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In genoral, the electricsl properties of & dielectrie
are desorived by one quaﬁtity, the permittivity. This
quaatity is, far'aéat pateriels, indepenicnt of the

otrength of the applied field for moderate fiecld otrengthes

but dependent en %emperé&ure. and, in the ease of Cimm.

e0idcl fielde, dependent on frequency clso. The veriaetien

of peraittivity with freguency, end the adeoarptien of
energy invelved, gave rise to the oonecept e£ é7§&ﬁ@1ex
pernitsivity, | |

| @ = .e,'+i.e‘,_

where ¢, end e,depend on freguendy, anﬁ e;le proportionsl

" %0 the 4icloetric loss.

~ clement, there cre pdwentag 88

The properties of z diclestrie are often neasursd
using alternating current in torue of en ocguivalont
notwork of limeour circuit slements., The velnes of the
equivelent network componente are depemdent on freguemcy
and in oxder %o sxomine the properties of the dicleetric
over & remge of freguencies, it i necessary te neccure
those values ot & series of discrete froguenciles within
the roquired frogueney renge.

To envisege the propertiee of & given scireuit

\ 29 SEP 1973
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& voltege step, however. Por oxample, in en inductive

<« gireult upon epplying & woltege ctep, the initisl rate
- of rise of current in the circuit is determined emtirely

Ly the inductonce., Omn the other hend, uwuron applying
aveurranﬁ atep to a cepaeitive ciremit, the capeeitemoe
glone deternines the rote of rise of voltage acroes

the eireuit. Zarly eoxperimemts with dielectric media

were besed on similar conceptions. 4 D.C. fiecld or voltage

~ etep wao applied to & condenser comtaining the diclectrie

uvnder inves%ig&tion, end, either the current flowing

1ﬂté the condencer, er the toigl charge on tharcandeaéer

wes meceured e & funetiom of time, The resulits were
ezyioined in terme of three component curreants, forming

tho total curremt flowing into the condencer: nozely

the normgl charging eurrent,.wepweaeaﬁing the instontancouns
cherging of the cemdenser, the normel ceaduction current
regulting from conducticn secross the dieleefrie, end

the enomslous cﬁargzu@ current, or sbeorption cﬁzrent.
resulting from the recd juctzent of chewges in the dielectric,

The methode then aviilable however, were not cuitable
for stedying verietiono whieh cccurred within, say,
ﬂﬁ;eeeonﬂe of the opplication of the field. Today,
the edvent of the clectronie circuit makes the ropid
ewitoh on and off of the upplied fiocld possible, cnd
the ropected application of & veltage step in the




forn of rectemgular peloes or Ggusre waves, ecn be
achieved. Also, the use of the cathode roy ooclllogreph
ensbles the results to be displayed, and melres poscidle
the study of ovents occurring immedistely upen the
epplication of the field to the dieleetric.

The use of bridge methedo in alterncting curront

mesourements, partieularly on dielectric properties,
40 well kmoun, snd ouch methods have been devolopad

to & high point of precisiecn. The application of

bridg@ methods in pulee mesduremente 1e however lsus
well me% Yot it would appear thet & combinetion
of & bridge clrcuit snd voltsge stepe makes i1t possible

in the comperison of two circuits to cancel out factors

which are precieely similer in the tge eircuite,

emd $0 indicate differcnces cnly, aeiaetea acecording
to the time &t which thome differemeces aricc. Henece
the poecibllity arisep of dicplaying end mossuring
the electrical ehsrsctericticgbf actuel natorisls
which cem often be reprecented cpproximotely by &

Botuwork of linear eireuit oclemente.

Bridge bulance, uvsing pulsea, requixe& the balance
@f the Peurier componsnts of the 9ulse" in bdeth
phase cnd anplitude, This forms the sdventoge, a8
well se the difficulty of pulse work, im that & pulce
investigation of & aystem provides & means of imdicuting




-

in & single taet;Linfmrmaﬁionneqnivalent to the phase
shift and amglitnaé respoOREe OVer & rangse offfreﬁuegciea?
Sut there ic sleo the disedvantege that the devalegment
of the apparstup, the experimentsl proeedure, and the
analycic of the resulte deaend =m spprosch which differs .
“considerably from that edopted in slternating current
measurenents.

&

The presemt work ie o etudy of the possibilities
of using the pulsed bridge for
1) the messurement of networks approximsting to a‘sunﬁenser
£illed with natwersl dieleotrie,
3) the ezamimstion of come diclectrice by the methods
thus doveloped,



It is proposed in the first instance to study the
flow of chorge o5 & function of time in & network of
linear elreult elemente aygioximtm to o condenseor

“£111ed with neturel dieloctric, to which a veltege step
Bes been applied. In partw&lar, it is proposeod 1o uee
& puleed bridge for the purpove, snd, by cemparing suoh
e network with some sultadle circult element, [B8.gu, 8
rpureoupacitence, rmyfeaeatmg & condencger £1illed with
non~losey dielectrie), te obtain sn indlecetion of the
differences between the two cireults whieh arise &t
specific times, |

Upen apdlying an electric f£ield to & dielectric,
the charging proeess in the dlelectric is not instamtansoue
due to the elow respones of the étap&a@@d cherges in |
the dieleotric. The veristion-of charge with time io
probably of the form shown, APT, in Pig.1).

charg

>

Fime

Pigei)s Cherge-time verigtion in dielectric,
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Whether there is & Mwammuity et P m} indicated
in the diagrem 18 to bo regarded s wmoertein: Any cuch
discontinuity implies that the polerisstion of the dielectMe
may be divided into two componentes~ en instentensous
&omponem arieing from the diocplecement of electrons
mﬂ stous withirthe molecale, &nd & non-instentenecus
component ericing, among other possibilitiea, from the
rotstion of polsr molecules. Om this bzsis, & poscible
netuork of limesr circuit elements spproximeting to &
condenser £1lled with natural diclectric meP be buils
‘up. The instentenecous processes are represented by &
‘pure capmeitence, C', in parsllel with s large resistance,
Rt tef Figez),

—=

e

Pig.8)s Betwork reprasenting the xmtantamms
polarisstion processes ccourring in
&QGIM!’&G.

Upon the eppliostion of en electric field, the oapecit-
ence cherges up instentaneously to its full velue. The
ensuing lecksge of charge scrose the parallel recistence
could be considered ss a reprosentgtion of the dieplacemm
of electrons and otoms within the molecules of the dielactrie,




Lol 2

‘lceding to & surface ehsrge whicﬁmémmpenaaﬁes come of the
cherge on the oenaénaer §1a$eﬁ.‘31mizariy.‘ths ﬁan~$ﬁﬂtanp
teneous cemponent of the polarisetiom of the dleleosrie
eould be thought of in torms of & small copsciteonce,C),
end seories rosicteanee, RJ, in parallel witk the msin
copecitences 0!y (0f,P1343)0

|'C: -

—W—

-

Fig.3). Betwerk represonting the non-inctentensous
polarigation procetses ocourring in &
diolectric,

Upon the spplication of an electric fisld, the |
cepacitance C! charges inotentencougly to its full valne;
The eharging process is then eamg&w#a§ ﬁ% a rate doterained
by the time comstent GeR!. This grsdus) cespletion of
cherging could roprecent the rotstien ef the ﬁelar 10) O
cules towords alignnont in the direction of the applied
£1614.

4 combination of these two aﬂtwonkm iz a pocoible
‘approzination to & condemcer filled with natursl dielectrie,
{cfPiged),



Pig.4). Betwork representing a condenser filled
.~ with naturel dielectrie,

& diéérammatie ropresentation of o bridge for the
coenparicon of such & network with, say, & copeeitance,
ie chown in Pig.&). D is o difference indicetoer.

1 N‘hvuv k.

al

]
—
F&g.&}. Brddge eireuit far the conmperison of
‘ aetwerk with capeeltance,

Euppose the cheracteristic chorpgoe-time curve for
the network is represented by APT in Pig.1), and let
the capacitsnee apply through the inﬁicating ayeten
& charge cencelling APQ. Then the differcnece indicator

%111 indicate & cherge-time varistion as chown in Fig.s8),

end the correcponding current-time, end rate of change



of enrramt.time variatiane cen then de d@ﬂueaﬁ.‘

$ r_——
: K_
di |
dt
Fme
Pig.6), Varistion of charge, current, &nd rste of

chenge of currént with time, under cenditiene
etated sbove{ces P.8).

Altornetively, 1f the capascitenes 1o & jmoted to
epply & charge AST 4in opposition to APP,{af.Pigf.i), the
difforence indicathon will be of the form shown in Fig.7).
Agein, the current-timo, end rste of chamge of current
time varigtions cen be deduced, eles.

In oxder te study thess weveforms in practico,
1¢ ie necessary to chocse & bridge whose ratio sros
{which forn the diffaorence indicater in the disgramsatic
r@yreaeneatien) are cuited to the nature of the work
invelved,



i

(eb ]f\\~_ -
£

=
‘ » Fme -
Pig.7). Varistion of charze, current, snd yste

of ckeznge of current with tine, under
conditions stated cbove{ecs P.8).

The f@}lewtng conditione munet be fulfilled by the
bridget-
i). The form of the rgtio armec must not interfere with
the performance of the veliage-otep source.
2). The properties of the indicating syastem must be
.eleerly 4efined, snd must permit of amplificstien.
hﬁ}. The cereening and balence of the bridge clircuit
must be complete over the Tenge of frequencies
incorporated in the agyliaﬁ voltage step.

gome poasible forne of bridge cirecult are showm
1n (P1g.8) .
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Pig,8), Powsible forme of hziﬁgg eircuitie
8). 2he resistive ratic arm bridzes
. The capgeitive ratio srm bridso.
» The differentiel gelvanometor bridge.
« The diffexantzal tranaformer dridge.

The use of the recistive ratic erm bridge,{Pig.sa),
is elinminsgted by the foet that the retio awyms interfere
with the performence of the voltage-stop BONTES. This
dissdventege cen only be overcome by the use of large
resiotors, in which cose the bridge is wnedle to rospond
to rapld evente which may ecour?, and the zyoten loses
itc seonsitivity,

The capucitive ratio erm bridge.(Pig.8b), precents
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apociel 34ff1oulties with respect te the second comdition
that the indicating @yateﬁ muet permit of amplification.
From & consideration of the civenit,{ef.Pig.0), 1t can

be seen thet the én@ﬂe and cathode revisters involved

in the anmpliificetion stage constitude en suzilisry bridge.
This would require preliminery bslaneing, ond such &
balsmce wonld aepénﬂ partly on the propertiecs of the
velves concerned. These are lisdls %o chenge with time,
end fram'valve te valve, hsnee thiec eireuit precents

serious problems.

Pig.9). Capecitive dridge with emplificstion stage.

The third cenditien, regarding eompletenese of
seveoning and balence over & renge of freqguencies
practicolly necessitates & bridge of eimple desiygn with
iti ratlo arme, In this reowpect, eircmit 20}, using &
a1ffsrential ExEABLEFEE: ‘

: golvenometer is quite aatic.
factory. However, the responve time of the indicsting
syetem im this cese i tee slew to permit obeervation
of events occurring immedistely upen %ho applieation
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of the voltege abey to the Pricdge.

The differentisl transformer briﬁ@e.{?ig.ae), on
the other hend,overcomea thile 4ifficulty, meete sll
the regulrements lsid down above, and poscesces epocisl
poaeibilities, This ﬁridge has eguel Iindnetive retio
eype wound in opposition om a toreidsl dusy a@re&). the
two arms being tightly coupled to eme &n@tﬁar. The output
ip taken by way of the ceeondary winding whieh ie placed
symmetrically with respeet t¢ the tweo primary windings.
#ith regerd Yo tho reguirements leid down asbove, provided
the loakege inductemce of the differential trensformer
primery windings is smell, the bridge ratio syme de
not sffect thoe parformance of the valtag@-étap ﬁauzeeﬁ).
‘The indleating syetem is provided by the scceadery of
the differentisl tranpformer. Its properties are therefore
elearly defined, and saplification of the bridge output
cen be achieved without affecting the bridge itself,
At baslence, the time constenteo of the twd branches of
the bridge are ejpual, end for copacitive bridge srms
the time constonts are zeT0. Hence, in the differcmtiad
trensformer bridge, the growih ef charge is limited omly
by the eomponents under comparison, wherces in most
bridges 1t is limited elso by the retie srmo themselves,

{ef.P1g.10), One advantage of the differential trensformer
bridze, therefore, is its ability te displey raopid eveatc




"ueﬁurring immediately upon the application of the brlige
inwux.

os'os ~
i !
‘V;o','“s* mr¥ —
—Hme—> —Fme >
a). b).

Fig.il). 4 comnavison of the resnomoes to en anolied.
aulse, ofi- .
ag, the 4ifferentiel trenzforner bridge,
b}y & recistive retio grm bridge.

In genersl, there sre two types of strays iz oridge:n,

' 8
namely, strayse t06 earth, and straye due t¢ cross-coupling e
These cen be represented by 2,,2%, .2 .and B, 808 2, ,3,.2;+Z,, Z,,

and Z;, respectively, ee shoun in Plg.ii). By moane

of suitable screening, and the cholce of & suitedle refsrence
point in the cireuit zs esrth, it is often possible 3¢
srrange that seme of these strays be redueed t0 & negligible

smount, and the reat compsnuated for,

ol



Rige11). Repracentation of strays in bridges:-
a),Strays to earth.
b).8tzaye due to crece-aounling.

. In ths cese of the differentisl trxmnsformer dridge,
if the symetry of ﬁw ratio arus ic to be retained, there
.&erc twe nosgible esrth roimte, nemely, the junction of |
the ratio arme, €, and the juncilion of the comjaricon

end mecsuring crme of the dridge,By [(cf.Pig.12).

Pig.13). Aopresentation of etreys in the differenticl
traneforner bridge:-
al Strays to earth,
b) Strays due to cross-counling,
'Ct anaa@' are poopible earth Hoiants,
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_Gamﬁmaarimg‘fira% the straye Yo eaxxh@, &t bwlance,

the eurrents thrémgh”the ﬁwehgrléafy'wimaingﬁvmra egual

and onposite. The voltege drop aeross the primeries is
“offeetively zero, sssuming the offects of leskege inductenee
and recictence te be negligible. Then if ¢ is the carth
point, 3 ,3,,6nd 3. ere practicelly eliminated. 2. is
offectively in parellel with the bridge source., and, provided
it is sasll, hes negligible effect an the performemce of

the source. If, on the other hamnd, E is mede the esrth

point, 2, ond Z, aet in parallel with the metwork im the
comparison srm and the capscitemece in the messuring erm

of the bridge respectively. These cen be included in the
eslibrotien of those arxms, provided 3, end %, &re 1nﬁe@enﬁept‘
of freguency. & is eliminated, ond 3. scts in parellel
with the bitdge source, emd , provided it is easll, has
i'a*zeaggliggi.i:ae effect on the performance of that sourese. Thus
without the use of speelal eerthing devices, cuch a» the
Yagner arm, & bridge ie obtained which is relstively
uncffeceted by ctrays to earth aﬁ‘all sxcept the highest
frojuencies,

0f the strays due 1o cross-coupling, 2,+2,,3, 52,

end 3, een be réaueed to negligible amoumss by suitable
layout of the ppparstus. 2, repraaéntin@ the olectrostatic
coupling betweern the inductive ratio arme, depends onm

the design of those zrme, gnéd muét be kept smell.

The difforentiel tromeforzer bridge hes been used
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in %lternating earrent woxlk $0 measure impedance, resistance
eoupl ing, capecitenece, phess aimﬁlaeement and p@wer? .
ﬂLi&tie work has been publiehes.an it recently hewevera .

' Prom @ considerstion of the differential trencformer
bridge with voltege step inputy it i2 pesseible teo deduce
the ehareecteristic featurec of the charge-tine veristions
end henoe the current and rste of change of current wave-
forme for verious networks in the comparison arm of the
'bri&ae. In general, upom tho applicetion of & voltase

step to the bridge, the lerge inductence of the differcntisl

tranaformer primary windinge imposec initislly the conditiem
of egual growthe of curremt in tho twe bridge erme. Thie

.ie followed by & relatively slow &d justment to the finel
cteady condition controlled by the flux in the cors.

Consider the fellowing cimple networkse, cecuming &
verioble czpacitencd in the meecuring ars of the bridge.

1)+ Pure cepsoitance (cf.Fig.13).

fhen € =Gty the Zlux through the prizsry windings
esncald out, end the output ie goT0. Whem €< Cry ehé ratee
of growth of charge in the cirewit are instentanconrs umeil
C, is fully charged, whemeﬁpan the charge in €' inereeses
gredunlly to ite full value, the rete of incrocece being

eontrelled by the natural freguency of the riag cireuit,

ABFG. The verlation of Qe=(g'~ @)y 0 1= d (ngq), and @ _{01),
' dE dt




with time under these conditions is shown in Fig.13).

1L (3-
qﬂ rg ?ar
r

‘?1@.13). Varisticn of éhaxge,_ currchl, ond rate
of chonge of currant with time for pure
cepacitance iv comperison arn of bridge.

Z). Capacitence and series resistence in perallel with

& cupaeitence, {of.Fig. 34) e

Jhen G, = €+ G}, tho @i%amgmg orocess ic imstonteneous
wmtil ¢! hes meguired e charge V8!, {where V= nmegnitude
of applied potentisl). Thereupon G charges &t & rate
determined by the time comctent é,'ﬁ;, end & sensibvly
equal curremt £lows in the Cr-braneh, since the large
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inductance of the primary windings imposee a condition.
mof equal’currents in the two arms, The currents ere not
.precisely egnsl, the difference, which is small compared

ﬁ}ih the origina;éharging'eurrant, being such as to
Véroﬂuce an 1nductive babk e.m.f. restfaining the flew of
sgurrent in the lower branch to that in the upper branch.

§ h1s restraint is produced by the changing magnetie field,

henee an e.m.f. of precisely similsr form appe&ars across
thgmaggqggaryrggrminala.

eCPG
9,

l-lrne

Pig.14). Varistion of charge, current, snd rate of
change of current with time for a network
of capacitence &nd series resistance in
parellel with & capacitance.




#hen C » Of; however, €, mﬂ ¢y charge to their f£ull
valus instanteneously, @herenﬁeﬁ €} shares ite charge
.#1th C) by way of R'. This results in & reed justment of
the charge in the two arma, which, depending e 1t does
on the properties of the ‘ring' circuit ABFS, i relstively
elow, {cf.Pig.14D) .

3)+ Capacitance and ‘gamnel resietance, (cf.Pig.i5).
In this cese, when €, =0 the two exms charge mtentmemly

mtil ¢, and ¢! ere fully charged. Thereupen the charge

flowing in the €' srm inereases siewly at & rate govemad

by the gzarallel rwiatence aml twimm inﬂmet_gmg,

w& 3

e L
. _r‘ " ,,:V:_,b;c O 2
LN :

(-3
g

8 (
ft-u:? £

(m) i !E

Pig.16). Veristien of charge, eurrent, and rate of
chenge of current with time for & network
¢of eapacitance end parallel resistance.
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The 'ring? circuit, ABP@, farma an oscilla%@ry eireuit,
Any unbalsnce of the bridge arns weuld therefore be expected
;ta resnlt in & aaaped oscillation whose freqnanay 1e tke
%natnral frequeney of the rlng eircuit. 4 demping reaietar
of euitable value scross the differential transformer

cecondary chould demp out this unwanted oscillation.
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IIl. DHE APPARATUS.

1)+ The differentisl trensformer bridge.
' In the design of the differentis] tremeformer bridge

the f@ll@wing factors pust be censidered:-

i)}. The transformer primary windinges must be exsctly similsr
with egual mutusl induectences with respect to the commen
secondary. | |

$1). The leskage Induetamce e¢nd resistaence of the primary
windinge must be a minimum,

1ii). The coupling between primary and secondary must be
éntirely negnetic, end in no degree clectrostatie.

iv). Brrorse due to strays must be glimineted as far es
poesible by tk use of soreening and a symmetricel arrangement
ef the apparstus.

In perticular, for use of the bridge with pulses,
the conditions indiceted above must spply over & rsnge of
freyuercies corresponding to the frequency eampmhantﬂ
contained in the epplied pllse. Aleo, the instrument itself
must be espable of responding over thet freguency renge.

The differentisl trensformexr, (cf. Fig.18), developed for

this work comsisted of two primary ceils of iHQ turne esch,

wound with twin wire on & toreidal dust eoreﬁb_ This method

of winding inevitably introduces considerable electrostatic



caugling bw@weem *h@ o eoilu, bng fh*ﬂ di&ndvantuge is.
affwet by tha faet that tight couvling between the two primary
windings is ensured, the primery coala are practically
‘1ﬂentioal, and magn&ticvlq&ga@e& «wgre reduced t0 & minimum,
ﬂha.soeandary of 450 turns wet wound om & copper former,

;and eovered by a copper strip, thms screening it eleetro»
.ataticaily from the primary windings. To sveid f@rming Y
 short-e1rauited tuzn round the primary, the ceppar former

for thé secondary wos umsds up ﬂf two section: insuleted

from one gnother, The tremsformer &s & whole was chielded

from sxternal 1nf1uana@s by an earthad SCreeh..

Fi@. 16}, The differentiel trﬁnwfarmara- »
a).The »rimary, b).The secondary,
¢).The transformer.



Yeasurenent of the self-inductence of the differentinl

trencformer primary. »

Se&eral atteapts vere made to messure the szelf-inductance
of the differentisl trameformer primsery. Resonance methods
were not suffibiantly csensitive with the epparatue availabdble,
' The following method was firelly adopted. A sinuceidal
Inputofyknown freguency was applied scrose a varisble
resistance in eeries with the differential transformer
‘nrlmary{twe winﬂings in series). The differential transformer
i&ecandary %ee on mgen cireuit. Using & valve-voltnmeter,
the voltages deve}myeﬂ serogs the inductance and resistance
reémective&y wé?é~doﬁpareﬂ, end the reeistence veried until

those volteges were eguazl. Them,(ef.Pig.17),

Wl = R.
L s g,
.’

where w = applied frequency in radiemns/cec.
Hence 1, the inductance of the differenticl transformer

primery was obtained,

-9
l VG.lVG
& u’“"m‘.’a'.

Pig.17). Circult for doterminstion of inductence
of differentisl transformer primary,
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Hescurements were msde &t three freyuencies im the
-sudio~-frequency remge, and em avernge taken of the results,
(ecf.PableE).: |

reguency in

- mey in " ip I 1in
{cycles/asec.)o ohms, Henries,
.3 ‘ '
_ 905 x 19 : Qc&g Eo 9&29‘
10 %10 1040 K. De2R) Qo282
3‘309 X 1@3 ) . 30% Ko 0:24’

Pable I. Messuremente of self-inductance of
differentisl tramsformer primary.

Prom these measuremente it was concluded that the
&nﬁuetapae of the differential trensformer primary wes
-approximately 0;&& &énriaa_{seeendary open-circuitef).
Assuming perfect coupling betweon the two primaries, the
self-inductence of each primary winding was therefore
9,955 Henries. ' |

The bridze arms, were developed with s view to studying the
slectrical he%ﬁeékb; and conbinsgtions of those networks
whieh weie discusced theorsticelly in the preceeding chapter.,
‘Los-10s6 lesde comnected the ends of the primery windinge

$o the bridge arme, which consist basically of two screened
0 t0 BgunP variasble air condemsers. These were used as
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e fine sdjuctment 4n all capacitance mossurcments ond w11}
henceforth de preferrsd to as "measurivg™ condenscry. Uith
ranganent any zerd errors iu the moaguring ammem
vere sutomatically balaresd ocut. Peeilities were prowided fop
adding the slectrical notworks in parallel with the noususing

condensers as reguired,

buppik ale bgy For the mrge capacitive netwopk exenmm.
39 to 3ca%g9 Saliivas standerd veriable eir condensors vers
used, whillst for the smaller values, 0 %o lopu¥ and O to ﬁﬁau?
verdsble eir condensers were wounted and voreefle@, High
etabliity Dudbilier resistors wéwe uged for ﬁh@”ﬁerﬁ%a ﬁeaiﬂkanea

elenents covering rangoale .
Fros JE to 16K 1o ap@m&ﬂ&maééﬁg 1K ata@hé". [STwLO’Sk] [
Y
. 100K %o 500X an ¢ 10¢K * , ~
| ﬁné value between I and GIUK could thus bo oblained to
withis the nesrest I, The porslliel resistance elemente Were
formed by sevoral I Brie resictors conneclied in gopries, A&11
network clementcwere fitted with smoll metal plugs, to plug
in onG out of sockets suitadly arranged on & low loms base,
phi= All capacitive components of the bridge were

calib&aaa@ ander actunl werizing condizionn, the pnin sources

of error in the diffepentisl twsneformer bridge such as ratio
errvorr

arm)being climinsted,



The sopacitanceg o be calibpated was couneoted in the campaﬁigan7§
arm of the bridge, and using 440, $Bput to the bridgo calibrated -
in tesms of the 30 &ova%*wuf Sulliven standerd condensers, i
it vnc estineted experimentally that the erroy of Gic) setting

of tho couponent under ealibration was limited mainly by the
scearacy of the stondard used ast wse ShuuF (ef. Pig 16 ond

Table 1l,) |

ihe series pocistonce ocomponents wepe aaa&ava%aé.inﬁapaaﬂentié
of the bridge, by the ugusl Post OfFfice Box method, The maxisum |
error was catimeted exparimently o be iess than 0+l

Fhe #awal&al reciotance components were ot csiibratsd 5
independeonsly, their velue being fer from opitical in the T
mempuraments underteken, The toleorance of the parallel
reslotance componenia vas spaeified as & 20%

It hes boss ahamh {ef. previcus chapter) that the ghgics
of & suitable referonce point &n the bridge oircult ac carths
eoculd simplify the system éa ragardc the effects mf-strﬁyaﬂin
the system. %Two possible esrth pointe in the differcotial

tronsformay bridge were discussed, vamsly, the jJonction of

- the ratto B?ﬁﬁy end the Juaction of the measuring and ¢osparison
arsm, Although the fﬁvms@ eardth point gives ome the adwantage
of working with the whole of the differential Pransformer
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primary practicslly st earth potential, on approaching balance,
1% uag Gceided to choose the latter, {the jamotiss of the _
: campafaemn and'meaéuring arms), This chotse alloved the absolute ;;
determination of and compensatisn foy etreya in the acluotks
under inveatigstion, This ean be ccen from o considorutien of

the bridge eireait with, for cremple, pure capacitive LS

-in-penerat The capascitance components were cereencd, the
moving plates of each condenser being connccted to the coreoens

to eliminote the variations af straye with the pesition of the

moving plotes, Henece, Lf the juneticn of the ratie arda was
earthed, tuc pogsibdbilities apose, The screens could either

be compecied to the pogitive imput, (cf, Pliz. 19a); in which
case tho bridge crm eapaeitances and the bridge source would

be shunted by smalx'fixeé stray capaoitances; op on theo other
hend, thc sopeens could be connccted ‘o the aﬁﬁfaflusa:@ammanV"a
windings, {ef. Fig. 19b). Thep, opert from the emaldl stray |
capgacitances acrose the bridge afme e&@aaaﬁmacaa nowld be

intoduecsd in chuptwith the primsry windinge.

Table II. Accuracy of calibration of capacitive components,

depetitive settin AV ' axt
. § er Taxt
Annlied Fregg,(c/s) of q&paeitance&uag) gmlugram}eer?ZZQA
] S
&;‘?Q'@
LB oL e
050 crg F L6405 0.5
B al
<8 6O °
6.9 =C°°
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Pige:8}. Utreye in the differentisl transformer
sridge,

The feormer earthing

negnitndes involved

I
[ L.y}..d
b 9

system 1s aceegteble provided thet the

gre smzll. The latter howevsr, destrays

the simplicity of the bridge retio ermwe systen. If, on the

other hand, the junection of the neesuring emd compsrison

sYTe ware eerthed, the screens of the cspecltive comnonents

eould be comnected direct to earth, resulting in the introduotifen

of enall fizxed ceapacitances in shunt with those arma. Henee,

either of ithe earining systeas s) or e) eould ve used. At the

veginning of this work it was decided to earth the junction
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of the coaggrison znd mea&ufing arma of the briﬂge.

¥ith mors complicat«d azme, snch as the series resimtance;
cepacitance notwork, stray canacitences could be compennated
for guite simply with the esrthing system chesen. There i
- wers tws possible srrungemente; the resistence eould be |
vlmu&d‘batween the cupacltence wmd earth, or betwean the

expeoitence and the -rimsry winding,{cf,Pig.c0a andd),

o A

g

[
1
% |
!

Flg,20). Bffect of slraye:- &) €, o earth side of Rs, -
b} Cs on positive side of R, .

Thae latter was saticfacteory in thst it introduced etrﬁy
cepecitances in shunt with ine cenmacitive eompcnents dnly,
whereas the former asrungenent introduced ztrey capacitences
aeross the resistive eomnonments aleo, These could noet ve

coupensaten for in tie c&lipretion of the bhridge crms.
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By suiteble arrengoment of the bridge arme ap indicsted
sbove, wnd oy the use of short soreensd lezds cnd shilelded
éa@aeitance&, it wee nossible 40 fix all strays in the
bridge srue o esrth,rcduce their effects to 2 minimum Dy
eymaetricel leyout of the bridze erms, snd +9 conpensate
for the remsining straye in the calibrution of the dridge

ETR compenento,

In oxder 1o {nvestizete msmd reduce nereible sources of
errer due to strayw in the differentisl trensformer itcelf,
toats werg carried out to estimeds the totsl order off error
involved, and +he relative imnortance of the errors due to
a?ray& to earth and croegs-cenupling effects. The stray
impedenees involved in the dridze ¢ircuit were almoet pursely

eapacitive from the neture snd layout of the bridge.

The following teste were nade;.
1) %ith the bridge mrms ocosnsircuited, and a2 SQUATG-W&Ye
applied to the bridge., the ovtout from zcrnds the differential
transformer pocondexy was observed on & cuthode-ray 28¢illo-
greph., Thecsresically thés should be pere, but due to the
presence of streys to earth sad cress-covipling effects, the

, output wae spprecizble,{cf . .Fig.2iz).

11) With the bridge erms shortecireuited the test wee repeated.

‘-Hﬁasr theﬁ@ conditione sirsys ¢0 earth are relatively
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1o
.

inefrective, snd the mmbalance indicated by the bridge arms
was evidence of the assymmetry of the primery windings and

the crqsm»cnupli‘g betweesn those mindingm {cf.Fig.élb).

- e o .
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) b)

Piz.21). Strays in the differentis) treneformer bridge:_'
a) brilge ETE open-circuited,
v} bridee orms shortecirvouited.

iiil) The mbove tests indicetcd the preserce of both earth and
erogi~counrling strays, In ordesr to test the reletive effects
of the twd types of sirays, snd reduce these effectis %o &

minimunm, ovzervations were made om the bridge cutput with

pure esponitive bridge erus, {cf.Fiz.o2).

I

e

de
HP

» .

-L
B

Pig.22). Btrgye in the differentisl transformer bridge
with purgs capeeltive ayms.




By reverzing the bridge arms gt points 4 end 3, it was
$088ible to izolate wnd messure tlne,.' afifeols af assymaetrical
straye Lo sartn. Bingo thesc sirave were in- ;arallel with
the bridge orms, on roverslug the syas ay assympetry of
thoge strays will be revesled by an epparent change of
beiadce point of tho brilge arms.

In practice, i3 wee obzervel thet nron raversing tho
bridge ares ag described a2bove, the apparent belance point
changed oy 5H.E. Thic wnec comperatively wmaffeeted vy aﬁﬂ:&ng‘

& few turns te olther of the primary windinge. It was

ceoneluded shat the efTect wap entirely dus to aea};msz’zeﬁ;w,and

i+

0f the corder of 2.9 ,1“5‘. In oerder to sompengate 'for this

effeet two § to 5u? trioming condensers were connected from

the ends of ths '32‘1:21&2'; windingz,4 and B, to eayth,{ef ¥ ig.%)

e

>4
Nehework
S,
c
; . $u
1
pagra a q
o»S
e ’f;
Fig.ﬁé)'. LBifierential traneforner bridge showing

@ o §pu?P compensating comlensem fronm
A end B to earth.
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These condensers were edjusted se that onm ravéreing
. the bridze arms et A endB , thers wae ne change of bHalence

point of ths sridge.

Yith pure capecitive bridge arume, the ocutvut shouvld be
gero &t velance. This was unatteinable in préctice, but
the bridge output cbtauinsd under thore comditions wea ap
indieation of the uncomnensated strays in the bridge. It
wes op3orved that this outsul was wlffected by the disnosition

of the tranaformer leads within the transformer chield, and

£

tha positicn of the diffsrentiel trensformer cecondary with
respect to the primery. These were varied unatil the best 4
avprexination o 2 straight line outpul wes obtained,fef.FPlgeé
tnder these conditions it wss sseumed that the ePfeet of
strays i the differentisl trensformor bridge was redueced to

& negligidble zmownt,

Pig.v4). Output waveform for gcual capocitive bridge
sIne,

It was leter observed that reversing the imput 40 the

\ | bridge, sad asking the junctlor of the ratio zyrmo the esrth
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2). The bridge sourece.

& study of the'reeponaa of electrical networks to an

spplied pulee by the bridge method indicsted sbove demanded
-8 source of square-waves whose vertical cdge end corners
were extremely sharp. Also, for fhe purpeses of this investa
igation, it was convenient to be able to regulate both the
repetition frequency and amplitude of the imput pulee. 4
square-wave source fulfilling these requirements wes supplied
by ?.B.Ritson, of the Department of Electriczl Engineering,
aKingé @ollege, Newcastle-upon~-Tyne. It covercd & renge of

repetition frequencles from 350 cycles/seccnd to 2 Kile-

cycles/second, and an amplitude range from ¢ to 59 volts.
The cirenit 45 shown in Pig.25).

¥
l

Fig.26). Square-weve generstor circuit.




= G
The action of the elrculit is as followss. the output
| from thé multivibrator, the lower level of ahich le regulated
by the action of the doudle-diocdes, 1s applied to the grid
of the following étage, which acts ¢s & ‘'squering'device.
The output ic teken by wey of & Beec-gaow smplifier to the
bridze.

. 4 convenient refersence point in these measurenents

is the peint at which the impedance moduli of the twdpridge
arme are egqual. In order to obtain this point, a sinusoidal
weve of variable freguency wes applied to the bridge. For
«this purpose & Beet-freguency occillator was used. By means
of & two-way switeh in the input lead te the bridge it wee
arranged thet either the squere-wave or the sinuseidel input
could be applied to the bridge se required. The two souroéﬂ
and the bridge were connected t0 a common earth, (cf.Pig.27).

&;uc“’:;e * 1
pOs L_."" (_'___”Bnus.-__.__*’
B.r.Q.7 T

Pig. 27). Bwitching syotem to bridge imput terminslse.




L

3). The bridge 1ndicmtiqﬁ__§5tem.

In order to attain & sea01t1v1ty eufficienﬁ for prasctical
.purposes it was necessery to incorperate into the indicating:
‘systea & stege of amplification. Apridge output amplifier
was developed, the output from which was applied either to
& cathode-ray tube for the study of the output weveform,
or to an anxiliary‘circniﬁ (to be déseribeﬂ later) to indicete
the current flowing in' the differemntiasl trencformer secondary.

i) . The bridge output emplifier. This amplifier wes designed

to meet the speeial requirements resulting from the use of
square-waves. If the applied pulse ie considered to be made
up of a remge of individuasl component sinusoids with &
definite phase relation between them, then the amplifier

must not only amplify each component without distortion,

-but 1ti must also preéerve the correct phase reletion between
the componentd. It was estimated that‘the E4Nare-%ave useq
invelved frequency components ranging from the repetition
frequeney (360 cycles/second,minimum) to approximately 2 Mege-
cycles/cecond. It iB required that the gein of the emplifier

should be constant over that range of frequencies.

The most suitable type of smplifier to meet these require
ments is the resistence-capacitance coupled amplifier. A three
otage resistence-cepacitance coupled amplifier wes thersfore

designed to cover the frequency range indicsted{cf.Pig. 28).
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Pilg.28). Bridge cutput emplifier.

Deteils regexding the satuel dé%}gébﬁ!thﬁcamplifier are

given in Appendix I. Anyempllfiéégi;n coentrol was provided

in the form of & variable grid resister to the third stage.
The estimeted meximum smplification at iatermediste Preguencies

wes 729 [cp prr]

The performence of the emplifier wee influenced consider-
ably by the layout end earthing of the eircuit. Undue
coupling between stagee gave rise to multividration. To
eiiminate this the circuilt wes arranged sc &g to reduce
inter-le&d‘anﬂ inter-stage capacitance coupling to a
ainioum, end the leads were kept &8 chort &8 possible, thus
reducing stray eapaéitancea to earth. The inputs to the
separate stages were applied by way of ~ soreened leeds




i

-] je
te the gride of the enrresponding valves, and the corredponding
earth points uwere pleced &8 near to the valves on the chassis

ae poseible, tims evoiding unwanted effects due to earth

carrente.

To test the freguency response of the emplifier over
‘the desired frequency range, (359 cycles/cecond to 2z Megscycles/
aécoﬁﬁ), the smare-wave was applied direct %o the amplifier, &

end the dutpnt end input mvefom:a conpared on & cathode-ray

%oscillograph. Provided the emplifier valvee are not working

to saturstion level, eny inability of the asmplifier to respcnd
to the higher freguency componente of the pulse would be
exemplified in the rounding of tpe corners of the sguare-
wave.there being no vieual evidence of such &1ster€ion it

wWes cenelud@d that the fregquency reaponse of the; amplifier
wes satiefactorypfer~hhe purposes of this reeeafﬁ%&

G1th the ciroult described 5o fer, the bridge output
waveform represented the: variewien of rate of chenge of
eurrant with time. Reference hes alraady been mede te the
weveforns of current end @harge &8 Wéii ‘#6 rate of chenge of

.eurrent, (ef.Ch.II), @hese wageforns were obtained in prectice

by ingorporating two possible stages of integration in the
bridge output emplifier cireuit. These ere indicated by
dotted lines in the disgran, (cf.Fig.28),.

ii). Indiceting ecircuite, The cathode-ray tube wes used for
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studying the response of networks end of dieleetriecs to an
@pplied pulse was an Americen Sylvania tube, type SBPQ. |
This tube had the adventages of sharp focussing ézgigizyaianee
end wac very suitable for photogrephic purposes, ani for

making dirset observetione 0£ the wavefornm.

Teo faeiliﬁate_ebaervatien the time-bage was derived

by way ef e capacitence-resistanmce cirocult from the bridge
input. It wes thuc synchronised suwbomaticelly with the amplified
bridge output which was applied to the Y-plates of the tube.

By neans of a revarsing switch, the C.R circuit counld function
46 either an integrating or & dAifferentieting clrcuit,{cf.Fig.8H
.In thic wey either the beginning or the end of the trace could
be exemined in detall, snd the time-bgse couvld be expanded

or contrected as rgquired.by veristion of the intsgrating/
differentisting conﬁanser,ci.

411 meeserements carried omt in this researeh were
mede using the integrated?orm of the time-base.

R:
-«
(=3

5 Xaplale

1
ia

Pig.28). Switen systen for C,R.0. time_base.




i;i{.:Im order to calibrate the timc-base for a given setting

| of Cy & circuit wes developed whereby the pulse edge of the
bridge input initisted a deeaying oscillation of known
;frequency, W 278 = o {efPig.3D).4pplying thie to the
Y-nlates of the cathode-ray tube the horizontal sweep was
divid8d into intervals, easch interval representing g%ﬁ;aecoads.
Apermanent calibration was maede on a8 piece of Perepex for &
given setting of C;» the repetition frequency of the epplied
pulee being 2 Kileocycles/second, and ite smplitude & meximunm,
The eslibration wes used to check the order of time comstante

involved ia eny waveforam.

i L R )
W2 L w2
Sowrce Cc C
B —>

p——— — e I——)
L___é /—E——‘—llﬂ.fﬁ L[secs
R
% Ta X-
Plcd'e.a.

)

Fig.39. Calibration of C.R.0., sweep:-
ag Circuit used, :
b} Celibration waveform on C.R.0Q.

The poasibility of euﬁ%eaeing the return treck of the
electron beam wes considered. In practice,it was foumnd thst

this rendered obeervstion and measurements on the waveformg
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more diffienlt.,

An initial study of the bridge ouiput waveforms for
verious simple electricel networks clearly inmdicated thet
it was not posaible to judze accurately the point of belsnce
of the bridge srms,{defined by equal impedence meduli in the
bridge arms)st the repotition frequency of the square-wave),
frem a visual obéervation of the waveforms. ?gagxggz;asaxily
invelved minimum current through the differenticl transformer
secondary, and this provided the nemms of obtaining the
balence point precicely. What wee reguired was some sort
of bellistic system to éeaeure tho totgl currant round the
circuit over & period of time which was large compared with
the time constant aséociate& with the bridge output. The
outeome of this wae the develepment of a ballietic indieator
concisting of a tured eireuit,ixaqeﬁenriea;c s/, P) in
perzllel with a CVip) crystel detector end s nicro-ammeter,

(ef. Pig.34).

> g WL T )
——)——r' ompliber, - —,- .
o — ¢ --

Pig.31. Bellistic indicating eircuit.




 involving comparditdvely smell resistive elements,(ef.Pable IIIi’e:

Applying & sinusoidal input to the bridge the amplified
bridze output could be epplied by means of & ewitch across
this indiesting cirouit, and = meassure of the current through
the differentiel transformer sccondary obteined in terms of
the miero-ammeter resding. When the totel copeciteances 1n the.
twe bridge arms were equel, the micro-ammeter registered P “E
gero deflection, Tests chowed that the bridge bslance mdiea;@;é;;
‘cbtained by these meems, could be adjusted to w@th1n211.5ﬁﬁfg |
end that the dslance noint ©o obtained wes indepandeont of

applied fregueney in the sudio-frequency renge, for networks

When comperdtivaely lerge resistaenees wers involved the assoe-
icted time constants became coupareble with the time of response i
of the indiceting oireuit itself, emd it wae neceusaryito h
road juet the ballistie balencepfter compenssting for tho
lsrze resistive comgonents..Thia will be deseribed in more

Ly

e
E
e

- —dotail lataer.
R = sgoK : -
- _SLE UL 69 zal
‘regueneyy- 25 $4,5 e 208
410¢c/5, fggg%ny &, ~5§p Lo
Capacitance:~ 215 25,0 N i S,
(g ) Calp L6i5 b s B
26 o) R P ARt f" ‘k';‘f :‘5409
<of KEeD  wdab ed K48
£6 5 - P B «4eD
RS RS £8 49 = 2ol £4eD
<o @i PPN “ved 3D
, _ &5 40 KO GB
rage Cepd )‘,*"@- Ll |
. Hexiaqum Orrpg";_??gs L. LA e —g X
Y4 4 R
*7% Lo dey 0,2
[ see Record Book

i Feb. 4,’? "?"‘7 ]




4). The design of the spparatus as p whole, )
The design of the apperatus gg a whole waa:haseﬂ’on:thgg“
necessity of avolding indunctive and cagac&&&v@xeaupling%'
botween the varicus sections of the apperatus. Such coupling
ney be direct between the sections, or by way of the connecte
ing leeds, To aevold direet coupling the epperatus wes arranged
©0 that input and output stages'ﬁere renoved from one another
ez far ac posacible., This wae achiewed by distributing the z»

‘apparotus &6 chown in Pig.32.

o
;T_-_—_—_::::a—:«m ‘::!‘:
Tquare- 13 !
rove ; ) An.phFicT ?blc ' :
SOwrcag l ) X
) C e +-
= I -
(—': i
e Wb W
[ I ) : Py
J Difterenhal
B.F.O. ) l Transborme:
) ! ‘ ? T L 4
RN (o
““““““ R
& Iy
‘Bl-;%«. n"l"'ls r{ﬁ

Pig.52). Ezperimental lgycut of the apperatus.

3



http://Tp.~--~.r-

o Yt

To eliminate effects ariging from the conmecting lesds

‘;:a,ll leedc botween the sections were screenmed, the screens
»baing connected to earth. The earth pointy for the complete

syatem wes the E-‘i‘.—v@ point, & true earth proving unsatic.

factory. Ezch section of the apperatus was eerthed independ.
ently to the H.Z, = s |
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~45~ 9).
IV, T4 MATREMATICAL THEORY COF THE CIRCUIT,

Fig.sén‘)_: Genersal clrcuit df _differantial bridze.
trenaformer obridje,

i). The genersl circuit of the differentisal transformer

‘bridze as used in thie work is shown in Fig.:s3). ¥ represente

o

the netwvork wder Investipgetion, represents the impedance

of the sguarée-wave enerstar.

S
Consider the flux in the trensformer. Let 2y P, ana P-
be the fluxes due to the two prim&rieé and the secondary of
the differential transformer resrectively. Conaider the cage
when Sb'\ (/:’ Thﬂn, by Lenz'se lsaw, szia‘ in opporition to the
resultent of ﬂ end )09. Hencse, Z’:, and ¢-—vae the directione :
indicseted in Fig.so). If ¢tis considerwd nositive, ﬁanﬁ ¢L

muet therefore be negstive.

Total flux in the core, Qj = ¢: + @:4 + ¢L
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-l P
Bﬁtg Q)', =T { =5 7 &—r),
@ = el o)
®£. = T ‘;'L

where™ = flux per unit current in esck primary coil, end
is proportional to the number of turns in each primary coil,
end’; = £flux per unit current in secondary coil, and ie
proportionsl to the number of turne in the secondary coil.

P = ~nli-id+FalG+i,tin) - nuds 1)

But, from cirecuit BCFB,
LFR' = - Qn S‘i_@ y
di

&Y = —in d@

R, dk
Also, from circuit of differentisl transformer gecondary,
_"L’RL = -, d¢ )
dt

‘;L = + N QQ .
‘ Re dE
Substituting for. amd., in 1.1),

¢ = T)(&;:"’Ln’L‘)* ;n i‘_‘@ ____5 dw

®odt Re g
Kgg* @ -aly+iy-ad =0 1.2)e

Lot A g



Prom eiroult ABFEJA,

Ve = ol vuntul - nd@ + g

ot <,

4@ g, dgu ) 99 4
Vil 2 = n g Py {d% j: 3?1 1.3)

Prom oircum ABCDEJA,

V(h) s G’[wfu#a,} + m g + S@_
dé )

Vel s+ GE fﬂaﬂrl% + 490 *‘%}

c:nr 1.4)

From cireuit CGHDC,
& = f[‘?/” ] Z _] : _— 105)
. Co
where f [?MZQL voltage developeﬂ acrwaa::1 the network, N,
o

This is 2 function of the charge flowing m'\;g the:nétoorkziand

theipfopertics of the network.

The.dridge eﬁmﬁt voltage. frém acroes the diffe‘rentia].
- 'r;tremefomer secondary, at any ins%am. is propertmnal to the
rate of change of flux, (ﬁg st that instant. The output

9
savefora therefere reprasmts the variatien of & de with time.

The four differential equ&tim of the eimuit.( 1e2)5 1e3)0led)

and 1,5) contain fowr unknowns, qf,,%.@,,andﬁ’ { remembering
that%a e It 18 thna poasible to eliminate g., % and g,,, ’
and eolve the equationa foz' @ Heuae-@ may be obtained as e

funeticn of time in terms of the mlmuit censtante, for any
network,H, of mowm properties.
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2). C'&p&eitmace in compsrison arm of briﬂge.(ti = open eircuit, |
' ._L = 9 )' Lﬁf_npi&né‘i)c .

\F , - N
IS ; o
: TRNE

A 2l

& ‘o

; ¥,

! "5# <
oSt & *‘ 3 f'ﬂ
et e G

Pig.34). Differentaal tranafamer bridge with capac:ltanee
in comparison arm.

The differential e atione of the circuit becomes -

K""i—¢-—-n( ._31')?0
dt

2.1)
d¢ ‘
- ZF -f—i "f"‘G’(d + T M(&) .
5 - )
122 4 G +oldgl L) |
%‘ 3 »g% = ¥y 2.3)

Botmrlary canﬂitiom:-
Vbl - O For e < O, W - Vfor

Forg’éo,, 9 % o, ;A:o.
For 7()1 Z‘ 7'; @ ¢

)
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Using the Leplece Tremsform, the subseidiary equastions become;-

@ [FK‘!-IJ +r‘tpz}—, - nF:i; =

_-nF¢ + i. (E.L +C-ff’) +crp€2 = X

rop® tqi.op T q ﬁL-+op)=

( The bar above a quantity indicatss that we are de "
. ‘i‘ :
the Laplaee Transform of that quantity, 8oy ?9 = .db )
o

[ where

where

= 'm—ge 'aog Hve_ nu.mloe’-']
Solving for ¢ g~

7

[

-
-

Vi

"

rA fﬂP —nr
L
P b °f
+d
ar qF C:
FK ll +nf
- + L
np op z
+Wﬁf bl
S S
¢y C:)

2,4)

2.8)

2.6)

ling with

-
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= ; PR .4_ ) 4+ ph ¥ it ¥ &Q‘:;{
Efé;’ {ﬂP (’;‘?' ) i‘"fa }i @'F cro

when €, - ﬂé} becomes small.

e e Mg

87 dne éf ! Fn‘(r.‘fﬁ;) {0 rC) berC,Cl
[ 54'1'50 _]
‘@-mc’ {F-«at]{ﬁ ﬁ) p‘? ig.a{,c, |

‘where % and & are roote of the equation,
™ X
+ o
P F (gtfc,) n‘t'(;r&)
. Ve gt

wmen & {49 (C'H“i‘)* and P are imeginery. This indicates
that the system wnl oscillsta.

condition for damping 1s given by:-

K= §n _— > Zﬂjf,f—-ﬁ‘,

7oA
Consider the simplest cace when demping just oceurs.
Then K = dn Jg +C\
end . = - K
‘.: aﬁ = ,3 B M

2et (g, +C.0)

) - ’
=z -
By




V= heo L j [o+ .,L..,.QA-.}
i) ne {" nlg,rﬁ. £ b C.CF
From 2,7), SE = vf.:(;, -]
b €, L, lpriez 1 Lpra cre 1
éﬁ@ - 4 ﬁﬂfw &4r&('
&g PP
- Cyﬂic ] _r 2.8) -
o 3 * Cu \
boe &8 e v T p I»;zc:]

n i *’Q '/L(C.?CJ » where L. = effeetive inductence of each
primary coil of the differentisl transformer. The gquentity
nlm hes the dimensions of time and ie equel to the
"natural pericdie time 4f & eircuit censisting of the inductanes
[. in series with the cepacitences (, and {, in parallel,

4 %C»alae hee the dimensions of time, end iz equal to the
s T Gy
time conetznt of a cirecuit consisting of a resistance Lo

in seriec with the capacitances C; end C, .

Let ~46+¢' =T, and

Then, Ve [C‘ Cw) ﬂ‘ . “
T [Ffé] [fn."?’%}

— 23%)

By Heaviside's Expencion Theorem:-
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@ s ¥ éw {J [T - {7, -;v)jﬁ L= "‘"‘@» e 2;19)
T (T - o
- Equation 2,19) gives the veriation of i with time, for s i
pure capecitive netwhrk on apprnaching belence; in terme of: 3

1vi

the eircuit constante. In order to express this result frrmﬂvr‘TI
graphiecally, 1t is proposed to comsider the relationehip in two
parts, gnd superpoce the results. Thuss=

£

@' - @a T De
..E.l

' (% a - fr, o
where fo = Yolo Gl efr.-Tle |
| T:"{Tﬂ “Tcr} |

&
) 3 . - Vn ((‘ C:,} e ch.?

E"x LTn - 0}"

L]

gnen E: O, o= ¥Yal&-C)

(Tm- T5)"
% v O oh s a’l PR P4 Thie
= {Th~Te) (s - Tx)

or w'

Turning points are given by

900 < O o AT T ITY
| g & (7n - 7o)
“ Qr W‘
| ¥hen t O @é = . ;' ({: ‘-
wier ' (m '"'ng"')»s
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ghem b0, ® 0.

Te < T,
In pmctice,tris small with respeet to 7 + The

swaveforms fer @m %.m @ s under these conditions are

ghown in Fig.35)-
B oA o

[y - Gk

p 4

T\

I

~ |
|

T |
|

|

|

!

|

|

|

——

e

/

1
|

i 5
v -

Fig.35) Graphicsl representetion of methemstical
results for ,g'm'e Tges acitive bridge arms,
(\0’ fiﬂi‘se. Te & n?o .

Prom equation %,18), ¢ ie proportiomel to{C/ - GJ,
1 . ':O
$hen £, * {, ?A.xha waveforn becomes a_'straight line, the bridge °

output is zero.

-
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T - T L hell, = »n jc,ﬂ:-{]a
en C.rc,

..@-o——eg . ¢' becomes Jnde\'ermino."g E:.:J:, EJ:'/WC- a-'O]

and the releticnshdp breske down.
T 3 T,

T 7 1.
‘The waveforms for @a ? 3 ,end ¢ when = ,ere

shown in Fig.36).

¢ G G G C, «C,

i

)
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Pig.36) Graphical representation of mathefiztical

resulte fo zmra_,capacifsive bridge arms
(@‘finite.nr' Te)e b
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Prom & comparison of Pigs.38) snd 38), it can be seen
-thét for meximum aenaitivityjﬁ’should be lees than”;?:"a .
When thie is s¢ the response of the bridge is governed largely
by the ring oirouit BODEPB,(cf.Pig.33). When 'v 7 o,
however the bridge response is governed mainly by the generstor
circuit, The first working}conditiea of the apperstue is
therefore that the generator 1mped§nees
o { n [Cy T '_ﬁe‘.‘[ e
b GG
3). The effeet of a finite rate of rise of the pulee edge,
In the ideal csse, the rate of rise of the pulse edgd is
infinite and the generstor impsdence ¥ = Q. In oxder to
investigate the effect of & finite rete of rise of the pulse

2011)

i

edge, it is proposed te coapere the ébeva results, (¢ finite),
with those for the ideal case,(T = 9).

Yhen o= O T = O,
equation 3,18) becomesie

“Cr

g - Yo i;%;c.) E;, &}e | 3e1)
gnen £ ¢ O, y
@" Yo {{:;,c - Q&J

$ - O when & = Ta or @2,

Turning pointe ere giwen bLyt-

d ! = Vrg £Cu ""C.;} -cf?:“' | - ]
&z(w} ——-) | o2

T




] = = £ i
‘ /

i R ¢
, _ The weveforms for @ =1 G ie veried through C, are shown
. £

in Fig.37). & ie directly proportionsl to L -G) o When

! 6« G ¢ the waveform becones & strelght line, theubridge out-

put is sero.

——— ciane

€)HC, -G CC, -

Tou

=
(-—a,h——)
<

]

Big.3%). Graphica}. repres. entatien of:. mathamat*c ..results
for pire cspecitive bridge armg.(d & @. sz © )

Froem a comperison of Pig.57) and Pigs.38) end 36), it
can be seen thet the effect of & finite rate of rise of the
pulse edge is to impese & finite rate of growth of the initiel
spike, and to increéele the time constant of ﬂﬁfinitial» epilie.

, 4)e CS# and sexies resis tancer&;in arallel with
| the, capacitmecisin the camgarison orm of the bridge,( N = Cs
| and % in sertec,s = % +9e = }) v {ef F1g.38)

Cepacitence

The difforenticl equetions ef the circuit become:-

AR T ) B

- &

Vie) 3 -~ g,% ¥ % f«@-[g;g; " gi "3‘3’] 4.2)
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Pig. 38). Differential tremsformer bridge with cap&citanee

and eseries resistance in parallel with capec.
itence in comparisén arm .,

“YLE) s é»mﬁ} T&i + e g w__i 1‘*& 403)
Q:’ : ’ ¢
}f‘? -9 - R dgi . O BB 4.4)
-4 Cs clE

Consider the generator imneﬁanee &8 negligible,(y = 9).
Boundary oanﬂitionaa-
yiﬁj & V for. & '5 <
For £ € ©, 97090 g0, g
For £ 7 O i

r%} ’ ? ! 13 (}" §3 ﬁﬁ ; ﬁ? ?

Using the Baplaee Transferm. the subsidiary equsticns becomer-
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A *ﬁs’{«*-_r.} = O
}%_3 v Y

Pron 4,.8), § * %;ﬁ;'ﬁ; fia?‘:_;l%]

S“batitutmg &cgl*m 4.5)9 4‘06)0 end &n?)’

G Lpnrid = apGliral rad +opg, = O

—o B+ oG, o= Y
o 3 U

V

4. 19) B

4.12)

S8olving for @ z_-;

5 = ‘_\_L . op [ tr C;ﬁ’; (‘a‘?‘ e ; | *i!"ﬂfa
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_ N ¥oe : - Cifglpt i M wdagi
where ! ‘f?,hf?‘?} ‘f'fé* FRAL ?Csf?sj P
&
-af < &
‘3"“;"’\‘ ) ﬁgif) j G
F ﬂjw"ﬁ

~-. g" 2 FT%{ _‘ﬁi.;,(gﬁs (Frr..&-)} ﬂ?ﬁu{a&{p J

k 5
5

= y‘?’:{;ﬁfvt:ﬂ}ﬁ; [F O W | }

b ¢ C;:R; {C;"’CJQ;.J €013)-
8 = Lonwsdl =Ry ovan] - op [1r O *:.s.»}]-rfe " 9"-4-»]
. f R & P s €5t
= =nlL, Ped ff"%ﬂi” Lot ] 4o14)

€, | R2¢A "[cnc,j n G163

! _ fr op 'l
provided &s is small with respecs to WorGs

8= =o' lGegdfs [, L N
Cb c:‘i S LP * fm ﬁ

where % and  are roote of the equation:-

R

+ gt'ﬂ'“‘”%iﬂﬁ"-' + ;
F Potler ] 7 wlg, v 0]

When 5 £ &n 5?:.;*&.}’ % and o ere imsginsry. This indiesztes
thaet the system will oscillate, 4
Condition for demping is givcm by:-

Koo gwq s Jl;- Y Le «fﬁg”ﬁ'ﬂ:«;*
_ﬁ&‘ R o




Consider the simplest;wg@se when demping inst occurs:-

K = JLr'a iGeLy
Then
4 3 - K pi~3 el J
ma & ® ’[3 * .,. o 1 " -
dn L0 e ~ICF ¢
. kS
! D - y
A = K {&*ﬁg}lﬁ L laa S - }
: L Cs Re J " jﬁ,'ﬁ’Ci
-Prom 4,13),
| ‘ I S L ‘
¢ - Yl -ollpram ~ mic o
ﬂiﬂ,'f'l.;..}ff"m]iw 1'“&-5-.-—- J
Téﬁa E’-@ =z f@ b2 VEL' C‘}?EF "ﬁlﬁﬁs ﬁ‘mIJ“QtJ_J -
di mia,wc,]&,fydﬁ _“f* j
| LA Ma-ﬁ»a: |

Let Csﬁ’; = Ty ] Then, from de14)

>3

| ﬁs« ZC* - 6,'} s “T; } 5! = Vﬁ £€’ ~ **j {; L;D' ‘2"3"& : l»} .
and ~ fﬂ;fﬁg = T, Ei.a?zr& ]Z + 2 J*
3 ke

By Heaviside's Expencion Theoram;-
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Equation 4,16) zives the variation of Eg with time for
e network' consisting of a seriesc resistance end capacitence
in parellel with a capscitance, on approsching balsince. ih
torms of the cirenit ccnetents. Two cases sre of perticular
interesti- 1) O i ¥C) o To o T |
it) G- < or Ta = O

1) Cg, "ggg‘fcs.)or Tt-l = .53

Putting Jo » 15 in equation 4,16)1~

,_ \ | »%,_
@' Sl 4 e ] 2,17)

4 % (=T} T (Ta=Te) (f‘ -m | '
Consider thic ralationship in two parts, and cuperpose the

resultes- ?" i} g’;a 4 @‘3
; Vo Gy o
where @, = VYols [| T

et
PS

’ ' * ~ti'r |
(T ~Ts)"
B them & = O ,' : V_,_,__.,A“C, [#j - ME‘M -.,}
g ¢ﬁ Ta é?:“ =Ts)




G
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Turning points ere given by }E»ye 0y or & & *F e

b0, @, = Fals,
-&B When ’ ¢3 {(tr,, ~Tsd*

4018)

| | N ' | T T
The waveforms for &, ’ P> ana @ are shown in Fig.39), for 4 T
When T 2T:*‘. @ PO and the reletionshin 8rewm down.

From equation 4,19}, the height of *‘éhe initiel spike
., N !
when & (6'+Ci/ 4 proportional to Cs °

11) € = €, op To: 03

Patting To = © in 4,162~

' - wb o 3 ,
’ o ( ) . ’!?'n : "‘ [ : ;
@ = Yalsi sl E& 'NI:...,}@- t Je. ® 4419 |
L CEEE A e B A .. :
- Considering this reletionship in two parts ang superpecing
the resultsie ?3' ; ¢a + @‘3
L aG [ am e
where () PR 1= [é: -k | e
VTn'trAW,Q} T = Ty
e
SZ}“ = Vo C; e
N AT I N E'9
78 (T~ - Ts)
& A Y
@ﬂ : ¢ when E s T L i+ T j or X4,

T = T3
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Graphice) reprasentstion of mathematicsl

,z’aeultaver soeries resistence cspacitance

network across one zim, & negligidlefh n7§).

+

@ @a

Turning points are given by o4& -

f?.g ghen ¢ ¢ 0:

Qf}&‘»ﬁ)when &=

op £ Ta ¥ TaTy or 09

@ﬁ"“

o
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f’é% "Pe gmen 70, $7C. . 4.20)

The weveforms for (pa %&nﬂ ¢ under these conditionc

ere shown in FPig.40) for 7 R Ta . then 153 Ta ,¢M€ l”deb"-""ﬂ-

‘end the relationship bresks dom[cF. Equ® #-{q]

I e e T myTe T
|
| P '
. T.: LA V. 1;,[”_;}5.{‘]
& ] ' ]
v j T !
I -lTl" : V"L :
[n-wTF ||
T
|
I
T
A ! VnGs
I1-T:]"
T R k L
.T. Eﬁ'ﬂ _ | !
)
]
|
[ S~ ; Y e, f
| \/ | |

E’ié'.&@). Gr&phieal representatmn of mthemtical
rgsults for series resistance capacit
network acroas one arm, & negligibleds = @).

Prom eguatiom 4.29) it cen be seen that when & =,

kel

POk -s sul“'n eqy- h-l1e
there ic no initiel epike in the output waweforg Frestk it

mey be concluded thet the chamge in(y from{C'+¢;) to c,
is asccompenied by the diseppeersnce of the initisl epike.
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5)e Metwceg* in perellel with the cspacitence - < 2
A1 uef‘ ,l" ﬁ‘? ,% w%)g(ﬂfo?i&u4l)o

Pig.ai)., -Biffermtial tranaformsr bridge with capacitance
and mranal resistunce in the comparison arn,

Tke 41fferentie) equations to the cironit becomes-

1o 20 ~alZH pde o 9q] L g
i g o 5.2)

: Eﬁ@ A fﬁ;+,cff‘ *—Cg of e *
“"*ﬂ 3 & + ?”." t C’Q[_é% gﬁf gg"]" Vg 5.2)
Y -fdy .o S

Consider the generetor impedance as negligible, (ore 9)e
Boundary conditionoi.

Vel = © For £< 0O, W) v for £ 0.
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.{F@'x‘ £ éO, %6301 %;‘Od %;’C), @-:Q,

For [ }Cﬁ: %,xg’é{g,%;:fb, o ?'P g} ¢

Ueing the laplace TiHensform, the subsidisry equations become:-

§ltprid-mplat @ -5d ~ 0O - 545)
;’""» a + h:m' : ”bi ' 546
o % % | . )
-+ mry& e &Lz 5 i 5’7)
<, P
(o
From 508) %? e ———— %: » 5:09)

Subgtituting equation 5.9) in 5.8), the subsidiary eguations
beconme: -

O

g

@ f!{fzw.}'w E?; nli.s*wx., ] 'f"nF%x

GR; 5e10)

4

T |
m i “'; - 1 S . )

Solving for '3,2‘, =




%5 =V ~rigt L b e O
pB LA,
A
O €. J
A
o © !
where s - lgerd af o] 4,
| P r oA ¥
]
+np > 0
P o %
5’ = -V{ ~s-___‘ ~.q¢a» TR Y T ] 5e11)
FB (L, , &Ry z s mi s?,{@"ﬁu |
R‘Q*’i vy .
fmLKpr ) *ffr“"“‘" iy f{:,m,j P KtE L
C;Cg Cii?“ . Clcx

n‘a, ¥} )L

= {{a'&”:c_j [{9 ij[;é“ﬁ«]

5.12)
e

waere of and B are the voots of the equatien

Pt op RE M s

N {RTN 'n“(f.’;ﬂ-;.')
‘When [K *n‘

gt wa_{.j 4 and _ are Maginary. This |
indic&tes &sfa the syatem will emillate. o

-
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‘Cenditton for dsmping ie givem byi- |
Wrg - ko' +oe w0 3 40 JETE

& R, A R | 8¢13)

Conelder the simplest cass 58y, hen damoing Juet o}?om.
Thm K Lf} o \lf? tit *“;; g ,‘pi ﬁ' - - ?ﬁ

@ 2 {{,Tfﬁj
- ; 2
| ﬁj{,“f"C:
) ﬁ . ﬁL {ﬂ,!"(,ﬂ,}f #od b
o R ndgwcs
From 5,11),
4}; s V‘{C: "‘:u_} &.w 3"@»{‘& Cﬂ‘}
L{:o*{-i J [ F idirn, }
Pt
nm:
5“*‘ gg : pPe v, ¢, }ZF *"&;,if. G) Sel14)
ECI ”‘(vp} ZP }k
. , ”ieaﬂ
Let ’?fi [‘:g "C#.f' 3 T{; 3
and n 46'*61" = 7:!
Prom 5,.14), @ = anﬁ. t‘:,jff* Ted 8.15) |
T {f” + “-r'j

By Eeavisme'e Expaneion Theorem: -

tf ) ‘ f&fl'q,
F - Yl o) {5 [+ -%ng . ’wgf‘"‘e

RPN ' .
| PEE, prida

. ) =Gy, o
ey € 5016)

Ve LC; f!jLT +T_Jf
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Equetion 5.,18) gives the varistion ofgfga with time for e network
consieting of @ gaamual, recistence @nd cspecitence, in terms
of the eircuit constants,

;%en &= O, . @ .“' Ve L{-I _Ct} » 5e17)

| T S
fﬁ o L} Wh@a {_—: L T“‘.,‘:f;_ , . 5018)

T+ Tﬁf ‘ | | ‘

or . 4 '
C d =
Turning pdints are given by ;T? - 9,
‘ or & =z T 1'. T-’*T& e o= .
TatTg

¢
The waveforma ter¢’ under these conditions are shown in
Pig.42), for e positive,(C < €, )»Te = 0,(Ci° & ). and
Te pegative,(f: ? C 3.

bfﬁ""“- (A N o C;:C, C.<C,
m‘)r. ?(m’(n m'(%"
IT.-E" k [\ /:\_ '
©
‘ T ~

1;1' T

Pig. 42). Grsphics) gepresentetion of nathsnaticsl
K results. for parsllel reeictance acrecss one
i 1Y xmglxgibla).

Prem equetion 5,17) it can be seen that the height of
the initiel epike in thie case is proportional to £~ ().
When £, ¢ £/ no initial spike ie present. Aeso, from

e W

|
1
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equetion 6,18F, the time conmetent of the initiel spike,( t#:o¢),

1s muoh smeller for 'epositive than for ¥¢ negetive. é
|

Pig. 435). Differential $rznoformexr bridage with eapacitence
: and series resistsnce, end capacitence end
parallel resistamce In the comparison srm.

The differentisl squetions o the éirgnit become;~

' d'-d-!m:._m" .
*¢“”§%fﬁw&%ﬁ %,} = &) 6o1)

,ma%f% *#’c;’[ﬁ%f— ‘f‘ngﬁﬁj yga}' - 8.2)

et e e s e b atae ot AP



http://ef.Fig.43

B e e o
f%:z‘? q_@ +u[§? m@ %‘f = V)

6:3)

;‘3:‘:: f?&f;% 3&.?"75@" 6ed)

Cs o ¢

Conasider tﬁe_g'memter impedemece to be megligible, (¢ =0),
Bowndsry :.eend.i.tiémz- .

3’;(&}= O pop & &O Vieh- V s0p & ¥ O,

Por nggﬁtg,cyc‘»@o,
Por €2 Q. Qg gy g % %G PP

Using the Leplece Trsmeforn, the subsidicry equations become:-

@{A’rfd wm#}[%,%%z ﬁ—% -%,j - e

e 6.5)
—pf + % - 648)

2 P ‘
‘ﬁ'ﬁf"?@ + gﬁc * % | : ' 6e7)

. ‘ “-li ]
pat _ T o - = M’ g" i ‘

% i Fﬁ; A Ly Cs R 6.8)
Prome.8) G © ¢ Ofs Lp *e:jé?{j 6.9)

S LG & jere ] |
A Y brr gl 8.1}

Substituting 6.9) and 6,10) 40 6.5)s 6.6)s end 6o%),
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510
O o . v
- £ @ ! 1 -
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PP e o >
Solving for 5 t- ]
% - v ,{p{%(u{f}fvl) é-f,.
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£ lp e Jd O
&y g
where & Ryt d v-nl,;.m;m o7
~np o
tnp 3 [P* ~e .}
&Ry

ﬂ *

provided Cgia amau with reepeet te
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‘Sff; ¥
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Whereﬁ m?g are roots of the equatien,

A 1 g L .
fa jﬁ # ‘{Ca‘*cr.j L[Cv*ﬁz}

When ["*’”‘*] { %-ﬂ ft»*éo!. # end &  are imaginery. This iniice t
indicates that\the system will oseillate,
«-éonﬁﬁtien for damping 1e given byse

— o ) T J«v' '
N‘“ﬁ,@ ‘;??"f,' ;ei R lepre 8.16)

Consider the simplest case when demping just occurxs.
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Then 2. 00 VT e 4 B s L wr 2

h)ﬂ
F 2 {c,,*c,f
4 = ?su Ef:u.g}; ¥4 ‘g@ . j nlﬁi*&
G Uanlf ﬂlzﬂ‘..
Proza 8e14)s
4 ; T e " L e
betem taiolle iy 15 -0l ke ol

Fﬁzﬂ £M*{a }?f #_L ][ b JL

Fowy | nfc;,w
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> 6.17)
f’«?s n [ﬂm }3;9 gﬁ i _)"
. : ) ‘ éﬁ‘; ’?ji.dfl, '
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Then from 8.17).
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By Eeaviside'e psnsion Theﬁr@mjn . .
@ia - %?{ €1 { t?? Mf- }ip -:ﬁ}* - hh
: Tﬁ} Tﬂx dr ’ (P f‘ 'ﬁr. } Tul a :
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| | e |
r flers g X g o Yoo |
?i T F ¥ j [ﬂ&f”'*4VUP?§%)TE"“ bhb ‘
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Lo P2,
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~Bouation §.dD gives the variatien ofﬁxg with time for & 1

notwork auneist.nb ef a eerien rcmia%gice and capscitance
in parallel with a pePallel rosistance end ceapecitance, on

approsching balance in terms of the oirenit comotents.

Comparing f#ié'result,{ﬂq.e.ls).twiﬁh-tﬁe raecult for
the sories resistancs capstitence network, (Bq.4,16)» it cenm
be seen that the presence of parallel resistaace,(ropresented
by the factorf : 4 e ;,};) modifics the coefficient of ; in
the equatiﬁne,slighxly. That is to eay. it affects only the |
time rate and nat the genegal shape of the waveferm. 0noe4¥¥L ?




] : ¢ .
&3ain, when & %@m@, for éf!g,.d}-‘ and @ is proportional
to 52‘01’ (X ' Z(OfrPiGQ%‘@}o
T =T Te = 0O e
G = ¢ tCs G =C”

T

X 7&‘ V[\
Pig.44). Grephicsl representetion of methematical
regulte for coriss resdastemee and capacitance

end perallel resistenoe =nd capgeitance
acroes one arm,{oc nezligible).

eirouit, .
i) Begnonse of simple networke, In the theory deduced
sbova it ocem ve predicted that the bridge owtput weveforms

for varicus networks in the comparison arm of the bridge are
‘ps Pollows, For pure cnpecitive axrme the predicted waveform
et belence is & straight line, Off-bslence, the weveforn 1s o
oseilleztory in nsture, the Lreguency of the 'deee;ymg ese.nlatioix |
depending on the properties of the rimz cireuit. The dominati@ :
time constant 1s therefore relatively large. The output
waveform for the cspacitaence and cories resistence netwerk at
balemes, (defined by equel totel capacitances in the twe
bridge arms),ls mﬁraé‘e;eriseﬁ by the ehatp spika &t the eo

s0e, The height of this initial epike




‘iﬂ_@faportional t0o the vapscitanee essocisted wiﬁh ceries
resistenae, The.time constant asccaiated with the eplke ic

in general emaller thun that asscelated with unbvelanced
capacitive arme. The waveforme for the series resistance
oapaéitﬁnaa natwoérk are in direct contract with the sharp

rise followed by the slaw dessy typical of the persllel
resistence canacitance network at balance, The comdination
of series resistance and cspacitence ,&and pérﬁllal resistance
and capacitiance, zpnears t0 exnidit the charzeteristice of the
sevarate networks superinposed; that is %o say, the iniﬁial
spike arising from the capacitance snd soriee resisisnce
braach followed by the slow decey typical of the parsllel
resistance cupacitance bremnh, &nd the poesibility of & second

aexinain,.

The woveforms predicted for the einple networks indicsted
above ore similar to those deduced from the charge-time
variations for thoeo networke in Ch.II., It will be seem
later thet they sre elso in good sgreexent with experimentsl »

_cbaervation.

11) %The working condisions of the cireuit.

&) Dampirg. PFrom equation &,13) the condition for damping

in the cage of ths combined series resistance capacitence and

parsllel resistence capacitemee network is given by~

'

&J?‘ f'i. & it
£ o D p a3 JETIT e 2T
i*?; ﬁ;_ 1‘?;, P /Zﬁ Lirteg lhm




TN
.In,praatice,:% - 8K,
| Fex 0K
AR
Z
o F { Plus/unit current- in esch primery)
= Primery inductemce ° 1/ *4aﬂ';¢5-
Flge Ty = 1501 8350 |
¥ 0P 3C0pF
Eﬁbstitutmg these values,

(&”‘”r«} # Ié : {2 /u FELD,
W 2.

u v L

¥

A, ~ g r0? ’01 1 "ob
Condition for demping helds in ree%ipe. |
. /f
(,@4 1s smell with respect ta( 4§ﬁk +in preetice, and

can therefore be neglected, The cenaitioﬁ for demping is there
fore not apprecisdbly sffected by the presence of the perailel

resistanee network)

Toeoreticelly the damping condition indicates that-éeayﬁg
damping is poszsible when either ﬁﬁ or A = o + In practice,

however, thies wes nst so.

0) _Curresh through the differeptial treneformer primery

srising from the ggriss resistanca”cgpacitaace networik,

Prom eguation 4,1i}, 1% can be sesn thet the mathematical

deduetion of the waveform for the seriez resistence




Tt T T T

qapaeitance network i€ baeed on the proviso that the current
5, throvgh the differential treneformer primery arising
from the series raaistaﬁce eapacitance network, should be
snell,i.e. thet £5 is enmell with respect to (L‘ + & ). If

G ip not small witn respect to (C'* €1} the results obtained
in gmetieé ware not mnecessarily invelid however.

B A T A

n ice, !
In practice, ie,fc; 200

b .

e). ZExperiments) ranzes of time constsnts which are involved

in the methemstical theory.

‘3ime constant. Bin .vaiue. ﬁ&xn.va:me.

[P ndC i), . i&'f,u%at.s. & b osecs.

n - ga:.c C‘ O-éﬁaa‘.S. 3'5,4 GRLS ~
{¢, ~<i)

-ﬁs . .5:5; Q; ' o '.:"/u S5 . Z3 St Becs,

7:! 1s always less than 7. . The condition speeified in equﬁ'.
2e11) holds.
% covers @ wider rsage of values then 7» . Prom & study

of the weveforms deduced for the capecitance and certes resistance

BN
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AR TISTH

NS
nepwork, (ef Fig.39), it weuld sppeer thst if & ») Th, @@@C € 3
would predominste, The finsl weveform would then lie completalyf

above the horisenigl axis.




Vo 4 GUALITATIVE EFPERIMENTAL STUDY OF THE RES
ELECTRICAL NETWORKS TO AN APPLIED PULSE.

Using the cirecuit showm in Fig.48), e study waes mede
0f the response of the electrieal networks discucsed above

. to en spplied pulse.

Pig. 48), Bridge cirenit used for gqualitetive teste
on vearious networks,

1).capanitancelai;(ef.Fig.46). With pure capacitive arms

the output waveform at belance was approximately & straight
line ee predicted by the theory. The small initisgl spikes

indicate that & certainm amount of loss was inherent in the
circuit, but this wae compardtively negligible. Off-balence

P
oo







B R O 1 . C N
.n;{".‘ . . “f? . . b

!
1 -
AY

indica%ingggaad agxwéﬁ&nt e@twasn ezpariment’aad theery. The
bcllistic belence indiecetion for pure capacitive orms was

very critical.

KN

11) .Capzeitance and sertvi-tocietance,C! endRf, (Cf.Pig.s7).

P1g.47) . Output weveforms for network of capacitance
end series resisotances— &;.c.a c'+Cs,
b .Gun c!u

When this network ic plecel im parellel with the capzcitance
C! 1n the comparison aym of the bridge, and delenced against
' she cenacitance G, in the measuring &rmbf the bridge,




s
- G-

{1.00,6 = C)+C} J; the distinguishing festure of the output
waveform was the presence of the sharp initial spike at
belenes. The time eomstent of thie initial spike wus of the
order of B or 3 ,J-aeeé., sppreciabvly smeller than was observed
- for unbalenced ecapacitive arme. This reault vwes in 'égmment
with mathenatieal predietion, and & series of teste were
carrised ont. te.pmva that the initial epike wae &
charactoristic of the type of network, end did not arise

from extrenecus cangos. These teste will be described later,

It was observed that &s C, wes decraeesed from the value
C!1+Cy,y.the initinl epike graduclly decrecsed to zexo.

¢)s Resistemce,R , in parallel with cepacitence,8i,(cf.Fig.48) .
It was observed that as C was varied through ¢ the

waveform for capascitance end parallel revistance papsed
through the transitions predicted by the mathemetical theery.
Yhen € = ¢! no initigl spike was observed. The bgllistie
pelence indication wes far from eriticel for thie type of
netwerk,

d). Combination of series rosistence and cenecitance snd

perallel resistance and cspacitence,( C'R! in parallel with
C! end R,’),(Gf.ﬁ'lg. 49)0
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eherp initial opike, and the psrallel resistance brench to

a elow decay towsards the end of the trace.

|
gl

/'

Pig.4¢). Output waveforms for netwmork of series resistenee
and capscitence acroes versllel resistance

end capacitance:- ug C= C+8&,
. - — .

Tests on the orizin of the initigl spike in the cut»ut waveform

for the capacitunce snd series resistance naetwork, Iin order

to investigate further the hypethesie that the initisl anike

arising in the out'put waveforn for the capsclitence and series




g T

—————————————

————————— o v PEE A . TR
T T e P

-

rosistence network wss 2 choraeteristic of that metwork as
opposed to the parallel resistence cspacitanec network, amd
also that 8t did not arise wholly or partly from extranecus
cantes, the following teste wore carried out:a

1) ﬁ?ir@uit wes 5ot up by moans of which 1t wes possible to
. _ g
‘bridge arma, the total resistence being Zept constent, (cf . Fig.5¢

very the relgtive asmounte of series resistence in the two

A®s B wee increased from zero through R,e= R t0 & maximum, it
wae oveéerved that the initial spike passed from 8 maximum
in one direction through zero %o = maximum in the opposite

direction,

mangé;;—i;Q?f—Ei . | \.
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Flg. 39). Bridge output weveforms on varyinmg the
~ relative gmounts of series resistance in
the bridze orms.

In contreet to this the correspording eircuit for psrallel
resistance et no time exhibdited en initiel spike,(ef.Fig.51)
?hin test 1ndieatéd thet the initial spike wes a cherscteristic
of the eapacitance and secries resistanee network s distindt

from the parallel resistance network omly.



http://cf.Fig.5i

P

. 11) To ensurs thet the inmitisl eplke wes net arising whelly
or in part from eny epecisl cordition, not vicible on the
Gathode~ray oscillograph, et the corner of the appliéd

" pulse, the pnlse was blunted slightly by placing emall r
resistances in the pesitive supply lend t¢ the bridge. It
wes obeerved that thie 4id not sffect the initisl epike
epert frem the rect of the tréce. It wes therefore aassumed
.ih&t the Initiel spike wae a charzcteristic of the capacitance
end series resistence type of network,eni that its existence
was not dependent on sny eneeiel condition existing at the
cormner of theo applied pulse.

The gualitative study of the reeponse of the simple
elsctric networks indicsted above, to an applied pulse
carried out using the differsatiel transformer bridge, revesled
the cherscteristie features of those responses. These agreedv
well with mathesaticsl ypredictions, end the results indicated
the ability of the instrument to differentiate between the
different types of metwork.

i

Pig.51). Bridge output waveforms on varying the relative
amounts of perszllel resistance in the bHridge

aras.




V1. A QUALITA?IVS STUDY OF SHE RESPONSE OF VARIOUS
DIELECTRICE TO ARMAPPLIED PULSE,

Baving investigated the response of some simple
electricsgl networks to en applied pulse, end obeserved their
‘charseteristie faatures, the next stage wss 8 etudy of
the response of certain dielectries. By identifying the
nain features of the output waveform for & given dielectric
with the charaecteristice of one or more of the networks

diocussed above, it was hoped to build up an electriecal

network egquivalent to ths dielectric.It was fully reslised
that such a network would be noither a complete nor sbsolute
reprecentation of the dlielectric, but would merely serve

ez & device in terme of which certsin properties of the

diglectric could de meszured.

The dislectric chosen for inltisl investizstions
a8 glase. The structure of gless has been studied oxtensivdly
by X~ray snd other methods. In genersl it appears to consist
.0f sn extended network of atoms showing only short distenee «
oriering. This network is made up of small highly cherged
poeitive lons, such es silieon, baroﬁ,etc., egch surrounded
by several oxygen inng to foxrm a lattice.The ihtératicee
which neccesarily occur, are often ceccupled wholly or
partly by metallic ionz ouch as sodium, potassium,etc.fhe
nodern pieturé of the mechamnism of conduetion and relazstion
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in glaeses, bused on the theory developed by Erohlichla)and
otherc, end put forward recently by Gevers and Du.Ppels). is
as follows:~ the metellic ione are in continualkhermal
vibretion around an squilibrium position. In ordsr to

jump from one 1nterstice to enother, the ion must gain
sufficient energy to overcome the potentisl berrier
surrounding it. In the absence of en externsl field, emy such
jumps which do take place &re completely random im directicn,
Hence the resultant effect is zero. Upon the applicaticn of
an externel electric field,however, the iqna}tend to move

‘more ir one direction than the other, tnu4g1v1ng rise to &

‘conductlon current. The probability of an ion making 8 jump
depende on the oirength of the applied field, ond aleo on the
depth and steepness of the surrouwnd ing potentiasl barrier.

The equilidrium pesition of an lon depends £ls0 on the applied
£ield end veries with the applied field. Smell deformations
of the networkx surrcunding the ion occuvr, and 'after effects!
ocecur giving rise to n series of excitation energies, and
hence a series of relexation times. These losees cre known

t¢ ocour gt compardsively low freouencies, nrobably within
the frequency range of the instrument déscribaﬁ above. Thie
factor, cambined with the relative ease of sbtaining suiteble
specimene in a convenient foram, deternined the choice of
gless as the dielectrie on which initial observations were

3G
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The bridge cireuwit wes adepted for ihe study of the
regponse of actual dielactries to an applied pulse by replecing
the network in the compsrison srm of tﬁe bridge by & cordengser
mede np of the diclectric under imvestigetion. For the initis) ;
inveszigationa the gisss disleetric was in the form of & test |
tube. The alectrvdes-were of merecury with which the tube wes
filled and surrounded, {cf.Fig.ﬁﬁ)

v
-y +’
| Glas:
chelechs:
- Hs e‘ul-rodu

Pig.52) Porm of lessy condenser uged for e;uaa.itative
testa.

Specinens of Eysil end of Sode glass were £irot iavestigeted
Compering the respor:tes of these with the resoonces obteained |
of verlous networks, it w8 observed that both Hysil end
Sede glass exhibited the initial spike oharaeteristie of the
! eeries resistance éapaditanee network. Also 1t appeared that
whereas with Bode glape the cherescteristies of heevy .conduction
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were exhibited, lysil glaze showed comparatively little
evidence of conduction,/cf.Pig.53). These results were in

general accordance with other exverimenteal eviaeneem).

b

Pig.b3). Bridge output waveforms for:- ag Soda glass,
Hyeil glees.

In 11, the following glaeses were iﬁvestigat@d:-
Type of glase. | Lompoaition, > Forn of Supplicd |

specimen,| by~

. 610, 715, H 1?% ,
i) Sodu lass,| Cal 8, '?;o, E.H, Pubeg, Lenington
% A0+ Fep Des | (300 B) Glaso worksy
N §.0, S04% MO 429,
$4) Hysil gless| GO ©37% B.0;42-4h | Tube, | Science
B O;s 2734 (3@@,;,.?.} Labs.
| 510.80.84,8a0 4.6%]
‘ iii) Pyrex Brand| As0, 0..*.,‘5. B0, 30275 Tube, wesr Gless
glass. £1D] 1.5%, (300puF) | workes.
NS . 810, %.,35% A
iv) Borosilicate Hap s..,;gs, 0 2,54 |Tube, Lenington

gless{Wi) - i X
) | éi;gg%’gg. 8 (300ppP)  |Glass workas




Table IV,{cont.).

§ype of glavc, | Composition. Form of cupplied
o gpecimen. | by:e '

810, 56.5:5,Ph0 30,04
m CQ?‘S’EQO 50@'”
v) Leed glass Ce0 Q.35ug0 Q.14 | Tubs, Lemington
{L1). B g2 - (300pp?) | Gless wo
AIO,vPeD, 0.65

vi) Photographic -1 . Plate, - Beience
Plate. (3@,4,;5‘) « | Labe,.

Pable IV. Details of glasses whose resncnce WeVes
forme viere investigeted.

A study of the respomse waveforms for these glasses
led to the following conclucioms,(ef.Pig.54). Pyrex Brand
glass end Borosilicate (Wi) zless exhibited similar features
to Hysil glsss in varying degrees. Lead glass,[Li), wes
practically lose-free. Soda glass,{X8), exhibited heavy
conductanece looses in addition to the non-instantenceus
lossee represented by the initial spike. Comperison of the
reculte for vhotographic plate with the other glese seméles
iz difficult due to the great differenece in the relative
cevaciteances involved. Whersas the gless specimens i) to v)
were tubula: in ferm, and the corrasbonding condencers were
epproximotely 380.,uF, the photographic plate sample was
uneed in a parsllel plste condenser whose cepecitance was
30 puP. Eowever it would appecr that the losses are great for

photographic plate. The electrodss of the perallel plate
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condenser consisted of two circulsr metal »slates vhose

surfeces were accurately ground.

1v) v

Tlg.04). Response waveforns for:- 13 Less(H4)
' i) 8cds gzlass - 1v; Boresilicate glase(W
11) Hysil glws}(d: 870 Lesa gloce (L)

iii} Pyrex Brand glass vi) Photographic plste,

The »grsllel nlate condenser described sbove provided
a simnle and convenient meens of meking ranid obtervations
on the dielectric loss 6f various substances obtainable in
cheet form. By & conperison of the ouvtrut waveforms it wes
sogeible to0 estimste the relative emounts of locs. Ae an

- example of thés, the svbstances indiceted in Teble V were
investigated.

—



l‘l'i) ' Vl)
Capacitence = 30puF.

Meterial. Commenis on loes,
i) Polythenes Negligible.
ii) Mica,. Very smsall.
iii) Perspex. Very smell,
iv) [Ebonite. Very small.
v) Paxolin;’. . Small. :
vi) Acbestos snd cement Large, conduction and non-
compound . instanteneous losces,
vii} Ice. | K Extremely lerge conduction

and non-instanteneous losses.

Tabl
eV, gutpﬁtwaveforms for various materials,




VI, _A QUANTITATIVE STUDY OF THE RESPORSE OF VARIOUS ELECTRICAL
HEPWOREDS T0 Al APPLIED PULGE,

It wes shown 4in the preceeding chapter that a striking

- similarity existed between the responses to &m applied pulese -
of certein dielectrics and electrical mnetworks roopectively.

The poeslbility thusvarose of measuring the properties of

-puch & diclectric in ternse ¢f an eguivalent network of linear
cirevi’ e¢lements, using the uppsretus which hee been developed.
In order to be able to do this with comfidence, it wes necesaery
$0 prove the ébility of,the ingtrument to anelyse precicely the
networks discussed in the previous chapter. Tho bridge eireunit
ugsd for this purpose iz shown in P1g.65). All stroy cspaeitences
to earth and other pousible sources of error were reduced to |

& minimum @8 deseribed in Chapter II1I,

e

Pi5.58). Bridge circuit vsed for guantitative enslysis
of varieus eleetricel networke,
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Anglycis of metworke. LcF. Fold-out diagrom, F_:ee]

i) Capacitznce. Por pure espacitive bridge arme,( RrR;G.GQR,R; -

disconnected) the methed of snalysis wee s followsi=

2) Tho differential transformer secondary was edjusted with
rospeet to the primery es deseribed in Chapter III, to reduee
the effecte of inhercnt strays in the circauit to s nminimunm,
b) Applyimg e simuscidal input to the bridge € wee adjusted
for nininmum cutput current using the bgllistic imdicating
circuit described in Chaptér III. Under thece conditions the

impedance modull of the two bridze srme were equal snd C = cy.
The range of values for C, andC! was from 30 to 399..P.
The error in G, for & given reading of C! was less tham $pnF

over the entire capscitance range.

ii) Coneeitance and series registance, The outctanding feeture

of the respensoe curve for the ceries-resietanee czpacitance
network when belanced egainst a pure capucitance{ C,= C'+ C2).
was the initial aﬁike of oconmper&tively laerzse amplitude and
saall time comstent, Theoretieal predicticnz indicsted that
when C, wes reduced to s value C! the initiel spike weuld
decreasefte zerc. Hence it would appesr that the value of

C, obteined on elimineting the initial'epike should egual C}
whilst the difference between that velue and the value of (,
giving belliotic belance {i.e. C, = C)+ O} ,provided R} ie
small) should be & mezsure of C!. The instrument chould
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therefore be cavnable of separsting out the percentage of the
total capeacitance associated with series resistance. In order
to test thie, & series of measurements was undertaken on
series-resistance capaéitsmce networke of known components
over a wide range of values. The method of esnalysis was as
follows:a

g) The differential transformer secondery was adjusted with
respeet to the primery to reduce the effects of inherént streys
in the eircuit to a minimum, |

b) With C; ,R, and R! disconnected, R,short-circuited, C, was

od justed for ballistic balance of the bridge arms using sinu-
- goidal bridge input. Then C,= Ct+C} .

¢) Applying square-wave bridge input, €, wes reduced until the ,
initial spike decressed to zero, '.f.‘hen C,= Gt

d) Connecting in C; , R, short-eircuited, and applying sinuséidal
bridge input, Cswas ad justed for baJJ.iet‘ic indication.of
balance, Then C,= C!, and C;= C/. |

e) Applying the square-wave input to the bridge, R, was ade-
justed foi' straight line output weve-form, giving R,= R},

The esccurecy with which the series resistance capacitance

network could be measured was represented graphically by

plotting the error im €¢,(C! ~ C;), against the time constant
C#R3. A range of time constamts from G'R) = 2/..—secs, to

G'R! = <5 u-secs, was covere€. The error im Cf over that range

of time constants never exceeded? 2”;?, end the distribution
not tematic, :
of error .-:-- prad—35e :;:., o pend R, [t wes lster ascertained
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that with care %iuno constante as low &8 i u-gec. could e
dealt with satiefactorily. & Table and graph of resulte is

given in Pig.58.
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Pig.b8). Varistion of error in § with time constant GRS
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In gemersl, the adjustment of X, could be obtained
within ¥ UK. '

Prom those tzete it wes concluded thst the instrument wes §

caneble of anaslysing & seriee rosielence capacitance network
‘over the rangs oFf valuces indicated above, within ressonable

limits of acouracy.

1i1) Cepscitance and paréllellreaiataaae. { C,and C) die-

conneeted) . It hac elresdy been observed that a networly
invelving parillek résistance exhibits & relstively slow

deesy towards the end of the response gurve. The snaller the
rerallel repistance the eicwer the deecay, and the greater
the ecurrent tzrough the differentiel transformer cscondary

at dallistic balance.

In order to adjuet the parsllel resistence in the messur-
ing ura of’thé bridge,(Rs ), to balance that in the comparisén
arn ofithe bridge,(R!), & sinusoidal input was applied to
the dridge. Using the ballietid balance indicator to;ebeer#e
the current through the differential tremeformer cecogpdary
"R, wes zdjusted until ninimun secondary current weo Gé&erved
This methed proved satisfactory fér velues ef R! wup to ébmut
15%. iAbove this vslue R} was considered infinite froa the
7oint of visw of this arparatus.
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The e justament of the parallel resistence wes nacessarily
Tfollowed by & rezfijustment of the cepacitivs balance, again,
ueing the bzllietic balanee irdicator, 4s R! decreasec the
epperent value of €' tende to infinity, end the resd justment
of the capseitive balance after bdslancing out R! beconmes
incressingly importent. |

iv) Conbinetisn of seriss

resistaneg and canacltonce and

parallel rosistance capacitance. It wes found posedible to
enalyse this type of network satisfactorily by combining the

methode ered for the cories resistmnee cepacitance network

ﬂ&%21§%§ozfﬁﬁg%el regigiance ¢avegitence network, sc described
mbove,kﬁha procedure was as follewsse

&) Bffects due té inherent etrays were oliminsted as before.
lb) The parsllel resicisnee coarcment wae belenced out using the
bellistiec balance indicetor.

¢) The fractien of the total capscitancs associated with

seriee recistence wes sepersted out by meens of obeervatioms on
the irnitigl spike of the waveform,

d4) Phe sdjustnens of the ceries resistance was mede Prow

obscexvation on the wuveforn eg & whole.

A zerisc of tests carried cut on the enalycie of thie
network indicated thst the imstrunent wes cepaole of aceurste
&halysis over the following rengesef viluees=

C!= 100 %6 309,.F, Cf = § %0 50, F,R! = 100K ©0 500K,

Rl = |4 to 15 & (ceo Table VI)

R =
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Aceording te the mathemetiesl theory, the main faeter
detereining the working renge of the inetrument was the time
constent Tyericit, (ef.Ch IV) . If T, 16 mach snaller them the
time censtent, Tsa CR! of the series resistance cspascitamce
ﬁbranch of the’network under invastigetion, the mathematical j
theory inﬂieatea‘thét the instrument is uneble to ceparate
out the e&@aeitance asaocisted with series resistance, In
practice, meximum velue of T, wes 2§ u.secs., 86 coppsred
with Tn = Buoecs. In order to extend the workiag rauge of
the instrument to larger velues of Tge 1t would be necessery
to use a differential transformer of lsrger primery inductance
thus incressing Tp.4At the nther emd of the scele, the smallest

time constent with whiek the instrument could deal satiefactorily

was 1 uBe0., Avcording to the mathematical theery it would
appear thet the limit was set in this cese by the rate of rice
of the pulse sdae, i.e., by the impedance of the generstor,
incressing ths rate of rise of the pulse eGge, the possidility
arises of sxtending the working renge of the ilastrument to

cover tima eonstents lges then ip see.
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VIII, BEASUREMENTS ON THE DIaLoCTRIC PROPERTIEE QOF

PYREX GLABS, 8CDA GLASE, ABD ICE.

1) Pyrex glass,

It hac already bsen observed that the response curves
for glagn are sinmilar t6 that for the combincd series-resistence
capacitance, snd parallel -resistance capacitence network.,
Paving ascertzined that the instrument was able to anelyse
such a notwork accurately within certsin limite, the stoge
wee reached vher {t wes feweible to mezsure the propsrties
of‘gléﬂé in kermé of thie equivelent network, By co doing
it wes hoped thet further informztion would be obtained

regarding the gffect on the dlelectric properties , of the .
constitution and previous history of the specimen investigated,
iIn the past the measurcmente mede on the dielectric properties
of glass have in generasl been characterised by the lack of
sugh information. that little evidence there is, lezds to the
conclusion thot these two fauctors are of the grewtest importence
in the study of the dielectric proverties of zlass, and
resulte which do not specify these conditions eare comperdtiwely
worthiess., It wes therefore decided t¢ investigate first
the effect of the previous history on the dieleectric properties

of & gluse whoege constitution is kept fPixed.

Glase ic cherscterised by the fmet that upon cooling
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from the 11i.uid sitate 4% solidifiés graduelly without paseing
through a definite phase trensition ap 4o other sclids., The
rosultent meterial »oseesges features of both liguids end
solidc. The cooling down process iz of the greantest imrortance
in the hiﬂtery”of the gless since on this procecs dspende the 4
structure of the glamg, The more graduel the cooling down
precesg the meore chonece the atoms have of regrouping themselven
end in some cuxses , when the liynid ie ceoled down very olowly
crystallicaetion occurs, Usuelly the gless i8 &llowed to anmesl

i.e. cool dovn relaetively slowly. ¥o sceurete tempersture

-e0ntrel 1é maintsined during the enmoesling process. Yhen &

glass is not ennecled straiuse ere set up in the glass and,
unlesavthe‘glasa is 2 bard glasss, such as Hyeil oqurex gless
the gless will usuelly erack. Obviously then the ennoaling
processes cin heve considerable bearing on the dieleetric
propexties of the glsse. A second fsctor of major importemee
ie the condition of the surface of the glass. Surfuce films
ceuced by neistore snd iavurities cun give rise to heavy
eurfaceo condnctivity whiech can completely mé@k the dielectric'

propertice of the glass 1faelf.

fiessurenente were made on ssmples of Pyrex glass, supplied
for the purpose by the YWearside Gless Works, Eunderland. These
esmples had been vtabilised &t given tsmperatures in the
temperature renge AP to 890°C., tnd then cooled rapidly im

8%111 air at room temperatnre. The rebults of those messurements
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viera then compered with the resulte for an ordinarily annesled
samsle of Pyrex glass. The camples ussed were tubular in forme,
17 cmd. long, with an outer dismeter of 1,7 cn8., end &

wall thickness of about 1 m=m,

\
FPorm of condenser uscd for gquamtitative meesurements on glese.

The type of condemser used in the initizl stages of
thies work te study the rescponse curves for verious glass
dielectrics, (¢ef.Ch.VI}., was not suiltable for the aspplication
of preciso measurements in that the closing of one ond of the
tube to fefm & test tube iv not a controllable proeess

from the point of view of temperature. Some attention wae

therefore devoted to the develepment end conctruction ef &
condenser of more suiteble form. The most ususl foim of
cmdenser uged in the measurement of the electricml properties
of glees comelpts.of = sheet of the glass floating in

pereury with s »noel of mercury o tog{cf.?lg.&?)fa

Glass dielactn >+
—.e ' ,"““’"""8-
1~

< - e

Figz.537) Usuel form of candemeer for studying the
dielsctrie properties of glssa.




This methed would, however, necessitaste the use of & guard
ring of mereury om top of the gless sheet. The propesed

method of mes:urement wes not essily sdaptable to a guard
‘ring system, however. Alse, for the capacitence required,

(at leset 100uuP) such a condenser would be vnduly larg#and
oelumsy in form. With tubuiar glase spacimens, however,
capecitonces uy to 3NQppF could be obteained sith comparative
eane, while the use of & guard ring cculd be effectively
repiaeed by @ measurement of the tend capacitancety,i.e., the
gpperent cgpacitence for no mercury irn-side the tube, The form

of eondenser Pinelly develéped ic shown in Fig.058)8

—>+=

@ 2

Pig. 58) Conztruction of condenser for studyimg the
dialeetric propexrties of glaes,
(Bso ualpo, next page).




Fig.ugd,(econtd.). Construction of condenser for
studying the dielectric nroperties of glsse.
{€eg alsc, peavious puze).
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prierced by the positive conﬁactkira. and the tubs repleced in
compardtively cool moltsn wax, (cf.Pig.0&8b andE8c ). The wax
wag then allowed to cool round the tube, thus fixing it in
nlace. More melter wax waé then placed in the outcer tube, and

the gless sample introduced s0 thaet it wes surrounded by solidify
ing wax, cnd iteelf surrounded the positive contmet wire,

Until seolidification of the wax took plece, the glziss sample

wes held in »neosition by means of pads of cotton wool between

it end the outer tube,(ef.fig.i8d). When solidification wee

complete the cotton wool wes removed snd mercury pleced in

the inner and outer tubtes,

The use of mercury eleetrodes 1s open to some eriticism

there being the porsibility of the formstion of inter-face filams

N

i
end air bubblee, Oplrnion on this aatter varies consideradly.’

dethod of mecsurement of Pyrex gless gamples, The bridge

arme were agdented for the mezsurement of dielectries in terms
ef en ejuivelent netweork as shown in Fig.58). The method of
messurement was as follows. Using the condenser constructed es
described obove, known messes of wercury were placed in the
inner tube, znd the corresponding tota! cupacitonces messured
oy means of the bsllistlic indlecsting cireuvit. It wuo found
th&t}for Pyrex, the squivalent pesrsllel resistence weas gfeater :
then 8M. It was therefore aseunzd t¢ be infinite, end the

balligtic bslance point obtaoined directly ss deseribed for the
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i

sories reclstence capsecitance network . From these mecsurements g
gravh wee pletted showing the variastion of capescitence with
noegs of mercury, end the 'end cepacitance! odtained by extre-
polation to zero maes of mercury. & typical graph iz chowsn in

Pig.8Q).

Pig. 5%). Bridge circuit sdevted for asspurcnent of
dleleectric prepertiess,

“hen the totel capacitance of the losey condenser became euch
thet the ezpecitance associated with sceries recistenco was
sppraciable, () SppF), o complete anulysis of tho diclectric

wes mnode in terms of the equivalent network. The methed of
meocsureneny was exactly as for the ocnslysis of & netwerk,
(cf.ch.%;gé. A8 wae expeected & porfect balance could not be
obtalngd. The measurement of C, aznd C; were eritical. Adjusting
Bs hovever 4id not reduce the weveform %0 é straight line &s

in the aenalysis of the electrie networke deccribed previously.

As Howas incressed from zero, the initial sjpike decrozeed to

& niaimam efter which further. increese of R;led to the appearsmre







1

of & spike in the opposite direction,{cf.Pig.51) The valune of
- Ry Yor which the origingl initlel spike became & minimum wag

recorded.

et

gt

S kuwensh}g-)

Pig.61) Output waveforas feor dielectric or varying
Ry of equivalent network.

The imporfect valsnce obtained under these conmditions
was n indicatien of the incomploteness of the equivelencs

of ths network,

tg more mercury wasd added téd the inmer column, the
total) esvacitance of the lossy condenser increased. Purther
snslysdéz of the dielectric were made at sulteble intervals.
¥aking due allowance for the end capacitance, thse percentege
of the totel capacitence sssociated with series résietaﬁce
end the correeponding time constanty were calculated for eged
anelyeie, An everage of the results weshthen taken. A tyniecsl

rasult is shown in FPig.gl).
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Deterainetion of equivalent network for Pyrex semple.

Ec Cs Rs ct / C. + C‘ C‘ Ra
(or B) (b P) (K) (F) | (u-vees.),
1319 4470 &LD ¥ .6 3.8
L0Z o8 D o0 64l el Sek
23140 SN g1z Z el 347
‘:@?ag ':79’7\) D ~ e 509
TR o8 D 4G £e% 2e%
i«g‘?oa‘) ﬁ.@ 31-1-. k:lg é07

For this eawple, overego Cs/ G+ Gs = 2,80
- aversge Cs il = 2.5

c)

Plgessz}, Uypleal result for Pyrex epecimen:-
a) Wevelorm at initial balance,
b; Weveforn ot £ingl balanec, :
c

Tzble of resulte for typical svecimen.




- Remults of meesurements on PyreX specinend of different

temperetnres of stabilivation, Pull detazlls of the meassurements

on the Pyrex glzss speciaene whose temperatures of stabilieation
varicd from 480 to 600 °C, are given in Appendix II. The
percentege of totel capeeitence ssscciasted with non-instanteneous
losees,{EfE-Z), and the associsted time constant,{C; Rs ),

were caleulated for esch =pecinen, Grephe were drawn of the
verlation ofcdc, end CshBg with temcerature of stabilisation,
{ef.Pig.63). The results indicasted that gtig c¢c increezed with
tanporature of stabilisation t0 & constant valuz.The incrosse
wap approximately exponentisl in form. There was & corresponding
tendency for the assoclated time constants tc increase with

tomperaturce of ntabiliautzon, aluo,

Hezsurenente were alszo mede on an ordinerily ennesgled
gpecinen of Prrex glaes, Comnaring the results with those obtaiﬁ,
vobtained for the ¢tsbilised wosclmens, 1t zas cbserved thst the

value of Cf;c Jfor the snnesled 2lase was oquel t6 the coaatant

value atteinsd by the stebilised glasees of highest temperaturas
?he§a&sociateﬂ time comstant for the mnnesled specimen was

comparitively low,{cf.Pig.50;.

Explanation of resnults in terms of structurse of slass specimeng
Without going very deeply &t present into the guestion eof

. C
the actvel significsnce of the jnantity memmured,é;fi Z A1

ie poseibls, sessuming thaet _C iz & mezsure of the dielsectric
- .t Cs



http://cf.Pig.63




lose In the gless, %o conuidar the cbove resulte in termgof the.
structure of the glase, The structure of gless has alreedy beem
Alecuseed,{cf.Ch.VI)  .BExperinental observations on the rate ef
eryetal growth in Pyrex glass indicate that the structure of
Pyrex glass is in accordence with theﬁebviewsfﬂ

Cur resulis indicate that the dieleectric loge incressed
wita the temperaturs of ctzbilisation of the glsse. It i
suggested that the stsbilisetion srocese follewed by rapid
cocling resvlts im & Treezing in of the rropertias of the gless
charzcteristic of ihe tempersiure of stebilisation of the glasa
Considering the glucs inlterme of the strueture put formerd in
Ch.VI, the higher the temperaturs of the gless, tho grester
the tendency for continual moiification of the potentizl) field
in the dielectric. Any such modification of the potential
berrier surrounding the metzllic ions iz fellowed by & resd just
mentpf the equilibrimm?s&ition@ of thosy 1ona.The rasponse of B
the lomg chows zome inertis,and is not instzataneswes, On the
otker hand, the higher the temperature the more guickly the
tone uould reégbnd. This procees giyes rise to dielectric less,
It would be expeeted that the grester the tempersture of
gtabllisation the grester the dielectric less, but the smaller
thduesociated tive constant.In rrectisc that lecs wonears
to reach & ecnatanﬁw&lue «t the higher tamparstures of ctabil-
lsation.This nay indlicsie thet for the nigzhent teaneratures of
stebilisstion, the time rate of stabi]iaatioﬁpecomes po gmall

thet it is impessible to cool the glese rapldly enoughn td?ree@e




in the reyuired propertées, In this case the glees wovld actually
atadbilice u«t sohe wmknown lower temperature, and the dieleetrie
lose messured would be charaeteristic of that unknown temper-

ature,

The annesled specimen on the other hand would presumsbly
céntain in varyimg degrees the ch&raéteristiea of the complete
tenperature range. It would therefors be expected to exhibit
zoxinun logss, which in fact it does. On this hypotheeis,
however, tae time constent asscocisted with the loss would
cover & range of values cérresyonding 0 the temperature
range covered, énd it would be expected that the asparatus
would enalyse the mewimum time conatant involved. This does

not egree with the resulte.

It can be seen from the sbove dlscourse thet the results
cbtained for Pyrex zlass con oe exnlained enly nartislly in
terms of the structure of the glase, Before attempting te
carry'tha metter further, it is nocessary to comsider the _
precige significance of the juantities meaaured.(-cl-—;—cc‘,zm Csis )e |
Thie will be dome in Cheptor X of this thesis.lcF Addenda, P 183 ]




18) 8dd4n mlass,

In order to cempare the resulte for Pyrex with dnother
tyve of gluss, some mernu?emcnt¢ were carried out on an
ordinarily znnesled snecimen of foda glacs. The Soda glause in
question was sunplied by the Lenington Glass Works. Ite

coupesition is given in Ch.VI,(cf. TableV ).

The congtruction of the losesy condenser &nd the eXparimental
nethod wsere ex¢ct1y s described in the preceeding aection,

for the specimens of Pyrex. With Secdz glees however the

aqni#alent parellel resistence componentwas zpprecisble, As
with the messurements garried cut on medtworks involving perellel
recictance, (cf. cn.vﬁigi the egquivelent parellel regictancs
wee od justed for minimum bridge output current , usiesg g
sinoeoidsel input te the bridge and the bsllistie balaaeg

indicator, However, whereas with the networlt anclysis the

equivelent nparallel resistence wur independent of the applied
freqgueney, with Soda glass this was not so. There weo considerable
varistion of the eguivelent varsllel resistence, snd hence

u,s.ng rquare wowl nfu.l:
of the totel ecspescitance glso, with freqnencyjufhe nessurement
of the pure cepecitive braneh of the eguivalent network,(C ,
Zrom the disappeerance of the initial epike on the output
waveform), was dofinite, Heaéureaeats were aade of the
equivelent parsliel resistance,,, and the total ecpacitance,

' .
{ C\+Cly &t & meries of discrebe freguencies coverinz &




R ‘\5"-"-—“‘ PRSP

freuency r:mge from 809 cycles/sec. to 4,5 Hilocycles/oee.
The rseults were represented graphically by plotiing the
variation of C; and R, with freuoncy,(cf.Pig.64). In genersl,
as the frequenep wes incressed C, and R. decressed. Within the
limite of seccurecy of the measurencnts, R the series resistence
associeted with Cs appeareﬁ to be constenty; hence the time const
znt C, R, apparam 7 decreassad wlth Lreguencoy in exectly the
sene way @0 did Cs .

Pull detailc of reavlts asra to be fouvnd in Appendix I,

Fig.64). Resulte for Soda gleses- 1) Wavefomsa—
a; Initial balenes,
gi, ‘balanced o&t
Initial gphke elm-
o inated,
a)Final bealunea.
i%) {see nexi page), Variation of O, and R.
with fraquency of bridge input,
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1i1) Ice. |

In the hopes of determining the significance of the
measuremente carried out on dielsctrics using the pmleed
differential trensformer bridge, it wes decided to gtudy
gome substance whose dielectric properties hed olready been
studied by other methode in the mmdic-frequeney range. The

-chocen dielectric was ice, the dlelectric propertics of which

wers studied in detall recently in the sudio-freguency range
by Je Lamb?oéccarding +o Leab, lce sxhibvite an sboorption
maximum which eppesrs to corresvend to & single relaxstion
time, &t & freqguency of &R cycles/sec., snd a tempercture
-53°C, It was expected that if 2 single reloxatiom time wes
invelved @sn alrost perfect eguivelent networ? would be

nbteined wsing the mothod described inm this thezfs,

The condenser used for the study of ics is showm in

Pig.65). -
sloeve.
Hy
- [™ - % & m‘h'
e dieJechic
< += elechxle
" el trode
"

Pig.s5) Condenser used in the atudy of the dielectric
properties of iece.

A few drops of distilled water were plaeccd in the outer -
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cylinder forming the negative electréde, The cylinder wae o
pleced on & block of s0lid carbon-di-oxide and the woter sllowed |
to fresse, foaraing sn ice dise., The positive cleetreode wes then
pleced on the ice disc, znd more water added and allowed to
freeze. Carc wae teken that there was no direct contzet between fﬁ

the two electredes and that the ice covered the positive eloatzwﬁag

up to snd just beyond the wax ecllar shown in the disgrem.

Thic latter precaution eliminated the possibility of direet cem
.coﬁamction between the olectrodes across the surfacce of the ice.
The condenser was pleced in @ contziner on the carbon--di-oxide
block, and neeked round with cotton wool to reduce the evaperatiOn

Qf the carbon- di-oxide to g mininum,.

The reoponse weveform for ice diclectrie upon the applicatim

of a s, uere wave to the bridge, iz shown in Fig.s86).

Plg.66) Responme waveform for ice.

For these initisl meesurements on ice no form of tempersture |
control wes used. It wea oboerved thet cc Yhe lemperature dsexse®:
decerezsed the lenmgth of ths initial spike incrocced. R
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Hasenrenente were commenced when the weveform appearsd
to ctobilise,!semperature between ¢ sad -36°C). The
gessurement of c{ from the elimination ¢of the initiay@pike
was constant snd of the ssne order of value as the geonetrie
capecitence of the condenser. This indicated thst the ﬂielectric_;

VIEE
laeskaﬁeociated with the wnole of the 1e7ﬂie&aemr@c,

Contrary to expectetions the ice dielectric anyssred to

exhibit'ooneidarable purall el conductance. Heesurcmentd of R;'

were nsde by the vallistic balance method,end,as in the case

of Sode glesep this measurement aype&reqko depend on the frequgﬁk
‘of the applied sinucsidal input. Obuervations were mede of the
veriation of the equivalanl paresllel resictence and of the

total capacitance with frequency, over the freguency renge,

569 cycles/sec., to 11 Kiloeycleo/sec. The resulis wers repreeentQ
od grovhicelly ss for Sods gloss,(cf.Pigz.6%). The zraphs were |
similar in form %0 those for Hode gless. The order of parsllel
rezigtenco exhiblted was very low, whilst the frzepionel
capocitance associsted with serles resistance was extremely
1axge; The final out-ut waveform, whea the ice condenser wes
bdelenced againct the equivalent network for a given frequency

of einusoids) bridsge input, wes fur from perfect.
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IXe DTOLAPRIC DHSCRIZES S30 MRS URIDITS .

In ordoer %o be able %o dlscuss the reculds deieribod in
the provicus ghenter »f $ho nossursnents meda on tho dielentric:
srosertice of éﬁgr@x Erand glesz, Sode ez, ond log, it 1s
prososed to eoansider briefly tho cleetricel nropertien of

digleoogtrics in general, the metheds uvred 1o mecsure thoss

propertics, and the zubsoguent dielectrie theories uwhish have

boen sdvanecad.

i}  Lzporimentel methode ind resnlic.

~ y
Btadr 1014 math@d@:)

Semeo anentian hoas alrendy beon nodo of

the corly expsrinmente ecsvried out on dielsetrics weing stecdy
ficlde, cf. Intrdduetion). Oboexvatione were nndo om tho
curysnt flowing iato the condenssr oentuining the dislecldrie,
upoa 1) the appliestion of & steady field % Lo condonmer,
i1} ahori-cireuiting the comdenser afker $he opplicetion
of @ pleedy fleld for s kmowd integrvel of %iwe,
ii1) Snuwnlating the condemser aftor the ewrlicaticurof the

eondicloas indlerted abovoeln 11), or & kiown 5100 inf%oreal.

tador sie comditione obeted im 1) the ocurrent flow s
concidered to comaist of iJr@@ goEpPaentay nonely, the nernel
CHRLIZ NG ewrront 97 tho mbﬂﬂeﬁmar, the noermal conduction eurrent
serocy the éia&&@trze, and the ancmelouws charging ox shsorption

gurrent remulting from the resd justnent of charges in ths

lllll.-lllll.llIIlll-llllllIlIII---i---L;
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dielectric. TUnder conditien Bi), the conduciion current wes
zero, leuving only the normel discharging and enonolons discherge
ing currente, to mske u» the totsl discharging current, Under
condition 1ii}), & new charge separstion Qevelcpeﬁ in the di@lec%gd

slmiler to but lese intense than the eriginal charge, (cf.Pig.68)

Revulhont
Fokal d-nrae
B
k& '
—t— |
Skead F-dd um“.d at Lak,.
5"0004"(.1.@5} ab t.gt,
AB « residual dnrsc.

—e>

R

Pig.68). The phenomenon of residusl oherza,

Sinusoidal field methods. The methods used to ctudy the

dielectric properties of & aaterisl upon the sopliecstion of
& sinusoidal fiseld can be divided into three mein classes,
ngmely, i} thermal methods,

i1} recsonance substitution methods,

i11) bridge methode.

1) Therasgl methods.
The neasurement of dicleciriec loss in terme of the hept

cenerated ss e result of the energy abeorption in en alternating

—i


http://cf.Pig.68

field waz originated in 1901 by Harme, The method is suitable

for measureneonts in the high frequency range, ¢fy Crom 1 %o 28
legecycles/sec. Ilore recently thie type of measureamsnt has
been develoned to en seccurscy more in line with thet of cther

19)
methode which will be described.

i1) Resonance substitution methods,

Puad&mehtally this type of methed depends on the change in
~frotor end tuning of & rescnant clreuvit uron insorting the
dieleetric mediuzr wnder investigation betwsen the condanser
nlates. The meczurement iz based on the change in resonant
frequeney for comstant capaclitance, or the change in cepscitence
required to maintain resonance for constant frequoney. The
method ie sviteble for frequencies uy to igQHegacycles/sec.
Above that frequency range it is ususl to repglecs the resonant
cirenit by olementes of traancniscion lines or waveguides. The
securoey of neasurement using weveguides is neot co high as
that of the uwsnal reeonance methode. However the sitonding weve wf
nethod of measurement e wdventageous iﬁ the investigetion
of swell diclectric smecimene. There ape two posaiﬁle forms
of messurement unsing waveguides. Bither ithe disleciric medium
ic used a8 & terningting lesd,or thae lines theoaselves are
immereed in the dislectric nmsdium. Using the former method

frequencies as hisgh &8 150,000 ilegucyclee have beecn ueed

satisfeetorily.
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111) Bridge methods,.

The use of bridre methods in the study of dielectrics
has already been briefly mentiocned,/cf. Introductionj. In
thiz type of method the properties of the dislectiric sre ueuslly
messured in terme of on equivalent networy of lineur circuit
elements. In generel ihe vilues of those elemsnte sare
deperdont on the fregunency of tne bridge ingut, and it is

necessary 10 maxe mewiurements al ¢ series of discrete

fregquenciez in order to obtain & ricture of the dielectric
pronerties over the required frequency range. Bridze methods
ere widely used for memcuremente in the lower freguency range
up to freguenéies of ebout 1 iHecucycles/sec. With careful
development and sdeuate scresning, however, bridge méaaurements
cen be extended to the decimetre wave reglon. Typical bridgés

used for the mezeurenent of dielsctric proverties &re

u) _
Curtis's bridge, measuring the 2 uivalent sgries resictance,
z)

Grover's briage. recsuring the ejuivalent nerallel resist&nee;
22)

end the Schering bridae, adapted by Dye and Jonec to aeesure

t0 er accuraey of b» , power fazetors lying between the limits

©.80:and g.1.

Pregueney dependence of equlvalent network.

Attempts have been made to Tind & network of.linesr
circuiy elements enquivalent to a dielectric which ie independent
of the epplied freguency in'the sense thut the values of the

circuit elemente are independent of the zpplied frequency. ¥o
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ginple arrangement hae yet bsen found. Cole,kK.S5. and Colc,R.H,.
represented the dielectric rwroparties of verious naterials by
granhs of the veriastion of the rewl with the unresl pert of the
dielectric COﬂﬁtfﬁE. Theoretiwally they showed that feor e singlezj

relaxation time this grarh,or c~mplex plane disgrem, should

be & semi-cirels. In this case the diglectric could be representd

at a8ll frequencies by an syuivalent network containing «
capacitance in parellel with & crpacitence and coridssl
resigtance. In practice, Gole,K.8. znd Cole, R.H. found that
for moet materiele the complex plane diagram was in the foram
of & circuler avc. To correlets thelr oquivalent network with
this reswvlt the series resistsance had to be replaced by & cemplex:

impedences of an exnerimentsally unrealisable tyne.

Theoretieally it wounld agpesr that it would be possibdble
to measure the equivalenf network at one given fregueney,
Péodify that network by tha eddition of « sscond brsnch te apply

. %o aAseccnd frequency, then & third, ard so en. In this way,
an 'extended' networr would be obtained whicn wes frequency ine
&spendemt. The experimentsl difficulties involved, however,

ere almost insuneradle,

Bxperirtental resulta,

The varietione of paermibtivity and loess angle with frequency
have been measured for various materials,- gases, liguids &nd

solids. Although the resulte very considersbdly, they may in




e

general be clessiflied ints two types. Thus for goses and
dilute aolutions of polar substancss, tyslcal recults ere as

zhown in Pig.69), the tsnd -frequency variation showing a

- pronounced pesk. €

- =Fs
Fig.49) Typiesl varictions of permittivity and loss

angle with frequency, for gaces and dilute
golutions of pcler substences.

The majority of s0lids howevor exhibit & ten 6 ~-frequency
curve which 18 much flatter, emounting elmost to a otraight

line for some materiale,(ecf.Pig.70).
€ .

-._~_____._.~.~.~
ban é§ A~._—4“””'

__.'F —_

Fig.®) Typlcal verietions of peraittivity end loss
enzle with froguency for solids.
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"E) Dielectric theories.

Steady fielda. The early dielectriec theories were put

forwerd in an attempt to expleain the electrical properties

of dielectrics e£ obsorved uvon the anplication of & steady
field. Many of these theories were later discarded, 6ut the
Superpositior Principle, put forwsrd by Hopkinoon?)is still
of general interest. In this work in particular,ﬁopkinsen's

Superposition Principle has proved of valuve in the elucidation j

n the lao.khu.l.\a)‘ v on

of the reswlts. The Princinlemgtatee that, upon shorteircuiting i
& condenser, the lnitisl current is not ennulled, but hes
auperposéd on it znother current of the seme time fuﬁotien,
but in the opposite direction., On this baais.‘the alectrical
behaviour of & dielectric depende to a ceritain oxtent on
ite previous histeory. Hopkinson's Sunerposition Principle
wes lster extended to cover the use of sinusoidel f£ields,
and predicted en abeorption of energy in the dielectrie
which devwended on the spplled frequency.

13) :

Maxwell sttempted to explain mathenutically the phenomenon
of residuel charge,{decserided earlisr in this Chapter), in ’
terme of the Inhomogeneity of the disglectrie.medium. He
considered first the much simplified cese of &z ddelectric
coneisting of two strata of different pernittivities and
conduetivitise, He proved that such & syster would exhibit
the phenomsna of residual charge snd ebsorption. His theory

28)
was later extended by Fsgner, to cover the case of & medium

N
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cqﬁtaiming emall soherical inhomogeneities. These theoriee
indicate that inhomeogeneity of e meterizl ecen give rise to
the absornstion of elesctricsl energyv. But the phencomenon of
absoration in & meaterial is not necegsarily proof of the
Inhomogeneity of the materisl, In faect, the nhenomenon is

exhibitéd by homogeneous materisls also.

Leter dielectric thenries were bagsed on the molgerlar

gtructure of the meterilal. Ir general & meterisl may contein
both polar &nd non-polar molecules. Upon thé antlicetion of
an exteraal field both types of molecule become polarised Yy
induction. The induction »rocesses arise from the displacement
of clectrons and stoms in the molecules, end deepractically
instantaneous. Apart from this, Debye”)snggested that &
second polarisstion proceas'takes place which ig relatively
slow, and which arises from the tendency of the permanent
dipeles to orientate themeelves in alignment with the field.
If the aprlied fileld is sinusoldel in form, the pormittivity
&nd hence the polerisation depend om the frequency of the
epprlied fisld. Dedbya assumed thaet the rotation of the
permanent dipoles is opposed by a frictional force. At low
freguencied the dincles are able to follow the variztioms of
the applicd field, snd there is no energy absorption. Ae the
frequency is incressed thisc comdition persists until the
duretion of the field becomes commarable with the relaxation

time of the divnoles, Then the dipples are unsble to respond
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immediately to the Tield. & time lug iz introduced end there
is ¢ correcnonding sbeoarption of enersgy. A& the frequency
of the amlied field is jacreacsd ¢t111 further, the dipoles
are unable tc respond et ©ll, end the gelerisciion arises o
entirely froa the displacement ¢f atoms and =2lectroms in

the molecules. Asswaing that the intersmetion between dipoles

is negligiole, Debys nradicted variations of jporaittiwity
end loes engle with froquency |

b,of the forn ehosn 18 Pig.71).
The§ gre in good sgreement with the rssults odserved for

‘seeer and dilute ©olutions 0f nolir subsiencac.

F—> - o
Pig.71) Verietine of permittivity and locs wngle with
fregueney nredicted by Debye's theory.

In erier to sccount for the flet sand-frequency curve
cher Cterl“tlc of muny solide, Debye crxtended hlo theory on the'
bar lc thaxt the roteting disclec wouwld nosgess ¢ dictribuvtien
of relexotion tilmer. Lueh & 2olution ie not whelly ceticfeetory

in thet & suiteble distribution can slways be fourd to fit
gny curve,

S P, _ L
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that a dipole will 1ie within & certain rangé of directions
ie increased. This rrodbebility is linited by the Brownign
movemnent of the digoles; the balance between the thermal
dicorder &nd the orienting effect of the applied field can
be expressed by meens of Boltzmenn's Lazw. The probability

therefore of finding & dinole with energy V is proporiional
-V

- to e ¥, where k=const:nt,T = temanerature.

This conception is strietly true in the case of a truly
amorpheous aaterial, provided that the concentratlion of dinoles
ie enall, and thst the effects of di.olar interaction csn be
nezlected. But, in & erystalline medium, the dinoles, like
the cther molecnles may be expected to set in preferred direct-
ions, determined by the structure of the material. In general,
& given dipole iz most likely to be found in one narticular
setting or in the opposite @etting,(cf.Fig.72).

~

e e - a—

™
|
|
|
|
\

Pig, ) Potential enexgy of o dinole with two
equilibrium positions. The dotted curve
holds in the presence of an extermnl field.
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fhen ths -nlerisztion iz zero,{no sxternal field), the prob&biﬁity
of the di-cle being in either of its two ejuilibrium pesitioms,

A or B, is $. Upon the & plication of an external field, the
‘probability of the dipole being in poeition B is increased ,

end in nesiticn A decrew. ed. This lesde to & »nolerisstion of

the medium in the nreferred sense &6 represented by B.

The combiration of the disordering effect of thermal

agitation, and the finite rate of atiaining equilibrium gives
the dinole system the attrioutes of a quasi-elestic force
epposing the seiting of tre disele, and a viscous foree retsrding

the response of the dipole.

The develnpment of the theory of the dyneaic properties
of dielectrics ie considerablﬂ more compllceted than that of
the static rrnnerties. tince the concepticn of & complox permittd
ivity is 2 deviee applicable only to ginusoidal funmcticns, the
resconge of e dielectrie to any other function,-for zxanple, é
stepn function -can only be obteined by
1] a Pourier genelyeis of the step function,
'ii) treatment for e;ch Fourier component separstely,
111) synthesie of recultes.
EXperim@ntally, the phease relationa'between the Fourler components

are not observebls with obzervations made &t discrete fregquencies

of sinuscidal input.
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£1though the theories described sbove do not suceceed in
exXplaining the exnerinentzl facts completely, they zive some
indicution of the nossible ceures underlying dlelsctric lose.
Host of she thecrles, alihough based on different conceptidns
of the loss mechanism occuring in dielectrice, lezd toO
strikingly similar mathematical resulte. In general the
exporimentel varistions of permittivity and loss angle with

frequeney can alwsys be explained in terms of & suitsble

distribution of time conutente, withoutl necesssrily throwing

gry light on the sactudl nature of the mechanisa invelved. Fo
dircct observation of the senarzie time constants is possible.
If 1% were, the resulting informagtion wonld be very revealing

es to the structure of the dielectric, As a direct conseguence
of thie, the gossibiiity srigee of obtaining & more satisfaectory
interpretation of the phenonenon of dielectric loss by & etuvédy

of the behaviour of dielectrice under the application of none.

ginuscidal fields.
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X, £ DICCUSBION 07 THy RESULTS OF THIES IHNVESTIGAT ION.

This investigetdion hae been concerned primerily with an-
exploration into the possibilities of the puleged differentiel
transformer bridge. The development of the bridge wae cerried
out with a view %o etudying the dielectric prozerties of meter-

lals. Teesursments weore nede on dielectrics of Pyrex Brand

glass, Sode glass end ice. The results wre of intereot more
2g en indicztion of the usefulness of the instrunent
develoned,in this field, rather then s & means of obtaining
infornation sbout the dielectric properties of the materisls
concerned, with this in mind, it iz propesed 0 consider

the significance ¢f the nessurements made, and to comclude
from the resulte the usefulness cf the puleed differsntisl

trensformer bridge im the study of dielectrics.

be wnsidered
Shore-ere Two rozeible woproaches 1o pulse me&&urementsadﬂkk

The pulee may be regmrded ss cither 2 range of Fourier
component sinusoidw, or, & voltege-ster. In this conneetion,
it hee besn observed that if the response of & diglectrie
to e voltaze stew is lmown, the values of the real and unregl
connonente of the dielectric conciunt, §und 6, 3y be deduced
foxr any glven frequency. ?urthér@nre, the use of ¢,snd g, ie

. anlertifice espliceble only for sinueoidal fields. Comeequently
& deteraination of the time dependence of cherge for a condenser

to which a veltage zten has been apnlied, mey be regerded as
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an experimental solution of the problem of determining the
pronerties of the condenser usad. Such & solution cean ge
considered complete only if the voliege step iz epplicd &¢
suddenly, and extended eo long that the beginning and end of
the operation are botn discernsble in the experimental

reeulte,i.e., the peintes A&, P, and the asymptote TR on the

charze~-time curve should be observable,/cf.Fiz.?3). This
correaponds tc the assumption, where einusoidal observations
are concerned that both the static and the extresmely hig?
frequency dielsctric constants, € and A, are det@rminagf I?
pure cenﬁuctién processes are urecent, the same condition of
completeness of the cherge-time curve applies,({ef.Pig.73b),
The conduection pzoceaaegﬁ;%; be comoenesated for in the sjuarew
wave meesursments whiech were undertaken, reducing the gicblam
to thet of studying the charge-time curve illustrated in

Fig.738).

Flg.73} Charge-time veriation for dielectric under
spplication of suuere-vwave:- ai Ho conduction,
B) Conduction presegng,
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in advantege of the old classica) methode of obséréing
dielectric rroperties ie that they permit the doetalled afuﬁy
of the portion TR of the charge-time curve. The present
differential transformer metliod serves to delineate the
region near the beginning of the curve, but it hes become
apparentlduring the ezperimentel work that the methed does
nct suffioce unless e uilibdrium is reached,(i.e. the chorge-
time curve flattens out), in 2 time comparable with T =
yﬁrepetition fregquency. The principle of @uperpoaitién is

ueeful in elucidating thess workimz conditions.

4 sBquare voltege weve asay be considered &£ nade up of &
sev of voliege stoneg of eyuel megnitude anplied in alternate
directions et cuitable time intervale,0,T,27,37,e%C,.,

(cf Pig.74).

D T -

Yolbs Volbs
| —— . 2
) | ﬁoo er {
T‘ ! Vbx; r——;“~——
Yolts [——“; l [_~—] }
L ]
”) o T —_— Hme _3’ “) o T 2 22 4T

e e ———— —_

Pig.74) Illustration of building up of square-vave
from voltage steps of equsl megnitude
anplicd in oppoaite directions.
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If the charge-time curve is Ymown for one coaplete voliege

step, the clharge~time ourve for & eguare-wave may be deduced,

|
T { AT
o v ‘ 4T
|

T ar 3r &7

; -k of
nPPhed pu Ise Chorse umed‘.r:lsg:m:

Pig.78) Deduction of charzseitime curve of dielectric
upon application of squsre-wave,ucing the
Princinle of Superposition.

By the Principle of Superposition{cf.Fig.75):~

“30 = Qg ' Q! = Gy

Q = @=atq Qy = g,~ 4.t gy

Qy = q-qra-q rg Qy = Q- q +9,~Q,+q
n 5 ,_
Qn = ?lﬂ b qL‘l~|+ qﬁ~: "-3 —q’+ qz: Qﬂ'.":: %’: qn+ 1'§~l.’ qh-l —Q\-“ q'. y:

Let eguilibrium be obteined at time nT. Fhen 4,2 q =




-1‘8"
Ervor in ), ariging irom cuversouivion effects,
dp 7 de T oUam QY4 ~——m
} Carror in Q) exrisiag fron zupernoxition effeete,
O T e B T

=~ 1 -3 P 2 s par |
) »i“_‘ ln-] i‘

It would zs-ear thet there zre twyo sets of clroumstences

which the initigl pert of the chowpe-time curve mey be

correctly delineszted by s utre-vuave expeximentas-
i) when the curve is comslets within time T, vwhere T =

Yarenetition froguency,(cf.Fig.76 ). In thi:s cace,

g = g 'g ( = ~——mmeee ey = (e '{:,,, = qot CO= Ty
~ X3 "y > ] LR A}
/ ) N A
| | /
A ! ! l
|
1 W.a %'], i}
%" ) ] }
] : i I
! v w
0 T 2T 5\1’-

-

<
I e

Fig.7 )} Sanareo-wave responce ofl dielectric whose
cherge-time curve attoins equilibriuvem within
time T avhjrepetition frequeney.
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il) #hen the curve is not complets within time T = ﬁﬁﬁeﬁﬁvﬁfeqz N
Warepetition frequency) but is of such « form that

grror in Q" = q-~ ‘q to - =9
~ma, a~y n=3
=:Z: { 1, = el 1F negligivdle.
mz2

The latter cese is not generslly hslpful, and is
effectively equivalent to csse 1). It msy be worth noting
that 1f the curve iz extaneive and 20es not show a repid

chenge of B]_Ope,i.,(q,m- a,,...)hae the velue of approximetely «, /2.

It i thue possible thet cbeervations at various repetition
freguencies would leasd tn some informastion on the chape of

the latter part of the charge-time curve,

When the charge-time curve ir of o dcfined enalytieal
form, precise deductione may be nade. The Debys eyumations

express the bzhaviour of & mediwn for which the curve i

exporential, Theze squations are of such convenient form,
end simple relaxation processes, which may be taken to represent 
exponential procesges, are 80 urusl that where the curve is )
not exponential it is commeonly regarded s & cot of exporential f
processes of various relaxation tizez. This artifice is eQuive
alent in asny respecta to the alternative cne of construecting
an eguivalent network. For if euch z neotwork involves only
lineser cirouit’ elements, the separste meshes asxhibit

expenent ial relaxexi§na,{in the wboence of free ocoillation).
Thus it io poseible tc¢ insgine u wide ronze of eyuivalent net.

works representing & dielectrie.

-
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The gttitude zdopted in the »resent investigation hss
been that of attempting to roprasent probable physical |
processes occurring in certein dleleciriecs by means of &
nétwork, end then exeaining the corresvondence in form
between the oscillograme resulting from the uss of such
networks, snd thosze resulting fronm the use of aetusl dielectrie'i
materigla, The measurements made on Pyrezx glacs indicated |
that the emivelent netwdrk used was satisfactory in its
repregentation 'of the dielectric, in that its connonent valneé’
were independent of the reyetitiﬂn fregqueney of the Gquare-
wevo, { or sinusoidal frequeney spvlised for bellistie balanceit
@#ith Soda gless and ice,howxever, the squivalent network wee
sneatisfactory in that the velues ¢f the conpcnents wore not
indlependent of repetition rate. It hes been seen sbove thaet
this indicates the occurrencs in the materiasl of processes

whose time order i: grecter thus' T sifgfrepetition frequency)

»*
In order to obtain inferwetion concerning the end of the

charge-tinme trace, sinusoidel fieclds were used tc obtain |
ballistic bslancel{cf.Ch.IV). Pulse measuremente can be expecﬁéd
to yield inform&t@én caly over the fregusncy range contained |
ir the pulse. Hence the bellistic measurements mede ot low

frequencies may be considered cauivalent to measursnente at

the repetition rate of the pulae.
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#ith €23z glass, the indicstion of the occurrenee of
very slow procesces In the mediuzm amight poesibly be explaiﬁeﬁ
in terme of iomic conduction conbined with an intar-surface
£ilm effect. Conduction due to the movement of Sodiuvm ions
in Sode glese is a well-¥novn phenomenon, It snpsars '
feesible .that with the type of condenser uced in this investim. b
ation a thin £ila mey be formed between the zlass surfaces
and the aercury electroded. nder these conditions the iomie
conduction maﬁifested by Sodea zluse wounld sppear nore in the
nature of & very slow relexetion process thaen &s a pure
conduction nrocessfoxne correcponding equivalent network
would then adopt the form shown in Fig.7T?) , where ¢l raow
represents the capacitance due t9 surface Tilm effects,
and R; thne ienic conduction, It would be expected that both
Cs end Rg would be larsze.This point might well bs tested
by investigzating the effects of using differont tyoes of

electrode, for example, electrodes of Sodium Chloride

solution, and silvercd electrodes on the glass specimen.

G
N
lF"

}

Pig.77) Possible egulvalent network for Boda glacs,
exhibvting inter-surface film effects.




XI. COuCLY: 10W,

This reseerch has conelsted of an investigation
into the possibilities of the pulsed diffefembtisl itrcnoformer
bridge for:-

i) the measurement of four component capszeitance-recistance

networks spproximsting to & condenser filled with natural

dielectric,

ii) the examination of certain dielectric media in torms

of cGueh & network,

From the work it has been concluded that,using the puleeﬂ_

~]

differengisl treneforser bridze, four componrent métﬂorka :
of %the type discussed in Ch.II, cen be anzlysed catisfectorily %
over g wide range of values., The main factors limiting ‘
the working renge of the instrument in this respeet are

the decign of the differential tramsformer and the steep-
ness of the pulse edga. The messurements made on aetual 2
dielectric medis indicate that the methéd'ia sultadle

for the znelysic of dielectrics exhibiting lose

ohenomens of time order greater thanvﬁxrepetiticn freéuancy)
For dielectrice exhibiting very slow loes nrocesses the
method ig incowmplete. In qrder to obtéin the conplete
picture of the dielectric it would be necosssary to
incorporate en auxiliary instrument such z¢ & four-condemser
bridge, with which to investigate the end of the charge-

time trace., This presente one nousible line for future
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development, & second being the investigetion of the effects f
of using varicue types of electrode with Sode zless and similar i

dielsctric meila.
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Pig.v3}. L~B coupled mmplifier utage'..

VYalve:« VR 654,
Anode voltage, V. = 4209 volis,
snode currant, i.y = 5.8 ma.
Screen voltage, %, = 205 volts.
Screen current,<is, = 5,0 ma.

3
drplificetion factoryis, = 61 19 .,

H».i‘-.?ol*!{%e, ; = B0¢ volts,
Preguency wronge required = 53¢ cycles/see. t¢ 2 Hegacyplea/eec.
Calculation of components, (Static volteges only).

“‘;f!'& Vé‘; . I‘. M R“ . W“ = {ﬁ*(} Q;Qms
iﬁb {V Vb) g I‘h K /’R", . 7?;1 x O K
"’?}35 {"f ~ Vs} S SV 7?5 T, - I3K
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“ | D RN N
‘ » ﬁv C‘ . lg‘; . : i . _ ‘ =y . .
-k.gad ¢ should be us large as jossible fef _peak grid
veltages, If jg@ = m& K, G e jf"P, time cmn'

Gfe o m ® }9 = 10 s ir@., this C-R cmbin&tien w‘ﬁl

respond satiafaetorily to frequeneies of 109 cyeles/ﬁec.&nd
upwards,

AT "o
ﬁi&n&i“i‘ b4 g ’f‘&a 140 olms(see above) mﬁ£K= 2.5/“1?..

GFes 3.5% 10 ,i.e., thie O-R coubination will respond
" satisfectorily to frequencies sbove &p}pmxmately 309 cyeclen/

86C,

ediste freguencies of

The egquivél ert cirevnit of & single E-C coupled amplifier
stege is shown i# Pig.79), from the point of view of

varying voltages.

Pig.7d). Equivelent circuit of R-C coupled ‘emplifier
stege from pcint of view of verying velteges

At mediur frequenoies €i1ects ss & shorteireuit to thoce

frequencies ,and%ﬂ _ C and € 4n series , end C have

1 ]
& & 4y &y Qo
AP 3 . ' ' .
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negligivle effect. Genivalent circenit rsduces to shat
shown in Fig.3y¢).

R °

s |

Ra

FPig.78}, Simplified eguivslent clreuit appliecsable

at medium freguencios of single stage
2-C anplifisr.

Then,

. LD
{:‘e:a = A e &‘—

Ky e ¥

€. = 8tage emwiifieation = ., ¥ = <;
€3 Ao # P
For three exactly similar ateges, 3
< Y.
Overall amplification = ('ﬂ P }
; Hg by

il
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i). PYREX GLASS,

Sample 1)~ cordinaxily ennealed specinmen.

Detorminetion ef end copacitance of samnple.

Welght of Hg Total Yeight of Heg ﬁetal CED=-
in innerx cepacitence| in imner itence,
c@lm! {&mﬁo) (’J’J F) . 001%3(@33.) ' (F’JF)Q
el § o 1879 19468
2ia 4 20 .8 - 14%e1 1148
) -‘S&Q‘,Q t.l‘y‘i_af? 16603- 1.56‘9
$4e8 4345 19663 137D
8843 bk ol 180 .0 149,85
8606 o &59@ e 09 3.5‘?‘9
068 4D
ravIN) 0D 8

R D
(R,
!
1




, C - Cs Rs Cs (C,f- Cs C:Rs

‘F" F) . Q.l'l F) [ (K; - (:};l Q (,.:-Seceo)o
15205 ‘é‘:.‘g 41?49 -‘(’ 06 1;7
178,80 440 434 a8 1.9
B ided UL 213 27 Z 48
25‘@0&’ ) '@ 4‘-&5 £ 05 204
wﬁﬂo@' . ?.(‘3 ;457 I 239 109
%8G oQ 7o PR | 2.8 243
E&?og 80@ A Eéﬁ 201
3Z% o5 B 388 L RBed 248

‘ I‘?@r sasple i):-
f Average Cs / G+l =_2.6%,

aAversge Cs R; = £ Pu~88eH.
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Semple )~

immersed in = vath of Sodimm NI

Determination of end capaeitance of sample,

srecimen etadiliced st B0°C for z mirutes, then

trate &t 300°C,(toushened glass),

Welght of Hp Tetal cap- | Weight of Hg ‘Total
8r column| ecitance, ir immer col= cepacitence,
{gms,) (pp F) wsn, (gms.) . (rP)o
30,1 36 .9 118,8 111,56
G o Cle® 13308 131.8
87.7 8645 186 4% 148 .8
BHe7 82,0 167545 138,85
88.0 26 .0
T SR R
; S g e
F Y . et h*{r {—xli".iu-i
R 358 soTySeced
g 3 :;M‘Wj o
3 SS3a3ee: E28s i
: i i
s t.l:;: “51* 1'?;
4 T
11 t + o
Hith i
[ 0 { q}: ‘1
i 33821
11 FuS B HL‘_ ::E_‘:
i g o
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Determinztion of equivslent notworl for ssmple?).

G cs R Cs/ €+ Cc | ~CsBs
(pp?¥) {pop F) (X) {A) (p-BEECB. )|
18 1e® Yo {4) :&5 2 06‘ 3 i@
a.Qz.Q bp@ @‘&!.& . ¢‘1‘ 3‘2
Z231.5 6 .© 0l £ .5 Se?
242,9 6470 oag < o8 Se2
L7033 £.0 -] < o8 444
LOTD G o9 LAY Ze® te7
Por semple 2)1-
hversge Cs/ C,rCs = 2,84
Average Cs R = 3 th: 85003
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Benple 5)t~ specimen stnbilised for 1 hour at 656°C, followed

by cooling in still sir &t room tempsradure.

Determination of end cavscitance of sawple.

Veight of Hg Potal . Woight of Bg Total
in inner capacitance, in immer capacitenage| |
e@lm;(gﬁlﬁ.} . (,J’J:)?)o COlufﬁl,(gmBo)c (’J’JF). ’

ided 4e® 99,2 E06

20 o3 118 L1845 88.6 -

£0.8 Z3e9

&7 STeB

8241 49,6

TDed 3E¢Q
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petwork for Bam2les) .

: . -~ ]
C s Hs ¢/ Ct G €:Rs
(PPF) (F’.a? (K) (‘,'é) (’-'ﬂsecﬁul)o
125,0 3.% | s 245 2,7
wQ4ed 5.0 &l 5.4 Jol
2538 ES 613 | K7 443
L3890 7eS 580 Ko7 4,0
3% o 70 B 2.4 . 499
3028 £ L5 538 o7 448

For sample FHlte-

Average Cs/ C,+Cim 2,53

Average CsEs = Delp=80CH,
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Semple @):~ epecimen ctubilised Tor 39 minutes at 690 Cy followed

by cooldng in still sir at room temperatura. ‘ - |

Determination of end cupacitance of semple,

Wolght of Hg Total Veight of Hgz Total !
in inmer colummn | capscitanece in inner capaocitanee,
(gms). - (ppFle column, (guse)s | (ppF)e
1448 v el ¥4,8 B85
S5 e$ 45.0 1iled 18E .0
Gle® 888 149, 1 1589
7740 72.5 iHB.8 182,.,8

2

R

b

i
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G Cs Rs cs/ c.*_Gs CsRs .
(pp?) (pp¥) (%3 (%) (pHsses.) |
178.0 4ol G71 Zeb 296
18%7.5 Oe® 589 Leb 248
2 16,6 0ol 584 Leb 309
256 93 640 4d; 2.8 £ 46
25448 749 R el Be8
37540 7o 413 2.5 2.9
£93,0 7075 545 £.8 2,7
315,08 B 345 2.8 Ze9

For cample 4)s-

Aversge Cs/ C+Cy = é‘.:.E:é
Averaze C R, £ a.ag:secs.
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eooling in still eir at room tempersture,

Determination of end capzcitance of 381 e,

i~ btablliced Yor £0 hours at 55¢°C foliowed by

Welght of Hg Total cap- | Weight of Bg Total
in inner acltanco, ia inner capacitance,
column, (gns,.), {pP)e columm, {Zme. ). GpPl)e
iZeg £e90 1B 2 iLGe8
Qe % 3%ed I8l 06 146.9
Jite 7 29,9 19348 168,56
i 4 o 8
58,3 VB3
B0,8 8345
110.6 %5 45

+

My

e o
Mion
H T

i
e
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Determinstion of suuiwelent metworlk for gannle 8).

¢, Cs K, Cs/ G+ G Cs Rs |
GrB) | () (&5 ) (pms0es.)
' 177 8 440 378 wakd 18
2838 e 4832 2o Lel
BEz o0 0.8 175 2 ek ‘ <ed
246 .0 6.8 474 Led a8
286 .9 Geb 51 Eet =88
396,90 8.9 $38 ‘ Z 48 267

Por semple §5):- ,
Average Cs/ G+ Cs= Ba4p
Averagae CsR, B Badu=33CH,.
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nggle.ﬁlza gtedbilised for 1Y hours &t

eooling in otill

825°C, followed by

2iy at room temreraturs,

Determinetion of end eenseitence of semnl &,

lielght of Heg
in inner
eolumn, (gma),

Tot=1 capacitaznce

Wolght of Hg
in ianer
columii, (gme. ).

Totel
capacitanee|

CopPde

0B .0
ek
141,1
188,58

N A Yy

Lr t‘cé

8.8 .
98,5

L le®
159,90
2.0
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Deternination of ogu

@t Cs 8s 03/ 0!"'(3: CsR¢
28 .5 44 76 SIS Zel 2.8
iy B 5 el o4 Zos 509
57668 He7H 45,6 < W S5
AN RN 6 o8 245 el 248
GLdeD 7¢25 N Zed 2,9
52745 Teld £26 ek el

Por 8éimple €)1=- Averzge Cof Ci+Ci= 2,5

Aversge Cs Rs
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Y
1
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g

i~ stabilised for 7% hours et 509°C, followed

gnple 7
by c0oling in still air &t reom temperature,

capacitance,
(P

Potgl

151.89
i81.6
17340

1295
14949

444+ rrm
peand e *1
t
20 28 + H
Sugrae esks fonse
H3 L $ous ddupe
= S92gsunpy
HH (44 s

p=ponnn

iz inner columm
(g~®8)

Welght of Hg

3
3
i
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5
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Detomminctlon of acuivelont netwerk for ssmple 7).

G Cs Hs c:/ G, +0Cs C:R,
uF). G F) e (&) (%) (r=8008.)
43769 4.0 24435 167 i.8
=OE o GeD 417 1.8 2B
297549 0.5 4 ie8 Led
£BBe0 6 o¥ did 2 8B Led
@355.9 7 o& ' ST-%) e 306
535 o9 840 s Zed Zod )

For camplae 7)1~ Average C;./ C,+C,= 2,08
average CsRg = By ip-8€08,




Eamnla £)te

by eooding in 8till &ir st room temperature,

storminstion of end cevacitrmee of ssmples

stabllised for 7c hours at 489°C, follewed

Yelght of Hg | Tonal Felght of Hg | Potel
in inne? canaciteonee, 1n inner , capecitance,
column,(gms), (ppZie columm, (gus). (ppE).'

1841
4 P
45,9
63e4
bR o2

14,0

w8l
4 e B
60 48

TG eH

¥ Py
114.,8
Li%e7
1086..3

Ry IR
LG e

6.0
118 6
i28.8
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-ty e o .o -4 .o : -
aedyl 133 ; TT‘XZ.«“‘.&:.. [$9 pes
: i3s3 3e 132 be poded 23 55200 oo ve e
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3oasoogiyseny 1t I i1 :
2222000000 opes T T
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Detigrmination of eguivalens netvcrk for sammie 8),.

C: Cs a‘ es/ GI*CS GSR:
(e F) lap ¥} {X) {(#7 (-B008,),
$8dv@ gl - degeieme - o
189 .8 PUPE) - Le8G -
19745 2 ¢ - 1,86 - N
21846 3oL - 1e8 by :
437.0 8,58 - 1.8 - -
£58 5 &a25 1e6 =
£635.6 4,3 087 1e7 %6 |

Note:~ For thie sample it wee imrpossible to measurs G, R ,

~ez\cvépt inf the last instance, dus te the small value of C,

Por sample B)ie 4verage value of Cs./ C,+Cs= 1065

Cs E; measured in one inastance at 2 ,6M-8608,
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Variation of Cs snd Re with f£requency of émlied inpat,

G Freouency Rp G+ Cs Cs

{r F) (cpeles/, (1) (ep P (pF)
8¢C. )

1648 1iK .38, 319 15,6

6.0K Ve 45«9 2845

5 4BK Db 4549 32.5

5.0 Yo 49 D39 38 o5

GaGE 0.6 1 0 7e8 41.G

448K G o6 i 63,8 47 ¢ @

J+0K DeTl 7140 SEP

38K D81 30,8 54,9

2 «SK PeBli S lel 7ol

15K O 1270 11945

10K e 148.5 132,.8

D e THK el 154,89 i37.8

D eoK Sold 145,8
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ADDERDA, (0f.P.121),

The hypothesis put forward to explain the apparent
increese of dielectric loss with tempersture of stadilisation

~for Pyrex glase, is far from rigid. A coaplete explznetidn

of the resulte bacsed on the dsfe available is not possible,
but some epeculations as to the loss mechanism sre given

here.

The observations made on verious glasees,(Cf.p.94),¥
indicste that the percentage ocepecitance associsted with
series resistence, C_, is grestest for glasses with the
greatest concentration of metallic ione, perticularly
Sodiun ioms. This susgesto some connection between the losses
represented by the series resistenee capacitance combinstion -

end the presence of the Sodium ions. With this in aind,

"gome possibilities ge to the esctual loss mechanism will

now be considered.

‘If the lossg méchaniem in the glasse is ascumeld to arise
fron the presence of dipoles in the materisl, the process
cen be envisezed in terme of the modificetion of the internsl
potential field, and hence of the eguilibrium positions
of the dipeles,ﬁgon the applicaetion of an externsl fleld,
(c£.0h.IX,p.141). This hypothesie however neceseitates the

presence of an individusl negstive ion, forming & dipole
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with the Sodium positive ion. Also, 1t would be expected thet
the time constent associated with this type of loss mechsnism
would be much gmaller then the time condtent observed in
practiee,( sbout 2x-c008.). |

The relatively lerge time constents observed in preetice
ney possibly be ascribed to the modification, due to the
external applied field, of domains in the glese. This ie
difficult to envisags for smell field etrengths such ase are
1nve1ved in the present imvestigation,

A4 thir] possibility 15 suggested in terme of the K\

plcture of ioniec conduction resulting frem the movement of \Mj;
ions over potentisl darriers, details of which are given
in Ch.VI of this theeie,(cf.p.82), The application of en

- externsl field resultes iR e tendency for the icns to fump
more in one direction than the other, thus giving rise to
& conduction current. The possidility arises of regioms
oceurring in the glésa where the potential berriers ere
ghove average height. The Sodium ions infiltrate through the
glece as mmch as poscible, Sy way of the potertiszl valleye.
But, in the reogien of the very high potentiel barriers, a-.
certain proportion of ilonc will de premented from infiltrating
further. These ione give rise to a statie space-charse |
distortion superposed on the flow of ions, Upon the removsl

of the field, it is suggested thet this space charge distortion
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relexes, end the 'trapped'tions taks up s fraesh distribution. !
This relsxetion process is represented in the ﬁeasaremen&a/(.
teken, by the series resistance ceapecitence oombination,caag

In the event of there being more thsn one type of metsllic

ion present in the silica network, the larger the contributdon
of the ion to the conductivity, the laerger aleo ite
contridution to Cs.

Phe observed imperfeetionﬂ of the finel balance of the
gless sample egeinet an equivalent electricsl network, may
#ell be an indication of the presence of saversl typee of ion
contributing to the loss processes, #o well ze srn indication

of a distribution of the regioms of very high potentisl derriers

1f the hypothesis of spsce cherge inhomogeneities given
above le correct, the increase of Gsf(bif ca)with tempersture |
cf stabilisetion of Pyrex gluese samples suggests that the higher
the temperature of stabilisstion, the greater the possibility
of regliomne occurring ih the glese, whose potential fields are

above aversge height. o evidence has been found in the current

literature for or agsinct this,




