that a resistor of approxr'-raately zooo ohrns

would be required. This woulcl reduice the rate of rise

to an. Llnacceptable leve1. The reasorr 'cha.t the pr.-4rt""kdor,vn

oscil-.lation seens to have disappea.red on A-s*a when colr"-

pared to 4--2-."b is mainly due to the faster sureep speeci

used fcr 4^5*'a" Notice on 4*.2*b that the oscilla,cions

before the breakdolvn of the series gap are very snal1"

Upon close inspection of 4--5^a these osci tlations are

sti11 evident al ttrough reduced in amplitucÌe s1:'.ghtly by

the 5OC ohrn res is tor .

Notice from 4-5-b that çvhen the óO rn¡,r ga.p is

again placcd in the circuit it once agai.n introcluces

another oscillation and causes a rougher waveshape.

An attempt at clarnping the oscil-lation by means

of a filter r¡ras made. This is shor,¡n in figure 4-6. The

+L!



G 4-5-a
MING I^JAVE 10 MHz
L.20o- V
ARGE 19 KV
TENUATION TOO%
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G 4-5-c
VIING WAVE 1O MHzL. 2o'o^ v
ARGE 20 t<V
TENUATION LOOVO

Frc  -s-b
TIMING WAVE 10 MHz
cAL. 2C0 v
CHARGE 19 KV
ATTENUATION IOO%

FIq.,RE 4-5 VOLT-TIME OSCILI-OGRAMS
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result is shclvn in 4--5*c. The 7OO ohr'r ::es j-s tor dras--

tically recluced the rate of ri'-se anc'ì.'uhe fil'uer circtlit

scerneci to i-¡rtrodtlce nlcl-'e oscill ati-ons o Iìte to oLif

eneïgy l.j-¡iitations i'¿ r,ÌaS c1ecicÌe,J that a filter circr-lit

n,oul-ci not be possible . lf molc loading capaci'ce.llcc I'ieIe

available, utilj.zation of this ne'¡hod rvoillcl proi:ably be

possrD-Le o

The coiiiponcnts for the pr:ececì:i-ng series of

tests vrere,arïanged as shor'¡it in figr-:re 4-'4. Tht:re is

1ittle dcr-rbt that the loop incjucta.nces in this case are

scnlelvha.t higher than they r,"rotll-cì be i-f:'ehe coinponents

extencleci continuously oLittvard from the generator. It

was therefcre decided to rea.rra.nge the conl:onents in a

stra:-girt line as shor,vn in figure 4*7 a.nd the::eì:y reduce

the loop j-ncir-lcta.nces of the circui'i " All c1ar.r1:ing rvas

reTloveci except the 125O ohril resj-stor froin the gener-*a'úoï

to the 1oa.d:-ng caPacitor.

Osci l1ogr an 4-'g-ã sholvs the resu lts ivi th the

60 mn gap nct incluclecl. The rise is very sa'cisfactorlr,

only a slight Ceviation occLrrring half way up" Thj-s

dev:'-ation is the first c¡scillation of a series that is

eviient af te¡ the cIest. This seri-es is the saine 1O l'íl1z

osci 1 1a'cion previor-rs 1y c'ri'-s ct-l ssc C.

The results ivith th,: ÓO nrn gap inclr-rcled in the

circr-lit are quit,: satisfa.c Tory as siroi','n on oscil-logran

4-8-b although as above the oscillation on the rise j-s

eti I I crni 1.r' nIcncLìnced. Ì\lotice alsc the sna11 cscillaticn

47
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FtG 4-8-b
TIMING WAVD 10 MHz
CAL 2OO V
CHAi?GE 20 KV
ATTENUATION IOO%

FIG 4-8-a
TIMING ITJAVE 10 MHz
CAL. 2æ V
CHARGE 

-2O 
KV

ATTENUATION TOO%

¡'IG 4-8-c
:TIMING WAVE 10 MHz
CHARGE 20 KV
AÎTDNUAÎION TOUZ

FIqJRE 4-8 VOLT-TIME OSCI LI-OGRAMS



introciuced due to the óO mn¡ gap capa.ci ta-nce.

Any attenpt at darn¡ring tl-re 10 Ìr,lllz osci llation

on the front prov.:d hopeless siirce too high a res:'_stor

vras reqLìired to damp the oscil"la'cion. The hi-gÌr resistor

would only slor,¡ do".;n the front.

It rÀras dec:l-ded at ,chis poin t to fi.nd tlie effect
of i¡rcreas ing ti:e resis tance f ron: the geneïä.,roï to the

loadi-ng ca.pacitor: to B5 K-rr. The resul.ting ç,ya_vefo¡:m

was as sho',vir on osc:L1log::anr 4--8--c. This should be coin*

pared directly to osci 11og::arn 4--B-ìr. Notice that the

only er'fect was to eli¡rinate the i¡ritial voltage ri.se

seen on oscillograin 4*3-b. For the sarüe charg:Lng vortage

the 85 K-(: resistor will reduce the ava.ilable energy to

the remainder of the circuit. This rûeans that the

problcrns caLrsed by insurfficient energy siroulci be intensi-

fied. This is i.ndeed the case as is eviclent f::on

oscillograrn 4--S-c. Notice that the bending caused by

the 60 rnn gap oscillation is rvorse in oscillograrn 4--B--c

than in osci.llogram 4--8--b

A 62J- oh¡i lviTettJotìiìd resistor eJas placed betr.¡een

the 60 mm gap an d the div j. der . It lvas reali.zecl of

course that thj,s would p::event the diLrrj-cler from recorcl--

ing the gap voltage but the effect of the resistor on

the measuring system l,aas nevertheless stuclied. Tire

effect oÍ the change is sho,,r,'n on oscill-ogram â,^g*ã.

50
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iIG 4-9-a
TIMING WAVE 10 MHz
:HARGE 20 KV
\TTENUATION LOOVO

Fr G 4-9--b
TIMING WAVE 10 MHz
CHARGE 20 KV
ATTEMJATTON IOVO

FI G¡.'RE 4-9 VOLT-TIME OSCILI-OGRAMS



No'r.j_ce the veÍy high fi.rs'u oscill-ation " It j-s apparent

that the 62I ohm lyj-re\r'oll¡ìcl resi-stor affected the

divider circrii t iri such a rrjay as to give a serious

ref lectj-on " The 6O rilrn 9ap circuit r¡,¡h j.cÌr ttias prevÍ-ousl-y

very near ao a zeto impedance circuit af tei- tÌre gap broke

dor,i,n r,ras chaDged to a finite inpedance af'cer b::eal<cloçr'n "

Consequen t1y, the ref lection coeffi-cj-en ts tvere changed

and severe oscillations rest-lltedé

Returnitlg to 4"-B*c, oscillations of 44 '5 l'1172

and 10 t{i-lz aïe measurabl-e a.f|er the chop" Before the

chop there j.s only a slight higir frequency oscil,la-uion

and a bend i¡r ttre rise¡

. oscill-ograms 4--8-c anc'l 4--9.-b r,vele both obtaíned

using the same circuit " Oscillograra 4--8--c shotus a rise

that betrcls s1i9Ìrtly ancl oscill ates to trieakdoe"'7n. Oscillo"-

gram 4-9*õ rises to vety near breakdoivn then sho|s a

single oscitlatj-o¡i jus'c prior to breal<dor¡n" once again

the loadi-ng capacitance has not sufficient energy stor*

age to produce a smooth rise to breal<c1ot¡n " The rise

appears to reach a certain valule then a deviatj.on apPeaIS

due to insufficient energy" This deviation may aPPear in

the fo¡:m of a bend or a single oscillation. The load-'

ing capac:'-to:: then appa.rently recovers and the rise

continues until breal<doçvn " A larger loading capac:i.tor

or a higher charging voltage rvoul-d help renedy the situ-

ation, The charge voltage in th j-s rvork r,vas limited by

J¿



It rvas frne.J 1y ci-JCl'-cìeci 'cha'c thc only lva.y to

cbtain sa-lisfactrrr)¡ rÐsLì1ts tuith the ì 50 pÍ J-oac.,ing

^: ,..^,- tc rer'o\/e al__'l- cìairrpi¡ic a¡rcl shor te n theL,c{.1 /¿.U ¡ U¡v' !/1..> lU rq-¡.ri!¡\/.- c-r--

leads as nucit as i)c.sslb-1-e, Far'cicr.ll.arJ-;' tire 1e¿'.c,i fr:on

'rhe 6O nrrl gai-) to the cl.ivi cler r'¡iii ch tr,'cll l-c'i ¡e clli ce 'che

enc lí gy l-cs s 'uo a. n j-nintr-ln . Thl-s ryas clone wj- th the

resi: I ts silcL'iil iu oscl'- 11cg::atn 4--1-O"-a.

The criÍfictrlty' tha.'u arosc in'chis case Íva.s

tha.t 'che resill-'¡s t'ìJere nc'" col-tsis'r,ent. This is best

i1lus'cratecl by oscillcgraiir 4-IO-b lvhi.cir shcls thr'ee

consecu'c-Lve sirots usiriq the seJllÊ circtl:-t"

nr^l¡-l cnrq ni r^ ).- 1''^ ^ r- ^ ^!- at ihe toi: r>L a.l-1 'uhree t'/aveSl-rf LrUlg:.1-\ o l'II J L 9 UllU tl<ì)11 .r u ir¡= çvL' lrr-

arr d the beir C,in cr r,¡ir i cÌr i. s par t i. cu 1 a.r1y e vi clen 'u on 'the

cerr tre !vâv-l Ícrrn, al:c cJu: 'co the lacli c¡:f s tore cl enc r gy 
"

Seconci, the in j tia,l r:isc 'L..li¡-i j:; rJ:i r:r-iclr higher alirpli*

tude in the too lvaveforiu thal'r in the othe.r ttvo is duc to

stray cor-r1:1-ing Ì')e'ut,rcen thc se::j-es g.rF anc'i thc vcltaçe

divici:r. This stray cc',ri:1i nr: in thc tc¡ l'rat¡cfo::li câ,uSCS

a. signiÍicant ¡::e1i;rinar;' vo1-i:a93 st-lcir r-ha'u tire a.lCi'ci.ona.1

vrll'r.ã-.? r.tc'-ti-r¡11 lnr f h¡ ñâ\.) to itr-r)ek cio',i't-t is lcSS thanvva vL.;* :r..f.

it t^;or-lLd har¡e been Lf the-re !'iere no prelinrinat'y volte'1e.

Thc cn,=y.:>t rectÌ i::cci to prcclt-tcc thi-s s¡'ra.1l.er vol'ca5c is

therefore al-so lcss. There is therefore sr-rfficient

cnercjv i.t-l -uh,: "t^^^'-:-^ ,:i'¿or to cfea'ur=' a s¡lcc'ch riscf,L¡-.'-lril y L<\:ra.\

1'he inconsis'cencies rlielie caLlsccì by t"'¡o
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to faj-1u¡r: Íron thc s'Lrey voltage.

ceses, hoi'leirer, the stray coLì¡.r1i¡g

nrnr¡i cÌo a s;to(¡'cll ¡isc to b;:ealicr'cli'i:.l r v w -\ \.v

Il,ccausc o:Í tÌrcsc tt"'c cì.iiíe::en'u eÍfec'¿s i'c is

obvior.ts tha.-': th: stl-a.1, couplj-nç is not ccÌrsis'i':nt since

ñìr neni'l'lnrn'¡t^, 1--ìfl-,,'- 'i --l rrvr¡ \,.)uJ--,,-v-....ii. 4--LU--D l-t aÐ:'eel:s oit the first oscil-loÇ]í¿)-ri

bt-rt Coes nct af.-Í.ect the result irr the sccoiici ol: thi-i:cl

oscj-J-logra.rrs ¿ipprccti-ably. Tiris j ncons:l-stency is de¡letr^-

dent ui.ron'r;he brea.kc'rctïli oÍ-the se::ies çap. Tt docs

not breal< cisi'.r¡1 at e>:actly the sail]e'ri-¡r'--: auc'ì voJ-ta'ge eacir

tine r âS :l-s ruel.l knol'¡n " The t:Lrne ¿rnd voltaçte oí brealc-

doln have a ver)/ pronolìncecl effect on th: cor-rpil-ng into

the clivicler circuit.

In

1ê

tire o'uher tto¡o

no'c suÍficien t to

The e:<istence of thc s'rra.y cor:;.rl-i¡g bc-[t'.'ecn the

trvc r:arts oÍ tÌre ci.rcr-iit is best i1l-r-ls traic il by referriirg

to oscil-l-oc-ra.¡i 4-l. l--a rviricir is 'uhe u¡¿\veforr,i rcsLll-i:ing

froi:r the ci::cr.rit o-Í figr-rre ¿!^]*2. This cii:cuiit rvilt bc

discr-rsseC in deta.il 1ater, 1i'he 24OO pÍ ca¡aci-"cr j.s one

sec'uion of the rcsisia.nce c:rp:.rci'ea,tlcc divicj:r rlentioneC

in Chap'uer LIf anC the t.2.5 1,(- ç'¡ater rcsistcr is the

original 85 I(lL r,,.rater resistor l,¡!rr-ch haci- C=teriora.tcd ç'¡ith

t] ¡)C 
"
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Thc csci 1l-a.'cion oo

4-\l-.-]o*2 is obtaincil v,'hen 'che

to the civider i-s rerilcvecl. I

that the cscillaticn is being

the rise of oscil-loorairr

lea.ci fron th: scries çep

t is obvious thereíore

r.âñ¡¿-i I i rr,-lr¡ nnrlnl.-r'l i n trr



FIG 4-11-a
TIMING I{AVE 10 NlHz
:HARGtr 25 KV
qTTENUATTON TOO%
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FrG 4-11-b
TIMING WAVE 10 MHz
CHARGE 25 KV
ATTENUATION TOO%

FIqJRE 4-11 VOLI-TIME OSCILI-OGRAMS
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the clivider circuit. This oscil-1a.tion is the sãrme

as th¿it ap;-\earinq on the rise or'osciJ-1ogra.m 4---11-"a.

The oscil.fa'u:l-on has beei-i neasured to be approxitrla.'ue1y

1O lvll-iz af.ter thc first ferv cvcles, 1t is sone','"'hat

greater a'c the beginnirtg oí- the tv¿\vû. this s'rre.y

cor-rplinq therefore introCurces an initial vclta.gc'La the

clivi der " This voltaç1e has superimposed on i t the 1O Ì'iFIz

oscil-"1-ation resultirrq fron the series g.,p" The stra1,

capacitances are thereÍore the vehicle by v¡hich'che

10 III{z oscillation appears at the divide¡:. Later: a

method of shiel-Ciricr rvj.l-1 be discussed r',,hich tvil-1 effect-

ively elimina.te the stra.y cor-rpl-ing.

Csci lloqrams /,-\3_ar 4*\3^b t 4--'14--a and 4-l-4-b

illustrate th:-s pcint very rve11. lTotice that the oscil-1.-'

ation on the rise oÍ oscill-oçra:ns 4-\3-a and 4*13-b

talcen using the circuit of 4--12 aÐpear on the rise of.

cscillograrns 4,--i-4^a and 4-"14-b taken nsing the cj.rcuit

of figure 4*12 r,vith the 60 mn gep includeC. Notice

here also that the srnal1 higÌr freeuerrcy oscil-1.¿ition cn

the rising pcrtion of the v¡avefcrm car-ised by the óO ni:t

gap is a.gain evi clen t .

It is aplarent frorä thc follorving <iiscussion

that the resis tor bet.rveen the botton se::ies sphere gap

ancl grounci is not cri'uical if the resisicr fro¡r the

genera-tor to the loa.cling capacr'- tor is 1arçe . the

reason for this is, as in ciicated bef o::e: that r,vi th a 1ar:Ee

resis tor f rcnl the gencrator to the loadi n!l ca.paci tor the
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FIG 4-I3-a
TIMING IVAVD 10 MHz
:AL. 2OO V
:HARGtr 20 KV
\TTENUATION IOO%
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FIG 4-13-b,
T II\'1I \G i{AV;- L O i.1Hz
CAL.2OO V
CHAIIG¡ 20 KV
ATTEI,IUATI OÌ\T I OOÍ¡

FIGJRE 4-T3 VOLT-TIME OSCI LT-OGRAIITS
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FIG 4-14-a
TIMING I^IAVE 10 MHz
cAL. 200 v
CHARGE 20 KV
ATTENUATION TOO%

FIG 4-L4-.b
TIMING WAVE 10 MHz
cAL" 20o- v
CHARGE 20 KV
ATTENUATION TOWO

FIGJRE 4-I4 VOLT-TIME OSCI LLOGRA¡"IS



circtr:'-t tine ccnstant is st"lch that the vol-tage acloss

the loa.c1ing capa.ci tor increases relativeJ-y slorv1y.

The intpeclance of the scries gap to the resulting lo',v

frecluency vol-tage is very high. Thus lit'¿le vcltage

r,vi11 be recordecl at the divicier. i'Jith a. smal1 resis*'

tance f rom the gcn er ator tc thc loadin g ca.i-)a.c i-'tcr the

circu j-t time constant is rnuch loi'¡er, the accomPa.nying

frequencies are n:uch higher ancl the iin¡:eci¿ncc oÍ the

gap to these frequencies are lov,'er. Itio¡e vcltage

r^¡i1.1 thereforc aplca.r at the voltage divicl,e::.

The fact that the resistor fron the series

gap to g::ouncì is unini>or^uânt lvhen the resistor f::c¡'r

the genera'cor '¿c the 'l oaciing ca.¡>aci tor is large is

verified by 'uhe follorving csci l-l.ogrâ.Ìrìs 
"
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g:slllq.s:3il
4-10-b

4-l-5-.a

4-15--b

ð'-16-a

4-16'-ìr

Each of the above oscillogra.nrs tvas taken rvith thc series

resistor eqr-ra1 to J.2.5 I<t¿. Notice that on oscillograns

4-1O-Ìr, 4*J-5-a and 4-15-'b nc siçnific¿rnt vol'cage occurs

bcfore'¿he breal-.dc'"vn of the series gap other than the

voì-ta.qe du: -uo stra.y cor-:'--1inç. A s1r'-çrht pral-ir:iinary

Resista.nce frcn Se::ies
Gan to Grcund

*-*,-I*-*

9.5 I{

J") l(

ó21 Ohins

100 K

l.nlrn]-ty
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; 4-15-a
I NG IVAVE 10 MHz
RGE 20 KV
trivuATtoN lowo

FrG 4-15-b
T I IV I 

^*G 
WAVD 10 WlZ

CHARGD 20 KV
ATTENUATIOI{ TOWO
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voltage appears ill oscillograms 4':1Ó-'a ancl 14-16'."b

hoçvever, due to the exceedingly high resistance used

in this case . This can be i cien ti-f i-ed as the lor'¡

cons tan t voltage cornponetr t up to the beginning of

the stray coupli-ngs on these trvo oscillograms.

Osci11_ogran 4*2*a on the other hand r,vhich v,/as taken

with 650 ohrn resisto:: from the generato-,: to the load*'

ing capacitor shorvs a significant rise before the

breakcjor,.¿n of the se¡ies gaP. The circuit for oscill-

ogran 4-2*a had a 50 K resistor from the series gap to

ground. l{nen thj.s resistor Ì,vas reduced to 9.5 K the

initial voltage vïas reduced to that shoi,vn in oscil]o*

gr,am éÊ*2'-c e

The discussion v¿i11 noçv revert to the problern

of tlre non--linear rise. On oscillograms a'*J-O*b*z and

4-IO-h-3 r¡¡here the stray pickr-rp does not signi-ficantly

af fect the rise, the çvave cJoes not quite rise to its

peak smoothly. There is alurays the small cieviation or

oscillation near the peak. Thi.s deviation is knor¡n

to be a result of the 60 mm gap and insr-rfficient loading

capacitance. This theory lvas confirmed by increasing

the loading capacitor from 15O pf to 225 pf by pì-acing

a 50 cn sphere on the bottom of the bushing that ütas

being used for a loading capacitor. The results are

quite satisfactory " The resulting waveform is sho-u';n
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on

on

oscil1ograi,r 4^1-/*-a,. The high frequancy cscillation

the rise is due to the 60 nm ga.p"

Oscillograms 5-'6*a ancl 5-6-tr l^¡hich ir"ere

obtained using the increased capacitance ?/ere used to

calibrate the divider. The details and neasurernents

of- the calibra.iion t'¡i11 be prescnted in the next

chapter "

An atteinpt !¡/as rnacle to slo'¡r dotvn the rise in

order to ge'i another point on the óoo KV divicer volt--

time cuIVe for calibration PurPoses " DLle to insr-tf frcient

loading ca.pacitance this l'¡as i.mpossible. The $Jave rvould

not rj-se linearly to breal<dolvn with âD}r resistance in

the circuit.

t^,rith 35o oh¡¡rs betrveen the series ancl the 60 mrn

ga.ps, soitje calibration data rÀ/ere ta.ken br:t since the

data, d-id nct appear at al 1 satis factory, -yhey u/ele nct

included in th:l-s presen'¿a+-ion.

At this poin t in the inves ti ga'tion i t i\t¿\s f elt

that a higher l-oa.ding capacitance ivoul.d give even moI.e

satisfacto::y resL1lts, First an 11-5O pÍ loaiing capa-

cito:: macle oÍ tri,c 4 ft. x B ft. sheets of coPpeÏ fastened

to r,vocc fr¿iìles lvith forir sheets of I/2 inch plyi',.'ood anc

trvo sheets cf 1/4 inch pressbca.rC betl';een electrocies lvas

Used. This s.v*stem r,,ta.s unsatisfactoi:y dr-le tc Ccrona

clischa-rçes at the eciqes of thc sheets.
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FIG 4-I7-a
IIMING WAVE 10 MHz
CHARGE 20 KV
ATTENUATION IOWI

ó6

FIG 4-I7-c
TIMING WAVE LQ WIZ
CHARGE 4L KV
ATTENUATION LQOTo

F tc 4-17-b
T Il'1 [ )iG 'rtAVl:
Cl{/rl''G:,- 2ó. -'
,\'f1':ilìI r/1' T I r \"'

1( ) lif iz
ii.v
I( t(r:

FI



A 24OO p-Í loaciing capercitor t?¿.\s then uscd.

This ca.pa'.citcr ç/as the bottcn ca.¡-r3.çj.tence secti-on.of

a four*stage 24'OO KV rcsist¿'.ncc capaci'¿atlcc voltage

divj.de::. Thc resLrlti-rrcl tYave:forrri :-s shct.:n oIi oscil1o*

gram 4*I7'-b " The oscil I ation on the rise and at the

peak of 'che u,rave is Ct-rc to the stray ca¡:aci.tance

pi-cku¡-r Írorn the series gap disct:ssed ¡;::eviou-q1y. The

1oa-cì:-ng ca¡'aci'uor lve.s then h¿r'i veci b;' tii'o stages of

the resis'úance capacitance voltaqe divj.cjer. This

doublec'l thc voltage ratj-ngof thc stacl< ¿rnd conscqr;cntl-y

allolved a h:l-giie:: cltargc vol.taçe. The resultinçJ uI¿\ve.-

forn-r obtaineci r-tsing a cha.rge volta.çe oÍ 40 l{V is shot'rn

on oscilloçlrarm 4-')-7*"c

' The oscil.l a.tion ol: volta.ge rise citle to strary

picktrp does not cause rluch cf a prol-rJ.em ir¡ this case

but a sevete osci-1lation occltl:s on the rise. This

oscilla+-i-on ljüas creaied dite to the increased loop inc'luc--

tance causacì blz dou'b1ing the c^?aci+.:a.nce stacf<'. It

would therefore be bcst for calibra.tion Furiloses to Lìse

the circr,iit lvith the snal l-er J.ocp, therei:y eliminatirrg

the s tr-ay cor-rpli-n g ,

At this Foint a cornplcte investigation of the

stray cor"rpling t?as ca.rriecl out. the loa.cìing capa-citor

was again c.ìor-rblecl to 24OO pf to gi-ve 'uhe rnaxinurn caPa-"

ç-i tance an cl thr:s the maxi¡lr.rtn energy avail abiJ ity. the

resL.rlting i^JaveÍcrm is sho',vtr on oscillooram 4-18-a'
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¡IG 4-18-a
IIMING WAVE 10 MHz
]HARGÐ 25 KV
.TTENUATION IOO%

ó8

IG 4-18-c
{ARGE 25 KV
TTENUATION IOO%

Frc 4-18-b
TIMING WAVE IO MHz
CHARGE 25 KV
ATTENUATION TOO%

FI GURE 4-18 VOLT-IIME OSCI LI-OGRAMS



It lvas ¿rt'¿h:ls Poin'c in'rire in\testigaLtion tha'c'che

causeoí.thestra.ycor-iplingr.ia'.sciisccverec].Assta.ted

previot-ts-'l-1', the leai from the se¡:ies ga'p to the cliviCer

rvas le¡ncved. The rasultirrç'"!1¿\'veforn is shol';n cÌl

osci11-ogra.m4-I8-b-2."1']oticethattheoscil].atj.ons

due tc strays are oÍ the sane fo::m as that on oscillo;

gra.m 4-IA-a. Oscil loçri:arls 4-18-a anci 4-18-;b are a

repeat of 4*11-a and 4-11-1-"

In or c-ì'er to verify that the couplin g t\,'e.S nct

originating íronr the impulse genera'to;: ' 
the leac-l f'tom

the series resistor on'che generator tc the loacling

capacitance !';e-s ciisccrnnec-uecl' Oscil'1ogi:an 4-18-c

shor,:s a coraple-ue1y clean traôe. The stray ccu¡;ling

lVaSthereforeoriginatinçlfro¡:t|reser.iesgap.The

combination of. ,¿he capacitance cf tlre serieS ça,D anci

oftheSerìesgaptoçlrcunc-ìinconj'-lnctionlvi-uhoncì

ofthelcopinc]uC,[ar)Cescausadâ10}lLlzoscil]-a.uion

v,¡hich uJe's coLrll-ecl a--l-cng l';ith a'n j-nitia'1 ccnlpo:ìci-l i cf

volta.ge by stray capacitances in'¿c the clj-rrider circuit '

An B ft. x B ft' copper shield rvas built ancl

wa-s pla.cecl ve::tically betr'veen thc óO r'rr'l gap ânc1 the

divi.jår. ifi+;h the óO 't'r gair nct in placc ancl no lead

froin the series gap to the divider' e scries of cscillo-

gransweleta.ken.Theseare5}1g!r,li-.tCncscilloEram4-].9*a.

Nctice tha'¿ v'rry little cc'-rrling is eviclen t ' The óO mm
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rIG 4-19-a
:HARGE 25 KV
\TIENUATION LOOVO

70

FIG 4-L9<,
TIMING ldArøE 10 MHa
CHARGE 31.5 KV
ATTENUATION IOQVI

FIG 4-19-t)
TIMING I^JAVE 10 MHz
cAL. 1OO, 2OO, 242V
CHARGE 26 KV
ATTENUATION lOÚ7o

FIG[.'RE 4-19 VOLT-TIME OSCILT-OGRAIVTS



gap lvas then i-,laced in,uhe circuit ancl all'¿he leaijs

a'utachec. Cscillogra.in 4-*19*b rvas ob'caineci.

llotice that the rise is vely fas'u and vei:y

li-near. The 60 rnr;r gaF'ì osci-l-1a'uion on the rise is still

eviclcnt but c'iccs nct se::ic'-rs,1.y effcct the linearity oÍ

the rise. lt lvâs fel-t tha.-i: these oscilla'ricns ivoulcl not

^{^*Å1i¡:n1-'lru affect the calib::ation. A series of5 I L-.lf i J- l- ¡ L --rr 9 -¡-y

calj-bÍa'cio¡ oscj llograr:s lves 'chen 'uaken r'virj.ch çvi11 be

sho',vn anci disct-rss¿d 1n Chapter V.

Attenpts tvere nade to recluce the ra'¿e cf rise

1'rrr rnaaÐs of series re-cistors. Placing a series resis^-

tor in the circuit dras'uica11-y increases the oscil-lations

on the frcn-b. The !ìrave in f act dete:'-iorates to the

point where it is o:í nc va,l-ue. The iatiiping resis-ucr

l.ê.'i re,¿ to c1^ñ^^ñ +h- ^-^i 1l a'uiOnS i¡OU1c] be SO 'l ar:gefçYuÀ1su vJ !!c\i;l:igtI LllJ UJq'

that thc l,rave front rvoul-d bc greatly leng'lhened anC'

thc resultinq enorgy reqltire¡rcnts fcr a line¿rr risc

wcr-r 1i:! be gre ater th an th at ava-i 1a'b le .

Thc oscill-aticns cn the front can be'oest

sho,.''¡n to Ì:e caltsed by the 60 nn gap ccnneling osci 11o--

grans ¿.-!3-a and 4-13-rb v¡ith 4'-14-a anci 4-I4*b. The

cscillz,.',uions ic nct allsar on cscii1ogreut 4-1.3-a a¡rd

4-"L3-ö i'rhen the 60 mm gap is nct incluC:d. They cic

horvev,e¡ aÐpeaI on osci llcgrarls ¿t^!4-a and 4-l-4-b tthen

the ga.p is incluc]ccl. This arçL1n3nt is strcngthcncci by

the fact that if ¿r rocl gap is used tc replace the
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6O nrn çap 'che rrva.\,e1'ol:rû is c'l ea:: oÍ osci 1i-ations . llhis

can lrc scen Íron osc:-11oçra.in 4-!9-"c. The ca¡>acitance

betrv:ert rods ancl fron the roc]s to clïound is rnuch less

than foi spheies anci'che oscil.latj-on on the rise rvould

the¡:efore not be develcped.

As a result of tlie fcrecic:lnc; it r?ve.s fcunci

that, r,vith 'rhe loading capacri-tor ar¡aila.b-l-e, the circuit

as shovrn in ficlr,ire 4-"2O ',vou-l.d be the n:os t suitabl-e for

calibra'cri-ng the clivider. This ci::curit incl-ucr,es nc)

series resrlsto::s trut c]ccs inclucle'uhc shi.eld to ri:dr.rce

the stra.y picl<up. Thcre appear s 'uo tre no easy uJa)/ to

el-iminatc 'uhc higl: frecluency osc:'-f1¡.'uion causcd by'

the óO nrn çap. ln âny evcn'u the cscillat:'-on r,:'il.l nct

cause an appreci able error in the cal-ibrat:-on rcsnlts.

Figt-rr:es 4*21 and 4-22 are photoglaphs cf tire fj.nal

circr-rr'-t arran.,Jerten t derrel.oped.

In ccncl-usion i-'u is Íe1t'chat an adequate

calibration cí a vcJ-tage divic',er fcr the higher r¿ites

of rj-se cân be achievecl rvith the developccl circr-rit

but for cal-ib¡ation usincr rnuch lor'.'er ra.tes of r ise, a

much 1a:rge:: lcac'lirrç caoacitoi: lvould have io be avail-

ab1e.

/¿

Chaptel V rvi 11 Ciscr-rss the calibration cf

tryo Civider-s using the circr-rit Cev--:l-opcd in this

ch apter ,
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PHOTOGRAPH ÛF FITdAL CTRCUTT ACHTËVEI)

FÛR THE DÐYEI-OPMET{T OF- LI}IEAR FAST RTSING ç'fAVBS

FIGURE 4-2L



l;ü tu) .'.w'*i* - *-**"&:

-1 :.

PHilTÛG1{/\Ff:{ fiIf l}Å'}lT ütr

FfiR Tl"tË ffitvEl"-Õre1i:l{:f (.1Ïr

Ftöuitil 4*22

F T;ï/ill- f T IIC{JT T AENT iVI'Ü

LrMillll FAST rtÍ$Tlf# tdrtrvii*



The respon-ce tirne of a vcltage divi. der may

be deterrnined theoretically oï expei:i.rnenta11y as

CALTBIIATION OF A VOLTAG] DTVI DDR
UST}JG TFIJ] VOLT-TII"IE CURVE

discussed in Chapter lI. Since the theoretical approach

is so complex, .the experj"rnental methiod is used in rnost.

cases. The experirrren tal- ne thcd involves the CIG]ìE volt*

time curve sholvn on figr-rre 2--3 " To cal-ibrate a divicler

by means of th j-s vol t-tirne crtrve , a li.near rate of rise

must first be obtained" As can be seen fron Chapters III

and IV, the developrnent of a rïave u¡hich has a linear ra're

of rise is difficult to obtain. Once a linear ¡ate of

rise is obta.i-ned, a series of oscillogranrs are tal(en for

various rates of ri-se . These osci llograras are then

analyzed and compared to the volt--time cllrve. This

chapter v'¡i11 deal r.¡ith the analysis of the oscj.lloçrarns

and the determination of the resÞonse tine.

Analysis of the Oscillograms

-CFTAPTE}? V

The breakdown characteristj cs of a test object

under an idealizecl linearly rising voltage can be ex-

pressed by the relationship betvveen any tr,vo of the three

quantities : rate of vol.tage rise, breal<doivn voÌtage and



tinle to brealccloivn.

The CIGiìD r,vork-lng groLlP crecic'led a.s fo11cv;s :

t
Tr,¡n cn¡n î.i 'i i a- ),^^ ^- -,1.- "D1'úeae a.trd the rate oí risel-t?\J YUq¡! 9À LÀs5, LIIU Ì/Jtl\ VL

aïe
of voJ-ta.ge/ derivec.', fron each osci-J-logL:an. The peal<

r¡n'l'cA.,? is tha mar:'in'rir a-l,lnlitucle rccorded on thewJr, vç-J-

oscilJ-caram. The rate cf rise is the s1ope of the

best Íit straight line thror-rgh tha.t po::tir:n oí- the

vol tage rise r,vhich lies above the peal< value of the

ñ.ì(yír.¡ f f Cf¡rl¡1n C-' 1-.-.- -r-¡a^',':r rra'l f ¡ ¡r lttnl \ Of the gAP.
iJu!?çf rrÉLiqLr¡çy v!ç4\i\uv?/(¡ vu¿ u.Lyç \"i,t /

The best f:'.t line is dral','n in s'.ich a pcsition'¿hat the

posj.tj-v,e a,nd negative deviations betv¡eeir i-t ar-id the

reccrciecl trace are eqt:al-.

The c1evj-a'¿ion Írotii lj.nearity:l-s clefined as

the tirne interval bettvcen the ttvo closest pa::a11e1

lines lvhj-ch enclose the oscil latio¡r be 'tt';een Upf a-nä

the peal< vcltagc anC tvh:,-ch have 'uhe'sane slo:e as the

best fj t straight line.

It is interesti.ncl to ncte tha-t for nost of

the oscillograms that r,uill be Presented there is nc

measura'ole nean clev'r-ation " The niean oeviatio¡r is

probably sc:ne,.';hat Cepcn c'lcn t uion'chc qr,r:r1ity of

oscillosccp. and cat':tera usecl for recording th': osc:-11o-

gram. An inferior oscil-loscorDe and c¿-'¡leia. i',7o1ì1ci not

recor:ci the high frequency oscillations in as mr-lch

r:¡*¡-ír ¡nrr -^:ìñ^^,'^n+'l' a snallcr cì.cviatioir rvculdLJg LcIl i, < t'L. UrJt:.)g\juul! ¡-rV,

resul-t.
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For the Clclìl deternination cf the volt-.tine

curve, it ulas sutg3sted that an average of a se¡:j-es cf

tes'cs be 'r,a.ke¡r f-cr e ach poin t on the vo 1t:tine cLr ïve "

In thi-s case it l';as felt that i'c w'ou1ä be nore adva.n-

taoeoLrs'co nlot the::esu1'us of car:ir noinf einr-â nr:rn\/La:r,çvL¡-r L¡J i/rv e urrE r_çÐL¡r L-r vf. scrçri i-v¡rr u JItl(.rj ¡r¡c\tly

circuit cha.ng:s and cirarg:l-nq volta.ge chanccs r,/et:e nlaCe

throughcr,r'u to attenpt to achieve a linear rj-seo

In Chapter IV it rvas disccve red tha.'c in orcier

to na'L;e a- fr-111 s'undy of voltage clivicìers it rvcr-lld bc

necessary to ha,ve nuch mcre 1o¿riing ca.;:aci'¿ance a.vai1:-

able. Since silch r\ias not the case, the divicle:: cor-l1ci

only bc calibratecl at the fas'ucst rise ti¡rie that cculd

be achievecl r,vith the circr-lit cornponents availabl-e. .[t

is obvior,is therefcre tha.i much further',vcrl< can be d.one

on determini-ng +;he res?onse -uime oÍ the dir¡ider usecr,.

t'Jith th:Ls'chci;girt in nind, atteirpts lveÍe not nradc to

achieve_ nraximun accurac¡,r b1r incl',rCing tenperature and

pressure corrcctions'" ln any event thc air Censi'cy

correction Íactor rycLr1d no-u 1il<e11, excecci 2i".

æls :r :: gllgl -=gÉ.-t*ae- 
R9-:l-o;r:9*ii! 

"e

Once the tine 'co breakdolvn and rate of risc

of vcl'uaÇe have been cleteinrinecr,, it is a simpl.: nlatter

to cleteruine 'uhe res?onse tine bi' aeans o-f the CIGR:]

volt-'ur-¡r: curvÈ. The exlerirnentalJ.y cleterrnin,:cl ti¡rc-

tc-breakc-loi';n is coïì?aieC to that given by the CIG:ì.f

curve for 'uhe sanc ra-ue of risc. The cli:Íference

7B



be tr,¡een these tl,¡c vaLuies is thc resi.\cilse tirne o_Í the

di- vi c]e r .

9e,1-L¡--"r-*1:-gi:"*qå"-*-i-99--í:Y-*Ç-cit?.e-.ilq"1-t-?*t"-l$-s,þ*li._","ì"r-p-l_,1u-ç-e.,"-?:_.y.1Ç:::

the cji-vide r ccnsists of a. 21,6 "2 y_n resi-s tor aDlrox*-

ima'ue1y 7 ít . J on g, r,1oL1n te d. j-n en insu 1at-r-oir 'rube . The

divid=r has capa-citance grac:irrt clect::oi:s at thc top ancl

bot'¿cn 'cc ir-lrrcve i'us l:esjlonse tin,: (see fiç1r-rrc 5-1-"a).

The ccm;tle'ue div:..cie:: a.nd oscillograpiric circuit

is shor',,¡: j-n fj-gr,rre 5-.1-.-b. The ciivice:: r¿,.tio is 62.g/L.

A'u several t:--nes thrciloircu'u the'uestirrg c'lescr-ibccl in

chapters I I I an ci. Iv da.ta r',,ere ta.l<en fc:i: ca-l-ibra'ci on cf

the di. vi- de r .

the first se t of c''a'ia laJ¡c1lcC Éi on page .95

and sirolvn on the oscill-oçraris oí f.lgures 5-'3 and 5-4

Ívere talçen using the circuit o Í fj-gr-rre 5--2*-a" lf tve

assu;le tha'r the response time c:Í a voì-';age diviclcl is

cons tan'c f oy. an)' rate of rise , tJrc vol t-tirle cLlrve for

the vcl'ca.c;c divicle¡ in qr.res'cion r.¡i11 be a constant

ti-ne incrcnent belorv 'uhe CIGIì3 vclt--tin:e curvr¿. sirolyn

on fiç1urc 2-.2 anci replctted on figure 5-5. IÍ thc test

da-ba are ccrrect, th'e1, shoulci foit,r such a. curve. In

thls case since the res',r 1ts as shor'¡n on f icrur:e 5-5
a

curve,/dc nct fcrni this crìrve, thc results are the::efor:c

unsatisia.c.toxy. Dven ncre o1¡vicus an inclication is

tha-u the e.P.ro><inate reslonse t:'-mc inclic¿'.tecl by th.:se

recults is in the orc',er oÍ 9OO nancseccrrcÌs. Since a
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FIG 5-3-a
TIIIING I{AVE 10 YHz
cAL. 1OO, 2OO, 242
CHARGE 15 KV
ATTÐVUATIO}I lOO%

8?

FIG 5-3-c
TIMI\G ÌdAVE IO MHZ
cAL. 1OO, 2OO, 242
CHARGE 15 KV
ATTENUATION TOUÃ

FrG 5-3-b
TIMING I^JAVD 10 MHz
cAL. 1OO, 2OO, 242
CHARGE 15 KV
ATTENUATION TOO%

FIGTJRE 5-3 VOLT-TIME OSCILI-OGRAMS



G 5-4-a
MING WA\Æ, IO TVIHZ

,L. 1OO, 2OO'- 242
IARGE 20 KV
.TE NUATION LOO%

83

G 5-4-c
.MING WA\Æ IO MHZ
rL IOO , 2OO, 242
IARGE 20 KV
:TENUATION LAO%

FrG 5-4-b
TIMING llrAVE 10 MHz
cAL. loo, 2oo, 242
CHARGE 20 KV
ATTENUATION TOO%

FIG-TJRE 5-4 VOLT-IIME OSCI LI¡GRAMS





divider oL thi.s tvpe is knci'¡rì to har¡e â verv 1ou'

response tii,ic (ì-ess than 5O nanosecoìlc',s ) 'uire rcsults

are obviously er-'rcneclrs. Th:'-s c',emonstrates th'e r'esult

of 'l-estj-ng vr:'-th âr rìoÌ-r-"1inear highly cscillato::y rate

of 'r:'-se 
"

The seccncj se t of data l.abel.led Il on paqc 9s

determinecl frorn oscrLll-ograrns 5--ó-a and 5*ó-b lveíe

ta.lccn rvith'che.r'-r".ij-'u sirci','n on Íic1ur-e 5-2*b. The

data are siror¡n oì-r fi- clure 5*5 curve b. These resLl 1'cs

are qulte consisten'¿ anC' shc-'.,¡ e.n extremeLy sr¡a.11

response tine of. thir-teen nanoscconcis " Dr-lc to capa-

citirze enerqv l-inlita'uions con'o:lneci rvith inconsisten'c

stra,\.7 ccr-rl-'l-i.g, it rra.s vel:y 4i--í:ÍLcul-'¿ to got a scries) -- - " "J

of satis Íactory tra,c¿s. In r,ros t c¿,\ses the stra-y

cor-rp1i.ng oj-ci not resurl'c :l-n sufficient ini'cr-al. vcf iage

to resul-'c in a linear tate cf rise. this pÌ-renc¡lencn

v\¡as ciescribed, :-n cietail- j.n Cha.;;'rer III. 1'he ene i-cv

losses r¡/eie alsc nct ccnsisten'¡ in tha'c the lossas ciue

to corcna on the va.r::-ot-ts leac-js a.fr"ectccl ttre outpllt

di f fe::en ti.1' lor each shot . I{i th ttrcse pcitr ts in nin r:

nnlr¡ 1.hoq:l cl.sc-"ì ''r^ "'kl.t rose tc brea.i<dov¿n rr¡i'rhc'-ltur¡ry Lr¡vJ¿ vruJ--r.-¡.Lr9la|ll LII(

B5

a benC in the rrsc \¡;erc usec' for c¿'.1 i-brat:i-on. A

1arçer loac'-inç ceipac:i.tcr t,¡ou-l-d i-rc cssentia-L fcr a I,ìore

cie t ai -1-e d s tr-r iy .

The thircl se'u cf da.'ca. la.beIled C cn page 9s
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FIG 5-ó-a
TIMING WAVE 1O MHz
cAL" 1OO, 2OO, 242
CHARGE 30 KV
ATTENUATION TOO%

FIG 5-ó-b'
TIMING WAVE IO MHz
cAL. lOO, 2OO, 242
CHARGE 30 KV
ATTENUATION TOVo

FIGil,'RE 5-6 VOLT-TIME OSCI LI-OGRAMS



vIere '¿al<en using the circul:i. t cÍ f--i-1Li.r:t: 4-"2O " The

csc¡'-)-J cg::arns usecl in 'uhj.s case are shotvn on Íigr-ri:es

5*'7 arrcl 5-3 " The shiel-c'1. uscc-, in 'chis ca.se rncreases

tho ro.çr)ôns? liin:. hr, âr)r)l-¡r.'irl;'. 1.,-lr;'l'i'li'-? narlos:conclsu,r!r rLJl/vrrJ- .') -.;,L,-

to -six'cecn na.nosecoÌl d.s a-s shoi.',.i on figule 5-'5, cr-ìr. v'3 C:.

This is dr-le to the increa-sec cJrouncL capa.citance result--

tn: fro¡', lhe shj.elC v¡hicli by¡:ass?s iìrorc of the higher

f rocrr.-lr r-r, rl.'rìÐcniÌr'cs. cÍ tire t','ava

9=-.:lr'lr:3l39ll :å-9:-lj,ii.:e:,.}sij-T*q*Llls9ïÌiiìs-9:i-.99-P:y-'"-{s¡
This Civi-c]er consisted oÍ íou¡ lOO ojrn

lnnnri n a'l \ not-l*-inc-luctir.re tyi¡:e tì/ouncl resis'¿ors. Dach
\r¡v¡¡¿å(r L ¿ /

resistcr rvas !i:cuÌ1 d frcil nunber 30 rvire on a. 7/t' inctr

fori¡i aild. r,¡as l.'i+;. inch:s long. The clivi.cler vras con.-

structed si¡r:'-'ì a¡: to the one clescribec'i in cie'cai1 in

reÍerence 13 " The lct'; i:esis'rance sec'cl'-cn of the

diviCer rlras const::t-rcted usinq bi.fil-a:: efenen ts cf

I/S inch I'.-arna rib'oon . OOI- inches thick " "l'i.ariual'

is the trac'Ìe nai:e for en a]-Ioy (".'l )."737a -r Cr 2Ai'ó +

AL + Fe ) having a hi-çh rcsis'rivi-L), and e f oiv tenperertllrí)

coef íicicn -L of resis tence. Shec t i-,ry1a.l insur la.tion tYas

placecl betr,'¡ecn th: adjacent sactions. The resistancc

of this l-cry vcl-tac.-¿ sccti-ot: is 1. OÓ oirns . FiçLirc

5-9--b sh oi'.'s thc ii vi cìi-n g r ati o to be 39,2 tc 1 . ( Sec

figure -<-1--a fct -che c.livicle r creta.il=. )

Figu::e 5-1O shct'¡s the circui'u used for cali-

bra'cinç tÌre cii.vi cjer. ìlotice tha'¿ the cliv-r-cler !'¡¿ì.-s

B7



FIG 5-7-a
TIMI\IG WAV3 IO MHZ

cAL. 1OO, 2OO, 242
CHA-RGD 26 KV
ATTTì\UATION TOV"

88

FIG 5-7-c
TIMING h'AVE lO MHz
cAL. roo, 2oo, 242
CHARGtr 33 KV
ATTsNUATION

FrG 5-7-b
T IM I NG IVAVS 10 vilz
cAL. too, 2oo, 242
CI{AIìGD 3J KV
ATTD}IUAT TON ], OO%

FIGIJRE 5-7 VOI-T-1'I MIJ OSC t LI-f)GRAMS

\,
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FrG 5-8-b'
TIMING WAVE ÌO lvlHz

cAL. 1OO, 2OO, 242
CHARGtr 3I.5 KV
AÎTENUATION TOO%

FIG 5-8-a
TIMING I,{AVE 10 MHZ

cAL. 1OO, 2OO, 242
CFIARGE 31.5 KV
ATTENUATION LOO%

FIG 5-8-c
TIMING WAVE l-O MHz
cAL. loo, 2oo, 242
CHARGE 3L.S KV
ATTE,NUATION TOO%

FIGURE 5-8 VOLT-TIME OSCILT-OGRAMS
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place d hor i-zontal 1y to 'uhe groirncl p1ane. this tY¿ìs dcne

to nri-ni¡¡lize 'Lhe high f requeücy capaci- 1-e.ncr: gror-tnC

curren-ls anC'uhuls im¡:rove the divj-Cei: IesPs'l.Se to the

fast rising tvave. The data tal<elr cn this divicler ar3

1abe1led l) cn page 95 aricl ar.: shor':n on figure 5^5

cLìrVe d. The osci-l-l.cgra.rls uscC are Shoi':ir on figrrres

5-11. a.nC 5-!2.¿

Frcn figure 5-5 cLirvo c-i it can be seen tha'r

the divicier has a resPonse tiräe of fif 'cee n nancseconds.

A lo,,q res,Dcnse tine oÍ this or d:r r,voul.cl be e)<Pected for

a c]ivicler: oÍ this type since the l-olv resistance essen-

tiali-y ininin izes the efÍect oÍ a.ny glcunc'r ca¡;acita.nce.

lvlos,u oÍ the osc:r'-l ).cçrans usecj for cal-i.bra.tion

of the dj-i.¡i c]ers inclulclc a l.oo r;c-l- t a-rr cl a zao vclt cali.-

bra,cion .line and a 60 liz breal<c,olvn voltage lirre lvir:l-ch

is equal ,Lo a. cal-ibra'cion volta.ge o't 242 vc:-ts f-cr the

attenr-la.'uion usecl. the 1OO vclt ancl 2OO voit lines lvele

: 60 l-Iz L-reak-'usecl to c¿rlibra'ce the peak voltage " thc

dol,,/n vol-ta.Ee lj-ne vles to Lre used ic calibrate ií the

rise vias not linea.r but it lvas cl=cic',ecl that onLy thcs'e

.Ìvaveforms tha.t rose linearly thrcr-igiro¡ t r'¡cutc" be used"
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FIG 5-11-a
TIMING t\lAV!- 1o lvlHz
cAL. 1OO, 2OO V
CIJ,C,RG3 37 KV
AT D¡.IUATION 50%

93

FIG 5-11-c
TIN'Í ING IAJAVE lO MHz
cAL. 1OO, 2OO V
CTIARGE 34"5 KV
ATTENJATION SVO

FrG 5-1 L -ò
TI)1ING l^JAV:r 1O itlilz
cAL. 1OO, 2CO V
CH,\I?G;] 37 KV
ATTf,NUAT IO)\r 50%

FIGURE 5-11 VOLT-TIME OSCILI-OGRAMS



FIG 5-I2-a
TIMING WAVII 10 Ì'{Hz
cAL. loo, 2OO V
CHARG5 34.5 KV
ATTS)IUAT ION SWo

94

FIG 5-I2-c
TII'1ING IVAVD 10 )ii{z
cAL. 1OO, 2OO V

CHARGD 34.5 KV
ATTENUAT ION 5O',¿

F I G 5-T2-T:
TIIlI)lG !{A\n: IO }1llz
CAL. IOO, 2O(.) V

CIIÂ!ìGrr 34.5 KV
.\TTir\IJATION 5W,

FIGI.JRE 5-L2 VOLT-TIMD OSCILLOGIìAMS
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The *út'io main mc-lhocls cí Ce teirrrining 'cire

respcnse tir,lr.: of ¿\ \.to1-taçe d:i-v:-cler ¿\re the ste¡r

resi-).)ìlsÊ n. 'chccl ¿ritd thi¿ vc¡1"'¿--ti-rne cLì:::\,/e ¡lethoc.l" Si-nce

thc s'iep reslo',ise rncthoci is a leng-tiri' and difficul.t

method, l- t j-s not sat:Lsf actory f or tl:c no:--nal. labo¡:at-
5

v! y ê

CTíAPI]Ì]R VI

COÌ.ICi-US IOj\S

U'ci.li,za.tioit of the vo-1-t"*'"i-ue curve

rnine the respcnse tin;e of ¿ì voìtage dj-rric-ìei

accLrra'¿c atrcl corrlI]ê-11 â'tivcly easy pllûceclulc.

of tÌre r¡o1t*-'r"i.nre curvc is baseci or-: 'che fac'c

vo1'uaçle c'liv.r-dei can eccLl::ateJ.y ljecord a r¿rte

n-/r,r'r'¡ìinr¡ +hr r-a,Le Of f iSC IaS,ts Ioirc eftollr-lhyr\Jvf-lrJ-t¡9 Lrlu IGlu va lIì)v 
= -..\.r\-liJtt

tl-re saìue ra'¿e of rise'rhe di-ffereÌlce betçveen the

exper:irlentally äeternri¡red tirne to t'¡eakdor';ir ancJ that

given b1.' the CIGiìD curve is the response tiriie of the

vo 1 -Lacc c'i.rl-vi ciei: .

( Parì:r

above

Acccrdirrq to tlio U.S" Blireau of Standards

ancÌ Cones ) the ra-te of risi: neerl be linea.r onJy

4.t-^ -- 4^- ^., 1---^ ^r-J^.,,^ r,^-t 4 -ê^ ^ç ¡-L - 13tne Pcl;.3i- Ïrccjr-ìLìí1(jy Dreai(uc".'iì vo-r Lc-ae or tn3 9ap.

At-tenpts at a.chieving e line¿'.r r¿ri'.e oÍ rise

to de tei --

is an

The use

{L ^ r-
Ll-l ¿: L ¿t

of rise

over the co¡lDl-e'ue ri.se r\¡eÍe riìade here to pernr j- t a

coärpl-eic s'uudy of the osci-l.1atj-o¡rs davclopecl.

For



The conclusions for thi.s thesis can best be

presen te d in i terni zed f orn .

1. The response time of a divicler can be consiclered,

. in nlost cerses, to be a sufficient criterion of
- the voltage divicier acclì):acy 6

2o The impr-rlse generator itself can be used to

achieve a fa:'.rly 1ol'¡ rate of rise if sufficient

loacling capaci tance is available , For f ast rates

of rise hov'¡ever, a seri-es gap rnust be used.

lVhen using the series gap methocì, if only a

fairly 1ow vall¡e of loading ca¡:acJ.tance is

3.

available, it is diff icult to get good resu l-ts

for an)r bu'¿ the h j-ghes t rates of rise since the

energy a.vail-ab'i1i.ty is such that any serj-es res-

4"

istance l,¡i1l cause a

97

Increasing the load capaci'uence lvi11 all oçv for

a decrea.sed rate of rise since series resistors

can be used, r,r'ill aIlor,v for danping resistors

to el-i-ninate oscillation and u¡il-1 a11otv tl-ie use

of a filtering circu:.1.

The series gap must be adjr-rsted to provicìe

sufficient overvoltage to the 60 rarn ga? to

ensure that it breaks dor,rn on the front of the

wave

non--Lrnear r1se.



6. The series gap rnust also be adjusted so

the inpulse generator oltt¡-r¡¡t voltage is

sufficiently high to cause bre¿r.kdot¡n on

f ron t of the vrave. This is par ticu l.ar

irnportant in synchronr.zing the trvaveform

the os ci 1- J-oscope stveep.

A ser:l-es res:ls'cor: rnust be pl.acecl- betl';een the

genera.tor an d ttre loacling capaci tor to

isola.te the generator f rom the nlain circui t .

Its resistance shoulcl b'e hi-gh enough to caLrse

a fairly slorv vol.tage ri.se across the series

gap a.nd thereb¡r cteate a high series gap

impedance and accordingly a loiv voltage across

the divider before the gap breaks doivn.

The resis tance betv,¡een the series ga.p and gror-ttrc1

depends on the series resis to:: fror¿ the genera'uor

to the loadins caÞa.ci tor. If i ts resis tor is

high the tn.r=aon"u from the series gap to

grouncl can be quite high . If the series resj.stor

is low, the resj.stor from thc series gaP to

grolrnd shoulcl be 1ol'¡. the inten! is to minimize

the voltage appea.ring e.cross the divider before

+^^1-
L¡¡ A L

B.

9B

the

'l rr

r¡¡i th

9"

the series gap breaks do!','n.

The approxirnate frequencies of the oscillations

developed in the circuit are calcuilable as

shoi,.'n in the Appen d:-ces ,



10. To reduce the frequency of the oscj-l-la'uj.ons the

loop in dr-lctance an<J the gap capac j- tances mus t

be min i¡ni ze d " The loops rnli s t there f ore be as

sma1l as possible" The gap capacitance can be

reduced by raising the spheres as high off the

groLìnd plane as is pra.cticable lvithor-lt increas--

ing the loop induc ance sl'.gnifj.ca.rrt1y.

11. Reducing the oscillati-ons by rneans of daniping

resis tors is inpcss j-t¡te f or f ast rates of rise

since the resistors regu:'"red are too large to

main ta:'-n a hish rate of rise ,

12" The óO nim gap introduces a high freqr:ency oscill:

ation u¡hi ch is impos sible to e linrin ate rvi thou t

serior-:rs1y altering the circui'c characteristj.cs 
"

The series gap in troduces a 10 ivlHz osc j- llation

which is tra.nsferrecl in'co the divi-cler circuit b,r,

99

73.

the stray coupling men'cioned in 13"

Stray cor-rpling ç'¡hich exists betr,¡een the series

gap and the voltage divider can be substantially

reduced by means of a shieLcl.. the shield,

however, increases the response time.

The hiEh ¡esistance compensateci divider has a

response time of approximately thirteen

nanoseconds 
"

The 1or,¡ resistance divicier also has a lolv

L4"

1s.



response

It can be

r,¡ork due

tirne ( appro><in:a.te 1y s i-xteen

used hor,vever on1y fo:: short

to the 1i.n:- te d c]i vi der s i- ze 
"

nanoseconds ) "

du r ati. on

100



An extensi.on of the u:ork c¿r.r::ied out in

this thesis i.s poss:-bl-e ,jf. adequate capaci tors are

availabl-e. !,Ji'r-h the circuit conditions essential

for a linear rate of rise cliscovered in the v;ork,

a cornplete ca-libra.tiorr of the voltage divic'ler

men tioned over a wi de ra.nge of rates of rise lvou ld

be possible. This shot-¡ld. be done to deterin:'.ne the

clivicjer respcnse time more accllrateì.y.

The calibration of dj.vi.ciers u¡:'-th a. very

large response tinle'shoul-d. also be c¿ìlr:l-e11 out

since this type of divide¡: is the type nrost oÍten

rrsed in indr,rstry.

CFIAPTI]R VII

FUÎURE I,VORK

Once the di..¡icier response time is accurately

determined, a study of fast changing voltages, such

as the collapse of the voLtage across a rocl gaP: can

be macje. This is'an essentj-al str-lciy in the v:'-ett of

the power transforner designers since the required



insulation s'crengtli oí the polver transforrner Ís so

coÌ-'rrpl-etei-y Ce¡>endent on the tirne*"of--chop of a rod

gap" Thls study r,¡i11 not t¡e sirnple bu'c a conrple'r'e

understa¡:clj.n g o{. the vol.tage clivider lvoul-d. greatly

sirnpl j-r'y the problern.

LO2



I'lanY of the cscillati-ons nlrrasLlreci on the

osciì-logr:ams of Chap'Lers III and IV are due to

loop inc'r-rc'ra.nces ancJ sphere gap cepacita.nces. This

sectj_on shoiys hoçr these locp inciuctatrccs and sphere

gap capacitances can bc estin¿rted.

Cal-curlaticn o-f In cl.r:c'ca.nces

CALCULATIOII OF LCOP IIiDLiCTAT'iCl.lS
AI'ID S}'i'IJJiìÌ GAP CAPACITAI.ICSS

APPD}IDI.X ]

(i ) Ðqr-r a

The

and

L_

tion for

in d'-r c t a.n c

bre acith

2303 fntu
@..É, 

\

109 t

4b \og to

loop

eof

bm

+b)

æ4

r,r/here d= r/o2 -, b2'

and arb anC r ar? in centimeters.

/i-i \ llñì1ã.ti on for the incluctance of a.\-*,/
to gt",-.t.t.1 .2

L - 2 x 7o-7 l-n D h5t/metre* 
-+.

f(>̂1-

ln

c\ Lri

locr

IcrrlcLance.

rc¡i:rn a'l: nfÀvv eL\r¡:lrv

of t,'ire of

2a-4atv
I

rI | Ê/r];-vlj.'.-" L-'\-'-l

10-
fb+a!+-6-l

1en gth a

radius r: is

1os to (3j.q )
b

t. Stancjard Ilandbock íor SLectr j-ca.1 3ngineers.
Scven t,h 3cii ticn , P. 53 .

Elements of Po,.'¡er Systens - lVillian D. Stevenson Jr.,
I\ícGran'-Fli11 - P' 25

2.

--7 (a.-r-b ìltl hr¡

qinnl= lin,-



I,'/lrere D :l-s the dis'uance Ílon the l.i.ne 'cc crrourìd in

metres an cì r: is -uhe radir-ls cí 'che coir Cuc-bor in

-a4yaõ h^r!,.,cnsider circuit A1 r,L,hich tvaS the ci::cr"liilLlLT LrÉJ9 llJ!! v\

u se d f or ttre sc t of. data l abe lleci C on pags 95

In this circuit thei:e ere 5 l.oo¡:s labeì-1eci A, Bt C,

D ancl E a.nd 4 I:lnes labe]lec'l ð., b, c, d ancl e. Using

th.e abcve eqr-rations 'uhe in duc'tarrce of the l-oops and

lines are cal-cul-ated to be:

I,oop A

I n.rn f2L\_'vi¿ e

Loop C

Lool: D

T ann iìLVV'-' D

iin" a

b

c

d

e

104

34,i ¡h

18 ¡h

1G12 ¡h

L" Fh

8¡h

512 )-th

2\2 ph

2+2 ph

lph

Calcr-r 1at:-on oÍ Canaci ta.nces l'

i) r'qlration for the capacitancc beti'.-:cn s¡.'h':res.

For 2 equa.J- sphei:es of raclir-:s r (cn ) a.t a

c'Ì.is'¿ance çì. (.o) ai:,al:t thc charge ier unit

1. Static ancÌ D,'nanlc llect::i-ci'i¡.' - i¿.1J. Sny-uh,:
(i'lcGr ar,r :li 1l-



vol-'taçie is
OO

a - -+V'€ r'' 5tn/,6 i=,
çvhere C"s /- ê = -Í--
Therefore, C = + = I = - liv. { t'

ii ) Ðqtiation fcr the caíìaci-tance of a

For a sPhere oi rad-i-us r (cr'r ) a-u

frcn the çroì-11-ìc1 plane th: char9:

is
? r / -'-'

Õ = 4zr¿r 5,n/J Ê,ttt''¿? 
<\'

,! ' 't 
L ' 

-= '

Cs .l (z'--É)

rvh':re à' G- cc's4 -{

Thereícre, C = 9= Q
t/ t

IÌorr¡ ccnsiCer circui'¿ Al once

tlsing the a.bove eciuations

Capac:'- tal'ìce betiveen ttvo

a.Ðar'c = 13 pf

Capacita.nce betweeu ttYc

=7pf

15,- i,É I ( i:: .!, {z nf ¡
n,- t

spirere to grcunci.

a. cì-i s'cance d (cn )

'per r-lni t vcltage

105

,.
= 1-T67 J'n::

aclar-n .

50 ci.r spheres

Ca.¡-'a.citance bet'"'u'een a 50 crn sphere and gi:or-tnc1

9LZ feet apa::t - 28 Pi
r.= n¡¡i 'r.¡nnc hqtl,lecn e 25 cn s¡hcrc an ci groun o\-<*1-'¿\L-r L.il l(,*J u\

3t-á, feet aÐart = J-/' Pf

The val-ues cÍ inc.uctance and capacita.trce calculated.

in this section are a.t b,est apprc>:in¿rtions. They

are suÍficiently accurate hc!'u'evci: to c¿r.1cull-atc

va,riolis iesona.nt freqtrencj-es that e><ist in the

circr-lit.

)q -r¡ cnllr¡'^q fiO r¡¡t a¡art¿¿J çr,r Ji.aÁ*rvJ
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CALCUT-AT]Oi\ CF
AND CRITIC/\I-

resonan'ù frequencies resulting fror¡ the capacitences

ancl incluctances calculatecl in Appendix I. Also

shou;n is the critical resistance that rvoul-C be re*

quired. to clarrrp ou'c each of the oscill a.tions.

The resonant fregucncy i.s given by

APPËNDÏX II

This sect:1on shoç'¡s the ca.lculation of the

RESONAN:I FREQUììNClES
DA}IPT NG RES ]STI\T{CÊS

ï

The critical damping resistance i-s given by
.-1R = '/2

A resonant frequency could ¡esul t fr:o¡n any

follolvin g cornbinatj.ons :

Inductance of loop A and line a r¡¿ith the

ca.pacitance of ^uhe loading capacitance.

. Incluctance of loop B and line b v¡ith the

capacitance of the loacling capacitance.

Inductance of loop B and line b v'¡ith *'he

capa.citance of the series gap and of the

of the

1"

--+--tzr,/L <

2"

3"

4.

series gap to gror-rnd.

Inductance of loop C and line c with the

capaci.tance of the series gap ancì of the

series gap to ground.



5o f-ndr-lctance of locp C ancl line c u¡i'uh the

capaci'cence of the 60 nnr gap and of the

60 mr,i gaP to ground"

6u f-nductance of loopr D and line d w¡l"th the

capacj-tance of -uhe óO mm gap and of the

60 min gaP to groltnd"

In order tc calculate the resonant frequen':

cies it is necessary to estirnate the paÏa.meters to be

used since they are norrnally co¡ibitrations of tr,vo of

the calculated parameters. They are also calculatecl

using idea.lized ccnditions " Fo:: e>:ample, all the

.loops are not true loops but rathe:: are Loops made of.

circulit cornponents. tüith this in mind the follorving

estimates afe at best app::oxima.tj-ons but most J-ike1y

result in fairly rePresentative valties "

IncJtlctanceofloo¡lAcombinec]r,vith]-inea

(1-t\*^) equals 30 ¡ih

al.so LB -' b = 15 ¡h

Estimation of Pararneters

108

LC-c=1Oph

. LD-d=10¡:h

The capacitance oÍ the loacling capacitance

is of colìrse knott¡tl:

Ct = I2oo Pf



õL- ^-'".^h:'3 OÍ ,UhC
L!I':: (/clÈ,¡ciL,r LGli t

rvi i'h i'h o rì e.:ra c i 'L e.n cc o Í

g::oun ci.

The ca¡:a.cita.nce o:Í the óO ni:l gap ccn'Lrine cl

with the capaci-ta.nce cf the óO rnin çJap to

grolrn C

C-, = 15 Pf5

Calcul-a'ricn c¡f i?esonat:'c Freqr-t':ncies

Cp = 25 pf

serj-es gep cci:ib-ined

l lro set.j cs cia.D toJ-_

^1

l_

¿'

1
3

-á.

1.-5

T-6

.- t -. r:--;-1 : l, ¿_ /-i t-l !-27TJLr¡-a-L,'

109

L-r- /;;,:* .:
__t_____

27T t/LB,b ¿z

I'he a.bcve frequencies a.re basical 1y 'chcse

estir-,ratec" befcte ei'¿irer of thc gels break do'''''n. Af ter

the ser:les gap brealis Co',vn there is stil-l- a siqnificant

capa.ci'cance f.ron the trot'uo.;i sphe¡c to crctln cl . Hetice

"r.rl.l.ations 
may still- be oevelopecl. l'Jhen the 6O r:lirl

cra.n Ï-rroal<s do:':n - +h'j r'airarrr-ta.nCC Of 'uhe 61a¡r iS
Yci/ u:ç<- r!t)

essen tiar1l-y e linrin atecl'

:: /-7Ì1 hz

= 8-3r'/hZ

znr/¿r. r- ,-'
I

zr/¿,-¿71

t2M!-t ¿ . l.t

= 13 r-rh

¿

z
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avail air'le, these danping resistors e.re p'rohii-ritive.

the use of an)/ one of thes'e res¡-s'ucrs 
"'¡oti 

-'ì-d decrease

the ra.'ce of rise substantial-J-y ¿rnd f.r3Llli also r'esttl-',i

in a non-l-inear rise
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