ABSTRACT

A RESONANT CAVITY HIGH FREQUENCY OSCILLOMETER

by Dante Anthony Costanzo

A high frequency oscillometer operating at 100 megacycles per second
was developed. A reentrant cavity was employed as the resonant circuit
element. High frequency voltage was induced in the cavity by inductive
coupling of the cavity to a constant voltage and constant frequency
generator. The current flowing in the cavity was indicated by a tuned
detector circuit which was capacitatively coupled to the cavity. The
high frequency energy received by the detector probe is rectified and
applied to the grid circuit of a dc amplifier tube which is part of a
modified Wheatstone Bridge circuit. Bridge unbalance current is
linearily related to signal intensity.

One electrode of a precision variable condenser was directly
connected to the inner cylinder and the other electrode was connected
to the outer cylinder of the cavity. Connected in parallel with the
electrodes of the precision variable condenser was a condenser-type cell.
When the oscillometer was initially tuned to resonance, a change in
conductivity and/or dielectric constant in the solution contained in the
cell detuned the oscillometer. Resonance was reestablished by adjustment

of the precision condenser as indicated by maximum detector current.



Dante Anthony Costanzo

The changes in instrument responses, effective cavity current, cell
capacitance at resonance, and cell capacitance at half power points are
related to changes in admittance of the cell-solution network.

Equivalent circuits are proposed to represent cavity, detector and
cell-gsolution networks. A qualitative interpretation of instrument
responses in terms of these circuits is presented.

Instrument performance was tested with a simulated titration of an
aqueous solution of hydrochloric acid with sodium hydroxide and a
simulated titration of a glacial acetic acid solution of sodium acetate
with perchloric acid. Dielectric constants of some pure organic solvents

were determined by means of direct capacitance measurements.
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INTRODUCTION

Oscillometry is a term applied to a class of physico-chemical
measurements which employs high frequency oscillators as a power sourre
and reactive coupling of such circuits with test solutions by means of
electrodes isolated from the sample. Instruments which are suitable for
making high frequency measurements are named oscillometers and the
methods of the class are characterized as oscillometric methods.l

In the oscillometric method of analysis, the vessel containing the
solution to be analyzed is placed between the plates of a capacitor
(condenser-type cell) or in the field of a coil (coil-type cell), The
cell may be part of a resonance circuit of a high frequency oscillator,
or may be part of a resonance circuit excited by high frequency energy
from an external oscillator. The oscillators operate in the megacycle
per second (Mc/sec) frequency region at either a fixed frequency or at
variant frequencies depending upon specific circuitry.

A change in composition of test solution contained within the cell
is indicated by a change in the oscillometer response. The response is
associated with the electrochemical properties of the test sample and is
effected by the entire chemical system between the electrodes. The
instrument is responsive to the dielectric constant and/or to the
conductivity of the test solution, depending upon the specific circuitry.

Oscillometer responses which may be observed to follow the course
of a titration, to evaluate dielectric constants, to monitor flowing
streams or chromatographic effluents, etc., are: effective tank circuit

current or voltage, cell capacitance, oscillator plate current or grid



current and bias, and frequen:y. The os-illometer response measured is
related tc either the total admittance current or to the real or imaginary
part of the admitrtance current flowing through the high frequency cell
containing the test sample. Those os:illometer responses related to the
real part of the admittance current are proportional to the g-factor of
the circuit, and those responses related to the imaginary part are
proportional to the susreptan-ce.

Several excellent reviews are available which describe the present
state of instrumentation and applications of the oscillometric method of
analysis«l—15

The principles and theoretical foundation of the oscillometric

methods of analysis have been discussed by several authors.l6-25

Reilly and McCurdyl3’2A

quantitatively developed 1n a perspicuous manner,
the theory underlying the high frequency measurements when employing a
condenser type cell. The authcrs sucessfully employed a twin-T impedance
bridge to obtain absclute values of electrical quantities for a condenser-
type cell to test their theory.

Reilly and McCurdy13’24

have shown that the optimum working concen-
tration, that concentration in which the instrument responds in a nearly
linear manner with changes in solution composition, is directly propor-
tional to the operating frequency of the oscilicmeter and to the geometry
of the cell. To extend the instrument response to higher concentrations,
higher operating frequencies must be employed.

Many instruments have been described which operate in the fre-

21,26,28

quencies between 1-30 Mc/sec. These instruments may be employed

for concentration measurements of solutions equivalent in conductance



to an aqueous 0.06 M NaCl solution. In instruments operating in this
frequency range, ordinary inductances and capacitances are employed in
resonant circuit construction. Above 30-40 Mc/sec, the distributed
capacitances and inductances of circuit connectors and components become
critical and ordinary circuits are no longer usable. To circumvent this
difficulty, coaxial lines, transmission lines and cavity resonators are
employed to construct stable oscillators.

Johnson and Timnick,29 and Pungor,30 constructed half-wavelength
coaxial-line oscillators operating at approximately 125-130 Mc/sec.
Lane31 and Fisher, Kelley, Stelzner and Wagner32 designed instruments
operating at 200 to 250 Mc/sec which include parallel-transmission-line

35

oscillators. Pancek,33 Stelzner,34 Blaedel and Malmstadt, and Huber

19 utilized concentric line oscillators operating at

and Cruse
frequencies between 350-500 Mc/sec.

Works, Daken, and Baggs,36 in 1945, adapted a cavity resonator to
the measurement of dielectric constants and power factors of solid
dielectric materials at 200 Mc/sec. A signal generator was employed as
a source of high frequency energy to excite two cavities, one, a measur-
ing cavity into which the sample was inserted, and the other, a calibrated
wavemeter. Parallel crystal diodes in conjunction with a high sensi-
tivity galvanometer were employed to indicate a current proportional to
the voltage in the cavity. Voltage, wavemeter, and heterodyning methods
were employed to determine dielectric constants and power factors. An

oscilloscope replaced the high sensitivity galvanometer in the frequency

modulation method to determine dielectric constants and power factors.



Johnson37 adapted a cavity rescnatcr obtained from a U.S. Navy
Model OAO-2 radar test equipment frequency meter to the measurement of
dielectric constants and power factors of solid dielectric materials,
Johnson loosely coupled an oscillator operating at a fixed frequency of
100 Mc/sec to the cavity resonator. A General Radio Type 1690-A di-
electric sample holder, into which the sample was inserted, was connected
to the cavity. A crystal diode and vibrating reed electrometer with
current sensitivity of 10-15 amperes, was employed in the detector circuit.

Blaedel and Malmstadt35 and Huber and Cruse19 described oscillo-
meters operating at 350 and 415 Mc/sec respectively. FEarh oscillometer
contained two oscillators, a reference oscillator and a working oscill-
ator. The reference oscillator operated at a fixed frequency and
employed a cavity resonator. The working oscillator, employed a concen-
tric line as the resonant circuit element. The sample cell was coupled
to the working oscillator, and as the composition of the sample varied,
the resonant frequency of the working oscillator varied. Changes in beat
frequency between these two oscillators, reflected changes in sample
composition.

A reentrant cylindrical cavity resonator similar to that described
by Johnson37 was adopted as the resonant circuit element of the oscillo-
meter developed and employed in this investigation.

Statement of Problem. This study was undertaken to; (1) construct

a prototype oscillometer to operate in the 100 Mc/sec frequency range
which employs a cavity resonator as the resonant circuit element, (2) to

elucidate the nature of the instrument response for an instrument



operating in this frequency range, (3) tc test the performanrce of the
oscillemeter by means of practical physice-chemical measuremenrs on

aqueous and nonaqueous systems.



THEORY

Series Resonance If a sinusoidal voltage is applied to a series

combination of resistance, inductance and capacitance as shown in Fig.

1,38_40 the current flowing in the ~ircuit is given by

F

(1) 1= :

R‘f’Jl\hL _ZU;E

where I is the curvent in amperes, F 18 the applied voltage in volts,
R is the resistance in obme, L is the inductance in henries, C is the
capacitance in farads, w is the angular frequency equal to 27f, where
f is the frequency in cy~les per second, and j is equal to (-1)1/2.

Effective impedance Z, the retarding effect on current flow, can

be described by the complex quantity

(2) Z=R+jix, - x|

where XZ is the indu-tive reactance in ohms, equal to wl and Xc is the

7
capacitive reactance equal to I% . The effective impedance is the vector

sum of resistance and reactance and has both magnitude and phase. The

magnitude of the impedance is given by

(3) Z =

\

R? + [mL - -—)E'
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The applied voltage is the vector sum of the voltage drcps acress

each circuit component, the valves of which are given by

(4) F[ = TR
(5) B, = geLl
(6) Ec = E;E

where Er is the vnltage acrcss resistance, A, and E’Z and Ec’ are the
voltage across the inductanre, [, and capacitanze, (7, respertively.

The phase angle between the applied woltage and the current is
different for each ~ircuit component. The -urrent through the capaci-
tive branch leads the voltage by 90°; the current through the inductive
branch lags the voltage by 90°; and the current through the resistive
branzh is in phase with the current. The phase angle, 8, between the
applied voltage and resultant rurrent flowing in the RIL7 series network

is given by

w!l -

al
(7 tan 8 = -

The current flowing in the circuir will be a maximum wher the indu-tive

reactance 1s equal tc the capacirative reactance or,

(8) wl =

%l“

in which case the circuit is said to be resonant. The frequency at



which the circuit is resonant is -alled the resonance frequency and is

equal to

9) fo=——

where the subscript zero denotes rhe value at resonan:e.

The series resonance circuit represenrs to a sinuscidal voltage of
the resonant frequency an impedance whi-h 1s a minimum &and purely ohmic.
Therefore, the resultant current is in phase with the applied voltage

6 = (' at the resorant frequency, and

B 1i0d
(10) 7, = SRR 172

0 R

At resonance the voltage across either the inductance L or capacitance

C 1s given by

(11) EZ or Ec = Eapplied.c

The ratio of the inductive reactance or capacirative reactan:ze to the

resistance R, is called the circuit @, so

(12) g=2foel ]

and is defined by
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2+ evergy stcred per ~ycle 1w eircuit
energy dissipated per cycle in circeutt

(13) ¢ =

The circuit § is a measure of the energy dissipated in the circuit due
to the ohmic resistance.

When a sinusoidal voltage 1s applied to a series RI( network as
represented in Fig. 1, the circuit may be tuned to resonance, as
indicated by maximum circuit current, by varying the frequency,
inductance or the capacitance (Equation 8). In this discussion only the
effect of capacitative ftuning upon circuit response will be considered.

To illustrate the effect of capacitative tuning on circuit behavior,
the universal resonance curves, Fig. 1, 2 and 3, were constructed.ao
In universal resonance curves relative quantities rather than absolute
quantities are usually interpreted. In the figvwres cited, relative

quantities (except tan 6) are plotted against fractional tuning, v,

defined as

C
(14) Y =5

o
where C 1s the actual capacitance and Co is rapacitance at rescnance,
These curves which apply to any series resonance circuits, are inde-
pendant of frequency or the ratio of inductance to capacitance.

The universal resonance curves are obtained by means of the

expression (see Appendix I for sample derivation)

: Z
(15) 2 Y4021 -1
Z, U
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(16) Xog-
"o
(17) tan 8 = Q17 -%]
v [
(18) -,£-= i+ QZ!Z__J
.LO . \B

where Z and X are the a-ctual impedance and reactance, respectively, of
the circuit, I is the actual current flowing in the circuit, ZO is the
characteristi~z impedanre at resonance, and ]O is the current flowing at
resonance. )

Fig. 1 shows the magnitude and phase angle of the impedance of a
series resonant circuit as a function of capacitance. The impedance is
broken up into the resistive and reactive compenents. The resistive
component is constant ard independent of the -ircuit capacitance.

At resonance, the reactance curve passes through zero, as does the
phase angle curve, and the characteristic impedance is a minimum, equal
to the ohmic resistance of the circuit.

Below resonance, the circuit is capacitive, the current leads the
applied voltage and the phase angle 1s negative. Abcve resonance, the
circuit is inductive, the current lags the applied voltage and the
phase angle is positive.

The resonanre curves in Fig. 2 show the current flowing as a func-
tion of capacitance for series resonant circuits of different circuit
@ values. The higher the circuit @ the sharper is the curve. The

sharper the resonance curve, the more sensitive is the current response
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of a series RLC circuit tuned to resonance to changes in circuit para-
meters.
The width of the resonance curves corresponding to 0.707 of the

current at resonance 1s related to the circuit § by the expression

where y2 and Y s the half power points, are the values of the fractional
tuning on eithér side of the resonance curves corresponding to 0.707

of the current at resonance. Accordingly, ¢ and Ui are the capazitan:e
values on either side of the resonance curve corresponding to 0.707 of
the current at rescnance, and CO i{s the capacitance at resonance. If

the circuit @ is much greater than unity, the width of the resonance

curve is approximately equal to

20 -y = = Z
(20) |\Y2 y | _ = 5

Fig. 3 shows the relationship between the relative current and
the capacitance for series resonant circuits for which the frequency of
the applied voltage and the circuit inductance are constant but ¢ factors
of the circuits differ. The current at resonance is directly proportion-
al to the circuit §. Far removed from resonance, the current flowing 1s
nearly independent of the circuit . The width of the resonance curves
corresponding to 0.707 of the current at resonance again is given by

equation (19).
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Parallel Resonance If a sinusoidal current I is applied to a
parallel network of resistance R, inductance L and capacitance C, as

shown in Fig. 4, the voltage across the parallel network is given
by38-40

-

(21) V= ~ :
1 . 1
R * J{wC - wLJ

The net admittance of the circuit, }, the reciprocal of the
effective circuit impedance, can be described by a -omplex quantity
17

+ J !bwc - E

1
V= =
(22) Y=5

]
where Y is the admittance in mhos, equal to %-the reciprocal of the

impedance offered by the circuit, % is the conductance in mhos, equal

to the real part of the admittance, and lmC - ﬁ%] is the susceptance in
\ J

mhos, equal to the imaginary part of the admittance.

The magnitude of the admittance is given by

/’1]z

(23) Yy =|=
|\R1

+[wC - -uZE]?
J

and the phase angle of the admittance is given by

Z\
(24) tan 6 = R[wC - -
( wL
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The voltage across the parallel network will be a maximum when
the imaginary term of the admittance, the susceptance, is equal to zero,
in which ¢ase the circuit is said to be resonant. The frequency at which
this occurs is given by equaticns (8) and (9).

The circuit & for the parallel resonant -ircuit is given by

(25) Q@ == — = wC R

where X0 denotes the reactance of the inductive or capacitive branch at
resonance. For a large circuit @, the parallel circuit requires that
R>>X0, whereas, for the series circuit, R»<YC.

The impedan-e offered by the parallel RL(C network, represented by
the fundamental circuit in Fig. 4, can be expressed in the form of an
equivalent resistance and equivalent reactance as represented by equiva
lent series circuit in Fig. 4.

The characteristic impedanre of the parallel combination is given

by

R?|mC - 1—
A

R wl
y V72

. - :
1+ R? wc-i| 1+R2I',».C——‘
w/l le-‘

(26) Z =

y

If the voltage, impedance, or phase angle are expressed in terms
of the circuit @ and the fractional capacitive tuning, universal
resonance curves which will be independent of the frequency or the ratio
of the inductance and capacitance may be obtained for any parallel

circuit by means of the expressions (See Appendix I for sample
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derivation)40
(27) EZ-=TV-= 1
€ 28) Req _ 1
Z T 1+ @%y - 1)7
0
X .
C 29) eq _ Qv -1,
zo T 1+ Q(y - 1)°
C 30) tan 8 = Q(y - 1)

wWhere Req and Xeq are the equivalent series resistance and reactance for
T h e equivalent RLC circuit.
Fig. 4 shows the magnitude and phase angle of the impedance of a
P & xallel resonant circuit as a function of capacitance. The impedance
i s broken up into the equivalent resistive and reactive components.
At resonance, the reactance and phase angle curves pass through
Zero and the total impedance and resistance curves are a maximum, the

Characteristic circuit impedance

"
X

(31) Z
0

Below resonance the circuit is capacitive. The current leads the

resultant voltage. The phase angle is negative.
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Above resonance the circuit is inductive. The current lags the
resultant voltage. The phase angle is positive.

The reactance curve exhibits a minimum at a capacitance value

corresponding to

(32) c —c 1= 4
(min) - 0 - Q)

and a maximum at a capacitance value corresponding to

_ 1
33 C(maac) T ol Q,l

The variation of voltage across the parallel circuit with capaci-
tive tuning is identical to the variation of the equivalent impedance
o the parallel network (equation (25).

The width of the voltage (equivalent to the impedance) resonance

cur\re, at 0.707 of the voltage at resonance, is related to the circuit
Q
b3

(
5o
3y 1 _ L2 'Jo.707 _ 2
) IY -y = C = Q
L 2 l,‘ 0,707 0
Wiy
= e Y and y , represent the values of the fractional tuning and
C
=2 and C correspond to the absolute values of the capacitances on

ei
W= her side of resonance at 0.707 of the maximum voltage.

The variation of voltage with capacitance for the parallel reson-

QI‘
W= cjrcuit is similar to the variation of current with capacitance for
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the series resonant circuit. At resonance, the actual voltage of the

parallel circuit varies with the circuit @ in the exact manner as does
the current for the series resonant circuit (Fig. 3).

The only difference between the series resonant circuit, Fig. 1,
and the parallel resonant circuit, Fig. 4, is that for series resonance,
the inductance L and capacitance C are in series as seen from the source
of electromagnetic oscillation (the generator) while for parallel
xresonance, L and C are in parallel as seen from the generator.

The circuit as shown in Fig. 1, would still be a series resonance
circuit if resistance R were placed in parallel with either L or C,

A n which case the electrical behavior of the circuit, represented by

T he resonance curves, would hardly be changed provided that the circuit

&2 was not altered. Also, the circuit as shown in Fig. 4 would still

> e« g parallel resonance circuit if resistance R were placed in series

> d_ th either L or C.

Cavity Resonator Cavity resonators are characterized by any closed

<= w arface having conducting walls which can sustain or support oscillating
= —M_ectromagnetic fields within them when excited by external generators.
RQsonators of this type are considered as standard resonant circuit
= —WM_ements at high frequencies because of their perfect shielding, low
= <ower loss, high shunt impedance and adaptability to various electronic
== ~_stens.

Fig. 5 shows schematically a reentrant type hybrid coaxial cavity

= Qsonator.lg"‘I The cavity consists of two concentric cylindrical

= <Onductors shorted at one end, and each closed at the other end by

= —lane conducting disks at right angles to their axis to form a gap.
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The hybrid type cavity is a transition between the nonentrant 'perfect"

"perfect" coaxial cavity.

cylindrical cavity and the
In this investigation, the end closure of the inner conductor,

which forms the gap, was removed to decrease the capacitance associated
Barrow and Mieher = have shown that a hybrid cylindrical

with the gap.
coaxial cavity modified in this manner behaves electrically like the

hybrid type.
When the cavity is excited by electrical oscillations, oscillating

€ 1l ectrical and magnetic fields are induced and sustained in the radial
19, 41

arnid axial planes within the cavity as shown in Fig. 5.
The cavity may have an infinite number of natural frequencies of

© s cillation, and may oscillate in more than one mode at any given
£ 1, 42 .

€ quency. However, any cavity will have certain allowed resonance

The value of these frequencies and the mode of oscillation

s X & quencies.
= X e determined by the shape and dimensions of the cavity resonator.

F.Qt‘ any given type or shape of a cavity, the resonant frequency will

P inversely proportional to its mechanical dimensions.
The simple types of cavity resonators have been analyzed in detail
b» use of Maxwell's equations and pertinent engineering information,
43,44 Although the electrical behavior and response of

h =y
==3 been derived.
t

hE S == '"hybrid" type cavity have been determined, adequate analysis or com-
*==hensive electrical measurements for this type have not been report-

P o
Sx 41
The probable configuration of the electrical and magnetic fields

the lowest mode of oscillation existing in a hybrid coaxial cavity

S =
19,41

=
== asonator is schematically shown in Fig. 5.
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The electrical lines of forces are most dense in the axial position
between the gap formed by the conducting end closure disks of the
concentric cylindrical conductors. The electric lines of force are
equally distributed in a radial plane and decrease in density toward
the shorted end of the coaxial section. For the modified hybrid type,
in which the conducting disk of the inner conductor is removed, the
electric lines of force are most dense in a radial plane nearest the
open end of the inner conductor.

The magnetic lines of force are orthagonal to the electric lines
of force and are most dense at the shorted end of the coaxial section.

The magnetic lines of force decrease in density in the axial direction
T oward the gap, and decrease in density in a radial direction away from
T he axis.

Between the components of the electric and magnetic fields existing

N7 Hfithin an excited cavity, there exist linear relationships which corres-

B> ond to relationships between the voltage and current in 'lumped" RLC

™ etworks. It is possible therefore, to synthesize RLC networks which

= <ave an impedance function similar to that of a cavity. Accordingly,

= ¢ 1s possible to represent the cavity by an equivalent RLC network
=2 mich is independent of the type of cavity.44

The values of circuit parameters, inductance L, and capacitance C

<=m_ re functions of the reactance and depend on shape and dimensions of

= te cavity. 40

If the modified cavity may be considered analogous in electrical
= ehavior to a coaxial line, the capacitance, inductance, and impedance

“=m_ssociated with the cavity will depend on the ratio of the radii of the
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concentric cylinders. Also, the capacitance, C, will depend on the
length of the gap and the dielectric constant of the medium enclosed
by the cavity. The inductance L, will depend on the permeability of
the medium. The impedance Z, will depend on the resistivity, the
dielectric constant and permeability of the medium.

The shunt resistance, R, for a reentrant cavity is a function of

the loss in the circuit and is approximately given by40

()2
1,06‘5[‘;‘5] an—
2
a

where
R = shunt resistance, ohms
x = length of coaxial section, cms
A = wave length, cms
a = outside radius of inner cylindrical conductor
b = inside radius of outer cylindrical conductor
p = resistivity of the conductors, abohms (e m u) per cm3
§ = Vp/mw = “"skin depth"
w= 2arf
f = frequency, cycles per second

The high frequency resistance depends therefore not only on the
“<Aimensions of the cavity and resistivity of the conducting surfaces
Ryt also upon the frequency. The current in the cavity flows only in
~== thin surface layer of the conducting walls and depends on the total

==surface area of the conducting walls.

The circuit @ of the cavity can be conveniently defined by equation

«13) and has the same significance as for the "lumped" resonance cir-

==uits. In terms of the magnetic field H within the cavity,6 the circuit
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¢ is given by40

(36) Q
where H
o
w
f
v
a

V2 . JH dv
o/Tw JH da

magnetic intensity
resistivity of conducting walls, abohms per cm
anf

frequency, cycles/sec

volume of cavity, cm3

area of the inner surface of the cavity, cm

2

2

The @ of a cavity therefore is determined by the volume to surface

ratio of the

cavity, the resistivity of the conductors, and the mode

and frequency of oscillation.

The resonant wave length of a reentrant cavity resonator as shown

in Fig. 5 is
37) A
0

where A
0

x

a

b

d

In practice,

given by40

wavelength for resonance, cm

length of cavity

radius of inner cylindrical conducter

radius of outer cylindrical conductor
distance between end closures (length of gap)

the circuit parameters of a cavity resonator are not only

a function of the characteristic impedance of a cavity but also a

function of the impedance coupled into the cavity by external circuits

(i.e., the signal generator, detector, and load). Accordingly, the

circuit @, and the resonant frequency of the cavity resonator are a

function of the impedance coupled into the cavity from the voltage
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source, the detector, and the load.

Cavity resonators are coupled to external circuits by means of
small loop or rod coupling probes, inserted through holes into the metal
enclosure, which are connected to external circuits by coaxial
1ines.38’44

The loop probe which provides coupling with the magnetic field, is
oriented within the cavity so as to enclose magnetic flux lines corres-
ponding to the desired mode of operation. If an alternating current
is passed through the loop, the excited cavity will support oscillation
of the desired mode. Conversely, oscillations existing in an excited
cavity will induce a voltage in the loop.

The rod probe, which provides coupling with the electric field,
is oriented to coincide with the electric lines of force. Maximum
coupling is obtained in the axial position within the gap of a "hybrid"
resonator. For the case of the modified '"hybrid" resonator as employed
in this investigation, maximum coupling is obtained in radial position
nearest the open end of the inner conductor.

A voltage applied to the rod probe will also excite oscillations
within the cavity, and conversely, oscillations in an excited cavity
will induce a voltage in the rod probe.

The size and shape of the probe, and the location and orientation
of the probe within the cavity, will determine not only the degree of
coupling (energy transfer), but will also determine the mode of oscilla-
tion employed. By suitable location and orientation of the probe,

definite information about field configuration may also be obtained.
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The modified hybrid cavity and cavities in general may be conven-
iently represented by either the equivalent admittance RLC network or
the equivalent impedance RLC network shown in Fig. 6A.[’6 As will be
shown, either choice of cavity representation is equivalent when one
considers the mode of operation and the observed electrical behavior
of the cavity.

In Fig. 6B is shown the equivalent circuit drawn to represent a
signal generator inductively coupled to a cavity by means of a loop
probe.43 In this representation, Vl is the applied voltage of the
signal generator, Rl is the equivalent series resistance of the loop,
L1 is equivalent inductance of the loop, L2 is the total equivalent
inductance of the cavity, R2 is the total equivalent series resistance
of the cavity and 02 is the total equivalent series capacitance of the
cavity. M12 is the mutual inductance between the inductors L} and L2.

The impedance representation was selected for convenience only.
The electrical behavior for the cavity network would not be appreciably
altered if the admittance form of the cavity were selected in which
RZ, would be in parallel with Cz.

The electrical behavior of the inductively coupled circuits shown

in Fig. 6B can be calculated with the aid of the following rules:38

Rule 1. As far as the signal generator circuit is concerned,
the effect that the presence of the coupled cavity
circuit has is exactly as though an impedance
(liz]z/Z2 had been added in series with the signal

generator resistance and inductance, (where Z2 is

equal to series impedance of the cavity circuit
when considered by itself)
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A. Equivalent Resonant Cavity Circuits

ADMITTANCE FORM IMPEDANCE FORM
R2

03 3

B. Fundamental Circuits of the Coupled Networks

V1 - p— C2

————————— 2
r (wM,,)
—rvw»wA +GOUPLED IMPEDANCE = Z'z

2
D. Equivalent Circuit Referred to Resonant Cavity

COUPLED Lo R2
IMPEDANCE fﬂmf\—mm—
_eMg)? m

z L3 —-—C,
_~9o M,

2”7z,

Figure 6. Application of Kirchhoff's Law to Simplify the
Electrical Behavior of the Coupled Signal Generator-Resonant
Cavity Network :
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Rule 2. The voltage induced in the cavity circuit by the
signal generator current, Il, has a magnitude of

lile and lags the current that produces it by
90°. In complex quantity notation, the induced

voltage is -juwM I .
12 1

Rule 3. The cavity current is exactly the same current
that would flow if the induced voltage were
applied in series with the cavity inductance,
LZ, and if the signal generator circuit were

absent.
These rules may be demonstrated by writing down the circuit equations

to represent the voltage relationship for the signal generator and cavity

47,48

circuits. According to Kirchhoff's law, these equations are

(38) vV =[Z I + JuM I
1 (G ] 12 2
and
(39) 0 =[Z ]I + Jud T
2) 2 12 1

where Z 18 the series impedance of the signal generator loop, equal to

1
R1 + ijl and 22 is the series impedance of the cavity equal to

R + jlol - L . Solving the pair of equations to eliminate L ,
2 2 NCZ 2
yields
oM 2
12
(40) Vv =12 + I
1 1 Z, 1

As referred to the signal generator the equivalent series impedance

Z ,
(equiv) of the coupled circuits is the ratio of the signal generator
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voltage to the signal generator current, thus

r )

v Jat |2
(41) Z(equiv) = I1 = Zl t 7
1 2
(wM. |2
The term 4—7*2+—-represents the coupled impedance arising from the

presence of the cavity (refer to Fig. 6C).
It is evident from equation (40) that the current flowing in the
signal generator circuit is given by
V.
(42) I = L

2+ [wM ]Z/Z
N 12 2

A second current relationship which may be derived by simultaneous
solution of equation (38) and (39), is for the value of the current
flowing in the cavity as given by

—jud
12 1

o 272 +uwd 2
1 2 12

(43) I

Rearrangement of the terms of equation (43) yields

wM
i —12 .
J T3 A v
- ] =
(44) I - L =
z, + 72 2 (equiv)

The significance of equation (44) is that the actual circuit shown

in Fig. 6B may now be represented by the series equivalent circuit shown
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in Fig. 6D, in which the current and voltage relationships are referred
to the cavity. This equivalent circuit representation permits one to
explain the electrical behavior of the cavity in terms of the cavity
circuit parameters, L2, RZ, and Cz, at constant applied voltage Vl.

This equivalent circuit may also be derived by use of Thévenin theorem

which states that:48

Any linear network containing one or more sources of voltage
and having two terminals behaves, in so far as a load impedance
connected across the terminals is concerned, as though the
network and its generators were equivalent to a simple gener-
ator having an internal impedance Z and a generator voltage

E, where F is the voltage that appears across the terminals
when no load impedance is connected and Z is the impedance

that is measured between the terminals when all sources of
voltage in the network are short circuited.

In the equivalent circuit representation shown in Fig. 6D, the

equivalent cavity circuit is represented as R , L , ¢ 1in series with an
2 2 2

w 2

impedance which represents the equivalent impedance coupled into

Z
1
the cavity by the signal generator. The equivalent signal generator

voltage, as given by

_ij
(45) vV = —Z—ll v,
1

1

behaves as if it were placed in series with an equivalent series imped-
ance given by

r

jar 12
(46) 7 =7 4 +12)

2(equiv) 2 z
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Thus, as seen from the signal generator, the cavity capacitance,
Cz’ and inductance L2 are in series. Therefore, a cavity resonator
will be analagous in electrical behavior to a series resonant circuit
(Fig. 1, 2 and 3) and may be represented by the idealized series reson-
ant circuit.

Cavity resonators may be tuned to resonance by varying the fre-
quency of the applied voltage or by coupling reactance into the cavity.
At resonance, the current flowing in the cavity is a maximum. A probe
which couples the cavity to a detector, is used to determine the relative
magnitude of the current flowing in the cavity.

A more detailed discussion of the electrical behavior of the
cavity resonator is contained in the section ‘'Results and Discussion'.

Electrical Properties of the Condenser-Type Cell and Solution. To

interpret and evaluate changes in oscillometer response to changes in
solution parameters, it is most convenient to represent the cell-solution
combination as an equivalent circuit in which the electrical properties
of the cell and solution are represented by lumped values of capacitance
and resistance (or conductance). In this manner, changes in electrical
properties of the equivalent circuit may be related to changes in con-
ductivity and dielectric constant of the test solution. In turn, changes
in oscillometer response, which result from the change in the electrical
properties of the cell-solution load, may be related to the changes in
the electrical properties of the equivalent cell-solution circuit.

A summary of the treatment of the electrical properties of the
condenser-type cell and solution accomplished by Reilly and McCurdy

follows.la’24
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A condenser-type cell was employed in the oscillometer. The vessel
containing solution to be analyzed is placed between the plates of a
coaxial condenser. In essence, the cell is a parallel plate condenser
whose electrodes surfaces are separated by three units of dielectric
two thicknesses of the vessel wall and the test solution as schematically
shown in Fig. 7.

The fundamental equivalent circuit to represent the cell-solution
combination is given in Fig. 7, in which the electrical properties are
represented as lumped values of capacitance and resistance; Cg is the
capacitance due to the dielectric properties of the glass walls of the
vessel, Cs is the total capacitance due to the dielectric properties of
the solution; Rg is the resistance due to the glass vessel walls, and R6
is the total resistance due to the test solution.

If the resistance [Rg] due to walls of the vessel is assumed to be
so large that it makes a negligible contribution to the cell-solution
high frequency response, the cell-solution network may be reduced to the

fundamental equivalent circuit shown in Fig. 7A. The net admittance of

the fundamental equivalent circuit is given by

I 202 w_cg. 3 ' |
= w?C +mcclc +C
@ . Ry g By gseig 8
=7 ' PICA ‘
R—z+w2lc +cJ2 1—?—;+m2lc +C |2
8 g 8 8 J

where Y is the admittance in mhos; R8 equals the total solution resis-
tance in ohms; Cg is the capacitance due to the dielectric properties of
the walls of the vessel in farads; Ca is the total capacitance due to

the solution, in farads; w is the angular frequency, equal to 2rf, where
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ﬂGLASS WALLS

ELECTRODES
SOLUTION
Rg Rs Ryg
— N1 NV
HHH -
C, Cs G
= C,
C, == R, C, 0 R,
A B

Figure 7. Equivalent Circuit of Condenser-Type Cell and
Solution: ¢ and R, Capacitance and Resistance of Glass

Walls: Cs and Rs’ Capacitance and Resistance of the Solution

(A) Fundamental Equivalent Circuit, (B) Parallel Equivalent
Circuit of A
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f is the frequency in cycles per second; and j is the operator equal to
(_1)1/2.

The net admittance is a complex quantity, equal to the sum of a real
and imaginary term, and may be conveniently represented by the general

equation

48 Y=6G + 8B
(48) Jp

The real part of the admittance, Gp’ is the conductance term and is equal

to g;-, the reciprocal of the parallel equivalent resistance. The

p

imaginary part of the admittance, Bp is the susceptance term and is equal

to me, where Cb is the parallel equivalent capacitance.

Thus, it is possible to reduce the fundamental equivalent circuit of
Fig. 7A to the simplified equivalent circuit of Fig. 7B. The parallel

equivalent conductance,Gp,is given by

Kw?C 2
g

(49) GP=F?L= 2[ 2
p Ky +w \Cé + Cée}

and the parallel equivalent capacitance, Cb, is given by

\

K2¢ +w26'Ce[C +CEJ
(50) c =—4 golg 0
p K2+ w2|C +Cel?

v g o

where K (equal to ﬁéﬁ is equal to the low frequency conductivity of the
8



36

solution (in mhos); C is the capacitance of the sample space of the vessel
containing air; and € is the dielectric constant of the medium contained
in the cell. The Gp term and the Cp terms, given by equation (49) and (50)
respectively, are identical to the real and imaginary terms of the admit-
tance (equation (47) with the exception of the quantities K (equal to é—)
and Coe (equal CS). °

The high frequency conductance (Gp) and the susceptance (meP terms
of the admittance of the parallel equivalent circuit (Fig. 7B) operate
independently of each other. Consequently, it is possible to evaluate
each quantity individually in terms of the electrochemical properties of
the solution.

The high frequency conductance term Gp is predominately governed by
the electrochemical behavior of ions in which electrical energy is con-
verted to heat energy when ions migrate through a voltage gradient.

The susceptance term (pr) is governed primarily by the electro-
chemical behavior of molecules in which intra-molecular displacement of
charges take place under the influence of an applied voltage gradient.

Equations (49) and (50) state that the parallel equivalent high
frequency conductance and the parallel equivalent capacitance are
functions of the frequency f, the solution parameters X and €, and the
cell parameters Cé and Co' In this investigation, we are concerned only
with the effects of f, K, and € upon the oscillometer response. A single
cell was constructed and employed throughout the investigation.

Fig. 8 shows the expected relationship between Gp and Cp and X.

Reasonable values of f, Cé, Cv, and €, were substituted into equations
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(49) and (50) to obtain the theoretical curves. The dielectric constant
of the solution, €, is assumed to be constant and independent of the
solution conductivity, X.

At very small or very large values of the low frequency solution
conductivity, X, the limit of the high frequency conductance approaches

zero,

51 lim G = 0
(51) zmp

co4—K—)0
At a value of the low frequency conductance equal to

(52) K.

the high frequency conductance is a maximum and is equal to

wC 2
—_4
2lc_+ C e

v g °

(53) Gp(max) =

The value of X for which Gp is a maximum is obtained by differentiating
the expression for Gp’ given by equation (49), with respect to X, equating
dG

-Z%-equal to zero, and solving the resulting expression for K.

When the value of the low frequency conductivity approaches zero,

the parallel equivalent capacitance approaches a limit given by






39

54) lim C_ =
( m b

When the value of X becomes very large, Cb approaches a limit given by

(55) lim C_=C
g
K—vx-

The difference in the extreme values of the equivalent parallel capaci-

tance AC?, as expressed by equation (54) and (55), is equal to

(:2
=9
(36) ACp Cé + Coe

The value of K at the mid-point,where the parallel equivalent capacitance

is half way between the extremes,is found by setting

N

K2C + wiC C e|C + Ce
g go.g o

57 C . . =C -1/2 AMC = }
(57) p(mid-point) g / P K2 + w?2|C_ +Cel?
g 9y

Thus, the value of K at the mid-point is equal to

8 Kinidpoint) = ‘*’{Cg " G¢)

A comparison of equations (52) and (58) show that the maximum value

of the parallel high frequency conductance, Gb’max)’ and the mid-point

parallel equivalent capacitance value,C

p(mid point),occur at the same
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value of the low frequency conductance, or

59 Ktpeaks = Kimidopoine) = 165 * O]

From a comparison of equation (53) and (56), it follows that the

relationship between G

~ .
b (maz ) and Avp is given by

wAC

(60) Cpmax) = T2

Equations (52), (54) and (53) show that the magnitudes of K/peak”

K(mid—point)’ and Gp(max)’ respectively, are directly proportional to the

frequency, where as, AC? (equation 56) 1is independent of the frequency.
A decrease in the frequency will result in a proportional decrease in the

magnitude of G and K

f'
p(mazx)’ K(peak) The magnitude of A,p

(mid-point)’

will remain constant with a change in frequency.
Equations (53) and (56) show that a decrease in the dielectric
constants of the medium will result in an increase in the magnitude of

and ACb. The magnitudes of K(peak) and X , will de-

Gp(max) (mid-point)

crease with a decrease in the dielectric constant of the medium.



EXPERIMENTAL

Preparation of Reagents. a. Aqueous Solutiong. Laboratory distilled

water was passed through a "Deminizer" ion exchange column and distilled
from alkaline potassium permanganate in an all glass apparatus. This
double distilled water was used for all aqueous solution preparations.

Reagent grade hydrochloric acid was used to prepare a stock solution
which was compared to a standard sodium hydroxide soluticzn.

A dilute sodium hydroxide solution, free of carbcnate, was prepared
from a filtered, saturated sodium hydroxide solution. The dilute sodium
hydroxide solution was standardized against primary grade potassium acid
phthalate to the phenolphthalein end point.

Reagent grade sodium chloride and barium chloride dihydrate, dried
at 105°, were used to prepare stock solutions of known concentrations.

Optical grade lanthanum sesquioxide, ignited to constant weight,
was dissolved in the minimum of hydrochloric acid to prepare a stock
solution of lanthanum chloride.

Dilute solutions of sodium chloride, barium chloride, lanthanum
chloride, and hydrochloric acid were prepared by diluting desired aliquots
of the respective stock solutions.

b. Acetous Solutions. Glacial acetic acid, acetic anhydride, and

perchloric acid, 70-73%, conforming to A.C.S. specifications were used
in the acetous solution preparations.

Acetic anhydride was added to glacial acetic acid to remove water.
Glacial acetic acid thus treated was used in all acetous solution pre-

parations.

41



42

An acetous stock solution of perchloric acid was prepared and
standardized against primary grade potassium acid phthalate to the
49
crystal violet endpoint.
Eastman Kodak p-nitroaniline was recrystallized from a mixture of
equal volumes of water and ethyl alcohol until the uncorrected melting
point of the solid remained constant to within 0.5°C of the accepted

value of 148°C.50

An acetous stock solution was prepared and its concen-
tration was determined by a potentiometric titration with standard acetous
perchloric acid as titrant.

Reagent grade anhydrous sodium acetate was dissolved in the treated
glacial acetic acid and the concentration of this stock solution was
determined by potentiometric and low-frequency conductometric titration
with standard acetous perchloric acid as titrant.

Dilute solutions of perchloric acid, sodium acetate and p-nitro-
aniline were prepared by diluting desired aliquots of the respective

stock solutions with the treated glacial acetic acid.

c. Methanolic Solutions. Commercial methanol was refluxed over

grignard alloy and fractionally distilled and the middle fraction of the
anhydrous methanol collected.49
Reagent grade sodium chloride was used to prepare a saturated
methanolic stock solution. The concentration of the stock solution was
determined by evaporating an aliquot of the stock solution at 105°C and
weighing the residue.
Dilute solutions of methanolic sodium chloride were prepared by

diluting a desired aliquotof the stock solution with the anhydrous

methanol.
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Weights calibrated against Bureau of Standards calibrated weights,
N.B.S. Test No. 87925, were used in all weighing.

All solutions were prepared at 25°C. Calibrated pipets, burets,
and volumetric flasks were used for all solution preparation and the
titrations.

Purification of Solvents used in Dielectric Constant Measurements.

Double distilled water was redistilled and collected in an all quartz
apparatus.

Mallinckrodt, thiophene free, benzene was recrystallized three times
from its own melt:.51 The benzene was refluxed over phosphorous pentoxide
and fractionally distilled. The purified benzene was stored over metallic
sodium ribbons.

Eastman Kodak chlorobenzene was repeatedly shaken with concentrated
sulfuric acid in a separatory funnel until no brown coloration of the
sulfuric acid was observed.52 The solvent was washed successively with
water, 2 _P!.KZCO3 and water. The material was dried over calcium chloride
for several days and fractionally distilled.

Baker Chemical purified nitrobenzene was recrystallized five times
from its own melt.52 The material was dried over phosphorous pentoxide
and fractionally distilled under reduced pressure.

Eastman Kodak (White Label) 1, 2-dichloroethane was washed with
4 M NaOH and then with water.53 The material was dried for several
weeks over calcium chloride and fractionally distilled, while protected
from sunlight, under reduced pressure.

Baker Chemical acetone was purified by the Shipsey-Werner method

which involves the solvation of sodium iodide by acetone to form sodium
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iodide triacetonate.54 Acetone was saturated with anhydrous sodium
iodide at ambient temperature and the excess solid removed by decant-
ation. The saturated solution was cooled to -10°C and the solid sodium
iodide triacetonate was separated on a filter, transferred to a dis-
tillation apparatus and the acetone was distilled and collected in
fractions.

Resonant Cavity Oscillometer. The oscillometer and auxillary

instrumentation employed in this investigation is shown in Fig. 9.

The oscillometer consists of a signal generator, reentrant cavity
resonator, cell assembly, and detector. The cell assembly includes the
condenser-type cell, thermostated by a circulating water bath, and the
dielectric sample holder. The detector components include the detector
probe capacitor and high sensitivity galvanometer.

Auxilliary equipment, used to obtain classical conductance measure-
ments, are the conductivity bridge and cell, and the capacitance decade
box.

In Fig. 10 is shown a top view of the chassis upon which the cavity
resonator and some associated electrical circuit components are mounted.

A schematic diagram of the electrical circuit of the oscillometer
is shown in Fig. 11. The parts list for the oscillometer (Fig. 11) 1is
given in Appendix II.

The operating procedure for the cavity resonator oscillometer is
given in Appendix III.

Signal Generator. A Hewlett-Packard Model 608 A VHF signal generator
was used as a source of high frequency energy to excite the cavity resona-

tor. The pertinent electrical specifications and operating procedures
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for the signal generator are given in Appendices IV and V respectively.

The Type N RF output connector of the signal generator was replaced
with a more conventional Amphenol 83-1H (Series UHF) connector. The
signal generator was connected to the cavity resonator and other equip-
ment by means of an RG8/U coaxial cable terminated at both ends with
Amphenol 83-1SP (Series UHF) connectors.

The operating frequencies of the signal generator, as indicated on
the frequency dial, were compared and agreed very closely with known
frequencies originating from a U.S. Army Signal Corps Model 1-222-A
signal generator which contained an internal quartz crystal calibrating
oscillator.

Since RF voltage measuring equipment was not available, a high fre-

quency voltage detectors’ 223220

employing a 1N-34A crystal diode was
constructed and used to determine the stability of the signal generator
output voltage at 5 Mc/sec frequency intervals between 75 and 150 Mc/sec.
The voltage stability tests were performed in the following manner.
The signal generator was tuned to the desired frequency and the attenuator
adjusted to give a voltmeter indication at the '"Set Level'. At 100 Mc/sec
the relative output voltage as indicated by the crystal diode detector
was measured at 10 minute intervals over a two hour period and every hour
thereafter for 10 hours. At all other frequencies, the output voltage
was measured at 10 minute intervals over a one hour period. For all
practical purposes the output voltage of the signal generator was constant
at a given frequency. However, it was necessary to retune the signal

generator to the desired frequency and readjust the voltage control before

every measurement to insure that the values corresponded to the desired
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frequency and output voltage.

Due to the nonlinear frequency response of the crystal diode detector,
it was impossible to compare the relative magnitude of output voltage at
the various frequencies even though the signal generator output voltage
was adjusted to the '"Set Level" meter indication. Consequently, the signal
generator output voltmeter indication was employed as a measure of the
relative output voltage at all frequencies. The exact value of the output
voltage could not be determined because the impedance terminating at the
output terminal of the signal generator was not known.

The output voltage of the signal generator was adjusted to the
"Set Level'" meter indication for all high frequency measurements obtained
with the oscillometer. Necessary adjustments of the signal generator
were made prior to each individual measurement to insure that values
obtained corresponded to the desired frequency and output voltage.

Cavity Resonator. A silver plated brass reentrant cavity resonator

(Fig. 12) was obtained from a U.S. Navy Model OAO-2 radar test equipment
frequency meter (manufactured by The Liebel-Florsheim Co., Cincinnati,
Ohio).

As the resonant circuit element of the radar test equipment, the
cavity provided for frequency measurement between 105 to 127 Mc/sec. The
cavity was capacitatively tuned to resonance by insertirg an iron rod
plunger into a flared open end of the inner conductor. The plunger was
driven by a vernier screw.

The cavity resonator was modified to be operable in the 100 Mc/sec
frequency region as the resonant circuit element of the oscillometer by

removing the capacitance associated with the iron plunger and flared end
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of the inner conductor.

The conducting disk to which the iron plunger and vernier screw were
attached, was replaced by a solid machined aluminum disk. The inside
surface of the conducting disk was polished to insure minimum resistance
to the current path of the conducting surface.

The flared end of the inner concentric conductor was removed and the
length of the inner conductor selected so that the cavity could be employed
in the 100 Mc/sec frequency region as the resonant circuit element of the
oscillometer, and to obtain maximum circuit Q.37

The cavity was rigidly mounted on the chassis provided in the
Model 0AO-2 frequency meter and contained in a metal enclosure.

The signal generator was inductively coupled to the cavity resonator
by terminating the coaxial cable, connected between the output terminal
of the signal generator and the cavity resonator in a loop as shown in
Figs. 12 and 13. Silver was used as the loop material, in preference to
other metals, to insure minimum resistance to current flow.

The loop was located in the same position as provided in the
Model 0AO-2 frequency meter. The plane of the loop was oriented in the
axial and radial direction within the cavity (orthagonal to the magnetic
flux lines existing in the excited cavity).

The dimensions of the loop were selected to give a maximum degree
of coupling (energy transfer) and minimum power loss as experimentally
indicated by a maximum of the detector current and sharpness of response
curve when the trail loops were employed in the oscillometer at 100 Mc/sec.
The length of the loops were experimentally observed to be more critical

than the width, in increasing the degree of coupling.



52

ATquassy 103vUOSaY
£3T1AR)-19pTOH 9Tdwes O°T11309T9TQ-TT2) 3Yl JO MITA UOTIOAS-8S01) °€T1 9InB1jg

SYO1INANOD HOLVYNOS3Y ALIAVD Uy _

___————3804d Q0¥ ¥0123130

- — HOLVINSNI
HOLD3INNOD °
—_ — ——— — ————907d YNVNVE
3808d OO HOLVHIN3O TUNSIS ’ <
/ \
/s . 4 %2078 ONILNNOW
. HOLVINSNI 7D \ g,
( ‘) 300419313 Q3ILVINSNI ~<7 R 7 2 __——uowvInsi
4 /| \ /
. S3T0H H313IWONWY3IHL ‘7 s B/ N ‘.77, - 9N1d VNVNVE
{2) NOILVNEITYD HOLIOVAYD HIINMIA—— \\\t
RS Y i =1 300419373 Q31vINSNI
e il % NN — YA h
Uy e N -

—— 300410313 Q3ANNOY9

, {4) M3¥IS ¥ILIWOHOIW
( /2) 300819373 Q3ONNOYS
MOT1138 VL3N

WNH¥O G31vy81ITvo ——

e 13INOVI Y31VM

ONINdS —

Aman

R

- — T-,|| 37dNYS 1531
(4#) M3YOS Y¥ILIWOHOIW .ul. G

73SS3A SSVI9




53

Cell Aésembly, In Fig. 13 is shown a cross-sectional view of the

cell assembly employed in the oscillometer. The cell assembly consists

of a thermostatable cell and a General Radio Type 1690-A dielectric sample
holder (manufactured by General Radio Co., Cambridge, Mass.). The cell
assembly is schematically represented in Fig. 11 by capacitors Cs’ Ct and
Cv’ where Cs represents the capacitance contributed by the condenser-type
cell and test solution, and Ct and Cv’ the variable capacitors of the
dielectric sample holder.

The condenser-type cell was experimentally designed to meet two
requirements: (1) the cell could be employed for high frequency measure-
ments between 75 to 150 Mc/sec with air as the dielectric contained in
the cell to determine instrument operating characteristics; and (2) the
cell could be employed for high frequency measurements at 100 Mc/sec of
pure and conducting liquids whose dielectric constants were between 1 and
80.

The dielectric sample holder was used to measure changes in cell
capacitance because: (1) it contained calibrated variable capacitors
(Ct and Cv); (2) the unit was provided with a vernier capacitor which
could be employed for susceptance variance measurements;57’ 8 (3) the
unit could be connected to the cavity and cell with a minimum of dis-
tributed capacitance; and (4) the unit could be rigidly attached to the
cavity and cell.

The high frequency condenser-type cell is shown in Fig. 14. The
inside wall of the jacket of the vessel holder serves as one electrode
of the coaxial condenser and the right angle rod, which protrudes into

the finger of the borosilicate vessel served as the other plate. The
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cell holder was machined to very close tolerance to insure a constant
resistance and capacitance to the current path between the vessel wall
and electrode.

The borosilicate vessel, constructed to represent an annular sample
space, was reproducibly positioned in the holder by alignment of markings
placed on the surface of the vessel and on the lip of the holder.

The condenser-type cell was attached to the dielectric sample holder
as shown in Fig. 13. The plates of the cell are connected in parallel to
the capacitors Ct and Cv of the dielectric sample holder. The parallel
capacitance network formed by the cell and sample holder is represented

in Fig. 11 by Cs’ C,, and Cv. It was assumed that in connecting the

£
dielectric sample holder cell assembly to the resonant cavity, the net
capacitive contribution of the assembly, Ct + Cv + Cs’ is in parallel to
the total equivalent capacitance of the resonant cavity circuit.

A cross sectional view of the General Radio Type 1690-A dielectric
sample holder, employed as measuring capacitors Ct and Cv is shown in
Fig. 13. The main micrometer capacitor (Ct) is formed by two electrodes,
2.000 t 0.0025 inches in diameter. The surfaces are ground optically
flat within a few wavelengths. The lower electrode is positioned by a
Vycor insulator. The upper electrode is positioned by the micrometer
type screw. The screw is surrounded by a flexible copper tube, or metal
bellow, to insure low and constant resistance and inductance in the
current path to the movable electrode which is at ground potential.

The spacing in mils between the electrodes is read directly on the

drum and barrel. The air capacitance as a function of spacing is given by
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(61) c, =

where Ct is the calculated air capacitance in piccfarads, and * is the
spacing between the electrode surfaces in mils. A correction curve
(Fig. 15) was provided with the dielectric sample holder, giving the
measured deviations from the calculated values over the range 300 mils
to 10 mils spacing. The corrections in picofarads are added algebrai-
cally to the capacitance corresponding to readings of the drum and
barrel.

A vernier capacitor /Cv) is formed by the micrometer screw projecting
into a hole in the ungrounded electrode. Micrometer screw travel is
measured in terms of 500 divisions, each corresponding very closely to
0.01 picofarads.

In Table I is given the calibration data for the vernier screw
capacitor. The correction chart was provided by the Standardizing Labora-
tory, General Radio Company.

The figures in the body of the table are corrections in picofarads
to be added algebraically to the readings of the vernier capacitor dial
and drum for capacitance differences. When these corrections are applied,
the resultant calibration is internally consistant to 0.002 picofarads or
0.1%, whichever is the greater. Thus, capacitance differences may be
measured to 0.004 picofarads.

The calibration data was obtained at 1000 cycles per second with the
low potential or shield terminal grounded. Each setting was approached

in the direction of increasing scale reading to eliminate any possible
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Table I. Vernier Capacitor Calibration: Dielectric Sample
Holder, Type No. 1690-A, Serial No. 438
Correction in Micromicrofarads
Drum
Divisions Dial Divisions
: 0 .10 l .20 | .30 .40
0. || .000 .010 | -.023 ! -.031 .036
0.50 | -.030 .039 { -.054 | -.060 : .064
1.00 | -.059 .066 E -.082 i -.085 { .087
1.50 -.082 .086 -.106 -.107 { .108
2.00 -.104 .108 | -.132 ' -.131 ; .133
2.50 -.131 .136 -.156 ! -.156 l .158
3.00 -.155 .161 t -.179 -.182 ' .184
3.50 -.180 .186 -.202 | -.207 1 .210
4,00 -.205 .212 | -.225 i -.232 E (234
4.50 -.228 236 | -.246 ! -.255 i .259
5.00 -.252 | } !
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error due to residual backlash. The amount of backlash is less than 1/2
dial division.

The maximum capacitance that can be measured by the sample holder
is 100 picofarads. With the electrodes in contact, shorted together, the
zero capacitance of the cell holder is approximately 11 picofarads.

The dielectric sample holder was rigidly mounted on an aluminum
block which was attached to the cylindrical surface of the cavity by four
screws threaded into the outer cavity wall (Fig. 13). The ends of the
screws were contoured to the internal conducting surface of the cavity to
minimize disturbance of the electromagnetic field and insure low resis-
tance in the current path on the conducting surface.

The ungrounded plate of the sample holder was connected to the inner
concentric cylinder of the cavity by a rod which screwed into the plate
and connected to the inner conductor by means of a banana plug.

In practice, the cavity resonator is capacitatively tuned to reson-
ance (the operating frequency of a signal generator) by capacitance
displacement of the main micrometer capacitor /Ct) and vernier capacitor
(Cv) of the sample holder.

It was assumed that resonance was attained when the detector meter
indicated the maximum reading. The detector current decreased when the
cavity was capacitatively detuned by means of the sample holder (Ct or
Cv) or by introducing a sample into the cell (Cs).

The net capacitance of the cell assembly parallel circuit represented
by the cell and sample holder (Fig. 11) is the sum of the capacitance Cs’
Ct, and Cv associated with the cell and sample holder.

When the cavity is initially tuned to resonance, a change in the
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cell capacitance will result in the detuning of the cavity. To retune
the oscillometer to resonance, an amount of capacitance equal to the
change in cell capacitance must be removed from the cell assembly by
adjustment of Ct and Cv'

In tuning the cavity to resonance, the main micrometer capacitor
(Ct) was always adjusted to a graduated dial division and the vernier
capacitor (Cv) used to obtain precise capacitance balance. The vernier
capacitor was used in the susceptance variance method to determine the

7
Ty

cell capacitance difference at the half-power points. To obtain
this cell capacitance difference, the cavity was tuned to half power
points on either side of resonance by adjusting Cv to values correspond-
ing to 0.707 of the maximum detector current. The difference in capaci-
tance values corresponding to the half points is proportional to the
circuit @. (Refer to Appendix VII, equation (A-29)

When the cavity was tuned to resonance, the net capacitance of the
dielectric sample holder /Ct and Cv) was assumed to be equal to the

difference in capacitance values of C, and Cv“ The reason for calcu-

t
lating the net capacitance of the sample holder as the difference rather
than the sum of the values is because the vernier capacitor dial is
graduated in increasing units of capacitance as the vernier screw is
withdrawn. Therefore, the net capacitance of the sample holder decreases

as the vernier screw is withdrawn.

Detector Circuit. Several crystal diode detector circuits employing

a 1IN-34A crystal diode were designed and constructed, and used to measure
relative current flowing in the excited cavity resonator.37 This type of

detector proved to be unsatisfactory due to its poor response. The
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magnitude of the response was dependent upon the values of the capacitance
and resistance used in the circuits, as well as the frequency of the
signal actuating the crystal diode detector. The detector circuit
appeared to behave as if it were a resonant circuit. The poor response
was probably due also in part to the inherent nature of the crystal diode.
In all cases, the high frequency response of the detector was insufficient
to obtain accurately necessary current measurements with available current
measuring instruments.

The electrical circuit diagram of the detector employed in the
oscillometer is shown in Fig. 12. The circuit is identical with that
used in the Model 0A0O-2 frequency meter with exception of C , M2 and SW'.

A variable air capacitor rC‘l was connected to the plate circuit o%
the high frequency detector tube ’Vl). The capacitance-inductance network
formed by the cavity, probe and detector capacitor served as a resonant
coupling device by means of which the magnitude of the energy transfer
(coupling) from the excited cavity to the detector could be increased
above that obtainable with the Model OAO-2 detector.

The capacitor was connected externally to the chassis containing
the cavity resonator by means of a coaxial cable, and contained in a metal
enclosure. Accurate and reproducible positioning of capacitor (C!) was
provided by a 10-turn, 500-division precision dial.

In practice, the value of capacitance C] was experimentally selected
so that reactance of the detector circuit wa; equal to zero, as indicated
by optimum detector current at resonance.

A high sensitivity galvanometer (Mz) was incorporated into the bridge

circuit of the detector by means of a switch (SW ), to obtain more
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accurate measurement and to extend the measurable current range above
that obtainable with the microammeter (M‘i of the frequency meter. The
current sensitivity of the galvanometer %MZ} was 0.0051 microamps/mm,
and the current range, 0-500 microamps.

The low sensitivity meter (M]/, 0-30 microamps, was used at the start
of an experiment when preliminary measurements were necessary. The high
sensitivity galvanometer (Mz) was used for experimental current measure-
ments. The meters were disconnected from the bridge circuit by switch
(SWZ)’ to prevent accidental damage to the meters, during preliminary
adjustments.

The detector was coupled to the cavity resonator by means of a small
brass rod probe extending into the cavity (Figs. 12 and 13). The probe
was fixed in a plastic insulating plug which was screwed into the probe
hole provided in the Model 0OAO-2 frequency meter.

The end of the probe was terminated with a circular disk, as shown
in Fig. 12, to provide greater capacitative coupling with the inner con-
ductor of the cavity. The dimensions of the probe and the spacing
between the probe and the inner conductor were experimentally selected so
that energy transfer (coupling) was of sufficient magnitude to make
possible accurate high frequency measurement by means of the detector
current. The dimensions of the probe were of necessity kept small in
order to minimize capacitance reactance being coupled into the cavity.
The probe was connected to the plate circuit of the high frequency diode
detector tube (Vl)'

High frequency energy received by the coupling rod probe is rectified

by the high frequency detector tube (V]). The rectified D.C. voltage
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build-up across the load resistor R] and capacitors (Cz, 03) is applied
to the grid circuit of the D.C. amplifier tube /Vz). The D.C. amplifier
tube is wired so that its internal plate-cathode resistance is in series
with one arm of a Wheatstone bridge. The bias on the grid of V2 will
determine the value of the internal plate-cathode resistance. When
there is unbalance in the bridge, current will flow which is indicated
by meters Ml, M2. There is a linear relationship between the high fre-
quency signal actuating the detector circuit and the galvanometer
indication.

Variable resistor (Rs), "'Sens. Control', is used to vary the sensi-
tivity of the bridge response to provide meter indications of desired
magnitude for a high frequency signal of a given magnitude.

Potentiometer (Ra), "Zero Set", is used to balance the bridge
circuit (to zero the meter indication) of the detector when the cavity
resonator is detuned from any signal. The '"Zero Set' control must be
readjusted for every change of the setting of the '"'Sens. Control" when
the cavity is detuned.

Incidental Instrumentation. A Beckman thermometer calibrated

against a platinum resistance thermometer was used for temperature indi-
cation and as a reference to adjust the thermo-regulators of the constant
temperature baths to 25°.

A constant temperature bath was employed to maintain test solutions
at 25° prior to measurement in the oscillometer.

A Precision Scientific Co. circulating water bath was employed to
thermostat the high frequency condenser-type cell at 25°. The thermo-

regulator supplied with the bath was replaced by a '"Red Top" (inert
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atmosphere) thermo-regulator.

Other instruments used included a Simpson Model 221 volt-ohm-millia-
meter, Heathkit Model 0-7 oscilloscope, Sargeant recorder, Cat. No.
5-72150, Phaostron microammeter, D.C., 0-30 microamp range, and a Beckman
HModel M-2 pH meter and glass electrodes.

Oscillometer Response Measurements. The oscillometer responses that

were measured and used to determine the electrical behavior of the oscillo-
meter, and related to changes in composition of the test sample are: the
cell capacitance, the cell capacitance difference at the half power
points, and the detector current.

For a given dielectric material, s, contained in the cell, the cell
capacitance, ACS, is equal to the difference in capacitance between the

main dial, Ct’ and the vernier screw, Cv’ of the dielectric sample,
p .
(62) aC, = !\ct - Cqu'

For a given frequency and arbitrarily selected value of the detector
probe capacitance (Fig. 11), the oscillometer is tuned to resonance by
adjusting Ct and Cv to obtain maximum effective detector current. The
main dial, Ct’ was always adjusted to a graduated marking on the drum
and the vernier screw, Cv’ used to obtain precisely resonance.

A change in the conductivity and/or dielectric constant of the
test solution will detune the oscillometer from resonance. To retune
the oscillometer, Ct and Cv are readjusted to obtain maximum effective
detector current. Since the condenser cell is in parallel to the capa-

citors Ct and Cv, the change in cell capacitance is equal and opposite
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in sign to the change in equivalent parallel capacitance, Cp (equation
(50) of the cell-solution load.

A change in the detector probe capacitance will also result in de-
tuning the oscillometer from resonance. To reestablish resonance, Ct and
Cv are adjusted to obtain maximum effective detector current. The change

in cell reactance, AXS = , which is necessary to reestablish reso-

wAC

WAk
nance, is equal and opposite in sign to the change in equivalent reactance
coupled into the resonant cavity by coupled detector circuit.

The cell capacitance difference at the half power points, ACO 207"

is equal to the difference in cell capacitance values which correspond to
0.707 of the optimum effective detector current, on either side of reso-

nance, as given by
& we |-, -, |

4

A\ f
where lCt - CvJB, and [Ct - Cv}s, are the two values of the cell capaci-

tance corresponding to 0.707 of the optimum detector current at resonance.

In general, the magnitude of AC is less than 5 picofarads. Therefore,

it is possible to fix C, and then use the vernier screw, Cv, to precisely

t

determine AC .
0,707

The capacitance difference at the half power points, ACO 207 is

related to the total high frequency equivalent conductivity, Gt of the

oscillometer and is given by (Refer to Appendix VII)
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(64) AC =
0

The capacitance difference at the half power points is related to the

Q-factor of the oscillometer as given by

2C

(65) AC _ __total(res)
0.707 Q
where C, . 7(pes) 18 the total equivalent capacitance of the oscillometer

network at resonance. (Refer to equation (34), THEORY)

The detector current which is measured actually corresponds to the
meter indication of the detector bridge circuit (Fig. 11). The meter
indication is linearly related to the voltage drop across the detector
probe capacitance which actuates the detector circuit. The meter indica-
tion is therefore linearly related to the current flowing in the resonant
portion of the detector circuit.

Since it is possible to show that the voltage across the detector
probe capacitance is directly proportional to the voltage across the
resonant cavity capacitance (which is represented by the dielectric
sample holder), the meter indication is linearly related to the voltage
drop across the dielectric sample holder as represented by Ct and Cv.
Therefore, it is possible to use the meter indication to the Susceptance-

Variance Method57’58

to determine the capacitance difference at the half
pPower points.
For a given resonance frequency, the detector current at resonance,

will be an inverse function of the total equivalent resistance of the
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oscillometer network. The relationship between the detector current and
the equivalent circuit parameters is discussed in detail in the section,
DISCUSSION AND RESULTS.

Effect of Detector Probe Capacitance Upon the Oscillometer Responses.

The effect of the detector probe capacitance upon the oscillometer
responses was determined at 5 Mc/sec intervals between the frequency
range 75-105 Mc/sec in the following manner.

The clean, empty, borosilicate vessel was inserted and positioned in
the cell assembly. The frequency of the signal generator was adjusted to
75 Mc/sec and the output voltage adjusted to the 'Set Level'. (Refer to
Appendix V). The detector probe capacitance was adjusted to zero as indi-
cated by the 10-turn (500-division) dial. The oscillometer was tuned to
resonance by adjustment of the cell capacitance (Ct and Cv/. Resonance
was indicated by a maximum effective detector current. After having
determined the maximum effective detector current, the cell capacitance
difference at half power points was measured. The resonance values of
the detector probe capacitance, cell capacitance, and the detector current,
as well as the cell capacitance difference at half power points were
recorded.

The detector probe capacitance was readjusted to a higher capaci-
tance value. The oscillometer was retuned to resonance by adjustment of
the cell capacitance. The second set of resonance values of the detector
probe capacitance, cell capacitance and detector current were recorded
and then the cell capacitance difference at half power points measured.
This procedure was repeated until the change in the oscillometer responses

between successive values of the detector probe capacitance was negligible.
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The above procedure was repeated at 5 Mc/sec intervals between the
frequency range 75-105 Mc/sec. For each frequency, sufficient data was
obtained in order to define the shape of the oscillometer response curve
and to determine the value of the detector probe capacitance which will
yield optimum detector current at resonance.

Evaluation of Cell Capacitance Measurements. The data used to deter-

mine the reproducibility in positioning of the vessel in the coaxial
condenser cell holder was obtained in the following manner.

The resonant frequency was arbitrarily set at 100 Mc/sec. The
detector probe capacitance was adjusted to a predetermined value to yield
optimum detector current at resonance. The main dial Ct was set arbitrar-
ily to a spacing equal to 24.5 mils, which corresponds to a capacitance
value for Ct equal to 29.198 picofarads. The empty vessel was positioned
in the cell assembly by alignment of the mark on the glass vessel with a
mark on the lip of the cell holder. The oscillometer was tuned to reso-
nance by adjustment of Cv. The value of Cv was noted. The vessel was
removed and the Cv setting changed. The vessel was reinserted and posi-
tioned in the cell assembly and the oscillometer reftuned to resonance by
adjustment of Cv. The procedure was repeated several times. A total of
twenty measurements were obtained in this manner.

The data used to determine reliaﬁility of the cell capacitance
measurements at resonant frequencies of 100 and 120 Mc/sec were obtained
in the following manner.

The clean, dry, empty vessel was inserted and positioned in the cell

assembly. The detector probe capacitance was set at a predetermined value

o yield optimum detector current at resonance. The vernier screw Cv of
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the dielectric sample holder was set at zero and the main dial Ct adjusted
to obtain resonance. The main dial Ct was readjusted to the nearest gradu-
ated marking on the drum and Cv then adjusted to reestablish resonance.

The values of Ct and Cv were noted. The oscillometer was detuned by
selecting a different setting of Ct which corresponded to the second
graduated marking on the drum. Again Cv was used to retune the oscillo-
meter to resonance. This procedure was repeated until the limit of the

vernier screw was reached.

Evaluation of Cell Parameters, 9éiand CO. The method suggested by

Reilly and McCurdy'>»2

was employed to evaluate the cell constants Cé s
the capacitance due to walls of the borosilicate vessel, and Co’ the
capacitance contribution of the annular sample space of the borosilicate
vessel containing air. The dielectric constant of air was assumed to be
equal to one.

The cell parameters were experimentally obtained at 5 Mc/sec inter-

vals between 75 and 105 Mc/sec by means of the derived expressions: (See

Appendix VII for sample derivation)

[acs - ACHg][es - 1J
(66) Cé AC - ACH ‘
6_8—2_1
g|aC - AC
a Hg
and
c2.-¢ [AC - 80y, J
67) c =4 gl a q
o AC - AC
a Hg
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Where: AC& = capacitance, vessel containing air, picofarads.
ACS = capacitance, vessel containing benzene, picofarads.
AC,, = capacltance, vessel containing mercury, picofarads.
€ = dielectric constant of benzene at 25°, equal to 2.275.

The cell capacitance values, ACa, ACFg’ and ACs necessary to evaluate
Cb and Cé were obtained in the following manner.

The signal generator was adjusted to the desired frequency. The clean,
dry, empty vessel was inserted and positioned in the cell assembly. The
oscillometer was tuned to resonance by adjustment of Ct and Cv' The cell
capacitance, ACa, for the empty cell was noted. Mercury was then intro-
duced into the vessel and the oscillometer retuned to resonance. The cell

capacitance, AC for the vessel containing mercury was noted.

Hg’
The vessel was removed from the cell assembly, and the mercury
removed. The vessel was rinsed several times with concentrated acid and

water, and then dried at 105°.

The clean, dry, empty vessel was inserted and positioned in the cell
assembly and the oscillometer tuned to resonance. The cell capacitance,
ACa, for the empty vessel was compared to the previous value to insure
proper positioning of the vessel. Benzene was introduced in the vessel
and the oscillometer retuned to resonance. The cell capacitance, ACs,
for benzene contained in the vessel was noted.

Having obtained the cell capacitance values for air, mercury and
benzene, the values AC&, ACHg’ and AC’8 were inserted into equation (66)
and the value of Cé calculated.

Having determined Cé, the values of Cé, ACa, and ACHg were inserted

into equation (67) and the value of Cb calculated.
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Dielectric Constant Measurements. The dielectric constants of ben-

zene, acetic acid, 1, 2 diehloroethane, chlorobenzene, acetone, and
nitrobenzene were experimentally evaluated at 100 Mc/sec and 25°.

The dielectric constants, €go of the pure liquids were evaluated by
substituting appropriate quantities into the expression. (See Appendix

VII for sample derivation)

\ c C
¢ | |AC-ACJ+-—9—0|
gl i a s Q1,+ Co !
(68) s | C ¢
C.C—AC-AC‘J-—g—
o1'g a c+c]
, g 0
where: Cé = capacitance due to the walls of the vessel, picofarads.
Co = capacitance, evacuated cell, picofarads.

AC = capacitance, cell containing air, picofarads.

Q

AC = capacitance, cell containing test liquid, picofarads.

@

The capacitance values corresponding to the cell parameters, Cg and
Cb and cell capacitance AC& and AC8 were obtained in the manner described
in the previous section.

Before and after a sample measurement, the vessel was removed from
the cell holder, cleaned with dichromate cleaning solution, washed, and
dried. Before introducing a test sample into the vessel, the vessel was
positioned into the cell assembly and the air capacitance of the cell
determined to insure proper vessel position.

Oscillometer Response Curves. Response curves similar to the theo-

retical curves shown in Fig. 8 were obtained at 100 Mc/sec for the
following systems: (1) aqueous solutions of sodium chloride, barium

chloride, and lanthanum chloride, (2) glacial acetic acid solutions of
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sodium acetate, perchloric acid, and p-nitro aniline and (3) methanolic
solutions of sodium chloride. Response curves at 75 Mc/sec were obtained
for aqueous solutions of sodium chloride.

The changes in oscillometer response which were measured for the
solutions of varying conductivity were: (1) detector current, (2) cell
capacitance, and (3) cell capacitance difference at half power points.

For a given solvent, solute, and frequency, the response curve data
was obtained in the following manner.

The clean, dry, cell was positioned in the cell holder and the
oscillometer tuned to resonance. The cell capacitance for the empty cell
was noted and compared with previous values to indicate proper cell posi-
tion. The solvent was introduced in the cell and the oscillometer tuned
to resonance. The cell capacitance and detector current at resonance were
noted. The cell capacitance at half power points was determined. The
solvent was removed from the cell by means of a tube connected to a suction
apparatus. The cell was filled with solution of electrolyte of a known
conductivity and then emptied. The cell was rinsed three times with fresh
solution before a second set of readings were measured. The above pro-
cedure was repeated several times with solutions of increasing solute
concentration.

For all response curve measurements, the value of the detector probe
capacitance was selected to yield optimum detector current at resonance.

Low Frequency Conductance Measurements. A Serfass Model RC-M15
conductivity bridge was employed for all aqueous and non-aqueous con-
ductivity measurements.

A glass enveloped dipping type conductivity cell with a cell constant
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of 0.0944 cm—l was used. Solutions were contained in an electrolytic
beaker immersed in a waterbath maintained at 25 * 0.02°. A standard
molal solution of potassium chloride, prepared from fused potassium
chloride dissolved in triply distilled water, was used to evaluate the
cell constant.

An Industrial Instruments Model DK-2A MFD capacitance box was con-
nected in parallel with the electrodes of the conductivity cell to obtain
sharper bridge balance for conductivity measurements of the concentrated
aqueous and non-aqueous solutions. Sharper bridge balance was obtained
at 60 than 1000 c.p.s.

The dipping type cell was washed three times with test solution
prior to a measurement. Duplicate measurements were obtained for each test
solution. The measurements for a given solute-solvent system were ob-
tained in the order of increasing concentration of solute to minimize
error in measurements due to absorption of solute on the platinum elec-
trode surfaces.

After a series of measurements for a given solute-solvent system
was obtained, the conductivity cell was cleaned and the cell constant
redetermined.

The conductivities were measured and the specific conductances were
evaluated for the following solutions: (1) aqueous sodium chloride,
barium chloride, lanthanum chloride, and aqueous solutions of the simu-
lated titration of hydrochloric acid with sodium hydroxide, (2) acetous
godium acetate, perchloric acid, p-nitro aniline, and acetous solution of
the simulated titration of sodium acetate with perchloric acid; and (3)

methanolic sodium chloride.
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Simulated Titrations. The simulated low frequency conductometric

and oscillometric (100 Mc/sec) aqueous titration of sodium hydroxide
with standard hydrochloric acid, and acetous titration of sodium acetate
with standard perchloric acid were performed in the following manner.
Aliquots of the stock solution to be analyzed (aqueous sodium
hydroxide solution or acetous sodium acetate solution) were transferred
to fourteen volumetric flasks of equal volume. The solution contained
in the first flask was diluted to volume with solvent. A measured amount
of titrant was introduced into the second flask to partially neutralize
the test reactant and the resulting solution diluted to volume with sol-
vent. Increasing measured amounts of titrant were introduced successively
to the remaining twelve flasks and the solutions diluted to volume. The
equivalents of titrant introduced into the fourteenth flask was approxi-
mately equal to twice the equivalents of reactant present in the aliquot
of test solution.

A portion of each of the fourteen solutions was introduced into the
conductivity cell and into the oscillometer vessel for measurement as
previously described.

The oscillometer response curves were employed to select the proper
concentration range in which substance titrated and titrant must fall to

obtain straight line oscillometric titration curves.



RESULTS AND DISCUSSION

The discussion which follows is an attempt to elucidate the nature
of the resonant-cavity oscillometer with the aid of a "synthesized" RLC
network which was derived from the observed electrical behavior of the
oscillometer. In the synthesized network, only those circuit parameters
or circuit elements which affect oscillometer response are included.

The equivalent network has no physical relationship, part by part,
with the cavity resonator or with the associated circuitry and 1is not
even unique. But rather, the equivalent circuit serves only as a model.

In this model, the electrochemical properties of the solution are

ST

represented by 'lumped" values of resistance, R, (or conductance, G =
and capacitance, C. Circuit analysis of the condenser-type cell and
solution network was accomplished by employing the theory of oscillo-
metric measurements developed by Reilly and McCurdy.

With the more conventional resonant circuits that operate at lower
frequencies, 1-30 Mc/sec, the conditions of the circuit as represented
by voltage and current, can usually be evaluated by direct measurements.
However, with the cavity resonator oscillometer, the only A.C. measure-
ments that are easy to make even in principle, are those of impedance,
power, and frequency.47 Consequently, it was necessary to contend with
indirect measurements of the circuit current, capacitance, high frequency
conductance and @-factor.

In this investigation, only relative electrical measurements were
obtained. Consequently, a rigorous quantitative circuit analysis and

treatment of the data was not possible. However, by means of the

75
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equivalent circuit models, a qualitative analyses has been accomplished
in which the model satisfies relationships between the experimentally
observed oscillometer responses.

Equivalent Circuit of the Cavity Resonator Oscillometer. The

oscillometer reduced to its essential circuit elements is schematically
represented by the double-tuned equivalent circuit shown in Fig. 16. This
model satisfies relationships between the experimentally observed oscillo-
meter responses: detector current, equivalent parallel cell capacitance,
and the capacitance difference at the half power points.

The cavity resonator is represented in the conventional impedance
form as a series RLC network in which L2 and 07 are the equivalent dis-
tributed inductance and capacitance, regpectivély, of the cavity at
angular frequency w, and R2, is the equivalent series resistance associ-
ated with the cavity at angular frequency w.

Directly connected to the cavity is the dielectri:c sample holder
consisting of the variable capacitors Ct and Cv' The condenser-type
cell, connected in parallel to the capacitors of the dielectric sample
holder, is represented by the equivalent parallel capacitance, Cb, and
equivalent parallel shunt conductance, Gp (equal to é;ﬂ.

The signal generator was inductively coupled to ﬁhe cavity by in-
serting a loop probe into the cavity enclosure. The distributed inductance
of the loop at angular frequency w is Li. R 1is the equivalent series

1
resistance of the coil. The mutual inductance between the inductors L
and L2 is represented by M12'
To measure the internal electrical conditions existing in the cavity,

a detector-bridge circuit was coupled to the cavity by inserting a rod
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probe into the cavity enclosure. This form of coupling may be repre-
sented by several different equivalent representation circuits. Since
the probe interacts with the electrostatic as well as the electromagnetic
fields existing in the excited cavity, an inductive coupling representa-
tion has been selected rather than a capacitative coupling representation
for convenience and to facilitate circuit analysis.46 Similar qualita-
tive circuit relationships as developed herein may be obtained by use of
other coupling networks representations.

The distributed inductance of the detector probe at angular frequency
w is represented by L3. The variable detector probe capacitance (Fig. 11)
and distributed capacitance of the detector circuit are lumped together
and represented by a variable capacitor, Ca' The equivalent series
resistance of the detector network is R:' The mutual inductance between
the cavity and detector inductor is M23.

To facilitate the analysis of oscillometer response and more con-
veniently show the relationships between the voltage, current, and
impedance for the network, the fundamental circuit shown in Fig. 16 may
be reduced to the fundamental equivalent circuit shown in Fig. 17. The
only significant difference between the two fundamental circuit repre-
sentations is that in Fig. 17, an equivalent series capacitance Cz’ and
equivalent series resistance RZ' have been substituted for the network

congisting of R9, kR,C,C,C

and ¢ as shown in Fig. 16.
p’ "y v Tt ¢ Tp g

The equivalent series impedance, Z', for the network consisting of

Rz’ Rp’ Cz, Cv’ Ct and Cb is given by
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(69) 7 = RZ + Rp

1+ wilc +C,+C +C %R ?
2"t T p) T |

r Y
wlC +C,+C +C_|R?2
- L2 t v pj p
1+ w2[C +C, +C_ +C |?R 2
2 t v p: P

\

Equation (69) shows that this network may be represented by an equiva-

lent resistance R ', which is equal to
2

R
(70) R'=R + - 2 —
2 14 wzlc +C, +C +C_|?R2
2 t v p: p

and in series with an equivalent capacitive, given by

1+ wZ(C +C +C, +C ]ZR 2

(71) c ! = 2 v t Pl P

2 wilc +¢ +¢ +CJ1?2
{2 v t p/p

The use of R ' and C ' in the development of the circuit theory per-
2 2
mits one to use terms in the mathematical expression which are much less

cumbersome and less difficult to employ.

When a sinusoidal voltage, V , is applied to the cavity by means of
L
the signal generator, a voltage will be induced in the cavity via the
coupling between inductors Ll, and L by the current, I , flowing in the
2 !

signal generator circuit.

The complex notation of the voltage, V2, induced in the cavity, is
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(72) V= jut I

The induced voltage has a magnitude of wMIQI: and lags behind the signal
generator current by 90°.

The current 12 flowing in the cavity circuit is exactly the same
current that would flow in the cavity, if the induced voltage V2 were
applied in series with the inductor L2 and the signal generator circuit
were absent.

The current I2 flowing in the energized cavity will in turn induce a
voltage, Vg, in the detector. The complex notation of the induced de-

tector circuit voltage is given by

(73) V o= -jud I
3 23 2

The current 13 flowing in the detector circuit is the same current
that would flow in circuit 3 1if the induced voltage, VQ, were applied in
series with the inductor L3 and the cavity circuit were absent.

If the output Vl, of the signal generator is a sinusoidal voltage
and all circuit parameters are constant, the following relationships may
be written.

(74) R+ijJI +iud T =7V
L\ 1 1) 1 12 2 ]

"

1
(75 R'+'[L-—]‘I+‘mMI+'mMI=0
) 2 o wC"jz I3y T I

\ 2
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82

L? +j[wL -—J—J],I s T =0
L3 3 w3 23 2

For the sake of simplicity in writing, the following abbreviations

are adopted:

(77)

(78)

(79)

(80)

(81)

Equations

(82)

(83)

(84)

Z1 = Rl + ijl, signal generator impedance

Z'=R'"+ jlwuL - ——17 , cavity resonator impedance
2 2 2 wC ')
2
{ 1

Z =R + jlwuL - ——|, detector circuit impedance

3 3 3 wC

3
ZM = jwM , mutual impedance between the generator
12 12" and cavity inductors

ZM = jwM , mutual impedance between the cavity and

23 23 detector inductors

(74), (75), and (76) are reduced to

ZI + 2 I =7V
11 M12 2 1

Z I +21I +2 I =20
M12 1 2 2 M3 2

]
S

M

Z I +21I
23 2 33
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The simultaneous solution of equations (82), (83), and (84) yield

( 2
27 -2 14
2 3 M21J 1
(85) I1=zzz-zzMé-z3zMZ
1 2 3 1 23 5
-2, zav_'
— 12
(86) Iz”zzz-zle-zzMz
{ 3
23 ! 23 12
z, 2, Vl
_ 12 23
(87) Ia‘zzz-zz < -7 <
: 12 3 1 M 3M
23 12

As is evident by equations (85), (86), and (87) the nature and magni-
tude of the current flow in the various circuits are complex and depend
upon the nature and magnitude of the impedances of the individual circuits.
However, by means of equations (85), (86), and (87), it is possible to
synthesize equivalent networks which are very useful in demonstrating
the nature of the interaction and coupling of impedance in the various
circuits.

For example, the terms in equation (86) may be rearranged to yield

an equivalent expression given by

ZM
- 12y
v/ 1
2 Zy 2y
71 _ 12 _ 23
2 Z /
1 3

Equation (88) may be satisfied by an equivalent circuit shown in Fig. 18.
This is an equivalent circuit referred to the cavity.

In this simplified equivalent circuit, the equivalent voltage
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Zy

source Vz' is represented by the complex quantity - —ElZ-Vl. Since the

1
quantities Rl, Ll, L2 and M ) were fixed under conditions of constant
1

applied voltage, V , at angular frequency w, the equivalent voltage
1

source, V ', is a constant voltage whose magnitude is given by
2

e

, V1/2
[sz L J2 + fwM R ]2
12 1 I\ 12 1. .V,
R ¢ + wL ¢
1 1 J

(89) - V!'=
2

The equivalent impedance 2 of the network shown in Fig. 3 is

(equiv)
2

that impedance as seen by, or referred to, the cavity and is given by

=7 ! 12 23

(50) Z(equiv)2 It Z Z

In equation (90), the quantity Z ' represents the impedance of the cavity
2

as given by equation (78) and represented in Fig. 1 by the cavity network

which consists of the resonant cavity, dielectric sample holder and cell-

solution load. 2
ZM

The quantity - ——%2—vrepresents the equivalent series impedance

+

reflected (or coupled) into the cavity by the signal generator, via the

mutual inductance, M , of inductance L and L . In complex notation,
12 2

le 2
the equivalent reflected impedance - -—%2— is given by
2
ZM wiM 2

(91) -—l2 _ 7 = —l2
Z1 (1r'efZec1f:eci’)]2 R+ ngl



86

When the terms of equation (91) are rationalized and grouped into the real
and complex parts, one obtains an expression for the equivalent reflected
impedance given by

w?M R wl

= 12 i s 1
(92) Z(reflected) , SRFZ+wiL 29 R T oL?

N i

which consists of a resistive component equal to

wiM 2R

|
93) R(reflected) , TR 4+ WL ¢
1 .

and a reactive component equal to

wl

(94) X(reflected)]z = Rlz + szNz

1

The reactance reflected into the cavity by the signal generator,

X(Peflected)lz’ is capacitive in nature as indicated by the negative

sign of imaginary term in equation (92).
The net effect of coupling the signal generator to the cavity is to

lower the @ of the cavity and to decrease the cavity's capacitive re-

actance at angular frequency w. 7 2
M
In equation (90), the quantity - —723—-represents the equivalent
3

series impedance, Z , reflected (or coupled) into the cavity

(reflected)
23
by the tuned detector via the mutual inductance ¥ of inductors L2 and

L3. The equivalent reflected impedance, , in complex

Z(reflected)
23
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notation is given by

2
ZM w?Mliz
- —23 = =
(95) 7 Z(reflected) R+ 'er - L
k] 23 3 J L 2 wC J

When the terms of equation (95) are rationalized and grouped into the
real and complex parts, the equivalent reflected impedance of the de-

tector is given by

r
2y 2 _ L
WM 2R w M23 lea o0 }
(96) Z(reflected) = A - 1 7
22 R2+le-‘) R2+IwL-‘
3 3 wC, 3 . 3 wC
3 3
and consists of a resistive component, Rfreflected/ 2, given by
23
w2M 3?R1
= 2
©7) R(reflected) T I 1 }‘
23 R+ |wL - ——
3 L 3 wC:
and a reactive component, X(Peflected)23’ given by
)
w2M 2{mL - —l—j
23 3wl
(98) X(reflected) - B2 4 o - L i‘
23 3 l 3 wC‘,

~
b

Although the sign of the imaginary term in equation (96) is negative,
the reactance reflected into the cavity by the detector may be either
capacitive or inductive in nature and depends upon the magnitude of the

detector reactance, the quantity|wl - —l—}. If-—l— is greater than wl ,
3 wCSJ wC3 3

the sign of the imaginary term in equation (96) will be positive and the



88

reactance reflected into the cavity, X , will be inductive.

ireflected

23

1
Conversely, if wL’ is greater than 55_’ the sign of the imaginary term in
2 ]
equation (96) will be negative and the reactance, X/refiected) , will
' 23
be capacitive in nature.

When the variable capacitor, C , of the detector (Fig. 16) is ad-
3

1
justed so that the detector circuit is tuned to resonance, when wl = o=
3 (7
2

the reactance reflected intc the cavity is equal to zero,

(99) X(reflected/ =0
2
Under the above stated condition of resonance, the impedance reflected

into the cavity is purely resistive in nature and is given by

= —23
(100) Z(reflected)23 R

A more pertinent discussion of the effect of reflected detector impedance
upon the oscillometer response is contained in the sections which follow.

In complex notation, equation (90) is given by

4
(101) “R '+ Glel - 1

Z d = " + T
fequiv) — = |2 wC Tt Ro+gwl g +jEmL‘ - ==

Ny
—

\ 4 3 C

™
€

~——

When the terms of equation (10l1) are rationalized and grouped into the

real and complex parts, one obtains



( sz 2R. u)ZM 22 )
(102) Z . R+ =il — Z
(equiv, 2 R1 +w L1 R2 4 o - L
i 3 3wl
{ { 3
) v
2y 2|y - 1
Wi 2o ) MR T o
4 lor - I 12 7 L 3
2 wC ! R < + le jz R 2 - }wL _ 1 .,°¢
2 ! 1 5 5 ;5;
N J

Equation (102) more clearly shows that the double-tuned oscillometer
network represented in Fig. 17 is reducible to an equivalent circuit

consisting of an equivalent resistive impedance, R given by

(equiv’
9 2

w?M 2R wZM? ?Rq
—p ! 12 1 3
(103) R(equiv)2 - R2 * R]‘ + leiZ *

2 ., 1, _ _L°
) I?3 + iAJL3 wC;J|

.s

in series with an equivalent reactance, X , glven by

‘equiv)
2

(104)

sz -

X (equiv) =

\

w?M 2L w?M 2R
12 : 2
— and ;
R + le'lz B2, ol - ___j‘
- I " 3

In equation (103) the quantities 3
: wC
3 3

represent the equivalent series resistive impedances, R and

('equiv)12
R(equiv)23 respectively reflected into the cavity by the signal generator

and detector (refer to equations (93) and (97). The first term in equa-
tion (93), Rz' is equal to the equivalent cavity resistive impedance as

shown in Fig. 17 and given by equation (70).
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2y 2 L
w3M 2L wM23 wL3 wC
In equation (104) the quantities 121 and — 7 44
RZ+[mL]2 R2+[wL--——
! 3 3 w03
represent the equivalent series resistive impedance, R( , and
equw)12

X(equiv)23 respectively, reflected into the cavity by the signal genera-
tor and detector (refer to equations (94) and (98). The first term in
equation (104) is the reactive impedance of the cavity network and for

which the equivalent series capacitance, C ' is given by equation (71).
2

Condition of Resonance. Resonance in the resonant cavity oscillo-

ﬁeter may be obtained when any one circuit parameter, as shown in Fig.
16-18, is so varied as to cause maximum effective detector current under
the conditions of constant applied signal generator voltage at angular
frequency, w. For fixed values of Rl, Ll’ Mlz’ Lz, R2, Cz, Ct’ Cv, Rp,
Cp, M23, 03, Ra, and L3, resonance may be obtained by adjusting the fre-
quency.

In the oscillometer, as represented by the fundamental equivalent
circuit shown in Fig. 16, all circuit parameters with the exception of
Rp, Cp’ Cv’ Ct and 03 were held constant and are assumed to operate in-
dependently of each other at angular frequency w. In practice, only the
cavity capacitance (Ct and Cv) and the detector probe capacitance (03) may
be adjusted to obtain maximum effective detector current (I3) under con-
ditions of constant applied voltage (Vl). The equivalent parallel resis-
tance (R_) and capacitance (Cp), which represent the cavity cell-solution
load, are not used to tune the oscillometer to resonance. However, when
the oscillometer is initially tuned to resonance, by proper adjustment of
Ct’ Cv and Ca, a change in Rp or C_ will detune the oscillometer. Reson-

ance is restored by adjustment of the cavity capacitance (Ct and Cv) to



91

yield maximum effective detector current.

The relationship between the oscillometer detector current and the
cavity cell capacitance (Ct and Cv) and the relationship between the
oscillometer detector current and the detector probe capacitance (CB) are
shown in Fig. 19. All circuit parameters were held constant with the
exception of cavity cell capacitance (Ct and Cv) and the detector probe
capacitance, (Cs), under condition of constant applied signal generator
voltage and frequency.

As shown in Fig. 19A, for an arbitrarily selected value of cavity
cell capacitance (Ct and Cv) corresponding to 27.10 pizofarads, the
detector current is a maximum at a detector probe capacitance value equal
to 43.5 picofarads. When the detector current is a maximum, the oscillo-
meter is tuned to resonance. In Fig. 19B, the detector probe capacitance
was arbitrarily fixed at a value equal to 43.5 picofarads and the cavity
cell capacitance (Ct and Cv) varied. Maximum effective detector current
occurred at a cavity cell capacitance corresponding to 27.74 picofarads.
This detector current response, (Fig. 19, A and B) is typical of that
response expected for the double-tuned equivalent circuit representation
shown in Fig. 16.

A qualitative interpretation of the oscillometer detector current
response may be accomplished most conveniently if the fundamental equiva-
lent circuit representation shown in Fig. 16, 17 and 18 are reduced to
the simplified equivalent circuit shown in Fig. 20. In the equivalent
circuit representation, the subscripts of the various circuit parameters

are consistant with all of the preceding circuit notation in that the
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subscript 2 refers to the equivalent cavity circuit and the subscript 3
refers to the detector circuit. Furthermore, the circuit parameters, Vz',
Cz', L3, M23, R3 and 03 denote the same quantities as shown or expressed
in preceding equations and circuit representations. R2" and Lz' repre-

sent the total equivalent series resistance and inductance, respectively,

of the cavity as given by

w?M 2R
" o_ ' ;
(105) R2 R2 + ——Z—LL;—H 2
1 1
and
w’M 2L
(106) L' =1L
2

_ 2
2 R ‘ + iwL P4
1 IJ
\
w'M R
Er?—;*ﬁy%fz-which represents

: )
the resistive impedance reflected into the cavity by inductively coupling

The quantity Rz” includes the resistive term

the signal generator to the cavity. The term F ' is givgn by equation
2 wM L

(70). The quantity representing L2' includes a term R7+]?w£‘1 which
1 1

represents the equivalent reactance reflected into the.caviéy B& the sig-

nal generator, via the inductive coupling of the cavity to the generator.
The equation to represent the detector current, I3, may be derived

in a manner similar to the derivations of equations (85), (86) and (87),

and is given by

(107) I =-
3
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where:
s 1 Y
" o— " . 1
(108) Z = R2 + g wL2 oo
. 2
(109) ZM = JwM
23
23
‘ 70
(110) Z =R + J |w[3 - @
\ J

-jXM VZ'
_ 23
(111) I, =7F77= JX "\\R +gX  + X, °
3 2 > 1% 3| M
2 J 23
\
where:
(112) X = M
M23 23
1
" - ' o_
(113) X2 = wL2 oC 7
2
(114) X =l - ——
3 3 m03

When the terms of equation (11ll) are rationalized and grouped into the
real and imaginary parts, one obtains an expression for the detector cur-

rent given by
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N

X 'R +XR" +4(R"R -X'X +X,6 2V 'X
%2 T TR TR T T M
(115) I =~ 7 e —— 0 T 23 AW -
3 (xR + AR + (R "R - X 'X_+ X, <
"2 3 32 J 172 73 2 3 M?,
\ Z 2

The magnitude of the detector current is given by

!
V2 XM7,
WMo I =TT R T X R 7w RUR - KT 1K, /2
%2 7 32 | 172 74 2 1 Mo
\ , \ 23 ;:
L J
or
1 1
V2 XM23
(117) 13 = ’X IZR Z + X ZR nz + R IIZR Z + 2R HX Z 17/2
2 3 3 2 2 3 2 M

23
+ X "X 2 2x 'XXx, P+X, "
' 2 3 2 3 M M

23 23
{ J

Partial resonance in the coupled circuits, as shown in Fig. 20, is obtained
when any one circuit parameter is so varied as to cause maximum effective
detector current, Ia, under conditions of applied voltage, Vz'.

From equation (117), it is evident that in theory, partial reson-
ance may be obtained by adjusting any one of the five circuit parameters

{R 'R , X', X or XM » which appear only in the positive terms of the
2 3 23
denominator. However, in this discussion we are concerned primarily with

the values of 02' and 03 (or Xz' and X:“ which will produce partial

\ /

resonance.
The value of Xz' or X3 which will produce partial resonance may, in

general, be found by differentiating the expression for I3 with respect
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to the proper X, equating dI/dX equal to zero and solving for X in terms

of the other parameters. For example, the value of Xn' which will produce

partial resonance is given by

dr
—F =0=-V_"' tox 1R 2 222 2>
2 22 | | i CE|
S
Therefore,
2 2
X3XM23 XSXMZ:1
! = =
(119) X2 (res) R ¢ + X * 7

If one substitutes for XM , X ' and X , the value given by equations
2
23 i

(112), (113) and (114) respectively,

7

wL - w2y 2

(120) [ L , 1 \ \ 3 W 2 22
w - = = )

12 wC 'J ) R 24 I(.OL - _]_| ‘
. 2 Jipeg) 3 RN

S

From equation (120), the value of 02' to produce partial resonance 1s

obtained and is given by

1
121)  c', = ‘ -
2 {res) T‘*’L _ 1 |u\2M 2
C. 1" 23
w sz' - ‘2 il w4
R3 + |l - —C—

=

!

The significance of equation (121) is that for a given value of 03, 02

must have the value stated to produce maximum detector current, Ia.
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If the reactance of the detector circuit is equal to zero,by virtue

(
of |wL3 - B%r- = 0, then Cz' should be so adjusted so that the reactance

s
of the cavity, Xz', is equal to zero. Thus, the value of C ' is given by
2

)0 N 1
(122) 02 Xq _ 0) = ijz:r

\

In a similar manner, it may be shown that the value of X3 to produce

partial resonance is given by

' 2
X2 XM

(123) ngres) = R2’2 + Xz’z

By substituting into equation (123) the values of XM , XQ and X2' glven

23
by equations (112), (113) and (114) respectively, one obtains the value

of 03 which will produce partial resonance,

1
(124) Cg(res) = w2M 2lel ' - 1
23 2 wcz’
w st - 2 1 2
" " _
R2 + mL2 —

It is evident from equation (116) that if both the cavity reactance,
X2' and the detector reactance X3 are equal to zero, the detector cur-

rent will be an optimum and will be equal to
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The significance of equation (125) is that, if the reactance of the cavity,
Xz', and the reactance of the detector, X , are adjusted to equal zero,
3

and F and XM are fixed, then the detector current will be a function of

273
the total equivalent series resistance, Ro', of the cavity network.

Ef fect of the Detector Probe Capacitance upon Oscillometer Response.

In Fig. 21 is shown the relationship between the detector probe capaci-
tance and the oscillometer responses at 75, 80, 90 and 100 Mc/sez. The
data were obtained in the manner described on page 67. Each data point
on the cell capacitance and detector current curves correspond to reso-
nance values for the given value of the detector probe capacitance.

In order to conveniently show the relationship between the cell
capacitance and the detector probe capacitance at the various frequenc-
les, the difference between the measured cell capacitance, (for a given
detector probe capacitance value) and the cell capacitance corresponding
to optimum detector current were plotted. For example, at 100 Mc/sec,
the detector probe capacitance was arbitrarily adjusted to 39.5 pico-
farads and the cell capacitance {Ct and Cv] were adjusted to obtain
maximum effective detector current. The cell capacitance at resonance
was equal to 27.843 picofarads. This value corresponds to the minimum
of the cell capacitance curve (at 100 Mc/sec) and is equal to -0.109
picofarads (27.843 - 27.942). Therefore, at any given value of the
detector probe capacitance, the measured cell capacitance is the algebraic
sum of the value obtained from the curve and the cell capacitance at
optimum detector current. The cell capacitance at optimum detector
current obtained at 75, 80, 90 and 100 Mc/sec are given in Fig. 21.

The relationship between the detector probe capacitance and the
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oscillometer responses shown in Fig. 21 conformed to the electrical
behavior developed for the fundamental equivalent circuit shown in Fig. 16.

For a given value of the detector probe capacitance, the oscillo-
meter is tuned to resonance by adjustment of the resonant cavity cell
capacitance. Partial resonance is indicated by a maximum effective
detector current (Equation (121). When the reactance of the tuned
resonant cavity and the reactance of the tuned detector circuit are equal
to zero, the detector current is an optimum (equation (125).

In the preceding section, it was shown that the net effect of coup-
ling a tuned detector circuit to a resonant cavity is to couple an
impedance into the resonant cavity network. The equivalent impedance,
Z(reflectedﬁgg’ reflected (or coupled) into the cavity by the coupled
detector is given by equation (96), and consists of a resistive component
given by equation (97), and an equivalent series reactive component given
by equation (98). The magnitude of the equivalent resistive and reactive
impedance coupled into the resonant cavity will depend not only upon the
detector capacitance but also the frequency.

As previously stated on page 87, the reactive impedance reflected
into the resonant cavity circuit may be either inductive or capacitive
in nature and will depend upon the magnitude of the capacitive reactance

7

term ;5— as compared to the inductive reactance term w/ of the detector

3
circuit. If ;%— is greater than sz, the equivalent series reactance

2
reflected into the cavity is inductive in nature by virtue of the nega-

tive sign of the reactance term in equation (96). In Fig. 21, the

1
condition o qu corresponds to the negative portion of the cell
3 2
Capacitance curve. If wé is less than wL3, the equivalent series
2
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reactance reflected into the cavity will be capacitive in nature. The

condition where wé < wL3 corresponds to the positive portion of the cell
capacitance curve‘a

When the oscillometer is initially tuned to resonance, a change in
the detector capacitance will detune the cavity. If the change in de-
tector capacitance results in an increase in the inductive reactance
coupled into the cavity, the cell capacitance value necessary to reestab-
lish resonance will be less than the initial value. If the change in
detector capacitance results in an increase in the capacitance reactance
coupled into the cavity, the cell capacitance value necessary to reestab-
lish resonance will be greater than the initial value. The change in
capacitive reactance of the cavity necessary to reestablish resonance is
equal but opposite in sign to the change in the equivalent reactance
coupled into the cavity which resulted from the change in detector capa-
citance.

For a given value of the detector probe capacitance, the value of
the cavity capacitance that will produce maximum effective detector
current is indicated by equation (121).

By use of equation (119), it is possible to show that the cell
capacitance curve should exhibit a maximum and a minimum as shown in

Fig. 21. The value of Xq for which X ' is a maximum or a minimum

2 (res)

,» equation (119).

is obtained by differentiating the expression for Xa'/wes

]
4 c
with respect to Xg, equating __ZEXZQLL to zero, and solving the result-
' 3
ing expression in terms of X;’ For example,

dx ! ,
(126) —%—8—’—=0=-R2+x2
3 2 3
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(127) X32 =R ?

The value of X at which X ' will be a minimum is
2 2

(res)

Y L= R
(128) “a'max., * 2

The value of X at which X ' will be a maximum is equal to
3 2

{res)

(129) Xg(min} = '53

Therefore, the minimum value of the equivalent cavity reactance is

2 2
wM

' = - —_Zj'—
(130) X2 (mn), - 2R
‘res) 2

The value of the cavity capacitance which will produce X ’/min‘ is given
2 ! .
by
1) ¢! s —d
$ X ,/min) wlal 1 - w-M Ti
' (reg) o '-2 —2—23—‘
| R

< J

and corresponds to the maximum on the cell capacitance curve.

The maximum value of the equivalent cavity reactance is

(132) X', . =+ —23
‘min) ,
(res) 2
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The value of the cavity capacitance which will produce X "max) is
2 T Ipes)
given by
133  c = !
X om T wM_ 7
“fres) w wLQ' - ——2-}2?——3
{ ;
and corresponds to the minimum on the cell capa:itance curve.
The mid-point values between the maximum and the minimum X ’/Pos)
2 =2
is given by
’ =
(134) X2 (res) =0

‘mid-point)

Therefore, the value of the cavity capacitance corresponding to
X! is

7
), .
2 7€) imid-point)

(139 Czl(pQS)(mid-point) ) ;TE;
and is equal to the cavity capacitance at optimum current.

In Fig. 21, the mid-point value between the maximum and minimum
cell capacitance corresponds to the optimum cuirent. At optimum detector
current the reactance of the tuned detector and tuned resonant cavity
network are equal to zero.

The relationship between the detector current and the circuit para-
meters for the equivalent circuit shown in Fig. 20, is given by equation
(117). To show how the detector current at resonance varies with detector
Probe capacitance, the value le(res) given by equation (119) is substi-

tuted for X2' in equation (117), and the resulting expression solved for
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in terms of ¥ , or
q

>

I3(res?

(136 Ig(res) - \R " - X “]'X <i1/2

r ‘
I;R"R + X, 7
I |

{ 7 '
Furthermore, if the rerm leq - l is substituted for X in the above

|93 ]

.(‘

expression, the effective detector current at resonance, the relation-

and the detector capacitance, C is given by

ship between I ,
y’res)

ot
XM /2
= 23 y -
(137) Ig(rea) T ‘o . 1 "IZ/Z
IR2 —XM IlLL\Ls—E_‘|
R"R +X, 6 2|+ 2311 e
|l e |
~ - k) ) 3 wCI
«

3 /
As previously stated, the detector current at resonance will be an

optimum when wL3 = ;é—. The optimum detector current as given by equa-
tion (125) is a function not only of the frequency but also of the
magnitude of the equivalent resistive impedance of the detector and cavity
networks. If one assumes that the equivalent cavity resistive impedance
Rz"’ equivalent detector resistive impedance FQ, and the mutual induct-
ance M23’ operate independently of one another, the optimum detector
current at resonance should increase with a decrease in the frequency.

At very large values of the detector capacitance, the detector

current at resonance approaches a limit given by

(138) Lim I;(res) = R - X *l w[12|1/2
C + = " 2,2 : 27} ]
3 R2 R3 * XM23 r R3f+ WL’ |
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When the detector capacitance approaches very small in magnitude,

Ig”res) approaches a limit given by
Vot
XM e
74 = 3
(139) Tam I:’PQS: —"F R+ XM 7 2 +|R " XV |1/2
1 ¢ ? {
c.o~¢ 77 s ) 23,

A comparison of equations (136) and (139) indicates that the detector
current response curve should not be symmetrical as shown in Fig. 21.

Also, the relationship between the capacitance difference at the
half power points and the detector probe capacitance, shown in Fig. 21,
is similar in nature to that predicted for the equivalent network shown
in Fig. 16. The change in capacitance difference at the half power point
is related tc the resistive impedance reflected into the cavity by the
coupled detector.

The resistive component of the equivalent impedance reflected into
the cavity network by the coupled detector is given by equation (97).
When the detector reactance is equal to zero, the resistive impedance

reflected into the cavity by the coupled circuit will be a maximum as

given by
w'M ‘2
(140) R, = —2—
ted)!
(reflec ed;;(max) R3

In turn, the total equivalent series resistance,R , of the

2(6q420) 1)

cavity-detector network, as referred to the cavity (Fig. 18) will be a

maximum as given by
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= ’ 2 — 23
(141) Rg(equiv) - = R2 * F7+all? +

When the equivalent series resistance of the cavity network is a

maximum, the @-factor for the cavity will be a minimum and is equal to

wl '
(142) Q = = = —

‘min' R , . wC 'R, )
2lequiv) ) 2 oflequiv, o

Therefore, the capacitance difference at the half power points will be a

maximum when the detector reactance is equal to zero, and is equal to

2c ', )
(143) sC . e ks
0,707 max Q.,/mfn)
where C '(res) is equal to the total equivalent cavity capacitance at

optimum detector current.

In each curve of Fig. 21, the cell capacitance difference at the
half power points is shown to increase with an increase in the detector
probe capacitance, to exhibit a maximum and then to decrease there after.
The maximum of the response curve corresponds exactly to the optimum
detector current and to the mid-poinft between the maximum and minimum
cell capacitance values. When the cell capacitance difference at the
half power points is a maximum, the value of the detector probe capaci-
tance corresponds to a reactance for the tuned portion cf the detector
circuit equal to zero.

The oscillometer response curves shown in Fig. 21 are used to deter-

mine the detector probe capacitance needed to obtain optimum detector
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current at resonance for use in oscillometric titrations and dielectric
constant measurements. The detector current is used not only to deter-
mine the cell capacitance at resonance but also the cell capacitance
difference at the half-power points. Therefore, it is most desirable
to select a detector probe capacitance which will result in maximum
readability of the detector current in order to obtain precise measure-
ment of these quantities.

In Table II are given the capacitance data which show the relation-
ship between the resonant frequency and the values of the cell capacitance
and detector probe capacitance which are necessary to obtain optimum
detector current. However, as shown in Fig. 21 (cell capacitance differ-
ence at half power points), the @g-factor of the oscillometer is a minimum
when the detector probe capacitance is selected to yield optimum detector
current at resonance. When the @¢-factor is a minimum, the oscillometer
is least sensitive to changes in circuit parameter. To obtain maximum
gsensitivity in oscillometer response to changes in circuit parameters,
one should select a detector probe capacitance value which will result
in a minimum capacitance difference at half-power points (or maximum Q).
However, in practice, this was not possible due to the lack in sensitivity
of the detector measuring circuit.

Cell Capacitance Measurements — Reliability and Precision Data. 1In

Table II are given the resonant cell capacitance data obtained at a fre-
quency of 100 Mc/sec for different values of the main dial capacitor, Ct’
and vernier screw capacitor, Cv' The data were obtained as described on
page 68.

! v

As shown in Table III, the corrected cell capacitance, \Ct - CvJ(corr)’



S
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Table II. Relationship Between the Resonant Frequency Cell Capacitance

and Detector Probe Capacitance at Optimum Detector Current

Frequency ! Detector Probe Capacitance { Cell Capacitance
Mc/sec ! picofarads ; picofarads
| |
75 152.5 | 62.589
80 108.0 ! 54.663
85 80.5 ! 45.319
|
90 i 62.0 | 38.618
95 = 49.0 i 32.986
100 l 39.7 27,942
105 ! 32.5 23.575
|
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Table III. Reliability of the Cell Capacitance Measurements: Resonant

Frequency, 100 Mc/ser

l
c) | d)

| |
a) b) i ! e) ) £)
. : i -C.

Ct Cticate; | Cticorr) Ct imeas [ Cvreorr)  \Et = Cyreorn)
mil wuf | puf P uuf 1 upf : wuf
25.5 27.706 ! 28.058 ! 0.125 ! 0.121 : 27.937
25.0 28.260 { 28.618 : 0.736 { 0.680 ' 27.937
246.5 28.837 ! 29.199 ! 1.343 : 1.257 ‘ 27.942

| ' ¢
24.0 29.438 : 29.806 ! 1.968 i 1.862 l 27,944
!
23.5 30.064 i 30.440 i 2.635 ! 2.492 | 27.948
l
23.0 30.717 ; - 31.198 ! 3.420 . 3.237 : 27.961
22.5 31.400 ’ 31.786 , 3.954 : 3.746 i 28.040
I
22.0 32.114 | 32.506 i 4.652 I 4.411 ; 28.095
NOTE:

a)

b)

c)
d)
e)

£)

The spacing between the plates of the main drum Ct of the

dielectric sample holder, mils.

The calculated capacitance of C_; C+ = '05'5, uvrf(where t

equals the spacing in mils).

The corre;ted value of Ct (see Fig. 15, EXPERIMENTAL).
The measured value of the vernier screw, CUQ

The corrected value of Cv, (see Table I, EXPERIMENTAL).

The difference between the corrected values of Ct and Cv'
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increases with increasing values of (, and Cv‘ In theory, the cell

capacitance, 'Cf - Cvl, should be constant at a given frequency and

N 4 ,
independent of the absolute magnitude of Ct or Cv' Since !Ct - Cv} is
not constant, one must assume that the capacitance values, C and

‘eorr)

Cv , are 1in error.
{eorr)
The values of Cf and C given in Table II1 corresponds
“loopr! .eorr.
to corrected values for Ct and Cv . The corrections applied
‘cale) “‘meas}

to the experimentally derived capacitance values, C+ and C

“leale) Y meas)
were obtained from the calibration data supplied by the manufacturer of

the dielectric sample holder (Table I and Fig. 15). As stated on page 56,
the calibration datawere obtained at 1000 cycles per second rather than
at 100 Mc/sec. The calibraticn data correct for nonparallelism of the
main dial elerzrodes, and stray capacitance asso~iated with the main

50
79,60 As evident

dial capacitor, Ct’ and vernier screw capacitor, Cv.
from the data given in Table III, the calibration data obtained at 1000
cycles per second is not applicable to capacitance measurements at 100
Mc/sec.

It is interesting to note that if one employs the uncorrected values,

, a smaller difference 1is

Ct and C to evaluate |C+ - Cv
‘eale) (meas/ C ‘
observed between the extremes of the cell :apacitance IC+ - Cv
‘ . i Tleale! (meas) |
as compared to ij -7 |, ,. The difference in the extreme values of
(T v leorr.
(C+ - Cv | is equal to 0.119 picofarads as compared to 0.158
\ (ecale) {meas) | ‘
picofarads for the extreme values of [Ct -C | e
' v, corr!

In Table IV are given the data for the resonance cell capacitance
measurements at a frequency of 120 Mc/sec.

A comparison of the data in Table III and 1V shows that at 120 Mc/sec
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Table IV. Reliability of the Cell Capacitance Measurements: Resonant
Frequency, 120 Mc/sec
l | ! T \
Ct . . l' “y , l v \ ! v, \ '{Ct - Cvl(corr,)
cale) ! l2crr ! meas | ‘corr! | /
. | , T
68.5 : 10.314 ! 10.422 i 0.000 ! 0.000 E 10.422
68.0 10.390 | 10.499 | 0.068 ; 0.061 i 10.431
66.5 ! 10.467 ' 10.579 0.155 ! 0.138 E 10.441
67.0 i 10.545 : 10.659 | 0.246 g 0.219 E 10.440
66.5 ! 10.624 : 10.740 | 0.328 g 0.295 | 10.445
66.0 10.704 t 10.822 } 0.391 : 0.355 : 10.467
65.5 10.786 10.906 : 0.467 ! 0.435 ! 10.471
65.0 ‘ 10.869 10.991 ! 0.540 ! 0.50: E 10.490
64.0 11.039 11.165 ! 0.728 i 0.669 : 10.496
63.0 11.214 } 11.345 ! 0.895 : 0.831 i 10.514
62.0 11.395 11,531 | 1.070 | 1.006 | 10.525
60.0 11.775 11,921 | 1.473 ! 1.385 E 10.536
57.0 o 12.395 12.556 | 2.101 | 1.992 ; 10.563
53.0 ! 13.330 13.512 | 3.082 ! 2.922 ; 10.590
48.0 14.719 | 14.945 i 4.510 ! 4,281 10.664
| |
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\

the difference between the extreme values of [Ct -C |

v (corp) is equal to

0.442 picofarads, whereas, at 100 Mc/sec, the difference 1is equal to
‘

0.158 picofarads. At 120 Mc/sec, the extreme values of lCt - Cv)[corr)

corresponds to a difference in electrode spacing of Cf’ equal to 29.5

mils. At 100 Mc/sec, the difference in the electrode separation, which

corresponds to the extreme value of -Ct -Cc | , is equal to 2.5 mils.

\ v, ‘eorr)

.
i

One may assume that since the two frequencies are of the same order
of magnitude and the range in resonance values of Cv’ employed at 100 and
120 Mc/sec is the same, the error in the cell capacitance measurements
is primarily associated with the main dial capacitor Ct' In all prob-
ability, the magnitude of the error will depend upon the separation of

\

the electrodes of Ct' A comparison of the extreme values of [Ct - CvJ(aorr)
observed at 120 and 100 Mc/sec show that the difference in extreme values
of [Ct - Cv](corr) increase with an increase in the separation of the
electrodes of the main dial capacitor.

No attempt was made to calibrate the main dial capacitor, Ct’ or the
vernier screw capacitor, Cv, in this investigation. All cell capacitance
values were corrected using the calibration data supplied by the manu-
facturer of the dielectric sample holder. The corrected cell capacitance
Values were employed in the cell parameter, dielectric constant, response
curve and titration measurements.

In a test to establish the reproducibility in positioning the empty
Vessel in the cell assembly from twenty measurements, the mean value for
i

[C?t - Cv]s was 27.942 * 0.0004 picofarads. The necessary data for the

test were obtained as described on page 68.
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Evaluation of Cell Parameters, Cq and CO. In Table V are given the

values of the cell parameters, Cg and Co’ which were determined at
5 Mc/sec frequency intervals between 75 and 105 Mc/sec. The method
suggested by Reilly and McCurdy13’24 was used to derive the cell parameters
Cé, the capacitance due to the walls of the borosilicate vessel, and Co’
the capacitance contribution of the annular sample space of the vessel
containing only air. This method is described on page 69.

As shown in Table V, the values obtained for qg and CO vary with the
resonant frequency and are not constant as one would expezt. The diff-
erence in the values of Cg and CO are due to the erroneous cell capacitance
values of ACHg’ ACa, and ACS (benzene) used in the calculations (refer to
equations (66) and (67). Since, for any of the given frequencies, the
magnitudes of the errors assoziated with the individual values of Ct and
Cv were not known, it was not possible to determine the effect of the
errors in the calculations of Cé and Co.

Effect of Solution Parameters and Resonant Frequency upon the Oscillo-

meter Response. When the oscillometer is initially tuned to resonance, a

change in solution parameters, (conductivity or dielectric constant) or a
change in the resonant frequency will result in a change in the oscillo-
meter response at resonance. The change in oscillometer response can be
interpreted most conveniently in terms cf the net change in electrical
Properties of the cell-solution network as discussed on page 71.
An increase in the parallel equivalent conductance of the cell-

Solution network will result in a corresponding increase in the total
€quivalent conductance of the oscillometer as measured by the cell capa-

¢itance difference at half power points |aC iand given by equation
v 0,707

prr

a—ene .

)
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Table V. Evaluation of Cell Parameters Cg and CO

a)
cg C,
L
, T
Frequency picofarads picofarads
[ !
75 | 20.72 | 3.224
80 21.32 3,118
| i
85 l 21.78 | 2.966
| i
90 ! 22.51 3.017
95 l 23.25 | 3.144
100 ’} 24,02 3.182
105 {{ 24,74 3.157

a) Average of three determinations.
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(a-28). The iﬂcreasg in the total equivalent conductance of the oscillo-
meter [Gt = fﬁ:ﬂg;ﬂl; is exactly equal to the change in the equivalent
conductance of the cell-solution network (equation (49).

The change in zell capacitance at resonarce which occurs with a
change in solution parameters will be exa<tly equal to but opposite in
sign to the change in the equivalent -apacitsnce, fp, of the cell-
soluticn network f(equation (50).

The relationship between the detector current at resonance and the
solution parameters is somewhat complex in nature. However, it can be
shown than an increase in the equivalent parallel conductance, Gp’ of the
cell-solution network will result in an increase in the equivalent series
resistance of the cavity network as given by equation (70). 1In turn, an
increase in the equivalent series resistance of the cavity circuit will
result in a decrease in the detector current as given by equation (117),

In the discussion which follows, the effect of solution parameters
and resonant frequency upon oscillometer response are interpreted in terms
cf the parallel equivalent conductanze EG ] and the parallel equivalent

R {
Capacitance lc ! of the admittance of the cell-solution equivalent circuit

\ ’

shown in Fig. 7B.
Throughout the discussion which fcllows, the capacitance difference

at half power points, ACn . will be used syncncmously with the high

frequency conductance term, Gp. Where appropriate, the conversion from

ar
0,707

Effect of Solution Conductivity upon Oscillometer Response. In Fig.

to Gp will be made.

22 ig shown the relationship between the solution low frequency specific
Conductance, KO, and the oscillometer responses, for solutions of 1-1,

2-1 and 3-1 electrolytes at a resonant frequency of 100 Mc/sec
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and 25°. As shown in Fig. 22, for an aqueous system the instrument
response 13 independent of the nature of the electrolyte and dependent
upon the solution conductivity. A general interpretation of the oscillo-
meter responses is based upon equation (47 ) which relates the electrical
properties of the cell sclution network, as shown in Fig. 8, to the
solution conductivity. The observed changes in os-illometer response

are directly attributed to changes in electrical behavior of the cell-

solution network.
As predicted by equation (49), the equivalent high frequency con-
ductance, G_, of the cell-solution network approaches zero at very small

and large values of the solution conductivity, XK. At a value of the

» given by equation (52), the equivalent

solution conductivity, K,’peak/

high frequency conductance is a maximum,Gp , as given by equaticn
l"max ; )
(53). A change inGp will result in a proportional change in the total

equivalent conductance of the oscillometer,Gt, as given by equation
(A-29). Since the cell capacitance difference at half power is directly
Proportional to the total equivalent conductance of the oscillometer
(equation (29), a change in (ﬁ)will result in a proportional change in

[a¥o
0,707
The maximum change in 4 1is related to the equivalent parallel

L 4

Cconductance of the oscillometer and is given by

wiccn,"ov’max) - A0 imin  ‘maz
(144) . = : ( 0 _°p LA . o
. 2 / 2
‘max)

[V

“mereAC’mar’ is equal to the difference between the minimum value,

[}

ac ) » where K is equal to zero and the maximum value, and

0.707(min

A 32 o
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aC which corresponds to KO

m N -
0,707 ' max. (peak

As would be expected, a change in the tctal equivalent conductance
of the oscillometer results in a change in the detector current, I, at
resonance. As shown in Fig. 22, the detector current decreases with an
increase in solution conductivity, reaches a minimum, and then increases
thereafter with increasing solution conductivity. The value of the
solution conductivity, Ko , where I is a minimum, corresponds exactly

‘min)!
for the AC response curve.
0,707

to K_’peak)

Theory predicts that the equivalent parallel capacitance, C.‘p , of the

cell-solution network should remain essentially constant at very small

values of X, then increase with increasing ¥ and finally reach a limiting
value at very large value of K (refer to Fig. 8). The difference be-
tween the extreme values of Cp is equal to Aﬁp and is given by equation
(56).

As previously stated, a change in solution parameters (conductivity
or dielectric constant) will detune the oscillometer from resonance.
The change in cell capacitance necessary to reestablish rescnance will
be exactly equal, but opposite in sign to the change in 'i'p . Therefore,
an increase in C_  as shown in Fig. 8 (for an increase in X) will result
in a decrease in the oscillometer cell capacitance as shown in Fig. 22.
At very large values of the solution conductivity, Cp should approach a
maximum limiting value as given by equation (55). Therefore, the cell
Capacitance should approach a minimum limiting value at large values of
the solution conductivity.

In Fig. 22, the cell capacitance response curve has not reached a

limiting value at the highest solution conductivity tested but appears



120

to approach it. Specific conductivity data beyond approximately 50,000
micromhos —cm-1 could not be obtained with any degree of certainty with
the conductivity bridge employed.

A comparison of the observed oscillometer response to that predicted

by theory can be accomplished most conveniently by use of the data given

in Table VI.
The experimental value for AC . ., K YA 4 ’
n_70° maxr <, p 2, o .
. ‘peak) ‘mid-point)
Ifmin) and Kﬁ were obtained from the response data given in Fig. 22.

‘ )
miv

The experimental values for X and ¥ min were cal-

K .
peak:*® = mid-point)

culated by use of the expression
(145) K = KO e a/l

where £ is equal to the solution conductance (mhos); Ko is equal to the
specific solution conductance; a/? is equal to the effective cell constant
of the condenser-type zell (cm); a is equal to the effective area of the
smaller of the two elertrodes (cm?) and 7 is the effecrive distance be-
tween the electrodes (cm).

The cell constant, a/! was evaluated for the condenser-type cell by

ugse of the expression61

—d —.E [} g
(146) ¢ = 4n l
or
(147) C=0.0885¢ + &

.
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Table VI. Oscillometer Response Data for Aqueous Solutions of NaCl

at 100 Mc/sec

Response .
| Quantity Experimental |[*Theoretical
Measured | |
|
|
]
Cap. Diff. | aC , , picofarads 2.02 2.11
0,°0° max)
at Half Gp( ), micromhos 635 662
l (max
- |
Power K , micromhos -cm 1,450 4,780
o | |
‘peak) |
Points K, .., micromhcs 52,100 172,000
(peak
ACp, picofarads >3 2.11
Ko , micromhos -cm | 1,450 4,780
Cell Cap. ‘mid-point)
. I
K/mid—point)’ micromhos 52,100 | 172,000
|
I!min)’ microamp { 17.0 | —=——-
Detector KO , micromhos -cm_l 1,500 4,780
‘min)
Current
K, . ,, micromhos 53,900 172,000
(min)

*Values used in calculations
Cé = 24,02 picofarads (Table V)
CO = 3,182 picofarads (Table V)

€y = 78.54 (25°C.)

20
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where ¢ is equal to the effective capacitance of the cell and ¢ is
equal to the dielectric constant of the medium contained in the cell.
When the cell contains air, the effective capacitance of the cell is

given by
(148) c =005 %
o L

where CO is equal tc the capacitance due to> the sample space of the

vessel and is therefore equal to the experimental cell parameter, Co’

given in Table V. The effective cell constant based upon the experimental
value for Co and equation (145) 1is equal to 36.0 czm.

As indicated in Table VI, the experimental values of the cell para-
meters Co and Cg were used in the calculations fcr the theoretical data.

The theoretical value for I/min‘ could not be evaluated due to the fact
4 L.y

that the resistive and reactive impedances of the complex oscillometer

network necessary to evaluate I/mfn) were not known.

“rs/

As predicted by thecry, the experimental values for Kc ,
“fpeglk)
peak.
K , and X are approximately equal to each other. How-
o, . ., o, .
(mid-point) min)
ever, there is a significant difference between the experimental conduc-

tivity values for % s K and K , and the ccrrespond-
0. . o o, .
peak) ‘mid-point ‘min)
ing theoretical values. The difference may be due, in part or in whole,

to the erroneous experimental values of Cg and Cc (Table III) used in

the calculations of the theoretical values of K and K _ .
‘peak! “imid-print)
The experimental value calculated for & is in good agreement
‘max’
with the theoretical value. The agreement in the data can be explained

on the basis of the measurements involved in the calculation. For the
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measurement of ACO - the main dial capacitor, Ct’ was fixed, and the

precision vernier screw capacitor, Cv, was varied. Since ACO,’O? is the
difference between two Cv values, the error associated with the individual
Cv measurements are partially cancelled when the difference is taken. As
a consequence, the absolute error in the value of AC , will be less
than the absolute error of either of the two Cv valueév

As shown in Table VI, the experimental value of éCp is approximately
1.5 times greater than the theoretical value. The discrepancy between
the experimental and theoretical values is probably due, in part or whole,
to erroneous values of Cb and Co used in the calculations of the theo-
retical value for ACP, and to the errors in the cell capacitance measure-
ments.

It is interesting to ncte that if the experimental value of G
is employed to calculate ACp (refer to equation (60), one obtains a(gifie
for ACp equal to 2.02 picofarads which is in good agreement with theory.
This agreement would further indicate that the error involved in the cell

capacitance is primarily due to error involved in the measurement of Ct'

Effect of Solvent Dielectric Constant upon the Oscillometer Response.

In Fig. 23 is shown the relationship between the oscillometer response
and the solution specific conductance for aqueous and methanolic solutions
of sodium chloride. The response data for the aqueous solutions of
sodium chloride are the same data as shown in Fig. 22 and was included in
Fig. 23 for comparative purposes.

Due to difficulties encountered in balancing the conductivity bridge
circuit at conductivity values greater than 12,000 micromhos -cm—l for

the methanolic solutions, sufficient response data was not obtained to
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completely define the response curves. However, the cell capacitance
difference at half power points response curve exhibits a maximum, the
detector current response curves, exhibits minimum and the cell capaci-
tance response curves appears to approach a limiting value at large
conductivity values.

As predicted by theory, and shown in Fig 23, a decrease in the di-
electric constant of the solution results in an increase 1n ACp, as indi-
cated by the cell capa-itance response, and an increase in G , as

Pimar)
indicated by the cell capacitanze difference at haif power points response.
Due to the increase in Gp with increasing solution dielectric constant, a
decrease in the oscillometer @-factor is observed and 1s indicated by the
detector current response.

In Table VII are given the experimental and theoretical oscillometer
response data for methanolic solutions of sodium chloride at a resonant
frequency of 100 Mc/sec. The agreement between the experimental and
theoretical response data for methanol is comparable to the agreement ob-
served for the aqueous response data given in Table V. With the exception
or G , the agreement between the experimental and

P imax)
theoretical data is not exceptionally good. As stated previously, the lack

of Aco.707(max)
of agreement is due, in part or whole, to the use of erroneous values for
Cg and Co in the calculations of the theoretical quantities and to errors
in the cell capacitance measurements.

In Table VIII, comparisons of the experimental and the theoretical
response data for methanol and water are given. The experimental data
necessary to evaluate the various quantities are given in Tables VI and
VII. The theoretical data were evaluated by means of the expression indi-

cated.
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Table VII. Oscillometer Response Data for Methanolic Solutions of NaCl

at a Resonant Frequency of 100 Mc/sec

I
' *
|
Response Quantity Measured for Methancl |Experimental Theoretical
Measured !
) !
Cell Cap. acg.f0¢'max)’ picofarads } 4.10 4.49
Diff. at G , micromhos ! 1,290 | 1,420
p’max.‘ { |
Half power 1 \
KO , micromhos -cm i 1,100 2,230
point (peak) ; |
I
K, ., micromhos ! 39,500 80,300
peak i
| !
| éCp, picofarads ] -5.5 ! 4,51
1
-1 N !.
Cell Cap. Kc ' . , micromhos -cm 1,000 2,230
‘mid-point) |
, | .
Kfmid—pcint)’ micromhos : *36,000 80,300
L rmin)? microamps 9.0 i
Detector K, , micromhos -cm T 1,100 2,230
‘ )
Current peax. |
-1 |
Kfpeak)’ micromhos -cm 39,500 80,300
I l

*Values used in calculations.

Cg = 24,02 picofarads (Table V)
Co = 3,182 picofarads (Table V)

€methanol ™ 32.63 (25°C.)
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Effect cf Dielectric Constant on the Oscillometer

Response (Solvents: Methanol and Water - Solute: NaCl

Frequency: 100 Mc/sec)

! 1
| P
Ratio : *Theoretical ii Experimental
I
| i
T ! I
K/peak) | ?g * CCE | X
“methano’ ! me +hans1 | 0.46 I 0.731
K, eak) C +Ce ! L
P water water | b
I H
! |!
! | 1]
c, i O+ Ch g |
(max/methanol T . water } 2.14 }! 2.03
Gp/max‘ | g ° methanol ! A
T water 2 L
I t
! ||
| [
AC C +C.¢ ! |
Prmethano? g ° vater | 2 14 | 1.8
aC C +Ce | - L o
Frater g % methanol ! :i
| | !

*Values uged in calculations.
Cé = 24,02 picofarads (Table I1I)

Co = 3,182 picofarads (Table III)

ewater

= 78,54 (25°C)

Cmethanol = 32.63 (25°C)
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As one would expect, the experimentally observed ratios of

G to G and AC to AC , are greater
P (max)methanol P max)water Prc thanol Pyater

than unity, and the ratio of X, to X
(peak)wa

‘peak) is less

methanol ter

than unity,
The surprisingly good agreement between the theoretical value calcu-

lated for the ratio of G to G and the value
‘max )methancl P imaz water
experimentally derived is fortuitous. The poor agreement bﬁ&ween the

K/peak)methanol Pmethanol
- and AT are

theoretical and experimental value for
peak twater top
thought to be due to errors associated primarily with the capac?génce

measurement of the main dial capacitor, Ct'

Effect of Resonant Frequency upcn the Oscillometer Response. In Fig.

24 is shown the relationship between the instrument response at 75 and
100 Mc/sec and the solution low frequency conductance for aqueous solu-
tions of electrolytes. The response data at 100 Mc/sec are the same data
as shown in Fig. 22,

As predicted by theory, a decrease in the resonant frequency results
and G . The effect of frequency upon these

(mazx)
parameters is clearly indicated by the cell capacitance difference at

in a decrease in X,
‘peak)

half power point response curves. For any given solution specific con-
ductance, the equivalent parallel conductance of the cell-solution network,

wAC
equal to —L.707 111 be smaller at 75 Mc/sec than at 100 Mc/sec.

2
A decrease in Gp with decreasing frequency 1s also indicated by the
increase in the detector current response. The minimum of the detector

current response curves at 75 and 100 Mc/sec correspond exactly to the
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maximum of the reflective cell capacitance difference at half-power point
response curves.

As shown in Fig. 24, the cell capacitance curves at 75 and 100
Mc/sec have not reached limiting values at the highest conductivity solu-
tion conductivity tested but appear to approach them. As a result, it is
not possible to evaluate the effect of frequency upon ACD. However, it
can be shown that at 75 and 100 Mc, the difference in cell capacitance

between the limiting value at small values of solution conductan-e and

the cell capacitance corresponding to maxima cf the .7 response

6.70"
r 6,70

curves Fr"K{peak)jare equal. One may assume, therefore, thatifb would
be independent of the resonant frequency as indicated by equation (356).

In Table IX are given the experimental and theoretical oscillometer
response data for a resonant frequency of 75 Mc/sec. The experimental
data necessary to evaluate G and oC_were obtained from the

‘max)
response curves shown in Fig. 24. The experimentally derived values of
Cé and Co given in Table V were employed in the calculations of the
theoretical data.

In all cases, the agreement between the experimental and theoretical
data 1s not exceptionally good. The large differences observed between
the experimental and theoretical data is due, in fact or whole, to the
erroneous values of Cb andCb employed in the evaluation of the theo-
retical data and the errors associated with the cell capacitance measure-
ments.

A comparison of the experimental and theoretical response data for

resonant frequencies of 75 and 100 Mc/sec is given in Table X. The

experimental data necessary to evaluate the various ratio are given in
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Table IX. Oscillometer Response Data for Aqueous Solutions of NaCl at a

Resonant Frequency of 75 Mc/sec

Response Quantity Measured or Evaluated Experimental |*Theoretical
Measured
AC - picofarads 1.85 1.57
0.707
Cap. Diff.
G , micromhos 436 369
at Half Power P (maz)
Points KO , micromhos -cm_1 1,200 3,540
‘peak)
Kfpeak)’ micromhos 43,700 129,000
ACP, picofarads | 22,7 1.57
-1 |
K , micromhos -cm 1,200 3.540
Cell Cap Ofmid-point) |
;
K(mid-point)’ micromhos 43,700 129,000
I(min)’ microamps 38 -——
Detector Ko , micromhos -cm—l 1,250 3,540
( )
Current peak,
K(peak)’ micromhos 45,500 129,000

*Values used in calculations.
Cg = 20.72 picofarads (Table V)

Co = 3,224 picofarads (Table V)

ey = 78.54 (25°C.)
20
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Table X. Effect of Resonant Frequency on Oscillometer Response

(Solvent: Water - Solute: NaCl - Frequencies: 75 and 100 Mc/sec)

Il a) | b)
Ratio !I Theoretical ! Experimental
|
1 |
X | | |
(peak) (5 0.75 0.75 N 0.84
X
{ )
peak) 1100) |
!
[ |
Gp l |
(mazx) (55 |% 0.75 H 0.56 0.69
Gp | | "
fmaz) /4 00) |
|
|
aC |
P(75) 1.00 0.74 © 1.2
AC
Pri100) |
|
|

H assumed to be constant and independent

a) Values of Co’ Cé, and ¢ 0
2

of frequency.
b) Experimental values of Cg and Co (Table III) used in theoretical

calculations. The dielectric constant of water assumed to be

independent of frequency, equal to 78.54 at 25°C.
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Table VII and IX.

Under the columns labeled 'Theoretical", two values are given for
each of the ratios evaluated. In column (a), the ratios were evaluated
on the basis of Co and Cg being constant and independent of the fre-
quency. In column (b), the ratios were evaluated on the basis of the
values of Cg and CO experimentally derived at 75 and 100 Mc/sec and given
in Table III. A gomparison of column (a) to column (b) values of

A

G
Pmaxi75 and P7s

G LC
p,

indicate that the experimental values of Cg and CO
p
evaTﬁgéégoat 75 anéOYOO Mc/sec are in error. It is furtuitous that the

! )7
column (a) and column (b) values for __peak)?s are equal.
peak)100
The agreement between the experimental and theoretical quantities
given in Table X is poor and is due tc errors in the cell capacitance

measurements used to evaluate the experimental quantities.

Oscillometer Response Curves for Perchloric Acid, Sodium Acetate

and p-Nitroaniline in Glacial Acetic Acid. In Fig. 25 is shown the re-

lationship between the oscillometer response obtained at 100 Mc/sec and
the low frequency specific conductance of perchloric acid, sodium acetate
and p-nitroaniline in glacial acetic acid at 25°. The data were obtained
as described on page 71.

Only in the case of perchloric acid was sufficient data obtained to
clearly define the shapes of the response curve and permit a comparison
to the predicted response (Fig. 8). Due to the limiting conductivity of
p-nitroaniline and sodium acetate in glacial acetic acid63, specific
conductivity data beyond 1 micromho —cm-l and 100 micromhos -cm—l,
respectively, could not be obtained. The largest conductivity values

indicated in Fig. 25 for p-nitroaniline and sodium acetate correspond to
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saturated solutions.

In general, it can be said that with an increase in solution con-
ductance, the decrease in cell capacitance and detector current is
greatest for p-nitroaniline and least for perchloric acid. Also, with
an increase in solution conductance, the increase in the cell capacitance
difference at half power points is greatest for p-nitroaniline and least
for perchloric acid. The relatively small differences observed between
the cell capacitance difference at half power point response curves for
three solutes are not readily apparent as shown in Fig. 25.

As expected, the general shapes of the response curves for perchloric
acid in glacial acetic acid are comparable to the response curves ob-
tained for aqueous solutions of electrolytes. However, due to the low
dielectric constant of glacial acetic acid, equal to approximately 6 as
compared to 80 for water,K(peak) observed for the glacial acetic acid
solution is less than K(peak) observed for the aqueous solutions. Also,

ACb and G is greater for the glacial acetic solution as compared

p (max)
to the respective values for water.

The difference between the various response curves for p-nitroaniline,
sodium acetate and perchloric acid is readily apparent even though
sufficient data were not obtained to clearly define the curves. The

differences observed in response for these solutes is probably due to

ion-pair formation and dipole interaction63.



APPLICATION

To test the performance of the oscillometer, a simulated aqueous
titration of sodium hydroxide with hydrochloric acid and a nonaqueous
(glacial acetic acid) titration of sodium acetate with perchloric acid
were performed and the dielectric constants of some pure solvents were
evaluated at a resonant frequency of 100 Mc/sez and 25°C,

In the oscillometric titration method, it is common practice to
first obtain oscillometer response curves for the titration system to be
studied, which show the relationship between the instrument response and
the solution conductivity (or concentration) of the substance to be
titrated, titrant, or product. Having obtained a response curve it is
possible to select the proper conductivity (or concentration) range in
which the substance titrated, titrant or product must fall to obtain
straight line titration curves. A quantitative interpretation of the
oscillometric titration curves can be accomplished by means of the
oscillometer response curves and the low frequency conductance titration
curves obtained for the titration system,13’24

To evaluate the dielectric constant of a test solvent, two methods
may be employed.

The first methodll involves the use of a calibration curve which
relates cell capacitance at resonance to the dielectric constant of the
solvent. To evaluate the dielectric constant of an unknown, the test
sample is introduced into the cell assembly vessel and the cell capaci-
tance at resonance measured. The dielectric constant of the test sample

is determined by use of the calibration curve.

136
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In the second method,l3’24

the cell parameters, CO and Cg’ are
evaluated as described on page 69. Having obtained CO and Cg’ it is
then possible to evaluate the dielectric constant of an unknown by use
of equation (68) as described on page 71.
In this investigation, the second method was employed to evaluate
the dielectric constants of some pure solvent in order to demonstrate
the use of equation (68) and to observe the error in the derived dielectric
constant measurement which result from errors in the cell capacitance and

cell parameter measurements.

Oscillometric Titrations. To illustrate the application of the

response curves for the simulated aqueous titration of sodium hydroxide
with hydrochloric acid, the oscillometric response data presented for
sodium chloride in Fig. 22 was selected and is shown in Fig. 26, The
only difference between the response curves shown in Fig. 22 and 26 is
that in Fig. 22, the abscissa is scaled in logarithmic units of specific
conductivity, whereas, in Fig. 26, the abscissa is linear. In general,
a linear relationship between the instrument response and solution con-
ductivity is preferred to the semi-log relationship when the response
curves are employed to interpret oscillometric titrations curves.

As shown in Fig. 26, the oscillometer responds with maximum sensi-
tivity in a nearly linear manner through the conductivity range A to B.
Therefore, in an oscillometric titration, the concentration of substance
to be titrated, titrant or product, should be selected to fall in this
region of solution conductivity in order to obtain straight line titra-
tion curves. Through the interval A to B, the cell capacitance and

detector current decrease and the cell capacitance difference at half
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power points increase.

At point B on the response curves, the cell capacitance difference
is a maximum, the detector is a minimum, and the cell capacitance is
equal to the mid-point value between the extremes. In the conductivity
region corresponding to B, the cell capacitance difference at half power
points and the detector current are least sensitive to changes in solu-
tion conductivity. This region of conductivity is to be avoided in
oscillometric titrations because the oscillometric titration curves ob-
tained for the detector current and cell capacitance difference at half
power points will be M-shaped or W-shaped. When these types of oscillo-
metric curves are obtained, it is difficult to locate the equivalence
point.

Through the conductivity region B to C, the cell capacitance and
cell capacitance difference at half power points decreases in a non-
linear manner, whereas, the detector current increases linearly. If
during the titration, the conductivity of the system falls in this in-
terval, the oscillometric titration curves obtained for the cell
capacitance and cell capacitance difference at half power points will
consist of curved lines where as titration curves obtained for the
detector current will consist of straight lines.

In Fig. 27 are shown the three oscillometric titration curves
obtained for the simulated aqueous titration of sodium hydroxide with
hydrochloric acid. The difference in the curve shapes are readily
apparent. A general interpretation of these curves are based on Fig. 28,
the low frequency conductivity titrations and Fig. 26, the response

curves relating oscillometer response to the solution specific
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conductance. The low frequency conductivity titration curve shown in
Fig. 28 was obtained with an identical series of solutions as used to
obtain the oscillometric titration curves.

Through the course of the neutralization reaction, the sclution low
frequency specific conductivity decreases and the oscillometer cell
capacitance and detector current increase, whereas, the rell capacitance
difference at half power points decreases.

Beyond the equivalence point, the solution specific conductivity
increases and the cell capacitance and detector current decrease, whereas,
the cell capacitance difference at half power points increases. It
follows that oscillometric titration curves relating cell capacitance
or detector current to volume of titrant should be inverted V-shaped
curves and that the oscillometric titration curve relating cell capaci-
tance difference to volume of titrant should be V-shaped as shown in
Fig. 27.

In Fig. 29 are shown the oscillometric titration curves obtained for
the simulated titration of sodium acetate with perchloric acid in glacial
acetic at 100 Mc/sez and 25°.

A general interpretation of these curves are based upon Fig. 30, the
simulated low frequency conductometric titration and Fig. 23, the oscillo-
metric response curves and may be accomplished in the manner as discussed
for the aqueous titration.

Dielectric Constant Measurements. In Table XI are given the di-
electric constants of some pure solvents evaluated at 100 Mc/sec and 25°.
The method employed to evaluate the dielectric constants is described on

page 71.
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Table XI. Dielectric Constants of some Purified Solvents

Evaluated at 100 Mc/sec and 25°

: ; Relative
| Dielectric Constant i
| i Error
| Literature Experimental | Per Cent
! | |
Benzene | 2.275 ! 2.278 | +0.1
I | ‘
Chloroform l 4,806 ; 4.790 | -0.3
! i i
Chlorobenzene l 5.621 ! 5.586 { -0.6
| | |
1,2 Dichloroethane | 10.36 ' 10.21 | -1.5
[ |
Acetone 20.71 |  20.79 l +0.4
l i !
Nitrobenzene 34,82 |  35.21 ! +1.0
' l
|
Water 78.54 [ 79.80 ! +1.6
|

a)

b)

Reference 62.

Average of three determinations.
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Although the cell capacitance measurements and the cell parameter
values Cg and Co employed in the calculation of the dielectric constants
(equation (68) are thought to be in error, the experimentally derived
dielectric constants are in good agreement with literature values. The
relative error of the measurements is shown to be largest for the sol-
vents of high dielectric constant. This apparent increase in the relative
error of the measurement with increasing dielectric constant is primarily
due to the errors associated with the quantity iéCa - Aﬂsj in equation

(68). The greater the difference between QCS and cCa, the larger the

absolute error in IQC . As discussed on pages 108-113, the error

- AC
a g

)
in the cell capacitance measure associated with the main dial capacitor,
Ct’ appears to increase with increasing separation of the eleztrodes.
When a material with a high dielectric constant is ccntained in the cell
assembly vessel, the separation of the electrodes of Ct at resonance will
be large as compared to the separation of the electrodes at resonance for
the empty vessel. As a consequence, the error in ACS, will be large as
compared to ACa.

If the main dial -capacitor, Ct’ and vernier screw capacitorc, Cn’ were
calibrated, it would be possible ro accurately measure the cell czpaci-
tance values, ACa, ACS, and ACH and then evaluate precisely cell

Pparameters, Co and Cé. In turn, the dielectvri: constant of a test material

could be determined precisely.



CONCLUSIONS

A prototype high frequency oscillometer operating at 100 megacycles
per second was developed. A cylindrical reentrant cavity was employed
as the resonant circuit element. High frequency voltage was induced in
the cavity by inductive coupling of the cavity to a constant voltage and
constant frequency generator. The current flowing in the cavity was
indicated by a tuned detector circuit which was capacitively coupled to
the cavity. The high frequency energy received by the detector probe is
rectified and applied to the grid circuit of a dc amplifier tube which
is part of a modified Wheatstone Bridge circuit. Bridge unbalance is
linearly related to signal intensity.

One electrode of a precision variable rapacitor was directly con-
nected to the inner cylinder and the other electrode was connected to
the outer cylinder of the cavity. Connected in parallel with the pre-
cision variable condenser was a condenser-type cell. When the oscillo-
meter was initially tuned to resonance, a change in conductivity and/or
dielectric constant of the solution contained in the cell detuned the
oscillometer. Resonance was reestablished by adjustment cf the pre-
cision condenser as indicated by maximum detector current.

Equivalent circuits are proposed to represent the signal generator,
cavity, detector and cell-solution networks. A qualitative interpretation
of the instrument response in terms of these circuits is presented.

The net effect of coupling the tuned detector circuit to the resonant
cavity is to lower the @-factor of the resonant cavity (or to increase

the equivalent shunt conductance of the cavity). Optimum detector

147
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current at resonance is obtained when the reactance of the cavity and
detector circuits are equal to zero (i.e., when both circuits are tuned
to resonance).

The oscillometer response curves obtained indicate that the changes
in instrument response, effective detector current at resonance, cell
capacitance at resonance and cell capacitance at half pcwer pcints are
related to changes in admittance of the cell-solution network as described
by Reilly and McCurdy. The design of the instrument is such that changes
in susceptance and high frequency conductance of the cell-solution network
can be measured directly.

Equations were derived and a method described and used to evaluate
the cell parameters C , the capacitance due to the walls of the vessel,
and, Co’ the capacitance due to the annular sample spaces containing air.
Also, an equation was derived and used to evaluate the dielectric con-
stant of some pure solvents.

In the present study, no attempt was made to calibrate the main dial
and vernier screw capacitors of the dielectric sample holder at 100 Mc/sec.
The calibration data supplied by the manufacturer and obtained at 1000
cycles per second was employed in all capacitance measurements. In
order to obtain precise capacitance measurements, it is imperative that
the dielectric sample holder be calibrated at 100 Mc/sec. In turn,
precise dielectric constant measurements would be possible.

Instrument performance was satisfactorily tested with a simulated
titration of an aqueous solution of hydrochloric acid with sodium hy-
droxide and a simulated titration of a glacial acetic acid solution of

sodium acetate with perchloric acid. Interpretation of the oscillometric
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titration curves were accomplished by use of the oscillometer response
curves and low frequency conductance titration curves.

It is without question that certain improvements in the mechanical
arrangements and design can be made to improve the performance of the
resonant cavity oscillometer, such as: (1) A practical titration cell
be designed to permit stirring of the solutions. (2) For an instrument
to be used primarily for titrations, the resonant cavity can be positioned
vertically and the titration vessel inserted into the end of the cavity
so that the test solution is located in the gap formed by the end clos-
ures of the inner and outer cylinders. In this position, the electro-
static field existing within the cavity is most dense. Consequently,
the interaction between the electrostatic field and the test solution
should be greatest in this position. (3) To increase the @-factor of
the oscillometer, a crystal diode detector and vibrating reed electro-
meter can be used. By proper selection of the resistive and capacitive
components in the crystal diode circuit, it should be possible to mini-
mize the resistive impedance coupled into the cavity as compared to the
tuned detector circuit employed in the present study. (4) To extend the
concentration ranges in which the oscillometer responds with maximum
sengsitivity in a linear manner, a smaller resonant cavity can be employed.
The resonant frequency of the cavity will be inversely proportional to

its mechanical dimensions.
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APPENDIX I

Sample Derivation for Universal Resonance Curves*

The effective impedance of a series resonance circuit as shown in Fig.

1l is given by

b -
(3) 2= R+ il - o ;

(8) wlL = ——
and

(10) Z =R

where the subscript zero denotes resonance. If the inductance, L, and
resistance, R, of the series circuit are constant and independent of the
frequency, the circuit may be tuned to resonance by adjusting the series
circuit capacitance, C.

Equation (3) may be rearranged o express the impedance of the
circuit in terms of the circuit @ and the fractional capacitative tuning
which is given by

(15) v =
()

*The equation numbers appearing in the Appendices correspond to
equation numbers appearing in the body of the text with the exception of
equations prefaced by A which are new expressions and appear only in
the Appendices.
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where C is the actual capacitance and CO is the capacitance at resonance.

Rearrangement of equation (1) in terms of the frartion tuning yields

It ! \“2\
(A-1) z = |R? + lmL - Llll' |1/2
wC 'yl
[y 2 L
or
¢ L o178
_ (L 71,2
(A-2) Z-Ril - wCORI\Y,l! 5
)

Since the inductance L 1s constant and is equal to Lo’ the above equation

may be rearranged in terms of @, as given by

(A-3)  z=R|1+ lg-qlil| |
| (Y,
( N ) )
where
wlo 1
(8) et g - R

Thus, the ratio of the actual impedance to the impedance at resonance

is .
rl1 + 02l1 - -1-]2]}/2

Z - 1 i Y
(A-4) z_ R
o)

Factoring out the R terms, the ratio of the actual impedance to rhe

impedance of the RLC series resonant circuit is given by

Z

4

IN

1+ Q%1 -

\

J

(16) £ =
(o]

<
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The universal resonance curves for the series and parallel RL”
circuit, obtained from equations (17), (18), and (19) and equarions (26),
(27), (28), and (29) may all be derived in a similar way by rearrangement
of the appropriare expression for the quantities inuclved, in terms of

the circuit ¢ and fractional capacitative tuning.
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APPENDIX 11

Farts Iist for the Resonant Cavity Os~illometer

Cavity resonator, Fig. 12

Condenser-Type Cell, Fig. 13

Coupling Probes, Fig. 12

Type 1960-A Dieleztric Sample Holder, General Radio Co., Fig. 14

250 pfd, 21 plate air condenser

500 pfd, 500
0.1 mfd, 400
0.5 mfd, 400
0.1 mfd, 400
4.7 megohms,
3.3 megohms,
20,000 ohms,
10,000 ohms,

47,000 ohms,

V.

v,

V.

V.

0.5 watt

0.5 watt

0.5 watt potentiometer
0.5 watt

0 5 watrc

390 ohws, 0.5 watt

4700 chms, O.

25,000 ohms,

6800 ohms, O.

R. F. choke,

Primary 115 V., 60 cycles: se:ondary No.

5 watt
0.5 watct potentiometer
5 watt

16 turns, No. 22 enamel

No. 2: 6.3 V., 1.2 amps

0.30 microammeter

0-200 microammeter, 0-0051 microamp, div

is7

1:

180-0-180V; Secrion
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6SQ7

6 x 5-GT

DPST toggle switch

DPST toggle switch
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APPENDIX III

Operating Procedure for the Resonant Cavity Oscillometer

Connect the input terminal of the cavity resonator to the source of

high frequency oscillation (Refer Appendix V, Operating Procedure

for the Hewlett Packard Model 608A VHF Signal Generaror).

Set the ammeter toggle switch to HIGH SEN. and the high sensitivity

galvanometer switch to OFF.

Connect the power cable to a source of 115 volt 60 rycle current, and
turn the power switch ON. Allow 10 to 15 minutes warm up for the

6SQ7 tube to stabilize.

Rotate the deteztor SENSITIVITY control to the extreme counter :zlock-

wise position (lowest detector sensitivity).

Set the ammeter toggle switch to the LOW SENS. position. The de-

tector current is indicated by the 0-30 microammeter.
Turn the detector capacitance dial to 250.

Rotate the main dial of the dielectric sample holder until a maximum
meter indication is obtained. If the meter indication initially is
less than zero, rotate the ZERO SET control until the meter indica-

tion is greater than zero.

Set the high sensitivity galvanometer, 0.200 microamps, to the
X0.001 sensitivity position and rotate the ZERO ADJ. control until

the meter reads zero. Set the meter toggle switch to HIGH SENS.
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12.

13,
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Adjust the detector SENSITIVITY control to give a desired meter
indication with the oscillometer tuned to resonance. It may be
necessary to rotate the vernier screw of the dielectric sample
holder to tune precisely the os<illometer to resonance as indicated

by a maximum meter indication (refer to Fig. 19).

Detune the cavity from resonance by rotating the main dial of the
dielectric sample holder until a minimum meter indication is observed.
Increase the galvanometer sensitivity by step switching, as the

meter indications decrease, to determine precisely the minimum meter

indication.

Rotate the ZERO SET control until the meter indication 1s zero
(clockwise rotation of the ZERO SET control will increase the meter
indication). The ZERO SET control most be readjusted for every

change in the setting of the SENSITIVITY control.
Set the galvanometer sensitivity switch to X0.001.

Turn the detector capacitance dial to a new setting. Then, rotate
the main dial of the dielectric sample holder until a maximum meter
indication is observed. Rotate the vernier screw to precisely de-
termine the maximum. Repeat this procedure until a maximum meter
indication is observed for a given setting of the detector capaci-
tance dial when the oscillometer is tuned to resonance (refer to

Fig. 20).

After having determined the setting of the detector capacitance to
give maximum oscillometer response, as described above, high fre-

quency measurements can be made.



APPENDIX IV

Hewlett-Packard Model 608A VHF Signal Generator Specifications

Frequency Range

10 to 500 megacycles in 5 ranges
Ranges: 10-21 Mc, 21-45 Mc, 45-100 Mc, 100-230 Mc,
230-500 Mc

Calibration Accuracy

Within * 17%. Frequency settings can be duplicated within
0.27%.

Output Voltage

0.1 microvolt to 1.0 volt, continuously variable, Direct
Reading ccntrols calibrated in voltage and dbm.

Rated Load Impedance

50 ohms resistive

Internal Impedance

50 ohms; maximum VSWR 1.2

Output Voltage Accuracy

Within * 1 db rated load over entire frequency range.

Leakage
Negligible

Power Supply Rating

Voltage - 115/230 volts * 10%
Frequency - 50-60 cycles/sec

Wattage - 150 watts

161






162

RF Output Connector

Amphenol No. S0-239 CPH-49194, 83-1H Series UHF



APPENDIX V

Operating Procedure for the Hewlett-Packard Model 608A VHF

Signal Generator

Connect the OUTPUT terminal of the Model 608A generator to the cavity
resonator power input terminal by means of a RG8/U coaxial cable

—
terminated with Amphenol 83-1SP (PL-259 CPH-49190) connectors. i 3

Connect the power cable to a source of 110 volts - 60 cycles current, s

and turn the POWER switch ON. Allow 10 to 15 minutes warmup for the

output frequency and level to stabilize.
Set the RANGE control to the desired frequency range.

Rotate the frequency control until the desired frequency is indicated

by the frequency dial.

Set the CW, PULSE 400 >, 1000 =, Ext. MOD switch to the CW position

(output without modulation).

Adjust the OUTPUT LEVEL control until a reading is obtained on the
output voltmeter. Do not bring this level up to a full scale reading

on the meter.
Adjust the TRIMMER knob for a maximum reading on the output voltmeter.

Set the OUTPUT LEVEL control to SET LEVEL point on the output volt-
meter and adjust the ATTENUATOR control so its dial reads 500

millivolts.
a. Periodically readjust the TRIMMER knob for a

maximum reading on the output voltmeter to
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insure output frequency stability.
Readjust the OUTPUT LEVEL control to the SET
LEVEL whenever a change in output is indicated

by the output voltmeter.




APPENDIX VI

Sample Derivation for the Cell Parameters Equations !Co and qu
| i

At resonance, the total equivalent capacitance of the resonant cavity

oscillometer for any given frequency is given by

(4-5) Criotar) = O Ut vis

where Cx is the total equivalent capacitance of the oscillometer excluding

the capacitance associated with the cell-solution load, Cs’ and the
, ;
capacitance associated with the dielectric sample holder, |Ct - Cvls'
. I

The capacitance term Qx includes the distributed capacitance of the
resonant cavity and also includes the equivalent capacitance as a result
of capacitive reactance coupled into the cavity by the signal generator
and the detector circuits. The magnitude of the capacitance terms

and Qx are unknown. However, at a given frequency, they are

C(total)

assumed to be constant and operate independently of the capacitance terms

\
o and[C —CJ.
8 t V8

The capacitance term lCt - Cv;s is the difference in capa:itance
between the reading of the main micrometer dial, Ct’ and the vernier
screw, Cv’ of the dielectric sample holder and represents the capacitance
value measured for the test sample coﬁtained in the cell.

The capacitance term, Cs’ represénts the capacitance of the condenser-

type cell and is given by

C Coe8
(a-6) Co=C +Cc
g o8
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where Cé is the capacitance due to glass walls of the cell, CO is the
capacitance of the cell containing air and €g is the dielectric constant
of the test sample contained in the cell. Equation (A-6) is identical in
form to equation (54) and assumes that the resistance of dielectric
contained is so large as to be negligible in the equivalent parallel
capacitance term for the condenser-type cell (Refer to equation (50).

In general, when a dielectric is contained within the cell, the
total capacitance is thus given by

CC e

;]
c 2 +

(A-7) C(total) =t tT 0 ¢ s
g o s

>
(D)

where ACS is equal to the capacitance difference between Ct and Cv,

{ s
lCt - Cv g’ which 1s measured for the particular dielectric.
J

When air is contained in the cell, the total equivalent oscillo-

meter capacitance at resonance 1is given by

ccC

= —_°4g
C(total) Cx * Co + Cé * ACa

(A-8)

where ACa is equal to the capacitance difference iCt - Cv}a measured for
air.

When mercury is contained in the cell, the equivalent parallel
capacitance of the cell (equation (51) is reduced to Cg’ and the total
equivalent oscillometer capacitance is given by

(A-9) =C +C + AC
T g

H
g

C(totaZ)
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where ACH is equal to the capacitance difference,

g
for mercury.

¢ N
!
:Ct - CUJH measured
g
By use of equations (A-7), (A-8) and (A-9) one may derive the cell
constants Co and Cb in the following manner:
Equation (67),

C*-C_ (a0 - oC
g 9|

is obtained by equating equations (A-8) and (A-9) to <liminate the cons-

tant terms C and Cz' The resulting expression is solved for Co

(total)

in terms of C_ , AC , and AC, .
g a H

g

Equation (66),

le -IIIACS-ACH i
C = c) = . g
g a P A "
“s|3C_ - aC, -1
L g,

is obtained by equating equations (A-7) and (A-8) in order to eliminate

the constant C and Qr' The resulting expression is solved for

(total)
Cé in terms of Co, ACB’ ACH , and Fgt The value cf Co’ given by equation

(67) is substituted into the expression obtained for Cg and Cé reevaluated

in terms of ACs, ACH , ACa, and €y

The value of Cb may be calculated by measu:ement of ACa for air,

ACH for mercury, and AC8 for a material of known dielectric constant,

€g Having determined the value of Cé by use of equaticn {67), it is

then possible to substitute the value of Cé, ﬁCa, 2Cy  into equation (66)

g
and calculate the value of Co'

gl a Hg}
o | Aca - ACH i !
\ 5)

h o



Equation (68),

"
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, CC
- 99
c [Aca 80,) + 750
e =-4 g2
8 CO \ CCO
C-AC-ACJ-—E—
g a 8 Cg + Co;

is obtained by equating equations (A-7) and (A-8) to eliminate the cons-

tants C and C .
x

(total)

of C , C , AC , and AC .
g’ o a 8

The resulting expression is solved for £q

in terms

1

o



APPENDIX VII

Susceptance Variance Method57-58and Derivation of Equations

When a constant alternating voltage, V2, is applied between the
terminals, a and b, of a series resonance circuit as shown in Fig. A-1,

the current flowing in the circuit is given by

t
A /
- = = 2 .
(A-10) I2 Zt % |
R + juL + -
1+ juwCR
2 2 J )'p |
J
In this equivalent circuit representation the subscript 2 denctes the ;}

resonant cavity and therefore, is consistant with previous circuit re-
presentations. However, the voltage source V2, the resistance Rz’ the
inductance L2, and the capacitance Cz’ all represent the total equivalent
series parameters of the oscillometer. In this representation the parallel
resistance, Rp’ would be analogous to the equivalent parallel cell solu-
tion load (equation (47) THEORY).

The voltage drop, V', across the capacitance C2 (or across points

c-d) is given by

r

- ' = - P
a-11) V' =1 \75 = F
2 p
or
{ R
Y ~
1+ jJwC R l
(A-12) yr = 2 P y
R 2
R2 + Jsz * T ijzR
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Rearrangement of the terms in equation (A-12) yields

4
R + Jul

(A-13) V' == 2 2—

= + Jul + o———

R R + Jul

p 2 2
1f the quantity E——:%;;E—-is rationalized and the- terms-of the equation
2 2

(A-14) are grouped into the real and imaginary parts, the voltage V' is

equal to
| R L
(A-15) V' = tRzz+2wZL2£ o 5 +2szl.V,
-1 R L? l
r*rrh?rz”w%'W|
1% 2 2 2 2
Since the quantity ﬁ;—is equal to Gp’ the parallel shunt conductance, and
p
R
the quantity ﬁ—z-:fﬁyf—z is equal to the equivalent shunt conductance,
2 2

Ge’ of the R2 - L2 network, equation (A-15) is reduced to

(

JwL
G- rzro |V
(A-16) V' = 2 L2 :
Gy +9u |C) - 77 57T 2
. 2 2

where G, 1s equal to the total equivalent shunt conductance, and

t
1 R
D) Gy =gt pTrE T " Gt G
p 2 2

Resonance is obtained when the capacitance ¢ is adjusted to yield
2

maximum effective voltage V’/res) under condition of constant applied
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voltage, V2, at angular frequency, w. 1t is evident from equation (A-17)

that the value of the capacitance, C y» that will yield maximum effect-
2 /

‘res

ive voltage, V is equal to

1
{res)’

L
A4-18)  C rnpe) = BT 70T
2 2
The maximum effective voltage at resonance is then equal to
[ wl 1
a-19) » _ [Ge - J 622 + szOLJ;Vz
‘res’ = G,

The ratio of the voltage for any given value of C , to *he vcltage
2

at resonance 1s given by

V' G,
(A—ZO) V! = T - I l
(resgl I 2
Gy + 00 = T 7542 7|
2 2 )
or
¢ 5 G2

t 2 R~ + w‘L “|

2 2

VI

The value of C , for any given value °f‘77"“" is given by
2 ‘res,

L Gt 7 1 1/2

-22) € = pralmr T !
2 2 |V'_-

i (res, j

L
Since the quantity Er7—;2;75—7 is equal to Ca(res" equation (A-22) is
2 2 ’ ’

reduced to
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Gy 1 |2/2
(A-23) C2 = Cg’res‘ T =l 7 Vo -ZI
'Vr T :
| res)j |
AY )
V'
If for a given value of —5—, C and Cb are chosen to represent
(res)

the two capacitance values of C to satisfy the conditions of equation
2

(A-23), their values may be given by

Gf( ; 11/2
(A-24) Ca=¢ (res) T o | v 27N
,l;n“—-—-! I
i( (res) J
and
Gt 7 , 1 1/2
(4=25) Oy =C (pes) = % I’_'v_" c -1
’
lkv (res)

It is evident from equations (A-24) and (A-25) that the capacitance

at resonance, C

(res)? is equal to

(A- =
(A-26 cz(res) l/lea + ch

and that the total equivalent shunt conductance Gt’ is equal to

c - w{Ca - Cb) ﬁ wAC

- ab
t 1 11/2 1 N

2 72 =1 2(r--17r-']z -1
e r_T_____
v (res)J '&V (res)

( j Q J

(A-27)
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If the capacitance values Ca and Cb are the two capzacitance values

7!
of 02 (on either side of resonance) which correspond to VTL——_— = (0,707
{regl
(the half power points), the value of Gc is equal to

(A-28) G, = 0202

The @-factor for the cavity resonance circuit (Fig. 1)} is related

to the capacitance difference at the half power points by

(A-29) Q = qu(res) _ 207(?63)

G, ~ £Co,707




APPENDIX VIII

Fundamental Equivalent Circuit Representation of the Resonant Cavity

Oscillometer and Derivation of the Circuit Equations (for the

Capacitive Coupling)

The fundamental equivalent circuit drawn to represent the resonant
cavity oscillometer is shown in Fig. A-2.

The subscript 1 denotes the signal generator circuit. The constant
applied signal generator voltage is given by V . R: and Ll represent
the total equivalent resistance and inductance of the loop probe used to
couple the signal generator to the resonant cavity. The mutual induc-
tance between the inductor L1 and inductor L2 is represented by MLZ

The subscript 2 refers to the resonant cavity circuit. L2 repre-
sents the total distributed inductance of the resonant cavity. R2
represents the total equivalent series resistance of the resonant cavity
and includes not only the distributed resistance of the cavity but also
includes the equivalent series resistance of the condenser-type cell-
solution load (refer to Fig. 11). The variable capacitance, Cz’ repre-
sents the total equivalent series capacitance cf the cavity network and
includes the total distributed capacitance of the cavity, the parallel

capacitance network of the dielectric sample holder iC and C” and the

t
!
equivalent capacitance associated with the condenser-type cell-solution
load (refer to Fig. 11).
The subscript 3 refers only to that portion of the detector circuit

(Fig. 11) which preceeds the detector tube V . The variable capacitance

C , represents the detector probe capacitance which is connected to the
3
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rod probe. The resistance R3 and inductance L3 represent the tortal
distributed resistance and inductance associated with the detector net-
work.

The circuit representation shown in Fig. A-2, differs from that
shown in Fig. 16 in that the detector is capacitively coupled to the
cavity by capacitance, Ch. Whereas, in Fig. 16, the detector is shown
to be inductively coupled. As previously stated, the same qualitative
interpretations of the coupled resonance circuit (Fig. 16 or Fig. A-2)
may be derived for either form of coupling, inductive or capacitive.
For the inductively coupled circuits, it is much simpler to show the
relationship between the voltage, current, and impedances of the various
loops.

For the circuit shown in Fig. A-2, the following equation may be
written to represent the voltage and current relationships of the four
loops (circuit 1, 2, 3, and the capacitive coupling network consisting
of 02, QM’ and C3)

(
(A-30) vV =1 l(R1 | + I Ijx
\ 1

( 4 Y[
(a-31) 0=1I lRZJ |1 - ImJ l-a’x

S . , .
(a-32) 0=1I fjx J+|I - I ||-dx '+|Im-I|
! { )

r .
A-33 0=I IR | +1I{jx, |+
(4-33) 3|\3;| a!\JZI

Then rearrangement of the terms yields the following equaticns

(A-30a) Vv = [R + dX, JI +
1 1 1

i

jXM lI')
2 2

{




{ 1 Y s
- = |4 - 'r ‘5
(A-3la) 0 = X, !I‘ + IiRz + J’XZ X, |’-2 + !ch 7,
‘ 12, . vo2 2) | 2,
(A-32a) 0 = |jx "I+I"x +X o+ X ‘11 ¢ lax |1
a _Jch 'ch e e ||I'm iJcl‘;
\ 2 ! 2 m 9)} . ey
\
r N { 7 '
(A-33a) 0 = |jX, er + 33 +glx, - X, ,.ra
\ m v 3 5).'
)
These simultaneous equations are of the general form ﬂ
(A-30b) A=a I +a I +a I _ +a I
1y 12 2 ,3m e 3
(A-31b) B=a I +a I +a I +a I |
2. 1 22 2 23 m 24 3 b,
(A-32b) C=a I +a I +a I +a I
RIS 32 2 3z m 3.3
(A-33b) D=a I +a I +a I +a T
o 42 2 vy m a3
where:
A=17T a = jX
23 Jc_)
B =20 a =10
e
C=0 a =0
3.
D=20 a?2 =,7Xc
2
a“=Zj-R_+‘7XZ a =—J‘Xc »‘-Xc +Xc|
a‘12 = JXM a.h = ch.
12 3
a =0 a =0
12 i
a =0 a =0
14 2
a =jX a =JjX
21 JM,z 43 ‘70,,,
= = - = = DY -
a, 22 R2+,7XZ xc] a z3 R3+J[_Z XGJ
o2 2j i 2 3
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These simultaneous equations may be solved for I , I?, Im and 7 by the

use of determinares.

(A-34)

or

(A-35)

In a similar

given by

(A-36)

(A-37)

For example for T

P wnt

Iy a 0
2
Lo a a
| 22 23
0 a a
37 33 .
0 0 a
I 22 Ll
a a 0
12
la a a
22 22
0 a a
23 37 aL
0 0 a
a aa -a aa -a a a l
I = 22 33 4 02 3u 43 23 32 4. v
. a a aa -aaaa -aaaa i -
Y122 32 4u L 22 34 43 C2E a2 wa |
-a a aa +a a a a '
12 21 22 uy 12 2. 3. 43 |

I
2

I

—

manner, the value of I?, Im and 13 may be determined and are

-a a a

+a a a |V
_ 21 33 be 2% . uwil
a a a a - a a 2 -a a a a
1. 22 33 ub 1122 36 4% L 23 22 .
-a a aa +a a a a
12 21 33 tu L2 21 34 u3
a a a
- 21 32 uu
a a a a - a aa -a aaa
11 22 33 ub 11 22 34 43 i1 23 22 uu
-a a a a +a a a a
12 21 23 4L 12 21 34 13

[
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-~

-a a a 1
(A-38) I = 21322 L3 1%
3 a a a a - a a a -a a a a 1
11 22 33 4y 11 22 34 =3 11 23 32 4o
-a a a a +a a a a
12 21 33 uy 12 21 34 43

To illustrate the complexity and difficulty in handling the above equa-
tions, one need only substitute the proper impedance and reactance value
for each of the coefficients. For example, the denominator for equations
(A-35) - (A-38) is given by

‘

(A-39) Denominator =2 2 2 |-g X_ + X, + X
123 e m ¢, 2 m
2 a, i m

+2 2 X% + X2, 2
13 ¢ M
2 12 7 2 m ey

2 2
+X M Xc
12 3

To determine the absolute magnitude for the respective current values,
all manipulations must be carried out vectorially, which in turn intro-
duce many more terms as compared to the current obtained for I2 (equation
(117) in the treatment of the inductive coupled circuits (refer to DIS-
CUSSION AND RESULTS).

The value of Xc or' Xc which will produce maximum effective detector
2 3

current may be found by differentiating the expression for IQ (as given
in equation (A-35), and in which the proper values of resistances and
reactances are substituted) with respect to the proper X and equating
dIa/dX equal to zero. For example, the value of Xc which will produce
partial resonance may be determined by equating d’l’a/'dX2 equal to zero

and solving for X2 in terms of the other parameters. Having determined
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the value of X2 which will produce partial resonance, it is then possible

to determine the value of 02 which will yield the given value of X (refer
2

to equation (131), RESULTS AND DISCUSSION).

To use the susceptance-variance technique to measure the high fre-

’

quency shunt conductance across the variable cell capazitance l ¢

it is necessary to show that the detector voltage, Vc s, 1s directly propor-
2
tional to the voltage drop across the equivalent cavity capacitance, Cz.

and Cv},

The voltage across the detector probe capacitance, C:, and the voltage

across the cavity capacitance, 02, are given by

(A-40) v, =-jx, lIm - 13!
3 3

n r .;

(A-41) ch = -chz [\12 - Im}

The ratio of the voltages is then equal to

(
% 1 -1 l-x
03 ;\m 3 ca
(h-42) Vo - iI - Iﬁixc
2 \ J 2

If one substitutes into equation (A-42) the values of Iz’ Im’ and T
given by equations ( A-26), (A-37) and (A-38) respectively, the ratio of

the voltage is then given by

Vgi alal+ + akg) Xc
_ = 3 L 3
(A-43) |4 a a -a a - a |X
02 I 3w @43 33 4y 32 | e
\

Furthermore, if the value of reactance, resistance, and impedance
corresponding to the appropriate coefficients are substituted in equation

(A-43), the ratio of the voltage is shown to equal
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1% { -jX X 27

e e e 3 |
(A-44) Vi= o

(o]

The significance of equation (A-44) is that for a given value of Ca,
assuming that Ch, Rs, and L3 are fixed and operate independently cf each
other, the voltage measured across the detector probe capacitance, Cs, is
directly proportional to the voltage across the cavity capacitance, Cz.
Thus, it is possible to use the susceptance variance technique to
determine the capacitance difference at the half power points and relate
this value to the equivalent high frequency shunt conductance of the
oscillometer (refer to APPENDIX VII for derivation of equation for the

susceptance variance method).
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