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- The Heasurement  or gielectric. Constants,. with. a.
Note on. Freliiinary Work on the Location of absorption
i

Banas..

Abstra&t.-

!

A. survey 1s- made of. methods: whibhu have Dbeen
g¢evised: toc determine- diElecfria  oonétants,zusing‘ alternat-
ing currents :ranging trom audio tbb kilo-megécycle
freguencies., Briage methods. are aescribéd' which involve
the comparison of capacities in:. various forms of!
Wheatétone:'network.,many determinatiohs have been mace
which depend on. the detection of current or: voltage)
Aresonance,.and on the fieqﬁency dependahcé of oscillators
omn’capacity in their circuits. some free wave metﬁéas
are described,, whicah lead onv'fo transmission line and
co-axial line methods. For wavelengthsﬂfsmaller than 10cm.
wave: guides ana: reéonators_ are most. suitable.iAA\prief
descripﬁion- is‘ given -0t a new wmethod 1ITor daetecting

absorption regions in liquids.
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The lMeasurement of bDielectric Uoﬁstants. 

The dielectric properties of substances are givén by |
|
|
|

. i
}L,,and the etfective conductivity, oo. Accoraing to: mdkwellhg

the permittivity or dielectric: constant, € ,the permeability

" theory, the dielectric vconstanﬁ,é =.C} where n is. the:
ref:aotivea index,, and many investigations were made into
the values. of. € and. n since certain substances followed .
this rule fairly .aloéely while others deviated. wicely
‘from it. The theory afv‘uebyéA suggestea thatv the dielectric
properties of all substances depended on—-distorfion ot

the molecules in an: electric tield, while for polar

molecuies it depended also wupon orientation. of tihe
molecules,, and. he- predciated that. suadeq changes: in the
value: of. the dielectric. constant. would. be 1founa’ at. the.
resonent frequency of differenf molecﬁles,‘causing an 1

ultimete decrease trom the static value of the constant. o
i
j

l
of. dielectric constants and refractive inoices. weEEBe mage ‘

to the square of the refractive index at optical-

frequencies. As: & result, a: large fnumber of measurements.

over the widest available frequency range tor  investigatirg
- |

the validity of D'ebye's. theory and other theories ana

modifications which were proposed. later. The main methoas

used were bridge metihods, various 1Iorms. ol resonance

methods and, more recently, method s using wave guldes and

resonators.. All these methoas can be modified to give
accurate results over cdifferent ifrequency ranges and

under aiiferent conditions.

{
i
|
1
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Briage Methodss.

Bri&geu metliods: have: considerauléc aavantages. over
other methods. &nd for frequencies up too Soéﬁcqusw
the difficulties are soc easily  overcome thatﬁ they' can
provide the: mosti accurate measurements of diedectric
constents. . By  means. of a capacity bridge: the: oapacit&
ef  a suitably designed: condenser: is. measured;, first when

iy, is. eyaouatbd@ C, and: then with the test: dielectric:

between- its. plateﬁg,(lp . Then:é’=%$7when: alli neeessary
correptionsa have been made. Bridge- methods: are: unaffected
by - current. fluctuations: which is- a very: greatt adﬁantage
since: the moatarcarefnlly aesigned: oscillators tena: to
vary inJ output: unless: complex: precautions. are: taken..
'Irnvidihgc a sensitive- méansw ofi detection: is: used: the
balance point bah be accurately found »on. a bricge,,
and! bveing. a:‘null methiod of measurement it is hotn
| depencdant on -the calibratioﬁ oi. the detector. In addition,
by suitable choice of & bridge the effect of the
conductivity of the specimen may be balanced out. |
Cne: particular-'bridge, however, cannot Ee used over a !

very wide frequency range, but. must be spea;allyr con- i
structed for use within fairly narrow limits. The main - ;
difficulties with highf ffeguencies “are due to diéplace- ‘
ment 'currents. As the frequencye'is raisead the current
ceases to pass only through _thé wire network, and

_capacitances are formed between. the éomponents cf the

» bridge,‘the detector and any neérby objects incluaing
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earth,, and stra& currents flow through these. capacities.
giving en: untrue balanqe.vihe strength of these currents
in9reases with frecuency, with the potential difference
between the objectsand with their relative proiimity,
The difficulties are largely  overcome by shielding.
The -current generator, the detector and the arms of
the ©Dbridge should each be enclosea separately in a
metal shield of hign conductivity ana these connectea
to earth, so that stray currents are eliminatea Dbetween
them and earth. In additiéﬁ, each arm of thé bricge
is almost chpleteiy encleosed in a métal shield which
is’ connected to the nearest point from the generator
as shown,so that ény capacitences Dbvetween the arms
merely shunt the generator. All leads are surtounded
by earthed metal tubes, Leads to the daetector are
arranged ‘as symmétrically as possiblé in oraer to
balance out capacity effects to earth. AW Wagner 'earthing
device could be employed to eliminate all capacities to
earth, but the introduction of a’ more complgx network
and the lack 'of symmetry involved make this undesirable.
Another impqrtant difficulty in the uée of  high
frequeﬁcy bridges 1is rthe inductance of the leaass and

mutual inductance of the components. This 1is overcome

by making all leads as ‘'short and rigia - as possible,

by using special non-inductive cowponents and by arrang-

ing them so that there are no re: loops in the vcircuip

and that the leads from each component are parallel to!

1

eacn other., Tue  simpler and more

Symmetrical tye
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A
bridge, the sgaller the inductance ' errors become at hig

frequencies.

The output of the generator used must bYe independ-
ant of the load in order to make determination of tis
balance point easy. The detector may be a thermo-couple,
‘a3 valve=-voltmeter or a heterodyne receiver with head-
phones to detect the balance as the audible beat—noté
disappearm.

In" an investigatiogy of power 1loss ' in condensers
with 1liquids as dielectric, (Fhys. Rev. 1924 P.507)L.S.Me.
~Dowell carried out measurements by means of Mé;Lea&%
bridge. The circuit was as shown, the oscillator and in-
put transformer %bYelng in a room adjoining the expéri-
mental room, and primary and secondary were tuned to th
same frequency. R, and R were fixed non-inductive resist-
ances, R and R, -variable non-inductive resistances, C, and
C, variable precision condensers and C, the test condenser
C, was'.a heavily nickel-plated, conicalw-shaped condenser,
the inner cone being supported by a pyrex rod and the
distance bYetween. the cones being variable. It could be
taken to pieces, washed and re-assembled Dbetween readings
C, was filled with tne oil under test and left for 24
hrs. to reach room temperature. C, was then placed in par-
allel with C, and ;the bridge was Dbalanced, varying ¢C,

and R, with suitable values of C, and Re At bvalance,

' v T - 3
'R.LR‘ _Q,’Rq_ and T_'_’-C—* BT,

C_was then replaced. by a precision condenser and the




Shering and Semm's Bridge used by

‘ H. Harris,
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bridge Yalanced again, the value of C being found by
direct substition. By measuring Rq_at_ balance with no
condenser in parallel with C, tpev series resistanceR,of
Cy ﬂﬂﬁ‘ g #H could be found since the series resistance

of Qx and C, in parallel, R, ,was givem Dby

| R, = Ry (Cé:lchx |

The dielectric constantsof 1liquids could be compared
by comparing the values of C, when immersed in  the
respective 1iquids; It was important that R, R, and Ru- !
should bYe pure non-inductive resistances, Any small
deviations from this condition, and errors due to stray
-capacity effects wére iargély eliminated b& the substitutdon
procedure. Loose coupling ta the oscillator and ’tuning
of the bYridge to resonance before making an accurate
balance ensured the absence of harmonics.,

H. Harris used a Schering bridge for the méasuremen
of d ieiectric¢ constants of a number of liquids. (Journ
Chem, 860.1925 P.10493 The generator used gave a ﬁure !
siner wave of frequency variable between 50 and 5000c.ps.
and it was screened to ‘prevent interéctibn"ﬁith fhe
bridge. Rs‘and R, were screened  100Qohms resistancgs,AC,
wés the test condenser which consisfed of two brass
cylinders with end-pieces- of compressed fibre. It was fixﬁé
in a glass cbntainer which held the 1liquid aielectric
and Aéreat caré was taken to rémove air-bﬁbbleé. C, and
6 were variable precision cond ensers, C, being used to

giﬁe the value of €, and Csto balance out the ’éonduct-:



| ¢
ivity effect of the dielectric. The generator and bridge

~telephone detector were 14ft. spart and -several feet
frdm the ©bridge to reduce inductive effects. Connectiors
were madé by' means of mercury cups and all unscreened
apparatus  was supported on ebonite stands to reduce
strey capacities. At Dbalance, if Q. was the- equivalent.
series resistance of C,

p‘s%.ﬂ* and %—_—. B’Rl;

Byvarying Ganda C, alternately a balance was obtained
first with air beﬁween' the- condeneer‘plateé and  then
with different 1liquids: between them. The: dielectric
constant . coﬁla thus ?e“ found: from the ratio of the
capacitieSa.Correctioné. were.: appiiéd for the effedta of
the: fibré insulating end-pleces in the test condenser..
The. earthed - screens and thes fact that the'—arms LE
and’ EB were o}b low impedance compareé: with DA andAB ’
and; hence that D and: B: were nearly at. earth potential
eiiminated stray \oapacities..By connecting the shield
and; leads in ﬁithoutt the~ téstr condenser a: correcfion
wasc made for the: lead: capacity. In order to measure-
high dielectrfc constants and still have fairly: large
capacities to- measure,  series: of éﬁelectric constants
webe determined, not absclutely with respect to air
or a vacuum, but with respect to: each other using
testticondensers: of differéntt slzes e.g. ben%ene with
respeét to air, chloroform with respect to +%e benzene
etce with increasing valﬁete of dielectric. constant,, so »h

that the smallest 'capacity that had to be measured
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. Bridge wused byA Krcima and Williams.




was 400p.f. The disadvantage 6f “this procédure was
that it was indirect and the errors in each measurement
were &dded together in the final result.

I.—J. Krchma and J. We. Williams_(Journ. Am, Chem. SocC.
1927 P;240é) measured the dielectric constante of - a
number of bﬁnary mixtures at frequencies .  of the order
In.c.s8. The resonaﬁce method they used ’was unsuitable
for conducting liquids éo they devised a bridge; methai
~and checked their results by measurements on pure.
nog-conducting liquids by both methods. Riand R, were
non—indu¢£ive 1oooéhms fesistances..ané> a varilable: air
cbndenser of maximum capacity 2000p,f. which was
shunted ‘by a variable resistance R C, was a standard
va:iable cohdenser in parallel with the test cohdenser
 C, whick had an equivalent parablel“vfesisfance' R; due
to leakage. (was vshunteé by the variable non-inductive
liquid resistanceQBEF G: was a two-stege: amplifier
<which oould> Bén adjusted to produce audible bea?q with
the: bridge oscillaticns: which disappeared: whena the- -
bridge was: balanced.. The balance of this bridge B
depenéed; on the 'freqﬁency, and vgriations ;n” impedance

of any components of the  brid ge would have varied the
frequency,, so that any variation in C, hédﬂ>fo> be com- -
pensated by C, and R%_fbf balance. C, was: a: variable pls
piate condenser contained in a P&rex vessel and bhave
ing a: perforated copper container bYolted to a thermo-

stat,, thus aliowing water to: cipculate around: the Pyrex
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; Method




vessel yeti still protecting the condenser from stray
capacities. The change 1in capacity of the condenser as
its plates ‘were moved from position A to_ position B
had already beeﬁ found by the resonance method used
previocusly, and the bridge was Dbrought to %balance with
the plates in these +two positions with 1liquid iﬁ the
condenser. R, was adjﬁsted to Yalance out the conduct-
ivity effect. The dielectric constant was then given by
the difference 1in +the two falues of C, divided by

the known change of Cy in air. This method gave ‘good
agreement with the resonance method for pure 1liquids
and by means of it a number of binary systems were
investigated.

In a paper on the dielectric polarisation of
liquids, C.P.Smyth, S.0.Morgan and J.C.Boyce, (Journ. Am.
Chenm. Soc. 1‘28 P.15%6) descrived a: bridge method of
measuring dielectric  constants at 500k.c.s. The circuit
diagram and symmefrical arrangement of the apparatus
'Vwere as shown, the detector, oscillator and Dbridge
,being‘ishielded from each other as completely as
possible. The heavy shielded lead from the  oscillator
was brought up underneath the ©bridge to the point B.
R, and R, were wound none-inductively on the same tube
and were shielded. C, was ‘& shielded air condenser with
a varisble resistance R, in series and Cg was a preci-

sion variable condenser with resistanée RS in Aseries

mainly to preserve the symmetry of the system.  The
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test condenser C, consisted of two concentric gold-
plated ©bPrass cylinders insulated from each other by
quarz discs at the ends. The DYridge- was balanced with
C>< disconnected by vafying 'Cs and Rg and rebalanced in
the same way with Cx connected at F. C, had a fixed
capacity due Vto the 1leads ‘and ends containing insul-
ator, C., and the effect of this was eliminated: by
measuring its capacity filled with ‘air first and  then
with ©benzene. Assuming a value for the dielectric
constant of Ybenzene, the variable portion of the
capacity of the condenser, C,, could be calcﬁlated and

- the dielectric constant of other 1liquids: determined by

measuring the capacity of the condenser containing them.
. ( — C)‘ l‘-qu.ul - C‘-‘ ‘
: : C .
In & later modification, the cell used consisted of

v

three concentric platinum cylindera open at the ends
and enclosed Dbetween the walls of two concentric: glass
tuves, It was to reduce end effecte and leads capac-
ities to a: minimum (4%) so that the correction des-
crived above: was very' small. | |
Hartshorn and Oliver investigated the’ discrepancieé
between. results obtained by different methods: of \
measuring ‘dielectric cbnsﬁanfs, end devised a Dbridge
for measuring accurately the dielectric constant of
benzene, (Proc. Roy. Soc. 1929 P.664). They took special
predautions with the purity of the samples ‘used and

.made measurements mainly at 1000c.p.s. at which frequ-

o .
ency stray capacities and inductances were small. They
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also exémined the variation of dielectric constant
with freguency, but did not regard the higher frequency
values as standard. Thenetwork 'us&ﬂ was as shown, the .
condensers C, C,G C, being variable standards, Ry and R,_
gon-inductively wound resistanées: and C,,the test conden-
"ser. The conditions for: bﬁlance were
G ) C_?izmsk o %3-— =C%HG

With C,, dsconnected, and R, R, and Cg having suiﬁable
values, C, and thwere adjusted to Ybalance. This wgs
repeéted with C,, connected when it -had air and when
it had benzene ass dielectric. The test condenser was
designed as shown' so that few lines of force passed
through the dielectric. JUg fKggY Foydgis¢¥ stray capac-
ities due  to leads etc. were as shown in_ the disgram.
By use  of. a: shield 5 further external capacities were
‘eliminated, leaving -Cwsand Gs. Since S was earthéd, Cos
- merely shunted the source and Cwaaffecteddnly the value
‘of G. The lead capacities c---c, could be calculsted |
and allowed for: by ‘interchenging the connections of
the condenser plates, leads and shield -S. All ‘the
bridge components' were shielded in metal casga, and
allowance was: made for vreactance in R, and R, and for
the imperfect insulation of the condensers, but this
was found to be negliple. The dieléqtric constant of Je
benzene at 20°C and 1000c.p.s. was given as: 2.282,.

L.M.Heil (Phys. Rev. 1932 P6669  used a: similar network

to determine the -electric polafisation of certain



’ 1
organic liquids. A 476k.cas. quaﬂ% crystal oscillafor
was inductively coupled to the ‘bridge, and the detector,
alsc inductively coupled to the bridge, was a: tuned
circuit, also, adjugted to resonance at 476k.c.s., in
conjunction with a carborundum crystal rectifier and a
highly‘ sensitive galvanometer. The wescillator, detector
and bridge were all separgtely shielded. The resistances
were both 1000okms. The test condenser consisted of
fhree brass cylindérs, the outer two bveing connected and
“insulated from the inner one by glass capillary. Low
temperature readings wefe taken by immersing the con-
denser 1in so0lid carbon dioxide and alcohol and warming
it by a heating coil wound round the condenser. This
may have had some effect- on the capacity reading. The
tenperature was measured . by means of a copper-constantan
thermocouple. Cwas a fariable precisicen cdndenser, and
the %bridge was balanced by varying thés samd 0, or C,.
The ©bridge was YbYalanced with the condenser connected in
parfrallel with C, and also with it disconnected. Corr-
ection was made for the leads and spacers by calibrat-
ing the condenser with benzene, the dielectric constant
of which was _assumed. The bridée was fhen balanced with
the coﬁdenser filled with hexane, p-xylene, o-xylene, m-xylene
and with solutions of brombenzene and iodo-tenzene in .
them as "solvents at different temperatures. The values of
‘dielectric constants obtained for the hydroca:bons agreeJ

to within rather more than 1% with a number of other
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experimental results quoted.

Jordan, Broxon and Walz (Phys. Rev. 1934 P.66) examined
the dependance of the dielectric constant of air upon
pressure and frequency, using pressures up to 1l70atmos.
.and frequencies ﬁp to "70k.c.s. Previous measurements on
gaées were ’highly discordant owing to: the fact that
the 'dielectric qonstants ?aried oniy slightly from
unity. Considerable error could have been - introduced ;by
the instability of high frequency soﬁrées, and this
ﬁasovercome by using a bridge mgthod. inabcuracies 'of
calibration of variable Vcondensers used were a further
source off possible _error,-which was avoided by using
varigble resistances R, an@'uR&-as the main impedancgs.
At 70k.c.s. these Vceased“to behave as pure resiste-
gnces,vand limited the frequéncy range of the appar=-
atus. r, and r, were decade resistances of 1GQ0OOohms,
¢’ and' ¢ were _#afiable air rcohdensers and €, and €,
special low loss variable condensers. The oscillator was
carefully‘,shielded from the rest of the apparatus and
all leads and bridge components were ihdividually
guarded. The nuli dndicator 'V was an anmplifier feeding
into a dynatron circuﬁt and ’producing ah audible Dbeat
note in head-phones with the qircﬁit tarough BA. €, T,
€,and 1, constituted a Wagner éarthing device to elim-
inatg stray capacities. By means ‘of the switch B8, A
~ was earthed - and B cognected to D, and R, 8',Rl‘épd. e’

were adjusted until B was also at earth. The switch
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was then reversed, B being earthed and A connected to
D, and R_,C,,R, and 'Cb_were adjusted for ©balance. This
process was repeated until A and B were both bpéfman-

ently at earth péientisl. The equation for %bvalance was

T,
c, _ TR | + = —-éﬁ?tzgrb ]

C . ’RQ_ | + g ]

. —
o W CoCor o

wohere r, and r _ were the equiv#lent series resistance
of C, and C, respectively. With the apparétus used, the
quantity in- the _bracket was proved to Dbe negligivle
varying 1little more than 10 from unity, and hence at

balance
<, N,

—_—

C, o
c1 wés a fixed concentric cylinder condenser closed af
one end and with solid insulation at the other end
shielded from the eiectric field. The inner eylinder ‘w’
was connected to the earthed shieid. C, the test con-
denser was -éimilar to C, but was contained in a high
pressure chamber so cpnstrncted that the cylinders
were msubjectéd to 'equal pressures inside band out, and -
the only mechanical strain was directly upon the
s0lié¢ metal walls and could not. distort the cylinders.
The capacity of C, ﬁqs measured as described above |
when it was evacuated and when filled with air at
different pressures, and nence the dielectric constant
was determined. Itwas found tha$: this increased linear-

- ly  with préssure. Slight inconsistencdes at higher

pressurées were thought to be due to mechanical dis-

tortion of the axis of the test condenser. The
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dielectric constant was found to be independant of

frequency, values above 50k.c.s. being 1lees ttrustworthy
owing tQ the appearance of reactance in R_ and R,
Capacity bridges have been constructed for use at:
frequencies up tq, l10Om.c.8. The main requirements are
complei shieldingrksystems and adequate corrections or
compensation for inductances introduced (BeiIIISystem
Tech. Journ., )~ It is possible to use these bridges
for the determination of dielectric ‘constants, but the
corrections. involved and the fact that more suitable
methods are available at these frequencies make such

determinatioﬁs less practicable.
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Resonance Metﬂodé.

Resonance methods have been tine wost widely used
of all in the measurement -of dielectric constants.
For accurate results it is 'neéeséary to have a
continucus source of oscillatibns stable in current.
and frequency output, so that. a very important part
of évery détermiﬁation is the design or choice of a
suitable oqcillator. Resonance methods involve the
measurement of the capacity of a test condenéer when
empty end when filled with the dielectric underr test,
andi congequently the previous remarks in the section
on bridge methods regafding‘ the shielding—~of the
'~ condenser and necessity -of qorrectioh for stray
capacitences and inductances still apply. In addition
correction often haé_ to be made for the condﬁétivity
of. the dieléctric, and  if this 1is high it usually
reduceé the sensitivity of the resonance d eterminatdon.
The threemain methods involve the: detéction ofi current
or voltage resonance in a secondary circuit or of
minimum effect of the secondary on the: fréqueqcy 'of
the oscillator at resonance. Of the fiPFst two methods,
voitage. resonance 1is 'generally p?eferable since - current
measuring methods do not detect the current passing
through the self capacitance of dircﬁit components.
Moreover, current and voltage resonance do not coincide
if the test condenser has any conductance, s;nce this

affects the conditions for current resonance but, in
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the case- pf voltage resonance merely acts as a. shunt:.

across the voltmeter, reducing its sensitivity but not
affecting the position of 4its peak reading. The: third
method, depending on the reaction of the oscillator

is the most accurate method of determining resonance.
A second stabilised oscillator is used as a frequency
sfandard{ and 1is kept at the original frequency  of

the first. oscillator or- ati some - known frequency diffe-
erence. The secondary‘ circuit is then tuned until the
heterodyne bYeat between the two oscillators 1s reduced
to - zero or to the freqiency difference arranged, and

- the tuniné can be madd vefy critica}. In all resonance
methods great care must be taken +to prefent the
interacticn of different circuits and consequent -pulling
of. the frequency. Thus the coupling of the secondary

to the oscillator in current and: voltage resonance
nmeasurements must be very loose; énd in the heterodyne
béat method the two. oscillators must bé screened and
placed well apart. At very high frequencies resonance
methods become  1less: accurate owing to stray ;capacitiesc
and lead inductances and to the difficulty of finding
suitable stable oscillators. | '

C.Niveﬁ (Proc. Roy. sSoc. A 191d F. 139}, measured ‘the

dielectric. constants and their variatien with ' tempera-
ture of water and alcokol. The test condenser C was

joined in series with the inductance L, a single ‘wire

rectangle in the primary circugt, oscillations. of tpe‘

order of 1lm.c.s. Dbeing set up by a spark discharge.
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In the ‘gecondary circuit, P was a coupling inductance

and .A' a cylindrical condenser, these both being

varied &as  the point Y was moved, and ‘remaining in.
a@proximatelyg tﬁe. same ratio. X was a coil containing
a: thermo=-junction cdnnected to a galvanometer, and was’
used to detect current resonance. The coupling betﬁeen
the primery and secondary cdrcuits was fairly lcose,
and it was assumed that the: current in thé secondary
c&rcuit: had no effect on the primary. Lead capacitances
were ignored. The . test condenser used consisted of two
concentric spherés of radii 4375 and 5;75cms._Tﬁe ocuter
gsphere had taps top and bYottom with a: spiral at ithe
bottom so that the whole could be ’;mmersed in a
water bath and liquid kept circulating thiough the
condenser., This: was joined in the primary - circuit with
a: battery of Leyden: jars in series, which enabled the
‘condenser to stand up to the discharge without affect-
ing the capacity of the circuit. The secondary »édrcuit
was brought to resonance énd C- wag, then replaced Yy
an air condenser formed iqf nine glass plates ceated
’with tin foil and separated by small pieces of glass,
the4>capacity of which was calculated from its dimen-
sions; end effects and the effect of the glass insula-
tors being ignored. The secondary circuit was brought

to resonmance again. In the primary cdrcuit 1if V;/ and

V; werec the potentials across the condenser C, the ocurm

ent through it was g//V¥ C&\{-V) and the current

: , VAR
through the equivalent paralle; resistencer was ar
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Whole current i (r Al Cﬁ‘)(v V)

But V-V, 63\" LZUE) Rbeing the resistance of the

rémainderc of the primary cii’cuit.

Therafore (R + L‘%‘E)L +@‘ +C§9i—)—'|. =
. =t

Assuming L = e
CL:. + CC'R*' q?>2 "’—;*‘ =0
where =2 = ‘?(B’ "”Cp) il:@_

Putting‘, z=pZjq, if z; and 2, weré: two values of z,
| Pt == = I (Rovr) 7

In: the secvondary circuit the _currént J was given by
| | (L= + R+ J—)}—J, I3 o

where L R, and C,6 were the inducﬁance,‘ resistance and

capacité.nce respectively of the circuit. Substituting
“p, ( ,

for ' )
= N
T = Aflz v I
- ) ' (Ll 21-_'_"?‘2 +Cl)
Putting =z = p+)q the modulus of the denominator D was

ELCP cvl) *FRP"'CI +Cv<2FL "‘—R)

and the current J: was a maximum when A was: a: mini-

-given by

mum, L C, and R were all functfons of the inductance lemiH\
used, X, but it was shown that, since R} was small 1ts‘
variation was negligible. Putting L= }\‘x and C zhxwhere
A, and Rk were constants, [) was differentiated with
respect to: x and shown; to be a minimum when '
Ekpc(p“«f) + TR p]z (ﬁ- + :,':'?lr,)
‘ ie . ‘ Qﬂt 7' ™! = B:_+ .

Since R was very small and T 1agge, r'%Was.s neglected

with respect to unity, and the condition for resonance
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was given by ?
CL.=CL,

The: ratio of the test condenser to the standard was.
éiven; directly by the ratio of the two corresponding
values of LC at resonance in the secondary, and, the
capacity of the air-filled test condenser bYeing calc-
ulated, the dielectric censtant of the 'liquid from
'measurements on the liquid=-filled condenser. was known.
¥or water it wag: found to decrease from 90.36 at 0°C
fo' 37.97 at 83°C, ‘and for alcohol it decreased from
24.8 at 12°€ to 16 at 64.27C. |
R.T.lattey (&hil. Mag. 1921 P.829) measured the dielec-
tric constants of electrolytic . solutions by a current r
resonance method. An oécillator was used which gave a

fairly pure sine wave of frequency 500k.e.s. to 3m.c.s.

. The secondary c¢ircuit was as shown, the coupling in-

" ductance: I.. being made of rectangular brass Bt?ips, of
very iow 'resistance,vR. C, andC were variableA air coh-
densgers and X was: the -test _condenser with effective,
parallel resistancec r. L was a coil of wire leading:.
to a ,thermel conVerter' and' a galvanometer. The circuit
was tuned to resonance by suitably adjusting ¢, and
varying C. It ‘was then re-tuned ' to resonance with X
vdisconnedmed The impedance of the' circuit was given byl
2" = (? T+ p‘r”“(Cﬂc)’) (P C T eCr px +p (e | ) '

with X conneéted, where p was the angulap frequency of

the oscillations. with X disconnected
\

™
2t R+ (PL - & ~wT)
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If -1 and I were the resonance currents corresponding

to values C, and C_€o2® C in these two cases,

—

Ce ) - A= (_~__J
: Corn “w K“ = +)
> 2 N
where K = b~ P‘C P
. - "j‘;— E_K * (l"'afRYj A=
and- _ C,_fé:.-(i, - &R Ly - ‘).’RA +r(K S{ l‘hm;{ ) ]

- For e perfectly non-conducting dielectSic, r=- and
Cl+~w ~=,=OThe right hand side of ‘the last 'equétion
was ' therefore a correctioh term for +the conductivity,

and was reduced to a minimum by making R and K as
ACTR

esmall &s possible. The correctién term then became- -
‘and 'the carrent. 1 was largg enabling accurate adjust-
ment of C to be made. Fbr'1very small values of R

and large values of r i.e. poorly conducting dieléctrips |

e |
1R could be neglected. Values - of K were determined,

-
"~ and since these were small for the particﬁlar diélec-
trics and épparatus _used C,+%x=C, was ass umed. The

lead capacity had a relatively large effect on the
measured capacity 6f the test condenser and a very
4iengthy _correction had to De applied; The capacity of
the condenser with‘ salt, giycerol and sugar solutions as
diélectric was determined and the dielectric constaﬁts c
calctlated. It was foundg, contrary to previous experiments

 that electrolytes im solution appeared to lower the

dielectric constant of water, but the assumptions and

. approkimations made in' the theory gave considerable

. t

room for error. ) "
: - |

]
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A.B.Bryan (Phys. Rev. 1923 P.399) investigated dielectric

losses at radio-frequencies in 1liquid: dielectrics - by

& current: resonance method. The oscillator was variable

between 200k.c.s. and 1l.2m.c.s.and the secondary circuit

was. coupled tof it as shown by means of the inductance

L. Heavy ‘moveable copper links were provided by means

of which the variable air éond enser C, or- the test

condenser ‘C could be connected in the circuit. The

current wee meaéured by a thermo-couple T in connection

with a micro-ammeter G. The mercury cups I were

provided so that special high frequency ‘resistances,

consisting of short strips of manganin wire which

varied very 1little in resistance with frequency, could

'be inserted in the ecircuit. The test condenser C ﬁas

%wo concentric silver cylinders in a stoppered glass

cell which could be immersed in. anc oil bath for tempe
eratﬁre variation measurements. C, was & .precisiégffgzzh

a micrometer screw control and a maximum capacity of
1,500p.f. The whole apparatﬁs was supported on ebonite'

posts several inches above the bench to decrease leakage
losses and stray cépacitances. The coupliﬁg to tihe
oscillator could be varied. With the test condenser in
the circuit the oscillator was tuned to Areeonanbe

with the measuring circuﬁt. Resistances were then inserted
until the resonance curreht was the same as before,

the resistance added being equivalent to the series

resistance of condenser C , C, havingv negligible conduct--
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ance., Thus the capacityriof C was measured with air g
and liquids as dielectric at different temperatures and
frequencies and the dielectric constants of thé ligquids
and . power factors. of the4 condensers formed were deter-
mined, the frequency bYeing measured by a wavemeter.
Measurements were made Wifh nifrobenzenew apecially puri=
fie&“ and Wiy dried, and also with distilled water.
Absclute values of the dielectric. constant were not
considered reliable owing to difficulties in calibrating
“the test condenser with 1ts stray capacities and lead
inductances, but . graphs were pletted for nitrobvenzene -
.showing that at 30°C there was no variation of dielee-
tric constent over the frequency range 380k.c.s. to
l1.5m.c.8, but that, at 625k.css. there was a decrease
of dielectricc conétantA as the température increased
from 10°C to 140°C. |

‘H. Race (Fhys. Rev. 1931 P.450) used a similar meéthod
to A.B.Bryan' to examine variations with temberature
and frequency of dielectric losses: in viscous insulat=-
ing o¢il over a 'rather wider‘ frequency range,. 40k.c.s
té 3m.c.s. He also made measurements at lower frequ-
-encies with é modified power factor bridge. The sec-
- ondary circuit was loosely coupled to a vartable
oscillator and cpnsisted of a -coupling 9011 in series
with several 1link resiséore of short straight. none-
magnetic resistance wi;e'mealed in. evacuated glass

tubes, & wacuum thermo-couple of constant hLeater res-
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istance which waé connected to a high sensitivity
galvanometer by high frequency éhokes’ énd a¢; by-pass;
ing condensers, and &a high frequency switch by means
of which -the test condenser ~or standard variable air
condensér could ©be joiﬁed in the ciréﬁit. The test
condenser consisted of two éoncentric cylinders‘ of a
chromium- nickel steél';alloy insulated from each other
by fused quanz: Which -waé 'shown to have negligible
leakage and loss. The tests were carried out in a
speclally shieléed ’room. The experimental procedure and
theory were as for Bryan's method previbusly described.
 J.W.Swith, (Proc. Roy.. Soc. 1932 P.251) used & simple
current resonance method of determining the dielectric
gdnétants ‘of va:ious soluﬁipns; A' powerful quafE cfystal
 contro11ed oscillater was specially designed"to be
independent of slight impedance changes .$n its circuit
énd oscillated at approximately 1l.23m.c.s. The Tresonznce
circuit was placed a considerable distence away from
it and was enclosed in an elecfrostaticA screen; ﬁhich
reduced the pick-up very 1little. The coupling coil was-
of bare coﬁper wife épecially 'wound- to be of constant
inductance, and this was connected in serles with a
vacuum thermo-junction J of low resistance, l.26ohms,
which 4did not damp the secondary oscillations. K, the
test condenser, and C, a standard variable air condenser,
were joihed in the circuit as shown Ry thiég short

leads dibpingr in hercury. cups. The test condenser was
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of the type used by Sagce and Briscoe in their res-

cnance method described later, and had a very low leak-
age resfstance, being made of hea#ily silvered coaxial
glass cylinders immefsed in an earthed water therﬁbtat.
The apparatus was not used -for absolute measurementss,,
'By tuning C, current resonance curves were plotted, first
with X removed, then with K filled with dry air and
then with K containing different. solvents, which »wefé
assumed. non=-conducting. Assuming the statfc values of

the dielectric constants to nold for the solvents,. the
value of that part of K which was variable by chang-
ing the dielectric could bYe. found. C, was the value of
C with K removed, the le;ds being in position, and C
and C, were the .values of C when K was filled with

air andﬁ'ﬁater respectively. Then

e CE-C,
€ -1

Current resonance was \found using various ‘801utioné,
the effect of conductivity being ignored although this
was not really justifiable, and carves were plotted to
determine the resonance values of C since the current
peaks were not symmetrical for conducting solutions.
For a vresonance value C_ the dielectric cpnstant was
given by ¢ _ C.-Cu
A simplé voltage resonance method was used by

Kitchin and Muller (Phys. Rev. 1928 P.979) in an exan-

ination of anomalous dispersion, absorptien and Kerr
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effect in viscous dieiectrics..The secondary circuit was
coupled to a valve oscillator of fréquency 0.4 to
10.9m.c.s. by means of the inductance L. C_ was a var-
iatrle standard-'cohdenser connected in parallel with the

"test condenser C, which consiéted of +two ncoexfal cyline
ders vwhose capaclty was considered ‘invarient with temp-
erature. R wag, a variable resistance and D a drop coil,
the effective' voltage"acrostﬁ this being noted by a
galvanpmeter in series with a crystal rectifier. C; was
tuned te resonance with Ok in the circuit and also
with €y removed by Qpen}ng the key. Readings ‘Were taken
ét coqstant frequency ﬁsing castor o1l and rosin with.
the temperature increasing from -20°Cc to 100°C and from
20°CC to '15900. In each case R was varied to bring the
resonance galvanometer deflection to same valﬁe, thus
eliminating the effect of cbnductance due to the dielec-
tric. The value of the dielectric constant was given
by the ratio ofi the change in C, on inserting C, in
the circuit when it had dielectric and then air be-
tween the plates. At each frequency an absorption band
‘was detected withiﬁ’ the temperature ranée examined,.the
‘temperature_ corfespénding to the maximum dielectfic const-
ant varying with frequency.

AJAstin devised a.‘method of measuring dielectric
constants of céhducting liguids by voltage- resonance

end used it  for water, methyl alcohol, glycerine and

sugar solutions. (Fhys. Rev.‘1929 P.%00). It was desirable
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that the ‘series resistance 6f the condenser containing
the liquids should be as low as rossible, and . bt becane
Yery low at high frequencies. The: effect of frequency

on lead inductances was examined and it was found
éxperimentally that no correction was necesséry for
frequencies below 3m.c.s.fIt wss found that resonance
detection by means of a thermo-couple was unsatisfactory
as the detecting circuit affacte& the secondary. Observa-
tions on the grid current in the primary circﬁit were
sensitive only when thé two circuits 'wefe tightly |
cqupled, and this caused frequency variations on. tuning
the: secondary. For resonance detection a #alﬁe voltmeter
was' therefore used, this having 6nly a capacitive effect
on the sécondary. The experimentai arrangement was as ¢
éhown¢ The oscillator was tuned to a Ifrequency of

2.7m, c.6. and:_ the frequency output was kept constant by'
closing' the standard circuit and adjusting the vafiable*
oscillator condenéer fof ﬁinimum deflection of the grid
galfanométér. The secondary ‘circuit was very 1loosely
coupled to the oscillator by means of the antennai A, |
and en electromgtive force, Eb'ﬁés assumed to be in-
duced "into the circuit. by a ﬁure inductance, reéonance
’ih the circuit under these conditions being in&epeﬁdent
of the dielectric conductance in the test condenser.
Determiﬁatiqns were made' with ’vérying degrees of

coupling. For vé:y loose coupling the values ebtained

were consistent, but for tight coupling there was dis-
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agreement. If R was the series résistanoe of the circuit

C the capacitance qf K with the test condenser in
parallel, x the parallél resistance of the +test condenser
~and E, the induced electromotime force producing a current

|

J

|

. ) . * . J

I, the impedsnce eof the circuit, z, was given by %

. ' N B
z = ywl_ 'f-i% _BLIZ_ +"¢.,C+";<_ »
a E IL ,1' ( > z ‘ i 2&C =
i = - 20 SOR i) - Gk a2
If E_was the potential difference across C, '
‘ (Q |* o
A=el - - 2
[]—_-("L o l +’)‘-\LA-‘1CL

Eliminqting: I from these two equations, the maximum value

of E_was found to correspond to a value of C given by

c = KlorlK 1)
: TR + QDlLK“l)Lf _ :
which was independent of x, and showed that C was a

function of terms whickh could be kept éonstaﬁt. K ﬁas

a fixed mica condenser of 700p.f. and k' a precision

~_air condenser variable by means of a iong arm to avoid
bodyA capacitances. Two test condenseré were used as shown
both ha ving platinum electrodes, and geod agreement was
obtained: between tbe results for both of them, thus
verifging that resonance was independent oif the parallel
resistance since this was gquite different in the two
cases. K' was tuned to resonahce with the test condenser
filled first with benzene and then with other liguids.
Thé dielectric constant of benzene was determined by -
an alternative method for non-conducting liquids at 7.7k.cs

and the valﬁe was assumed as. a standard under experiment

al conditions. If Xk and k, were the dielectric constants
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of Yenzener and: another liquid, and é‘ and c¢3 the corr-

esponding values: of K, then

LYl B
Ry~ 1 &

The errors: in the  determinations: were estimated to ©be
about 0.54 for water ahd for sugar and dilute pote
assium, chioride solutions incre@sing to i.é% for strong
solutions. The method could: have beeh simplified and
extendeds by using au crystal-controlied generator of
stronger output. ‘ ‘ |
J.H.L.Johnstone and J.W.Williaws(Fhys. Reve 1929 p.1483)
ékamined the variatfbn in dielectric constant with
frequency of different . solutions at varying concentrations
in: order to  test~ théf validity of Debye's theory. The-
oscillater used was < cwystal-controllbd, six 'frequencies
ranging from 2: to 1Om.cus. beihg available., The res-
onance circult was connected as shown, E and G being

varisble standard air condensers and F a variable exps:

erimental condenser of the type - previously described

as used by Krchma and Williams.With thi¥s condénsen
~filled with benzene, E and G: were tuned to voltage
resonance for two positions A and B of the plates

F. This' was“repeated with Athé condenser empty and

with it filled with mineral ofl at different frequ--
encies, aﬁd no variations with frequency of the dielec-
' tric constants were found. It wag repeated using sol-
utions of niirobenzene in oil and\ the dielectric

constant was found to decrease with increasing frequ-
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ency. o lead correcticms were mad e.

J.A.Webrle (Fnys. Rev. 1931 F.1135) for gitte’rxﬁinations on
molecular association used the simple rewonance “circuit
shown. This was coupled by the inductance L to the
quartz crystal oscillator supplying a frequency of
57lk.c.s8. Resonance in the secondary cifcuit was deter=
mined by the maximum déflection of the galvanometer G
in the galena. crystal rectifier circuit tapped across
a few turns of the absorbing. inductance. The teét con-
denser was a ‘parallel plate condenser supported "~ inside-

a stoppered vess¢l by inéulating posts. as shown. The-
circult was brought to resonance by varying the stan-
dard condenser first with the test condehser removed

but with 1its 1leads 1in position, fhenr with the enmpty
‘test condenses in the circuit, and finally with the
required liquid mixtures in the condenser. If C_ and

C. were. thér capacities of the test 706ndenser containe-

ing air and solutiocn, A beige - the area and d the dist-
ance Yetween thé plates, n in number, the dielectric cone

stent was given by

C . S _ L. TR
> Ca T &, R

This 'value4 was undorrected for 1lead inductances etc.
Determinations were made ih this way ‘for solutions nof
nitrobenzene in - carbon diéulphide,'and these were plot-
ted against values obtained ' by Williams which werev
ausumed_ktrue; éiving a calibratien éurve' for - the con-

‘denser; The method was used to examine solutions of
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two polar substances in non-pelar 1liquids, e.g.ether
and nitrobenzene in Ybenzene, and chlorobenzene and nitro=-
benzene 1in Ybenzene. It was simple t6 apply and of
fair accuracy” but was unsuitable for measuring dielec-
tric constants greater >than 10 owing to the decrease
in galvanometer deflectioﬁ obtained and to the setting
up of displacement currents in the dielectric which gave
rise to flattened  resonance peaks.

W.Anderson (Phil., Mag. 1932 P.986) used a similar method
to. Johnstone and Williams for determining dielectricc
constants 6f, solid dielectrics at 150 and 1500k.c.s.

The secondary c@rcuit consisted of two variable condens-
efsA_and the test condenser in parallel with a coupling
céil and w;th a: valve voltmeter Joined acrostz‘the‘ test
cell. The capacity of the test cell ‘was ‘ddtermined from
the difference in resonance settings of the variable
.condensers- with the céll in the c¢ircuit and removed
from‘ it by opening a key. The method was extended for
‘péwer factor measurements by noting the change in the

- variahlé con§enser required to obtain half the reson-
ance volfage each éide of the resonance peak. The test
condenser consisted of circular brass plates six inches
in diameter, and measuréments of the capacity were made
with: air between the plates and with samples of glass,
porcelain, ebonite, paxolin and bgkelite between them. No
variations of the dielectric comstants with frequency

were observed. The oscillator waw calibrated for frequ-
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ency output by means of a heterodyné' wavemeter. Values
of dielectric constant obtained were estimated to De
‘accurate to about 1%.

lMalone, Ferguson aﬁd -Case devised a voltage =resonance
method thn;aﬂ Ckeﬁﬁ?qjéli? and applied it to measure the
dielectric constants fbf aqueous - solutiens of potassium
chloride. The oscillator used gave a stable output of
'3 to 1lbm.c.s. and the secondary circuit, which was
assumed to havé negligible resistance, was - coupled to
it by means of an ' inductance, assumed pure, at a dist-
aﬁce of( 90cms. The test condenser consisted of a small,
platinum, parallel /plate condenser held 'rigidlyr in a
small glass bottle by means of 1its short 1leads, and
its capacity  was determined by tuning the précﬁsiéh
condenser to resonance. This value was 'obﬁained very
accurately by observing the capacitj readings for the
same voltage reading each side of the resonance peak,
which, in practice, was npt guite symmetrical. Readings
werd then plotted, as shown; of tue mean of these two
condenser readings against the differencé. between them,
and ab straight 1iﬁe was obtained,which was extrapolated
to give the resonance peak value. Tuis procedure was
followed with pure water, used as a standard, in the
, condensef, and then with solutions of potassium chloride
of varying concentrations. These results did not agree

with those obtained by Astin, for, at a constant

frequency of 1Om.c.s. the dielectric cogstants of the
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, solutions were found to increase with concentration.

The assumption that the coil used was a pure induc-
tence was of Very doubtful validit&,,and whenthe experi-
ments were repeated with the coil immeréed inr benzene |
the value of' the dielectric constant remainéd the same
as that of pure water at all the concentrations wused.
L.A,.Sayce and H.V.A.Briscoe (Journ.ChemSec. 1926 P.315)
measured the Adieiectrio' constagt of benzene at 25.5°C
and 6bk.c.s. detecting resonance b& means of the reac-
tion on the oscillator. The anode current in the oscill—
ator circuit was a function of the current in the |
griad circuit containing L; and G. The secondary \circuit,
which was loosely coupled to L,by the coil L, con-
sisted of the test condenser G, a number of fixed = con-
densers 'c,\---c‘__ of 10, 20, 40, 80, i60, and 320p.f., and
a very ’accurate_ variable condenser of maximum éapaciiy‘
10p.f., G, all .conneéﬁeAin parrallel with I, When thé na-
tural frequency of th$s circuit approached the freguency
. of the primary circuit there was a sudden incre ase in
the amount of . energy }withdbawn from thet circuit, and
thiq fact was usedi in determihing the resonaﬁce point.
The fixed condehsers were all calib:ated against the
precision condenser Cvkin - steps. The frequency of the
oscillator was adjusted to cause resonance in the sec-
ecndary with C+ out of circqit and with a large value

of: g G, and this was measured by means of a wave=-

meter. C%Vwas then adjusted to resonance with ‘G% in the

circubt, first when filled with air and then when fill-
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ed with Dbenzene. Then

C'S benrene C"sa' s ‘ ‘ »
c . _ c = dielectric constant of Ybenzene,
3 arr 10

which was given as 2.238970.0009.

J.Wyman (Phys. Rev. 1930 P.623) also used tie reaction
on the angde current of ‘an oscillator to d etect res-
~6nance. The medthod was devised fd measure the dielecfric
constants of pure ‘biological Eompounés and had to YDe
appropriate for 1liquids of 1low, but 'measu:able conduct=
ivity. The oscillatér used was variable to an upper
limit of' 120m;c.s. variations being made ’by‘ interchanging
inductances and by using a rotatingr cendenser driven
by a .reduping gear. The frequency was determined by
coﬁpling wifh a quartz crystal oscillator so that
audible beats were produced with one of 1its harménics.
The effective resonating circuitsA use& consisted of a
nuwber of specially designed resonators, which werd sus-
pended in turn by a fine thread near the oscillator,
first in air and then in the mediﬁm under tést, and
the oscillatqr frequency was varied to give resonance.
Each resohatbr‘ was treated as a series resistance, R,
;nductance L, and éapacitance, C, having an impedance

z = R (e -257
wvaich was a minimum at the resonance frequency given
by w = )]fz‘ . Bn immersing it in a 1liquid, L remained

constant but C changed from C_ to C, where C,=€C, €

. . ol
being the dielectric constant of the ligquid. Hence €=omn

This assumpiion was true only for liquids of negligible

nducti o ‘ o
conductivity. A coprection term was worked out for
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conducting 1liquids, but the results obtained were not
in agreement with " those obtained by other methods an&
it was supposed that the %behaviour under these =cdndition;
was more complex than had been assuﬁéd. Two types. of | }
resonators . were used, one type being made of a number ‘
of concentric cylinders joined by a metallic: conductor: (
and the other type being a metallic spiral. Their na#- 5
ural frequencies varied from 10 to 1000m.c.s. and re- 1
sults obtained with different resonators, excgpt for the }
one with the 1lowest natural frequency, were in agree- f
ment. This was due to the fact that the conductivities !
of the 1liquids wused: became negligible at the higher
frequencies, bﬁt at lOm.c.s. they were 1agge’ enp&gh to
produce ' error. Owing to the frequency 1limitations of the
oscillator, relative values Dbetween the 'liquids used r
had to %bYe determined wusing different resonators in |
ordef 'that every resoﬁant «fréquency ‘could. be kep$
above 1lOm.c.s.Thnismethod .ihtroduced additional error iqto
the final absolute value of d ielectric constant ob<
tained, but could have been avoided if an oscillator
with a higher frequency range had been available. The
assumption _that the kmaximum change of aﬁode cu;rent‘
obcurred at the resonént frequency was téstgd by ad-
apting the  resonator t§ include & thermo-junction to
give a maximum deflection on - a series -galvénometer at
resonsnce. Resonant frequencies determined by both meth-

ods were in good agreement but only under conditions

of. negligible conductivity. Measurements were made for
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water, which gave a sharp resonance peak,‘and values
were estimated to have an errer of less than 0.1%.
fhey were in agreement with the values obtained b&
Drake, Pirce aﬁd Dow using an improved 1line method,
and in reasénable' agreement with other observers. A
linear decrease of dielectric: constant with tempera-
tﬁre was observed. Providing resonance frequencieg of
the order 1l000m.c.s. were used, it was found that
measurements could be made on liquids ef éonductivity
twenty times that of water using the reaction ‘on the
oscillator- for resonance detection. For: conductivities
greater than this uﬁ to one hundred times that of
pure water ‘measuréments could be made using the ther-
mal detector. ‘ ) o -

L.C.Jecksen (Full. liag. 1922 P.481) measured the diel-
ectric constants of a ‘number of formates and acetates
at very 1low temperatures and 40k.c.s. by va heterodyne
beat method. (2) was a standard oscillator which re-
mained at a fairly constant frequency. (1) was an
oscillator containing- a variable standard condenser, (,
in parallel with £he test condenser C,. Coupling Dbe-
tween the oécillatgrs -produced a heterodyne ‘beat note
detectable in the telephones which could be adjusted
to zero by tuging C, since the time of oscillation
of the circuit depended directly on the inductance
and capacitance in the grid circuit. The apparatus

ﬁas simple and not designed for a high degree of
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a: wave-meter. The results showed that a sudden drop in

the value of dieléctric constant +took place on solidi-
fication, as suggested by DBbye, and also ‘showed a pro-
gressive clhiange of the coﬁstant along each series with
methyl, fgifY ethyl, n-propyl and n-butyl radicles.
E.C.Fritts (Fays. Rev. 1924 P.345) measuréd the dielec-
tric constants of vfive gases Dby a heferodyné beat
Vmethod ‘at frequencies ranging from 250k.c.s. to BOOk;c.s.
The oséillétor B wasy maintained at a constant frequency
: byr fixing the vglue of C;;While the freéuenoy of the
dscillatgr A was varied. Oscillations from both A and
B were pickéd “up by the' coupling coils and the Dbeat
note was amplified and recéived iﬁ the headphones. C
was the  test condenser, o designed as to vhave a nin-
imum gquantity of permanent ‘insulating dielectric. The
" fénal form used conéisted of six coaxial cylinders,
alternate ones being rigidly supporfed at both ends in
opposite metal end piéces arranged in four separate
quadrants, The condenser was placed in a bell-jar with
a thermo-junctiom. at ’thé base &and a gas outlet. C, and
C, were gimilar higﬁ grade variable condehseré and C;
"was a smaller yariable condenser. In this method Ca
was tuned so that A oscillated at a frequency 100cC.p.s.
fewer .than B. T6> the diaphragm of the telephone, D, was
attached a 1light véne V, and a standard tuning fork, ¥,
was 80 arranged that. it formed = triangular slit, o5,

with V 2and with oné side of a razor blade R. Light
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was cqncentrate@ on the slit S and, passing through it,
fell on to a strip\ of photogrephic film rdtated at
constant speed by a spring mbtor. Thus as' F and: V vib-
rated, opposite ends of the slit were. madified and the
resulting expoéure was similar to that shown. A record
was made of the beat frequency, ¥, with C evacuated
and Jjolned in the 'circuit. A gas at a gilven pressure
was admitted and a second record of the mnew beat
frequency was made; n,, The condenser C.-was then adjust-
ed a small kmown amount.dCand another recﬁrd ~of the

beat frequency; n,, vas made.ér was &ccurately calibrated

o
and .read by means of a telescope. Since '%ﬁf ==z and

n and C were -approximately constant, dn=dC ., The change
in éapacity of: C due to the admission of a gas of
dielectric constant € was (?-l)C: . »

(e-Dc

Therefore 1c = Dt
[

Ny +ngy.

The value of C was determined by bdringing the circuits
A and B to the same frequency by varying C_., having

C first diséonnected and then connected in the circuit. .
Difficulties were experienqed due to changes 1in the
filamentA temperatufés of the oscillators. The size of

the batteries seemed to affect the resulte and some
t:ouble' was caused by insufficient shielding. Also the
'cabacity effect of the leads was not fully corrected
for. Experiments carried 'out with two different condens-

ers indicated that the effect of the solid dielectric

spacing could be neglected.The ‘vaglues of dielectric
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consté% found for carbon - ddoxide and hydrogen were in

agreement with values found by  previcus observers, where-
ag those found for hitrogen, oxygen and air’ were rather»
lower. On the whole, the high accuracy attained in the
methbdi of measuring beats was notborne outV by the rest
of the appafétus; | |

When C.T.Zghn, (Rﬁys. Rev. 1924 P.400)devised a method‘
of measuring the dielectric constants of Vgaseous hyd-
rogen halides in order to calculate the electric mom-
~ents of  their molecules, relative values previously ob-
tafned were in fairiy good agreement, but absolute val->
ues differed. by as much as 10%, suggesting inaccuracies
in the calibraticn of the appara tus used. The. method
he used was similar to thaﬁ of TFritts, two similar
oscillators A and B beimg wused, ihe freQﬁency of A
belng kept constant during each set of readings while
the frequency of B was varied by means of a test
condenser C in the anode circuit. K'vwas \a fixed cdn-
denser and. K a smailer variable precision dondenser,
these Ybeing 'connected_ in parallel - with ea ch rother ‘
' and in series with C. The oscillators -were completely
shiclded to prevent any action of B on the output ofA;
during tuning, and were coupled electrostatically to an
amplifier fitted with head-phones. A operated at a
frequency ﬁf about lm.c.s. and B was glways ~tuned so
that a _beat note of 1000c.p.s. was produced in the

head-phones, this being ensured by adjustfng ~the Dbeat
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note to give =zero Ybeats with a tuning fork operated
by an ‘auxiliary valve circuit at 1000c.p.s. This. method
of detection, aithough lesé acéurate than that of ZFfitis
was less cdmplex and ga&e sufficieht acgurécy for :the;;
measurements infol#ed.  The cylindrical condenser used

was made of a plafindm and palladium alloy of gold,

énd had small xquartz disc insulators _Q..It was resist-
ant to chemical action at the‘ high temperatures wused,
these peing produced by a heating cbil and measured 1y
means of & mica insulated platinum resistance thermometer
The whole appératus was enclosed in® a Pyrex 'tubey gnd
mounted in a shield of nickel-plated ©brass. With C evac-
uated, X was adjusted for zero -beats. The gas was
introduced andK readjusted - for zero beats, so that the
change in capacity ‘ISCL caused by the introduction of
the ,gas could be calculated.‘If DK was the corresp--

onding change 1in K, ‘ ‘
R B | ] S I—

K+k/ Tt = Kaw+epk | CaDbC
| - NS
i.e. B = 7] (krr4O)DK Himek )™

OC was small since the dielectric constants of the
gases concerhed were small, so that the value epprox-

imaté&d to

v 7 =
el
The capacity. C consisted of a capacity C_ which changed

" with the gas in the condenser and a non-variable cap-—

acity due to the quarz insulators, the lead capacities,
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the capacity formed with +the thermometer wire etc..The
The \total value of C was determined Dby replacing c

| by “a precision cbndensér end tuning it fo& zero beats,
and by short circuiting each xof the 1lead capacities

in turn these could be measured and subtracted from
the total capacity C, together with a calculated corr-
“ection for the insulators. These corrections were found
te bYe about 3%V of C. By means of a d&iffusion pump
the condenser éould be ewnacuated to & pressure of.
lOmnm. of mercﬁry which was necéssary to rid the sys-
tem of. water vapour. The condenser was also baked and
closed with a phosphorous pentoxide tube and 1liquid
air- trap, and only very carefully purified géses were
used since the method was sensitive enough to detéct

. very small - iraces of impurity. The vatiation of dielecQ
tric: constants with temperature was examined, difficulties .
being expérxnced “in ottaining uniform temperatures owing
to the very good heat insulaticn. The d&electric. const-
ants were found to incresse 1linearly with temperature,
and, in later experiments on water vapour using a
pressure condenser, the variatioh WithA pressure at d4iff-
erent temperatures up to 165°C was examined. These ex-
periments were of 1less accuracy than the earlier ones,
but 1t was tshown that the dielectric: constant: increas-
ed lihearly with pressure at the highgr temperatures

but met Ybelow 100°C, due to surface condensation.

For: measurements of the dielectric constants of
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binary mixtures of very vsmall.'conductance, J.W.Williams
and I.J.Krchma, (Journ. Am. Chem. Soc. 1926 P.1888) used &
heterddyne beat method. Asimple wavemeter circuit ‘contain-
 ing an inéuctance and capacitance and a 'two stage
amplifier was maintained 1in oscillation at a constant
frequency ofi about lm.c.s., care bYeing. taken to prevent
variations in: the batterieé gnd impedances. Telephone re-
cédvers '}ni the anode circuit of the second  amplifier
valve were used to detect heterodyne Ybeats betwéen
this qscillétbr and another, consisfing of. a simple -
Hartley circuit containing two variable standard air
condensers ini parallel of. total capacity C,, in par-
‘v;llel with the test condenser C,, which has already -
been descrived 1in Williams and XKrchnat's Dbridge method.
By tuning C, for resonance, with‘ C, in two different: ==
‘settings, first with air and then with various 1liquids
as dielectrié, the dielectricc constante of the ligquids
were calcﬁlated, thus eliminating the necessity for
lead correctidns. Values obtained fer Tenzene and tol-
uené were 2.282t0.0020 ‘and 2.578t0.0050 respectively.

H.E.Watson (Proc. Roy. Soc. 1928 P.45)‘made an apparatus
for 'determining the ébsblutef dielectric constants of
ammonia, phosphine and arsine. The change in capacity of
the test -condenser when filled with gas was compens-
- ated by means of a variable condenser in series so

‘as to maintain the freguency of the oscillating system

- constgnt, the exact setting Dbeing obtained by the pro-
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duction of beats with a second oscillating system of
fixed frequéncy. Thes valves used were very much under-
run to prevent fluctuatibns in output, and the output
could be tested by observations ohn meters arranged in
the circuit. Qll components were separately shiedded and
ca:efully' spaced. The whole apparatus was shielded, and
the varisble condenser was ad justable by means ofh a
system! of pulleys and obéervable -through a telescope
fitted 'in the shield: The oscillator could be operated
over a range "from Sook.c.e. 'to 2m.c.s5. The  test  con-
denser used was similar to that construéted by Zahn,
but baving a giass, bulb fitted inside to reduce the
volume of dielectric needed. It was kept‘ at constant
temperature by immersiocn in freezing mixtures or in
an oil bath; héating- coils not .being used inh order +to
avold stray- capacity effects. All condensers used had
very low power factors. lLong leads were wo arranged\ thal
~8tray capacities were small;Aand their inductances were
allowed for. A specially standardised condenser of sil-
~ vered gquartz tgbe was used to calibrate the vagiable
condenser. Allowances were made 'for the effects of
temperature vqriati&hs on the condénsers. Corrections wezé
also made for +the capacity effects of the leads  and-
mutual capacitiés of the‘ test mnd variable: condensers.
The: cifcuit for béats production was placed 2.5metres

from the test circuit and was well shielded. It con-

sisted of an oscillating detector - and note amplifier
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leading to an audio-oscillator of controllable intens-
ity, which modulated‘ the output at 600c;p.s. This was
further enmplified and led to a loudspeaker, and the
beat note between the high freqguency sources could be
adjusted to the exact frequenéy‘ of the audie-frecuency
note by observing bveats betweédn the two. Readings were
teken with ‘the test condenser alterhateiy evacuated
and: filled with gas, and an average value was taken
for each gas. Difficulties were experienced in. obtain=
Cing: a uniform::temperature throughout the gas condenser,:
especially f®hen it was evacuated. Determinations were
made with phosphine, ammonia an& arsine, and also with |
air; carbon ddoxide and benzene in: the condenser for
comparison with values obtained by other observers. The
values obtained for capbon dioxide and air tended to
~be higher than .thase previcusly ohtained, and the Dben-
zene value was considerably higher, so that the ab--
solute values obtaiged were of doubtful accuracy.

A n attempt to improve on. the above method was
maie by Watson, Rao, and Ramaswamy (Proc. Roy. Soc. 1921
P.569). The audio-oscillator was replaced by a 750c.p.s
tuning fork, valve driven, and. a crystal controlled
oscillator of 958k.c.s. 1&&3 used as a standard fre-
quency source. The effect of external conditions on
the variable  frequency oscillator was carefully invest- .
igated and counteracted, The gas condenser was made 80

that the constant temperature bath could pass through



the centre! making it much easier to obtain uniform
temperatures. In spite of the uée of very thick metal
cylinders for the test - condenser it was difficult to
avold small errors due to deformation by- the gas

press ures. One serious error in the previous determin-

bs

atiog was due to the inductance of the fixed condens-

ers, a nd attempts to eorrect this were not very suc-
cess ful. Corrections for condenser distortion by the
gases under pressure were made by using henzene as a
‘steandard. The rare gases’ and hydrogeh were examined
their dielectric constants being measured after each
stage of purification, constancy of readings Ybveing takui
ags a 'criterion of: purity. From the values obtained it
was found that none of the gases had an electric

nmoment.

*

| J.D.St¥anathan (Fpps. Rev.1926 P.653) used a heterodyne
béat method to measure the dielectric constants of
‘dilute solutions. of. polar 1liquids &n non-polg r sol-
“ vents, and .to telafe the values to tthe Debye Theory.
The standard oscillator, crystal-controlled apt 476k.c.s.,
and the variable oscillator dontaining the test and
variable ‘precision condensers in parallel, were care-
fuliy shielded frbm each other and from the amp;ifieﬁ

by“ means of which a beat note was heard that was &i-

justed to 1000c.p.s. by comparison with a standard

tuning fork. The frequency output of the variable oscil-

lator Eould‘ ve checked by the - substitution of a pre-

e cmaran
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Aciaiog ‘condepser for the variable capacity components.

Np _variqtiqnsm were experienced due. to synchronisation
of the oscillators, owing to the shieldiﬁg~ arrangements.
Ihe‘ test condenser was a three' plate cylindrical brass:
6ondenser, the platgs :ogx which were sepérated 5y ~three
Fyrex spéc¢rs. This fitted into a thermos flaéf, and
the temperature' was Yread by means of a mercury thermo-
meﬁer. Lead* capacities were eliminated. by wmaking mméasure-
mehﬁs ﬁith dﬁmmy: leads, and the effect of fﬁe, giass
spéqers was Aallowed, for by mgasﬁrements made- on a con-
denser with twice the number of  spac¢rs._Th¢ capacity
of the empty condenser was found to ke a lipear.rfgné—
tion of the teperature .and this. effect. waa»,ailowed.‘for
Correctiq ns - were necessary for the difference 1in evap-
‘oration rates of the components \of the mﬁxtures' used,
especﬁally at high ‘tempe;atures; -3 with ‘methyl alcohol
. in~ benzene the alcéhol' evaporated considerably. Care was:
neqessary to prevent the formation-:of“'bubb1e§  during
readings taken ‘at‘ high temperatures. S o .
'C.H.schwingel - and J.W.Williams,_(Phys; Rev; 1930 P.854)
—examinéd the variation with temperature, qf ‘the dielec-
tfic éoﬁstants» of- carbon disulphide 1gndk nitrous oxide.
Theuvvariéble 'oscillatqr‘ and crystal controlled. s#anda:d,
bécillaﬁing- at 498.6k.c.s., wére separate;y shielded and-.
couﬁled by? a ‘single wire,,theﬁ amplified _beat_ note be-
ing reduced to a zero of Zoi'beats in 10 . seconds. .

_This low freguency _beat ~note may have caused some -

pulling of the varlable oscillator, The arrangement of
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the test gnd variable condensers and the procedure and
calculation involved were similar to those of Zahn,
The; condenser consisted of 23 parallel plates of heav-
‘ily gold-plated ‘brasé with a spacing of three mms.
and insulated by two strips, of Mycalex, the effects: of
which were ignored owing to their size and position.
The capacity of this condensgr was checked Dbefore and
after every series of readings, and allqwancea were male
forv'lead capacities..Five to eight readings were taken
at each temperature, the - condenser being alternately.
filled and evacuated; and é tesd: made with ethyl |
ether was found to give the accepted value for its
electric moment. This method was later used Why E.W,
Greene and J.W.Williams (Phys. Rev. 1932 P.119)to examine
the variation. of the dielectric constants of the ethyr
ene: halideswith temperaturg at d}fferent pressures. Thé c
condenser used consisted of four conoentric cylinders
of polished Monel metalwith f&ur' mica- spacers, supported
in é large Pyrex ‘tube which fixed into a vertical
iron tube heated ©bya nichrome wire coil. Pressures were
- measured by a Daniel's gauge to 0.2mm. of: mercury,.
and teﬁ%;aﬁures were registered by two _chromel-alumel
thermocouples to an accuracy of 0;05%0.

- For the detérmination’ of. the polarisation ' and glec—
tric: moment §f tung 0il A.A.Bless, (Phys, Rev.1l931 |
P.1149) measured the dielectric constant using a- cry-

stal omildator at a frequency of 100 and 300k.C.8.



L&
and 1lm.c.s. and a Hartley oscillator containing a var-
iable and test condénsér,’these belng adjusted ‘to =zero
beatsi The test condenser needed only a small gquantity
of dielectrie yetvhac.l a fairly la rge capacity, consistd
ing- of  two concentric: nickel cylinders fitted into a
glass tube of annular cross-sectien ﬁrovided’ with a
tube for a thermometer. | :
| W.R.Pyle, (Pays. Rev. 1931 P.1657) used a standard osc;
illator - crystal controlled ét; 85.5k.c.8. coupled by a
single: wire to a Hartley oscillator, the beat note be-
ing amplified and adjusted to zero frequency for read-
¢ngs. The variable components ﬁere -econtrolled by pulleys
outside metal shields. The test condenser consisted of
two coaxial brass cylinders beménted with sodium sili-
cate to a ground glass base, and the end effects of
this were neglected; The test oscillator was often chedck
ed for frequency drift. Stray éapacities were avolded |
by careful grounding and shielding, and the lead cap-
acity was found by making measurements with dummy

- leads. At the- frequencies used lead inductances were ca—
sidered negiigible. The calculated test condenser cap-
aéity was estimated - to be 2.5% 1in error due”to vars-
iations in the diameters of thé 'cylinders, and tb the
fact that they \were hon—cqaxial. For 1liquids of high'
dielecfric constant the test condenser was filled only

to & suitable known height owing to the 1limited range

of the precision condehser, and this may have intro-

duced error, besides compiicating the procedure and
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ca}culations. The method was only possible for 1liquids ¢

of very’ small conductivity; énd was found unsuitable
fqr measuring the dielectric cdﬁstahts of acetone énd
aniline, tiese 5eing found by a bridge method.Aébod:
agreement was found ﬁith previgus. obsefvers forv efﬁyl
ether, ni@robenzene; o-xylene, m-xylene and p-xyiene, but
Fhe apparatus wasA not- suitable fof use over a large
temperature range. ' | '

- J.D,Stramathan, (FPays. Rev.19357P.558)'developed' a very
stable heterodyne beatl apparatus for ﬁeasﬁring the' diel-
ectric. cbnstant of watef vapbur, Two - oscillatofé were
tuned to 'a Ybeat note of 1000c.p.s. »as in his pre-
‘vious methed described earlier, the stahdérd' oscillator
being crystal cpntrolied a£7v545k.q.a. All the valves
were run ‘ffom‘ a. common &.cC. pbwer supply, aﬁd éreat"
care was ‘takeh with shieiding to prevent synchrohising
of the oscillators. The temperature was cohtfolled to
~within 0.1°C so that, after warming'Aup, there was no
v ffequency‘ drift. Experiments were cérried out with diff-
erent condensers, the spacers being afrangéd in  thg
'weakesﬁ parts of the field, and the éffectr of using
sﬁaééfs bf:‘differgnt materials was exemined. ¥or the
variabie condenser, 2 smail stéﬁdard variabie condenser
was used ih péra;lel: with the unknown condenser, and
an Vaccurate method qf calibratiqn was describved, giving
 values} td é' fewr thoqsandths of a picro-farad{ This

gave better results than a large varlable standard in
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‘series with a amall fixed precision eandenéer owinp
1tgi‘shielding difficultiea' and 1nter-conienser capacity
leffects. The dielectric cénstant af water vapour was
afound to vary linearly with pr@ssure over a 1arrer
;range tnan waa hithsrto Athought until saturation waa'
Wclosely approached variations then baing due to adw-
“sorption. . ) ' S _A..
A C Tredid a (Phys. Rev. 1940 P 294) m@asured the varia&
Ation with presaure of the' dielectrie canstaat of water
“vapour ‘at different- temperaturea using a cryatal-conn
‘trolled ‘oscillator vat a frequency of 42m.c.n. as a i
fstandard. ;he heterodyne beat note formed with ‘tue V&EDr=
iable' ascillator _was amplified and impresaed on the
plates af an oscilloscapa 80 that the condition for
Azero heats ‘could be determined with pracisien. The test
_condenser waa mﬂde of conical»snaped garallel platem of
‘fhvar steeﬁ held apart hy tnree eqﬁldimtant quarz pins
It was mechanically atrong yet had only amall edge
effecta and was invarxant with temperdture. Owing to
difficultiez 1n making absolute measuremeaﬁs at  tue
hi@n frequencies used relativa meaaurements were mada
with air as tne cqlibrating “gas. Lapacity measurenents u
were made with the condenaer alternately evacuated and
filled with gas, readings being taken every eignt min-
utes until the temperature was constant. A 1inear rel-
ationsnip eith preasure for the dielectric constant N

’ was obtained at tamppraturea f ?1.9 C, 99 8° C and

147° c. o



L. v.Hector and D.L.Woernley (Phys.rRev} 1946 f.LDl)
mpasured the dielebtrig' constants of eight gases by =a
heterodyne %beat method. Previous results, while giving
gonstant results for each apparatus, disagreed among
themselves, and possible sources of error were investi;
gated. A standard high frequency was obtained by de-
modulation of @ radic broadcast ignal. The ’acreen grid-
of: & pentode was used as anode in _the  test oscill-
ator circuit, and the output signal was taken frdm the
anode. A bufférflamplifie: mixed the siggals from the
standard and test oscillators =so that‘ coupling was -
prevented bYetween the two sburqes, and this amplifier
was tuned to the second harhonic: of the” oscillator to
feduce coupling further and to doﬁble the Yest: note.
The test condenser consisted of multiple oplates mounted
orn three isiiantite pillars and 'sh;elded by a thick,
brass cylinder in a heavy, steel preesure chamber. vatéd
taken with two condensers of different sizes allowed
the non-varisble capacity to be calculated. The oscill-
ator was tuned to the same frequency as the standard
signal with the émpty test condenser in the circuis,
| and the change in frequencyA on admissionA of a gas
was méasured on a string oscillograph, a etandard aﬁdio-
frequéncy being simﬁita@eously recorded on uai second
string. The values of dielectrif constant obtained were
lower than th§ average of previous values for air,

helium, neon andargon, but 1in good agreement with those

for oxygen, hydrogen, carbon dioxide and nitrogen.
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Free Wave MNethods.

Free wave, line, guide and resonator methods of det~
ernining dieléctric_ constents involve the 'measurement of
wavelehgfh in air or in a vacuum and in the matefial
Iﬁnder test, From the ratic of thesec wavelengths the
refractive index can bYbe found, which is, fotpawly ~con=-
duetigg dielectricé, the square root of the dielectric -
constant. The eariiest used, and basicly simplest of
these methods are the freq‘ wave methods, and genefally :
they 'are less accurate fhan the others. In actual
determinations, Herzian oscillators were maginly wused, whidc
were unreliable  and caused inaécuracies in waveleﬁgth
measurements. Quite apart from - the oacillators uéed,_
difficulties dué to diffraction usually arose. |

 J.D.Tear (Fnys. Rev. 1923 P.611) used an optical method
for determingng the - refractive index and: absorption of'
cerfain.Aliéuids for electric waves of 0.42 to 2.7cnms,
A specially designed Hertziam: oscillator was used con-
sisting of a tungsten doublet with an oil  jet dir-
ected at the spark gap as shown. The radiatien from
this was made parallel by a double convex 1lens, and
it was ;eceived on & number of 'réaonating wires att-
ached to ~radiometer vanes so that. the incident eﬁergy
of ther resonant frequency cauéed heat to be‘ generated
and the venes to deflect. The very 1light moveable vane
" were suspended from a (quaﬂﬁ fibre encdosed ih a glass

vessel which waﬁk evacuated and which was fitted with

/

an  ebonite window for transmission  of the incident
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energy- and a glass window to enable observations of

the deflection to bve made with a telescope. The oseill-
ator and receiver were tuned to the‘ éame frequency

and arranged so that. the , electric vector of the rad-
iation incident on the receiver was parallél to the ¥
résonating wires. The. radiation. wavelength in air was
measured by means of interference fringes prbduced by

a Boltzman interferometer. The oscillator was placed at
the' focus of a concave. mirrogg;and the radiation was
reflected »from a plane  brass mirror” A to the interfere
ometer Dbrass plates; at B and received at the focus M
of the~ lenng The check receiver c,rwaﬁ used in all
measurements, eince the Herzian oscillator could not be
coﬁsideréd' a constant sburce of radiatjon and had to
be: checked continually. Measurements of the absorption of
liquides were made by comparing the deflections of the
receiver when exposéd} directly to the radiations and
when a liguid 'cell' of thickness ‘d was interposed be-
tweeﬂ them. Glass cells, owing ‘to their 'high ,reflegtién
coefficient, vere found to e unsuitable as they pro-
duced considerable interferénce, and this difficulty‘.was
lessened by using‘ ebonite cells to contain the 1liguid =
undei- test,'From measurements on layers of differentv

thicknesses d, th value of the extinction coefficient, o,

in the  formula : ‘na. 4
) T :T -in'.

—_ (=2
[~}

, o = .
could be found. The logarithm of the tramsmission, log T,
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was plotted against d, the slope of the straight liné
obtailned being——i%FL‘.Measurements of the reflectioh coeff-
icient were then made by the arrangement shown, M, and
M, veing silvered blate glass ahd"W the liéuid‘ contain-
ed in a rubber tray, tilted to avoid back surface re-
flections. The 'radiationJ received at M was compared with
that received when a meréury surface was substituted
for thé liquid, mercury being perfectly reflecting to
centinetre waves léo withinh 4%. The refractive indei was
then calculated from the formula o

Cn- ;f?? . }igggi”f:il;*‘ =_J7§_*
the electric vector of the radiatién teing 1in the
‘plane of gncidence with J. the angle of 'incidence, A
the wavelength in air, b =7%%§5 , R bveing the reflec-
:tion coefficient, Méasuremenis of refractive‘ index were
"alse made Dby examiniﬁg the interference fringes pro-
Aduced in thin films of 1liquid; these Dbeing extrapolated
to ﬁﬁfﬁﬁ}%ﬂi ¥HigKyggf infinitely small thickness, but
corrections should Lave been 'made  for th¥ absorﬁtion
of thev films and the results were not very accurate.
Alsb the method was quite unsuitable for 1liquids such |
as kerosene, which had a low reflecting power, or water
which had a high absorption for the wavelengths used.
Two abserption bands were found for water in the reg-
ions examihed, and glycerin, ethyl alcohol and methyl

alcohol all showed signs of anomalous dispersion, al-

though some of - these effects may have been due to the
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presence of water as impurity.

T.7.Gold smith (Phys. Rev.l937 P.245) measured the re-
fracti#e ‘index of water for electromagnetic wéves 8
to 24cms; in 1length, using magnetron and positive grigd
oscillators as sources, which were of very much greater
stability and gave a purerw wave form than the
Hegtzian oscillators previously used. Polarised radiation
from a transmitting vamtenna T was allowed to fall on
the crystal ‘detectors C, and C,, fllowing the -paths
~indiceted. Fach crystal received two bveams of energy,
one of which had béen retarded by traversing the
water thickness 4 twice more than the other. By vary-
ing the depth of the water, the amount of radiatibn
received at each crystal passed through maxima and
minima due to/'interference, the change in depth Nd of
the water corresponding to two successive maximum ‘or
minimum values being equél to half the wavelength of .
| the radiation in water, f%i .Similarly, by placing 'thel
‘moveable reflector D above C, and producing interfer-
ence by 'var&ing the path difference in. airof the 7
beams reéeived at C, directly -from T and after reflecé
tion from D, the wavelength of the radiation in air
was found, and the dielébtric constant and refractive
index . were given Dby , ,
JO =n =
‘The curves obtained from the crystal C, were moré

successful than those from C‘ since the interférence
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curves from the latfer were superpoéed upon the ébso:p-
tion curves for the increasing water .thickness, ﬁakingv
thev peaks Vdifficult to locaté. The valve: oscillator was
founé to vary as the water ‘thickness increased, 8o that
there was . not cdmplete agreement between results ob-
tained wusing this and the magnetron oscillator. Ar linear
decreage in refractive indéx with decreésing .wafelength.
was found, thus indicating anomalous . dispersion in the
region investigated. The absolute values oﬁtained were
rather high"compared with thosev of ‘ofhe: observers, as
no correction for absorption was made. |

H.W.Knerr‘(Phyé; Rev. 1937 P.1088) examined the spectrum
of water for wavelengths of‘VS to‘ Zoéms. For waﬁelengths
up to 12cms. he used a free wave method, while for
longer wavelengths & method using guiding lines was £
found conéiderably ‘more suéceseful. Previous; disagreement
on tle .presence. ofv absorption banda was considered to
be due to the damped sources of oscillation used, im-
prbvemente b;ing found when ﬁcontinuous wave soufces
were used. In this 'bqse a magnetron gene:ator was used
consiefing of split anode magnetron tubes producing a
beam of waves which was concentrated by a parabolic
btrass mirror. For.:wavelengﬁh‘ measurements up to 1l2cms.
this was directed to an echelette grating at an angle
.of incidence of 64 and the reflected beam was re-
c;ived by a second  parabolic mirror having the 'detect-

or af jte focus. This consisted of a tungsten wire
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and iron pyrite crystal, which had previously been cal-

ibratedfor receiving plane polarised radiation by means
of Hertzian grids, ang was found to respond 1linearly
to the incident energy. The absorption cell was con-
structed as shown, radisnt Aenergy being reflected from
the aluminium mirror B through the 1liquid layer to
.tyé‘ mirror A, from which it was focuswed oﬁ to the
detector D. The tin guard st:ip T provided the slit
aperture insiﬁe the 1liquid to minimise diffraction
difficulties, but these were still considerable. As des-
crivted in the previous method, maximumv and minimum de-
flecfions were observed by varying the thickness of

the 1liquid layer, these being superpoged  on an expon=- \
enfial »absorption durve as shown. The path difference ¢
and phaée‘ difference for Dbveams suffering, up to 4 int-
ernal reflections ‘ﬁere calculated and the resultant ob-
' tained, and Dby }athér complex analysis the consequent
displacement of the vinterference maxima and minima could
behvallowed for ahd the wave}ength in the 1liquid found
from the corrected distance betﬁeen successive maxima.
The refrécﬁive index was found, as Yefore from the
rétio of the quelength in air and in the 1ligquid,

and henée the dielectric: constant was calculated.



5§
Line Methods.

Transmission 1lines have Ybeen used for fhe measure-
ment cf dielectric constants with considerable accuracy
for waves of lOcms. to Lm.nlength. For waves shorter
than 1Ocms. wave guides have preved of greater use
owing to high 1losses in 1lines as the wavelength de-

- creases. For waves ldger thak 1lm. the necessary éppara-
tus for "wavelength measurement becomes unwieldy.VMany

of the earliest 1line methods used consisted in  sett-
ing up stationary waves along 1lines in air and fhen
¢mmersed in. the test dielectric, the wavelength in each
case %being derived from cthe distances beﬁween the
nodes s&and -antinodes. Other mefhods used have involved
the measuremeht of the capacity of a condenser joihed
'across the ends of the parallel wires used, first with
the condenser filled with air and then with the diel-
ectric under test; With. §arallel wires the field is

" not _confinéd strictly to a limited space around the
wires, so that readings are ' sensitive to external var-
iations. Also; inthe method requir?dg the immersal of

the wires on the test dielectric, the quantity of di-
electric meeded was very lége, andthere was always a
tendency for part of the field aroﬁnd_ the wires to-
remain outside the dielectric, which introduced consid-
erable error. lLater coaxial 1lines were used, the outer
tube acting as a shield so that the field .was en-

tirely concentrated in the annular space between the
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two conductors, thus ‘overcoming the earlier difficulties.
J.J.Thomson, (Proc. Roy. Soc. 1889 P.292) measured» the
dieléctricA constants 6f a number of solids at a fre-
quéncy of 26m.c.s. Oscillations were excited in the con-
denser ABCD by the inducfion coil as shown, the wave-

1éngth being 2TWJLC where C was the capacity and L
the ‘inductance of:;the condenser unit.vThe condénser con-
sisted of circular =zinc plates‘ 3bcﬁ£. in diamefer, and.
F' and H . were @ighiy 'poliehed balls. L 'and U were
‘small zinc platéé placed close to the condenser plates
and haviﬁg “two insulated wires about 20m. long attach-
ed‘ to~ them,'so' that oscillations were ihdﬁced along

fhe wires. The wavelength of the oscillations was meas-
qred by means of a resonator consisting of a circular
wire coated with rubber and’ tin foil and broken at

one point, the ends_ being terminated by two mesal Dballs
whose distance apart could be regulated. The inner and
outer conductors of -the resonator were joinéd to two
metallic( contacts which slid"along the transmission
linés _as shown..Sparka' passed Ybetween the balls of the
resonator vhen the contacts were at different potentials
As 'showm in the ‘diagram,'one contact was kept at T

and the other ‘moved from S along the wire ﬁntil, at P,
“no sparks were obsgrved. F was then ét the same - poten=
tial ‘as T. The contact at T was then~ moved along ’the

wire until, in the position J , no sparks passed across

the resonator air gap.o, 3, T and S were then known to
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.be at the same \poténtial, and, since T and fS were ‘at
the far end of the wires the potentiél there was a |
meximum and the distances Td and S were one wavelegth.
The wavelength was then changed by inserting a slab _
of dielectric between the plates of the éondenser ABCDY
;and it was measured again by the same process. Then if
A, f&,c' and C, were the respective wavelengths and corr-

esponding capacities producing thep,

k 2
—sf;— = —§¢— = € , the dielectric . constant
1 v '

of the material under test. Allowance had to be made
for the capacity which was not due to the‘ parallel
plates‘ and‘ was not altered by the insertion of the
dielectric slab, and this was ‘done< by calculating the
plate capacity C, and measurihg the total capacity in
air by a tuning fork method, the difference giving the
constent part of the capacity, C . _
Then o %ﬁi%ﬁﬁfa = / fgifig; ~ B
Measurements were carried out on glass, ebonite and sul-
phurg the value for glass being 2,7, thus appreaching
the value obtained from the refractive index wusing
visivlé 1light and ©Dbeing much semaller than the statgc
value,which showed that absorption takes plafce at wave-
lengths5'longér than 10m. The values for Sulphur and eb-
onite were in agréement with the -static values, indic-
ating an absence of absorption bands at longer wave-

lengths. A _ _ .
E.Lecher, (Fhil, lag. 1891 P.172) measured the dielectric
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constants of ‘ebonite,;glass and petroleum by three diff-
erent methods at frequencies of 2, 2x10> and 3.3xld%up.a,
For- the highest frequency a Hertzisn oscillator was
used to send waves from AA along two wires joined at
the far endﬁ. by a condenser C, the wirees Dbeing 3lcus.
apart and 1122cms. long. The condenser had circular plates
of radius 9.68cms. which could be moved parallel to
each other by means of a‘ micrometer screw, the dist-
ance between them being accurately known. On bridging
the 1lines in certain positions with a metal slider ‘e,
the vacuum tube gg' could be made to glow, the posi-
tions of 'a' depending on the value of C. The value of
C was changed Dy varying the distance apart of ite

plates, and the corresponding distances of "a' from s |
were'-measured fdr the maximun ‘glow of ggi This was
repeated with a slab of dielectric between the plates of
C. Each determination of the position of 'a'’ was repeated
many times, the greatest déviatidns for each determin-
ation of a legth 'as' being 5 to 6oms. With air as di-
eiectric a curve was plotted of distance between the
condensef plates against the corresponding 1length 'as,

so: that with any . dielectric wused, the eqﬁ}valgnt' air
_capacity giving the same length ‘'as' could De found, and
ihis wés equal to the cabacity of the dielectric-filled
condehser.If t, was the separation of the plates with
air as dielectric, t, the thickness of the dielectric:

slab and e the separation of the plates with this  in-
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The average thickness of the ebonite and glass . 8peci-
mens used was accurately -measured by a micrometer. The
petroleum was encleosed in a glass cell with wooden
- sidgs and allowaﬁce was’ made for the glass, Since the
glass was thin difficulties were fomnd due to the
liquidv pressures distorting the cell. Other errors were
due ‘ﬁo‘ the presence. of water in the oil. The »vaiue d
the dielectric constant obtained for ebonite was high
compared with Thomson's value, while for glass it was
7.31, considerably greater than Thdmson's value. Attenmpts
were made to measure the dielectric constant of water,
- but owing to the high conductivity .an infinite value.
‘was obtained. N , 7
P.Drude (Wied. Ann. 1895 P.633) measured the dielectric

constants of & number of 1liguids by a method which
did not require a condehser, at waveleﬁgths ‘varying frunf
6 to 384cm. in air. A source of damped oscillations from
en induction coil was used to induce  secondary oscill-
étions’ in the wire S, and thdsé travelled along thg
parallel wires shown. With the 1liquid tank removed',and
with bridges B, and B, suitably placed,-aténding waves
were set up along the 1line =and the distance between

consecutive nodes and antinodes was measured by means

of the neon tube, this distance being half the waved
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length in air. By‘ immersing pért of the line in 1licuid
leaving B, in its former position dbut Aadjusting By to
various positions inside the liquid so that stationary
waves were once more produced, the wavelength in the
liquid could ©be 'found, and the ratioc of the/ two ﬁwavé-
lengths gave the refractive index of the  liqu#d. For
water, at a frequency of about 830m.c.s., the ‘dielectric
constant wa§ given as 76t6. The same value was. obtain-(
ed ‘for copper su;phate solution,-although the waves were
rapidly damped and readings ‘difficulf "to obtain for all
5ut dilute solutions. Values were also obtained  for |
ethyl alcohol, glycerin and petroleum, the value of 2
for- the latter Dbeing sméller than Lecher's value ob-
gerved at a lower frequency. |

G.C.Southworth (Fays. Rev. 1924 P.631) examined the di-
electric properties of water using a I1ine ‘method with
a source of continuous waves. The oscillator used had
a large rectangle- of wire of variasble size Jjoining
the- anode and grid, which céntrolled the output frequ-
ency. Many ’preliminary experiments wege carried put on
the productibn of stationary waves along wires, and it
‘was shown that, for wires having K a resistance less
than that of 18 gauge copper wire, the effect of the
resistance on thé_ waveiength could be ignored. 6wing "to .
'1mperfec£ refleftion, it was found that the distance of
the first node from the. end of the line was qof

egual to a quarter or half wavelength for open or
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short-circuited ehds respectively. The apparatus 'finallyh

used consisted of vertdcal wires passing through atr
and through a water column as shown. B was a station-
ary bridge, consisting of a halved brass plate joined
by means of a constantan-steel thermo-element, which was
connected to a galvanometer. B' was a moveable brass
sheet attached to the wires by means of spring clips
which enéured "good qontaét. With the upper tube émpty,
the position of B’ was adjusted to the nearest - point

to B which. gave resonance, and the distance between the
7two bridg¢a  was then équal to half theb wave=-length in
air. As water was allowed to enter the tube, the galva-
nometer gave alternately maximum and minimum deflections
with 1increasing depth of water, the sﬁarp minima obtain-
ed corresponding to; antinodes at tﬁg water smrface. The
‘,distance between consecutive antinodes was thues half the
wave-length in water ahd ‘the refractive index was ob-
tained from the ratio of the wave-lengths 1A waggr g
in air.and- in water. The wavelength in a ir. was check=-
ed to ensure that the oscillator had not varied. leasure
ments were made with different wire spacings, different
diaméters of the gdass tube and different degrees of
dqufling to the oscillator. The first two variations
were fﬁ@d to have 1little effect on  th2,_resu1ts, but

a couﬁling area of 0.3x1.0cm.casused a progressive error
of about 3% for wavélengths of 200to p0Ocm. in air.

For final 'fesuits this coupling area was reduced to



SCALE

R
MW L-PuNcerR
:b :.
) J
//R»AGGIPG-
1| L—-neaTwe
1l cok-
/
BRASS — | 11k
TURE 1k
e cRYSTRL
OlSC\LLATOR

lethod of Drake, Fierce and Dove




| _ _ v
0.2x0.3cm. Over the wave-length range examined, from

124 to 276cm., no appreciable dispersion was found, the
mean velue of the dielectric constant bYeing 79.1%0.5
For copper sulphate éolutions the value was approximate=-
iy the same. : )

F.H.brake, G.W.Pierce and 1i.T.Dow (Pnys. Rev. 1930 P;615)
measured the aielectric constant of water and aqueous
"solutions of potassium chloride for air wave-lenéfhs
ranging from 3.518 to 25.47@. using a co-éxial line. The
freguency of .thés 6§c111ati§ns used was' determined dy -
tuning to zero Yeats wifh a crystal osciliator an&

. the air wave-length was hence determined; The 1line wused
was a brass tube with a concenﬁric copper wire as
shown, the moveable brass plunger being fitted with
-8pring contacts to the wire and to ‘the outer btube. 4.
sensitive galvanometer recorded ‘changes in the anode
currént of the oécillatbr, the maxiﬁum change occuring
when_ the plunger was situated at a nodé. The tube wés
filled_ with water which could be maintatned electric-

: ally‘ at different temperatures, and by adjusting the
'blunger‘-ﬁﬁe node pbsitions‘ could be determined to O.lm ;
The,‘distance between consecutivé node positions ﬁas half
the wave-length in water, and the ratio of the wave--
léﬁgth in air to that in water ga;e the refractive

" index of the water. Inorder tob détermine the _diqlectric

constant, a correction was applied for the conductivity

of the water, and the dielectric constant € was given

pmet [ G
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where h =—3%1', € and the specific conductivity dof
water, o , being expressed in electrostatic units. T was
the time period 'qf the oscillations. At 25°C, the diel--
ectric constant was found to have a mean value of
78.57t0.05, there ‘being no dispersion obhserved over this
wave-length range. A decrease from 85' to 67 »was observ-
ed as the temperature increased from 3°C to 60°C, the
rate of decrease Ybeing small between 4°C and'\10°0{
The dieléctric, constants of'#%ﬂ ‘potassium: chloride and
7o ¥ potassium chloride were measured by the same methad
and were found to vary 1less than 1% from -the value
for distilled water. Thés variatién may have ‘been due -
to 1increased errors introduced by the . higher attenuafion
Malone, Case and Ferguson, (Journ. of Chem. Pays. 1933
' P,842) used a similer mefhod for meaéuring the dielec-
tric éonstants qf liguids, also having a source of
undemped wgves. The experiments ﬁere 'carried out using
Ledﬁér wires and a co-axial tube, three different meéth-
ods of node detection being’ employed. The two line
systems were mounted Vértically as shown, B in each
case being a moveable shorting bridge with spring ‘con-
tects. The Lecher wires weée seven feet long and +#in.
_apart, end were mounted in a tube 5in. in diameter,
thhe whole system beiné heat- insulated. When 3 was &dj-
usted for maximum current in - the milliammeter shown,

it was at a node in the staticnary wave system set i

up. The distance Dbetween consecutigpe nodes vwas measured'
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with the tube filled with air end with various 1igue
ids. A similar procedure was adopted for the co-axial
line, which consisted of an axially »situatedv phosphor-
bronze wire in a brass tube, the wire and the inside~
of the tube Vbeing silver-plaﬁed. The valve oscillatoe
used was placed a diestance of several feet from the
line systems. Preliminary measurements were carried out
on water and alcohol and the results agreed to within
0.75% wiﬁh} thbse obtained by Wyman. If was fomnd that
the 'Lecher line measuremen%s gave lower values than the
co-axiel 1line since part of the field extended out- |
side the glass tube containing the 1liquid. This error
was increased by placing the wires further apart.
measurements were then made with potassium culoride and
copper sulphate solutions, no corrections being made for
the cbnductivity, so that the dielectric constant was
calculated from the formula € =n® , and a decrease
in +the éonstgnt was . found with 1increasing concentratioh.
The experiments were repeated with a valve voltmeter
connected across the line input terminals and the
millismmeter vremoved. Using this method of detecting the
nodes an increase in dielectric constants with increase
in ;cbnbentfationb of ,electrolytes was found. Although the
values obtained for water' and alcohol were éonsistent,
the valvé- voltﬁeter was found to be very sensitive
to changes 1in its surroundings, and the precision was

}not s0 high as with the milliammeter detector. A
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third methoed of deteotiﬁg nodes was used in whiéh

the wmaximum reaction on a valve voltmeter connected

in the circuit of the oscillator was observed. This
detector was also sensitive to changes in ite surround-
ings ~and gave values for the dieléctfic constants

which increased slightly with increasing cohcentrétion.

It was concluded that the anomalous mresults obtained
were ‘due to the absence of correction for 'conductivity
and not, oﬁ the whole, to faulty action df 'the detecﬁing
.devices. N ) | o |
. In éddition to the 1fréev wave metkod pré#iously
described, H.W.Knerr (Phys. Rev. 1937 P'1054) us_ea a line
method in his investigétions of the spectrum of water
for wave-lehgths' of 5 ~td 20cms. A céli of soft wood,
C, lined .with rubberized cloth, had two copper wires
1.9mm.. in diametenn and spaced lcm. apartuvséaled 'intol.
the walls as shown. The length of the wires outside
the cell could -bé’vvaried from 73 to 83cm. by adjust-'
ing the ‘trombone arrahgement at the' end. A magnetron
oscillator O was placed neaﬁ— the icell, and was joined
to the reflector R which bridged liht“ wires inside the
- cell. The deﬁectof used consisted of an iroh pyriteQ |
'tungsten crystal connected in series with a mi;iiammeter
and supﬁorted in a wooden mounting, the p§bk-up wires
being placed with their tips a few millimetres from
the wires. The copper wires used had a very low res-

1stance; and this was assumed to have a negligivle
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effect on the waves set up along them. There was no

evidence that the presence of the detector disturbed
these waves.The cell C was filled with water and the
.reflector R”‘was placed well %back in the cell so that
the wames reflected from R were highly damped by their
passage fhrough the water and were not detectable out-
slde the cell. The 1length ofﬁ the 1line was then cadjust-
ed té prbduee“ standing wafes and the detector was adjw
usted to a positibn of maximum reaction 1.e. an anti-
nede. When the reflector R was moved nearer to the
front face of the cell, the transmitted wave was re-
flected from the end of the 1line as . before, and, trave-
elling back inté the ceil,iwas reflected at R, but this
time the oscillation was not completely dawped and,
appearing along the line outside the cell, set up an-
other s&stem of sﬁanding waves with its component re-

flected . from the fgr end. For certain positions of the

I
reflector, the nodes and antinodes of this system coin-

e —

cided with those of the first system, so that, as the
distance of R from the front cell wall, x, was varied
by means of a micrometer screw; the detector reading pé |
passed through maximum s&and minimgm values. As the dist-

ance X Dbecame very small, it was possible for waves |
; réflected tbree or fomd timee at R to be detected o
outside the cell, 80 that, when the detector reading

was plotted‘ égainst x a» series 6f waxima and minimg

were obtained superposed on an exponential curve, the
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distahce between two peaks beiﬁg + of the wavélength in
water., The que-length' in air Was.'twice fhe distance be-
tween two .antinodes pfddueed‘ when no reflected éomponenﬁ
from R appeared along the line. The refractive index,'
given by the ratio of the. wave-iength in cair tb that
in water was found to be 8.80 to withino.6% at 22°¢,
and as tlLe conductivity of - the water used was nvery‘a
low, thg' dielectric constant ﬁas the sgquare 6f-this value
Thés method was considered far more saccurate then the
free wave method, and all the results were reproducible.

W.P.Conner and C,P.Smyth measured fhe .dieiecfrica con-
stents of some simplé amino-ac%®d polypeptides _uéing a
coaxial tube method for frequencies of 300 to 750m.c. 8.,
The appara}us ‘consistéd of ’a stand-pipeb oscillator couplp-
éd fo the  inner tube Qf a copper 'coaXial tube air
reéonaﬁce chambér by means of a short coaxiélv»line.
Standing Wa#eé were 4éet upb 1n~ this chanmber by adjust—‘
\ing. the shbrt@ng plunger, the: antinode positions béing
determined by bé simple probe=-type voitﬁeter coupled cap-
acitively to 7the innef 'tube of the resonance chamber,
fhe‘ oﬁtef tube being slotted so that its poéition
codd De adjusted. and the -wave-length, twice the distance
between adjacént antinodés,Acould be calculated. The |
résonance ﬁositions were sharp 5; and distances could ;be’
meaeureé to 0.0lém. xh; oséillator_ cpupling was reduced
“until 'the gricé current_bchahged by' 1esé than 0.5milli-

Vamps. at resonance. The water resonance chamber was sim-
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ilar to the air resonance chamberbut was smaller, and

was coupled to. the inner tube of the latter as shown
_'ih order to 1easeh its effect on the oscillator. After
determining the wave—length_ in air, the plunger of the
water chamber was adjustgd to give a minimum readiﬁg
of the volfmeter. Then\.maximum energy was being with-
drawn from the air  chamber and the water chamber was
at - resonsnce. The distance between two ad jacent fositions
of the water plungér was Ahalf’ the wgve-length in ﬁaten
and these positions could bve determined to within
0.0ib5cm. Only about fdur positions could bYe found owing
to the high attenuation 'of the whter, and these could
be most accurately determined by plotting voltmeter read-
ings =gginst the plunger settings. The most reliable re;
sults were obtained _frbm the symmetrical curves which
were given when the air chamber had first been set in
resonance with the water chamber completely out of res-
onance,-the' only assymmetry then‘ being due to damping.
The conductivity of the water used was small and its
effect on the dielectric constant was considered neg-

ligible, so that the Ilatter was calculated from
(’\ \r‘)c.t'erl,~

This method was very tedious to useas it involved suit-

able adjustwent of three plungers so as’ not to produce

unstable or distorted frequencies from the oscillator.‘
 G.Williems (Proc. Fays. Soc.1944.P.es).adaptedthe doble

bridge method of measuring impedances devised by Flint

~
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and Williams for measuring the dielectric consfant of
transformer oil at 150m.c.s. Oscillations were indﬁced in
the line system at R, Z, and Z, were the unknowm imp-
edances of %bridges (i)and,_(z) ‘carrying current reasuring
devices and - Z was the test condenser. The ratioc of the
currents. I, and I, was given by | ,

o S '11’, - - <, + 1< o (b+R3s)
' : r I, \ = Kor s :mu‘(6+@s

a

where (3 was the propagation constant sz-v s the dist-

»

ance between ©bridge (2) and the‘,end of the 1line, and

a and b were given ‘by '
pr Iy | . —2_(0»1-;.(7)
e = [
\ 2.t2 . ,
K, and K  were constants for a fixed distance s

, While

K; was & constant involving the impedance Z. The resiste

ive and reactive compoments of Z couléd then be found

from

2z = Zo M(&+LL)

AY

where Z_, was the - line characterlstic impedance, The sep-
aration of the bridges was first adjusted. to make K, Z
zero. The condenser was rem6Ved and ihe ends of the
line were short-circuited so that a and b Yecame zero.
Then C o

| e = K +Rgeee?[3s + AR, el Bs .
and a graph'\of p" against‘ g8 gave an unsymmetrical
curve until e;'wae adjusted té6 make K., zero. Then the
_ minimum values of p* occurred’ vwheme 8 =%f . By plot;
205

'tihg a gfaphv,of p‘ ~against comal A, K, was found from

tke intercept on the axis of p’ . Z, and 2, were
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chosen to make K, as small as possible. With thei con-

denser C across thé ends of the line, maximum values

of F'L " occurred when s’ (b+fs)-0i.e. when @ f = %Qﬂ; -1)?5

where n was on integer, and hence, s and A being known,

{

b could be found. In order to find 'a —"Pa',m was plotted
againet ~in'(b+fs)and a straight line was obtained, the
negative intercept on the th{éﬁg)ixis giving ~xla

Alternatively 'a' could be found from

P’Ll\\;l\-; -‘K-l :‘ &_._qu_
le - K, )

With the vcondenser - C first 1in air ahd thén in trans-

former 6il, ... was very large and (.. almost zero
owing to the small losses, so that 'a' was ver§ small
and could be heglected. The - delectric constant was then |

iven by -
& v ¢ Coa _ by

| | Coin Lo g |
Williams later outlined a coaxial 1line method of measur-
ing dielectric constanﬁe,(Phil. Nag. 1944 P.283) in which .
the 1line was used vertically ®@ith 4its lower end shorf—
circuited and containing the test - iiquid in ‘place of
the condenser used in tbe Lecher 1line method. The imp-
edance of the: liquid filled 1line waé then given by

z =2z @;,*-%X"“:s, |
z,' being the line characteristic impedance, ), the
wave-length of +the oscillations in the 1liquid, and s,
the 'depth of - the 1liquid in the line. The reactance

“would then become infinite and P‘ a maxtmum for values

(n+ll>\
[

of 8, equal to

from which A\, could be ob-
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tained. For 'liquids having considerable loewr the dielec- |
tric constant could not be obtained from the relation

¢ = é}a and a method of correcting for nthis was
given. _ ,

C.R.Englund, (Bel; System Tech. Journ. 1944 P.1l4)
measured the dielectric constants and power factors of
‘a number of solid 'dielectrics. The theoretical case of
ah open-ended wire was first cons®dered in which res-
‘onance would be obtained for a line equél in length
to A, AN |Vbeing the ‘air wave-length,:With a dielectric
plugA in the end of the 1line, the 1length of the 1line
would have to Dbe changed in such a way that the 1line
reactaneé remained the samc. In practice a hglf wave-
length 1line was used short-circuited at Dbath endc, and
the resonant length was found with the 1line filled with
air end with a dielectrid plug of thicknees t at ite
centre. The resonant length for the air-filled 1ine was
v‘%ﬁ from which M was obtained, and the difference in
the 'resonant lengths wcs DY , The reactance of t the
dielectric plug was then given by \Y?_e3~<ﬂ%$£:and B
that of the 1line it displaced' was given by'&*££¥%£ML.

and equating these and rearranging,

T W0 - TS & ES

Putting Yy = ‘%;‘ C‘*w—:
and ‘ X J;gﬁ
we have 4 = X &= X

y was determined Dby direct measurement gnd this gave



Ve
XtanX, frow which X could be determined by means of #d
tables and hence €. found. The oscillator used prodﬁced
air wave-lengths of 22.5cm. énd l0cm. and the cﬁfrent
inpuf was through a coaxlial plug tapped across a half-
wave-length 1line well off tuge, which could be tuned
to controi 'the amplitude. Two types of crystal detector
were used, each mountedbrin ‘s head which could be fit-
ted on to the end éf the resonating line. The crystals
nad been calibrated at 60c.p.s., but any slight varistion
| in calibration in the megacyéle range, whilé causing
error in the 1loss determinations, could not ’affecy the

values obtéined for the dielectric constants.




7€
Wave Guids and Resonator Methods.
Thess methods involve ths measursment of the 1lengths of
waves of knowm frequeney in guides or rssbnators £illed,
or partially filled, with the test dielectrie., By suitable
ehoica of thes dimensions of the apparatus, undasired modes
of propagatlon ean be eliminatad and the ohosen. mode
transmitted with negligible attenuation apart from 1loss in
the dieleetrie, and for ‘this reason guides and resonators
are now used almost exclusively for mnsasuring dielectric
eonstants for frequeneias greatar than SOOOm.o.s.A

H.R,LoLamont (Phil. Mag. 1940 P.1) deseribad methods of

using wﬁve guides for +the measurement of mierowwave diel-
ectrie constants, Amagnetron oscillator was wused which
produced waves varlasble from 10 to 15cms. in air, ths
anode eircuit beiﬁg a palr of parallel wirss =f£itted
with a sliding brldgs. A wav&meter,'coupled loosely and &
at right =angles to the anode olrcult, consisted of a j
"pair of parallel wires elosed at ona end sand fitted |
with & moveable reflescting plats, so that the wavelength ?
of induced oseillations could be accurately found by |
measuring the distanea betwaen two adjacsni positions of

. the bridgs for which +the vacuum thermojunetion shown

gave minimum deflections of a mieroarmetar. Thess readings

were consistent +to 0.,1%. Also 1loossly eoupled to the osc~|
illator was +the test guide, a copper tubs of 7in, dia- |

meter and 5ft. in length, which was olo3ed by @« move—
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able _piston; attached by spring:  contacts to the tube. 4
longitudinal slot was cut in the tube 80 that a micro-
, amﬁeﬁer probe could be inserted and the field investi-
gated along the tube, this being found not to digtﬁrb
the field appfeciably. Regonance in the +tube was observed
Tby noting ~maximum"r¢action Sn the oscillator. The wave-
length 1in the guide at resonance when it was émpty of
filled with liquid could then be found either by plot-
ting the field along the tube or by adjusting the -
pistoh to different positions of resonance. The distance
between two - such adjacent positions, or the distance be-
tween two field maxime or minima was half the: required
wave-length. The éir wave-length . in the tube, Xb was
then compared with the ~free - wave-length, )\ , given by
.the wavemeter through the EEEEEEE____,
- -k YPpeing the tube constant for the: E_ wave propagated,
2.405 -, and agreement was found to within

radius of tube | S
6.25%. .The dielectric constant of the test liquid was

then4 found from , .
- = & R\
A -

where € was the dielectric constant and >\d was the g

wave-length measured in the liquid-filled guide. At the

higher frequencies the first H mode was propagated - in
addition to the FE mode. The main disadventage of this: |
method was the large quantity of liquid needed, 20gallorm

Also it could not be used for solid dielectrics. 0;
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the two methods Aoflrwave-length measurement, that of plot~.
- ting the field along the tube was fonnd to be the
more accurate, but. it was tedious. For measureménts on
solid dielectrics, a short. cylinder of the test solid
was made so0 that it could slide smoothly inside the
tube, By considering the Dboundary conditions at the two
plane surfaces 6f the dielectric, it was shown that
the 'slab inserted effectivelj shortened the resonant
length of the tubeby ah amount € which was a function
of the thickness of the slab, of its position in the
tube and of its dielectric constant. By diffe;entiating,
,expressions were obtainéd for the maximum andl minimum
shifts necessary to restbre _resonance, %, and <. ;

\

and the dielectric constgnt was obtained from the

combination of these expressions, elag
¢ -G Qa»‘%éﬁ»ﬁ——-“ @8»@—4—9‘“ %ﬂm]

s, being the thickness of the slab and (3 the prop-

agation constant in the air-filled tube, ‘7}‘“', The diel-
! . ‘
ectric slab was moved along the tube 1In steps of one

centimetre, and 'correapdnding shifts from the Tresonance

positién for the air-filled tube were determined, these
LEELE I gA shifts being plotted against the distance of
the slab from the fixed end of thef guide. From this’
graph the maximum and minimum' shifts were found, and
"these were then found more accurately by taking‘ repeat-

ed measufementsover theapproximate values indicated. The

dielectric cénstaﬁt was then found Dby substituting in
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the formula quoted above..A simpler method of calculatina

the dielectric constant was alsé carried out, which re-
guired only thé difference in the maximum amd minimum
shifts, A , for a given air wave-length, N. It was
shown that for the particular value of xﬁ, A= J§¥; é%T—
N yaa zero, and plotting _ﬁfggainst A for different
wave-lgngths 8 curve was .obtained which intersected the
A axis at the required wave-length. Substituting this
value in the above equation, € was founés Thisr method
was adapted for 1liquids using a celluloid cdntainef
for the liquid under test, a correction bYeing made for
this, Certain errors ‘were caused in all the metﬁodé
described due to irregularities in the tubd, these be-
ing greatest in. the first method fowdng to the press- |
ure of the 1liquid 1inside the tube. Values obtained by E
this method showed a maximum variatiQn of 1.4%, The
methbd employing"a solid slab gave results which had
'a- minimum variation of X%, but fhe simpler gfaphical
method of calculaticn invélved a possible error of 2%.
The results obtained using this method for 1liquid:
paraffin agreed satisfactorily with those from the other
method, 5ut for 1liquids -of high dielectric constant the
errorsn introduced were magnified by the calculation and
the method was ndt satigfactory.
7W;D.Hershberger, (Journ. of App. Pays. 1946 P495) meas-

ured thé absorption and dielectric constants of gas-

eous eammonia and &a number of organic gases for  1l.25cm.
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’wavgs. A rectangular wave guide was conneéted to the
generator as shown and used in the H, mode. For diel-
ectric constant measurements the far end of the gulde
was closed by a me£a1 diaphragm, and a gas tight
window was placed acrose’ the tube at A, The portion
of the tube between A and the generator was sldtted
so tha} a standing wave detectoﬁ could be used to
inveétigate the field. Standing waves were éet up along
_them guide with the air-tight portion of the tube
evacuated, and the standing wave detector %as_ located
at a minimum. The gaé under test was then Vallowed to
enter the guide, thus shortening the wave—length, aﬁd
the _standing wave detector was adjusted to iemain still
at the same minimum as beforé. Then, by applying the.
.wave guide -equations, and »assuming that\ the dielectric
conetant € =1+% , where S was small, it was shown thet
‘ s - 225 [0 ()]

L %Yeing the 1length of the gas=filled tube, AL the
change in the position of the mimimun, %Wsthe' free
‘space wave-length  in :a .vacuum &ahd b the wiéth of the
guide; The reflections from the- window were compensated
byrefleétions set up by a tuning element. The accuracy
of the method obviously would incregse thedretically"
with the length of' guide used, but the 1length could
not be inceeased indefinitely due to losses in the

copper guide, which wguld have caused the standing wave

pattern to %be poorly defined. There was, in addition,
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some absorption due to mis-matching.

S.Roberts and A.vonHippel, (JOURH. of App. Poys. 1946
P.Sio)measured‘ the 'dieléctric constanﬁs and loss at
centimetre wavelengths of s80lid and 1ligquid 'dieléctrics.'
A magngtfon oscillator , at one end of a wave guide
rradiated waves vertically dpwn the guide to the far
end, which contained a quahtity of dielectric to a-
depth d. By means ‘of a slot cut along the 1length of
the guide; standiﬁg waves set up‘ by reflection at the
bottom - of the gulde could be -investigated "with a -
 standing wave detector.;Attenuation in the air-filled
portion of the guide was considered negligible, and this
-wag verified Dby 'eXamining the standing wavé pattern set
up with no liquid in the guide and showing that the
minimum deflection on the 4ndicator was almost zero.

By the use of the u§§1 guide equations, expreséions
~were obtained for the resultant electric and magnetic
vectors of the incident waves and those reflected from
the dielectric-filleﬁ end of the guide, and from these
the wave‘vimﬁedance at the dielectric surface Z; was V
found to Ybe - T
Z, = Z,0P

Z,—being‘ the characteristic giide impedance and #’ a
compléx quentity ?-P}lf"' such that

. A, 9

A, o ° ~
where A_and A, were the reflected and incident amp-

litudes respectively in the air-filled pbrtion of the

gulde, The standing wave ratio, &5=&nﬂf$ , and %l ,



the phase retardation due to ,passagev through the diel-
ectric was given by -
g =T -3
A. being -the wave-length in the air-filled part of
tbe tube and x_ the didknce of the first minimum from
the dielectric surface,wwhere the phase difference of ¢
the incident and reflected waves was 1 By substitut-
ing for ¢ , the wave impedance became |
2, -2, ST iRl
-y A

By considering the wave equations for propagation dn

the dielectric, the wave I1mpedance Z_ waar found in terms
of the dielectric depth, 4, and the propagation constant

for the dielectric, y, , to be
2“ = \'\ Z‘QM

¥a :
and conbining this with the previcus equation,
talyd - o\ = oGP g
T x4 2md | — 3 S s le T Ce

ngbeing a measurable guantity, y, could be found from
charts or byr using a series approximation; experiments
with one or more thicknesses d of the dielectric
being necessary to give a unigue value. The complex

dielectric constant € waz‘ fhen g{yen by
| e* o &Y 6w
| f Gy~ &

Ag being the cut-off wave-length, and the real part of
‘this gave the real dielectric constant while the imag-
inary part gave the loss component. The original app-

araius used consistedA of a cylindrieal wave guide

mounted verticaily and fitted with a detachable end-

piece for inserting the dielectric. #magnetron oscill-

&2
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ator was mounted at one end of the guide, its out-

put being filtered and stabilised by meahs ofv a res-
cnator. The standing - wave ratio 'WQS measured by a
travellihg crystal detector driven by a lead screw 'sé
that 1ts position could be noted to withi; ‘0.00lin.

The detecfor was calibrated Dby ‘measurements using the
empty pipe, the field at any poimt x being given by

, ‘lEx}: = B, m.m[ﬂr(x—xa.)]

kl was‘ determined by measuring the dietance Ybetween

'adjacent minima. Measurements were made on sdlid and -

'liquid dielectrics using 6cm. waves with the inﬁention

laterof"extending the method for 3cm. ‘and 10cm.' waves.
Heston, Hennelly and Smyth (Journ. Am. Chem. Soc. 1948

P,4093) measured the dielectric constants and abéorption‘

of organic halides with wavesof l.25cm. length. The apper

aratus was arrapged ‘diagrémmaticaily as shown, A" being

a regulated power- sﬁpply feediqg inté B, a sguare wave

medulator at 1000¢.p.B. C was _af—micfowavel oscillator,

which wés atﬁgched ‘directly to the air-filled guide

with the découpling attenuator D to - prevent frequency

pulling. E was & travelling crystal detector 1leading

t; :anf‘audio lamﬁiifier F which detected the modulation

frequency, ﬁéing lineaf. over the 'opefating"range. G was

a matdhihg ‘attenuator, matched towards the cell so

that it did not reflect energy,vand attenuating reflectri

ed energy from the right engle bend in the guide.

“The cell K was & 4in. section of coin silver guide

s
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fitted 'wﬂ:h~ a brass plunger specially- adapted so that
its face appeared as a short-circuit to incident waves
despite the h;gh contact resistence. A mica window sep-
arated the liquid from the rest of the guide, and
this was matched out by placing a metfallic inductive

window immediately %before the mica window; A  proper

adjustment of this window and the attenuator G gave a

voltage standing wave ratif6 of 1.04f0;01. The directional
coupler H measured the .reflected power direétly, greatly
attenuating- incident power from tpe oscillator tbut per-
mitting thé passage of reflected energy from the cell
to the audio amplifier. The method was suited for
measurements on liquids - with high dielectric 1loss. It
was based on the variation in reflection coefficient

of a uniform layer of dielectric as ite depth was
varied. A rescnant cavity wavemeter was used to - measure
the output wave-length in free space, Ao, while the
wave-length in = the éirafilled guide, X% , was measured

by - a slotted 1line identical in dimensions with the cell

The . cutf-off ’Wave -length, N, , could then be calculated §

from the formula o
A A
G Yo
The wave-length in the dielectrie, )J , wvas twice the

distance betweeﬁ two minima in the «cell and was found

position®s of the plunger as minimum . reddings

from the
were recorded. For high 1loss dielectrics the dielectric
constant, was then given Dby

,5 (,\ > ¢ ”A&)



&5

”

where € represented the imaginary dielectric term, this

term being neglected for low 1loss materials, The propa-
gation constant in the liquid k==A+}P , . Ybeing the

absorption coefficient and ¢” was given by

A |
With the dielectric cell full of ,liguid i.e. containing .
avout b5Scc., the’ plunger ~was placed near the mica win-
dow and sloyly withdrarm, the méximum and minimum readd
ings: on the output wmeter being recorded w¥th the corr-
espénding Vpositi@ns_ of the plunger until further with-
drawai producea no varlation in the ﬁétef reading, this.
reading - being equivalent to that due to an infinite
layer of dielectrié. From ‘the ratic of one of the max-
imum readings to the infinity réading a value‘ of &AJ
could be obtained and ¢” calculated, and from this,-
using the full formula for él , the real dielectric
constant could be obtained. Values obtained using the
first band ‘second maxima agreed to within 0.2% and in
général thé 'agreement obtained ﬁas within the est-
imated 1liwits of experimentagl error. |

A guide mebhod of measuring the dieleétric, properé
ties of water was devised by Collie, Ritson and Hasted,
(Trans. Far. Soc. 1946 EéA'P.129) and was later applied to
agueous iénic solutions (Joﬁrh. of Chem. fhys. 1948 P.1).
1l0cm. waves were fed from g - coaxial 1iné inte a rect-

angular gulde whose dimensions were such that, when fil3- l

ed with water, only the H_mode could De propagated.
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The wave was 'picked S up by: a probe after passing
thrbugh a variasble depth of water, and was' taken Dby a
coaxial 1line to a superheterodyne receiver. The atten-
unation of the wavéér through the wétef w85 measured |
by direct comparison with the attenuation of o -atten- i
valibpated piston attenuator, so that it was not necess-
ary for  the receiver to e directly calibrated. The i
experiment was repeated using; a guide of different
dimehsions. Vhen filled with water, the first guide of 1
cross-sectional @imehsions a, and b,k had é propagation ]
constant p,, where - : .

| SRR Y S

€, being the real dielectric constant, éL the 1loss |
factor, «w the frequency in radians per secong, ¢ the |
velocity of waves in Vfree space and k, the constant EE;
for Hw’waves. Similarly with the second guide :of ‘prop-
agatioﬁ constant p, andb Widéh a,, |

R G L s

' so that the dielectric constant |

| G |

end K, being the experimentally measured absorptions,

X

and théi guide measurements and frequency being accurately

determined. The apparatus was then adapted for measure-

ments at 1l.85cm., at which frequency the technical d4iff- :

icﬁlties were very much increased. The oscillator was

very much more sensitive to changes in load, voltage

b

and temperature, and care was needed in suitable design
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and arrangement of the apparatus to prevent frequency

drift.»Flexible wave guideA was used in place of coaxial
line for feeding 1into the test cell, and this was
fitted with marble windows to prevent reflectioh. The‘
geil was specially constructed of wider gulde than the
feeding guide 80 that the waves quickly reachéd & non-
divergent stgte. The estimated error in the measurement
of K was 1% below 30°C. In measurements 6n i;nic éolu-.
tions the defects of the mefhod were suggested to Dbe
‘mainly technical e.g. the <unéveness of the cell walls
made absolute measurements uncertain . and also .mechahical
defects of the pick-up probe. In addition there was a

- tendency for higher modes than the Hgaio be propagated.
Rough. agreeéent was foundﬁ with results obtained Db¥

Wywan and by Drake, Pierce and Dow. -

G.E.Crouch (Journ. Chem. Phys. 1948 P.}§4) used a method
similar in principle to that of Heston, Hennelly and
Smythi for dieléctric ‘measurements on 1ligquids at 3cm.
wave;lengths. The cell used .contained a ‘teflon window
of thickness 4 equal to a half Wave;lgngth and provid-
ing a 1iqqid-tight Joint. It had a very low 1loss so
that the impedance from the input end was almost the
same as that of the liguid-filled guide without the
window. The plunger was alse of low loss material and
so constructed ‘that it prévidea' an open circuit term-

ination for tue guide. The microwaves were introduced im-

to the cell as shown in the block diagram, and by

slowly withdrawing the plunger through the cell and -
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locating 1its position when two consseutive minimum val-
uss wers indicated by the directlonal coupler, the value
of half the wavelength A‘_ in the dielesctrie was deter-
mined, The standing wave ratlo at the minimum values

was also determined, the indicator having previously been
arranged at a voltage minimim with a shqrt—eircuit in
place of +the ecell, For low 1loss 1iquids the wslue of
the dilelectric eonstant € ’ could then dmmediately be W
determined from A&, the fraquency and tha guide e’onstéahtb
but for medium 1oss liquids £ nad first to be eval-
uated, By the - appropriats applieation"of transmissidn 1line

equations to wave ‘guides it was_ shown that

I+ e 2L
ZQ = ZE"_Q‘_:\,J&:[

Z, being the inpwt Impedance of the 1liquid filled guilde,.

Z the intrinsie impedance of the 1iquid-filled guide ami
J~ the attenuation constant when 1, ths length of the

1iquid eolum was %, 3, —> ete, From the measured value of

I

LNy » F%}\ﬁus plotted against'ika and ocurves were obtain-
ed of the type- showm, The voliags standing ratio was
given by e = F%ij,(.\ + covaclion %LJEJ

Z, being the Intrinsic Impedance of the alr-filled guide.

If the voltage standing ratlos at succesive minima were

denotsd by ?- Cr ete, t%igg éLL |
———g; = l T Y

the eorrection factors being negligible in this express-

& .
ion unless € became - very large oz é" very small, The

ratios of standing wave ratios, L i Al
(41. ’ P N L] ?3 1
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etc. were read off from graph (l)for given attenuations
and plotted against attenuation as in graph (2), and
from the interseetion &f these curvés,'at one point on
‘the old) axis the required value of d Ny was substitut-
ed in the formula | , \ S '
¢'= 3w (3g) 4
and the dielectric constaﬁt ¢’ was obtained from

V2 e - \2 T\ 9T\
e ) A0 -6

R.P.Penrosé (Trans. Far. Soc. 1946 424 P.108) measured the

dielectritc constant and power ‘factor of low 1loss s0lids
at 25000m.c.s. using a reéonant. cavity as a cell. Tuis
was caused to resonate ‘in the H;| mode by varying the
length 1. This mode had " the édvantage ‘of a  low elec-
tric field near the Dboundaryse that the dielectric
gpecimen d¢and the plunger Wére not reqﬁired to fit the
cavity tightly. Also the resistive losses in thés wallé
wefie lower than for other modes, making it especially
suitable for measurements on  low loss materials. Power
from a  K1ystron feflexionA oscillator was 1led into the
resonateér ;by an H, rectanguler gﬁide bcﬁntaining, an att-
enuating pad to minimiser pul;ing of the oscillator at
resonance, and a similar guidé' conveyed power from the
resonator to a crystal dtector. Aﬁ the ‘ffequency enploy-
ed propagation éf higher modes wés poséible° E modes
were precluded, howéver, by the orientatioh of  the feed-

'ing guide and H modes were damped out by high loss

material at the back of the plunger, which left the



. go
H, mode undamped. The frequency drift was considerably

less than 1lm.c.s.and introduced negl igible error into

the results. The plunger> was adjusted go give resonénce
with the cayity empty and  with it containing a slab

of known thicknees of the test dielectric, and the corr—
esponding resonant lengths of the cavity could be acc-
u?ately\ read off on the screw plunger. By considering

the conditions for resonance in the ca#ity and the ¥Yg

boundary conditions at +the dielectric surface it was

(d) o[G0 - Jn =PRI

i, being the thicknees of the .dielectric slab, 1, the

found that

reduction in the fesonant length of the resonator when

it was introduced, XE: the tube wavelengthin airdetermin-

ed from the change in plunger position for two adj-

acent resonance positions with the -cavity filled with

air, and Xg the wavelength in the dielectric. By means
‘ 25,0 - :

of a graph of g against © , a solution of the a-

‘bove eguation for Ay could quickly be found, and

calculated from : )
’ . - X‘L -L'L ,‘_' 2
. € - Yy e

A being the free space wave-length and \c the cut-
nff wave-lehgth given by : A

- dx T

A N A&‘L Ve )
Measurements were carried out on 15 solid dielectrics,
which were cut in slabs of thickness equal approximate-

. ly to an integral number of half wave—lengths, so that

the surfaces were situated in a weak electric field
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. and | errors due to ~inaccuracie€ of machining were min-
imised. The experimentaly values of tﬁe dielectric con-
stants . observed were found to agree to‘ within 1%.

' W.Jackson and J.G.Powles (Trans. Far.Soc. 1946 42A
P.lOl)‘adapted the above method for# use with liéuid
d;électrics.”The cellé used at 9.8xl0c.p.s. and 2.44x10C.ps
wére as shown, the liquid being contained in the first
case in a thin-walled - recess machined out of the fix-
ed, but removeable, end of 'the resonator, and in the
'second cage in a thin-walled metal cup supporfed on
the piston. Xeasurements ‘wefe made with different rim
thicknessesof the centainer and ﬁhe results extrapolated
to zero rim thickness. The effect of the liquid men-
iscus was dshéwn to ‘be negligivle. At the higher fre-
quency, the results obtained for the dielectric constant
were found to bYe consistently 5% too high and this
was shown to be due to the preéence of the cup by
testing the - apparatus withh a polythene spécimen. |

R.Dunsmﬁir and J.G.Powlés (Pnil. Mag. 19 46 P.747), used
a- cylindrical resonator excifed in the E,, mode to

measure the dielectric propertieé of 1liquids in the
600 to 3200m.c.s. vrange. For solid dielectrics the

same method ,could be usedto give an accuracy of 1%,
but for 1ligquids the probable érror in the results '
was increased by the necessity for a container. At the
shortér wave-lengths reflection type . oscillators were

used, while at the longer wame-lengths a coaxial line¢
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type variablé"triode oscillator was used, a coaxial
line wavemeté: being wused for calibration. The test
bottles used were made to fif 'coaxially into the
resonator, being suppbrted through a hole in the res§~
onator 1id, which was found to héve no disturﬁing
effect. The material used for the bottle had to be
easily Workable,,ehemicglly resistant and of low perm-
iﬂivity and power factor, and quartz was found to Dbe
khe most satisfactory. A diagrammatic form of the res-
onator used is shown, a being the resonator radius,

1 its 1length, b the outer bYottle radius and ¢ the
inner %bvottle radius. The equations ,for resonance and

- the boundary conditions at each surface were consider-
ed :and the amplitude constants eliminated. Since the
bottle used had thin Walla;'(b-c) was small and app-
roximations were made leading to ,ﬁhe expression for -

the dielectriec 1gonsta t ,gf the 1lifuid A
T s Gy 7- Yy (-G

| == |+ (Géﬁi[lT74W7i]
where T’/ 9—6((’3 |
ana 7= )I\/C@)}‘(@u)— Y EOTE] e

The subscripts a, b,and ¢ referred to the air, solid

and  1liquid 'regions réspectively._(g was the propagation
" _constant and Y, and andJ_  were Bessel functions vwhose
values could ‘bev found. so that the function M could Te
read 6ff from a graphical: plot. The dielectric' constant

of the matersdal of the bottle was required for the
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Vethod of Collie, Ritson and- Hasted.
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value of ;éb_ , but an approximaté value was sufficient.

" The apﬁroximations in
mula introduced an exr
- of ée less than 4 a
‘frequeﬁcy was agdjusted
wave-length measured, a
since - (E = %%f
Measurements were made
the thickness and siz
test the theoretical
were found to hold w
Collie, Ritson and
P.129) used a similaf

igations of thé diele

the derivation of the above for-
ror of 1less than 1% for values
nd of _325.. less thén Zé + The

for resonance and the free air
nd (ﬂ and ﬁr were then calculated -

&NQ (3 \y——‘ 21

using a number of organic 1liquids,
e of the bottles being varied to
assumptions of the wmethod, which
ithin the 1limits menticned.

Hasted, (Trans. Far. Soc.‘194g 42A .

fesonator method in thélr invest-

ctric properties of water. The res-

onator was fitted with a capilllary tube as shown, and

~the resonant frequency was found, first with the cavity

enpty, then containihg

the enmpty capillary tube and fin

ally withi the capillaiy tube containing the test 1liqui

 final freguency ad just
tuning sleeve. Jackson!

employed, and it was

ments being made by means of the

s analysis previously .described was

found Jjustifiable within the limits

of experimental accurécy to subtract the frequency shift

due to the tube from the total frequené& shift to

ehtaiﬁ the effect due W the water alone. A correction

was applied for the

constent by measuring

~and obtaining a value

imaginary part of the dielectric
the Q factor of +the resonator

for the absorption, but this

was not considered to be of sufficient accuracy, and

—— st o st
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the wave ‘guide method previousi& ‘described was used.
The frequency shifts were méasurable‘ to an accuracy of
about 1%, and the method had the considerable advantage
of requirihg only very small quantities of 1liquid. The
experimenters considered. that,_with..a suitable method for
measuringr absorption, the method ﬁould have Ybeen capable !
‘of a good degree of accuracy. ®

C.K.Jen A(Joﬁrn. of App. Phys. 1948 P.649) used a r'esomnflf
éavity method for measuring the dielectric constants of f
- gases., A cylindrigal cavity was uséd, tunable in the
-range 8,500 to 99900m.c.s. ané was enclosed in a cylin- J
drical ©brass case. It was sealed frbm the guide lead-
ing into it by a ‘éugfté disc coated finely with
‘silver-ckromium. The input vradiation from the guide A !
reached the magic tee, D; and divided, half passing to |
the cavity and half to the guide B, which was termin-
ated by a short-circuiting plunger. In the guide B was
a quartz window similar to that at the entrance to
the cavity and placed symmetr;cally with respect <fo f
D to annul ‘any reflected waves from tlie other window. ;
The magic tee was a device which = allowed the vector
differénce of the reflected waves to pass out through
the brahch E" while the vector sum was returned to
A. By analogy wifh a low freguwency resonant circuii,
the admittance of the cavity. asr seen from the guide,

o >3 . E1~§0?1
\/c = ‘\/cr [%._..' + »} %' A J

Yébeing the characteristic admittance  of the wave guide,



%, the vratio of the loss per radiean to the energy
- stored, 4‘ the ratio of the energy escaping from the
input window to the energy stored, 5 the resonant

frequéncy of the gas-filled cavity and F the f#eduency

of the incideht radiation, For &a frequency approaching
fos ) | S -9 - |
| AR - *H,%’{,J

For the empty cavity the resonant frequency was ¥,
and for the gas-filled ’cavity it wasA € sinée the
loss part of the complex dielectric constant for the
gases considered; was negligible with respect to the

realA part. Consequently, after finding f_ and the reson-

G5

ant ffequency of the gaa-fiiled cavity f?, the dielec-

tric constant was directly gfalf?lated ]froﬁ

R — ~

| b

since é'/ﬂzl . Measurements of €" were also carried
out since GH‘QTJQ, these Delng determined from the max-
ivum and minimum vector differences of the refleétéd
waves &8s measufed by the mégic tee. The resonant fre-
' ‘quencies were detected by means of an amplitude-fre-
quency display on a cathode ray oscillograph, a change
in é'/ of 10—§being detectable. lieasurements were car-

ried ouf using metlhyl chloride and deuterated ammonia,
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Proposed Méthod for Iocating Absbrption Bands in Liquids.
This piethod is based on the fact that, at absorp-
tion frequencies, the effective series resistance of a
low ibss g#6liguid increases, and thus causes a rise in
temperature. Consider a small - liquid-filled condenser of
capacity C having< an equivalent series resistance R
and a voltage V across its plates. The‘ power ‘dissipatei

in the ceil,

P - ,,)Lz:—’ . __?
R+ RY+ i
where « is the frequency in radians per second.
. T T, .
: T2V TRV
1> = ~ Y — — T S
Therefore | - ’_R‘l"’ C——}_C)‘_ 1 \_*,,"R'LC.LLA,'

since C is small, of the order 10 farads, and R is
small,zand the aﬁefage frequency is 1lm.c.s. the term
1R7°Cw'is small compared with unity and may be neglect-
ed. Thus | V

T =RV
and this 1s equal to the heat generated and 1lost to
the surroundings. When the temperatufe is small most of
the heat is used in ﬁdsing the temperatuee of the
ligquid and its conﬁainer, so that

T = TRVCTwt = WO
W beingb the water equivalent of the condenser and its
contents and O the temperature rise per second. By
sﬁitabiy arranging the valués of Vg Cand W for a gimen
frequency range so that © is small, but just detect-
aﬁle outside absorption regions, a definite rise in 'Gj_

should be observed when R . increases. A diagram of -the
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arrangement  of the apparatus is shown. Two CV63 +triodes
with 400volts on their plates are 'connécted as shown
te the tuned circuit L C,, C, being a split stator

air condenser. By putting C» C. or C, in paraliel with

v
C, and varying C, the frequency output can %be varied.

L is a goil of about 3%in. diameter and looturhs~ of
éopper wiré 80 ‘wound that fewer turhs can bYe tapped

off ‘if required, thus giving a further means of vary-

ing the frequency. Th& oscillator output is led via a
condenser to the grid of an R?C.A.él4 beamv tetrode.

TheA ahode of this wvalve iS‘ connécted vie a radio-fre-
quency choke to a 1000volt supply and also to the |
tuned circuit L,C, L'being a coil 5%in. in diameter of
10Cturns copper wire variablé as in the driving oscilkr—A
tor; and C being_ & variable condenser immersed in trams-
former 011, to prevent sparking. The Adri%ing oscillator

is tuned- yo a kfrequenéy"meaéureablei by means of a ‘cqy—
stal wavemeter, and the ampiifier 18 tuned to resonance

at this ffequency. The test condenser could be connect-
~ed across L’ as shown with a valve voltmeter to meas-
ure V. It. 1s proposed to construct thé cell és shown |
in the diagram. A and B are very thin silver sheets |
about 1lmm. apart whaich form the plates of the condenser
these -being held apart b& small igsulatiug Vstripg at

the outer edges. A thermocouplé is - joined to B and 1is

used in conjunction with a sensitive galvanometer to

note temperature changes. The condenser is supported on



a paxolin stand inside a metal constant temperature
enclosure. The apparatus 1is intended for investigating
absorption ‘bands in a number of liquids over a .fre-
quency range of 100k.c.s. 'to l0m.c.s. It is thoughh
that it would be useful for approximate preliminé.ry
investigations as it requires ohly ‘small quantities' of

material.



