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The frequency shifts and Q changes of a resonant micro-
wave cavity were utilized as a basis for determining micro-
wave properties of solids and liquids. The method emplayed
consisted of varying the depth of penetration of a cylindrical
sample of the material into a cavity operating in the TMOlO
Mode. The liquid samples were contained in a thin-walled
guartz tube. The perturbation of the cavity was achieved by
advancing the sample into the cavity along the symmetry axis
by employing a micrometer drive appropriately calibrated for
depth of penetration of the sample. A differentiation method
was used to obtain the half-power points of the cavity
resonance profile at each depth of penetration. The per-
turbation techniques for resonant cavitieswere used to reduce

the experimental data obtained to physical parameters for

the samples. The probing frequency employed was near 9 gHz.
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CHAPTER I
INTRODUCTION

Measurements of dielectric constants, either in static
or time varying field, are important in studying the
electrical characteristics of material properties. In order
to make studies of material properties, resonant circuit
methods have been widely employed in experimental apparatus.
Some restrictions are imposed upon the experimental apparatus
in the measurement of electrical properties of materials,
depending upon the various frequency regions being explored.
In the region of frequency up to 107 Hz, a Schering bridge
can be used for studies of the dielectric propertiesl.
Resonant circuit methods are employed in the fregquency region
of 10% 1z - 10° na.

At frequencies above 108 Hz, lumped resonant circuit
methods are not proper devices because of the large unaccount-
able energy losses into the space around the circuits.

In this frequency region (108 Hz and higher), waveguide
elements are required to operate the experiment properly.

The basic difference between the lumped circuit and the micro-
wave resonant cavity is that the current and voltage are

replaced by electromagnetic fields. The microwave resonant

cavity displays the same resonant characteristic as a tuned



circuit, Either in the lumped resonant circuits or the
resonant cavity, the quality factor ¢ is determined from
the resonant curve shape.

The Q factor is defined as the ratio of the resonant
center frequency to the half-power frequency width of the
resonant curve. It is very hard to obtain a Q of several
hundred in the simple tuned LC circuit, but Q of several
thousand can be easily obtained in the resonant cavity,
because of low resistances. The measurement of dielectric
properties of materials at microwave freguencies can be
made by the microwave cavity method.

The microwave technique is not a new method but a
standard technique employed if one wants to investigate
dielectric or plasma propertiesZ. By placing the material
into localized microwave electric or magnetic fields in the
cavity, either electric permittivity or magnetic permeability
can be determined. The method can be applied to plasma ex-
periments by placing the plasma in the cavity and determining
electron density from a measurement of resonant frequency
shift3. One cavity perturbation theory was introduced by
Bethe and Schwinger4 in 1943, and another by Slater5 in 1946,
According to the Bethe-Schwinger perturbation theory, the
fields of the cavity should be altered in form only slightly
from the original configuration of the empty cavity, upon the
insertion of the sample. This does not necessarily mean that

the change in the stored energy of the cavity be small upon



introduction of the sample into the cavity. The electro-
magnetic energy can be pumped into the cavity, and the stored
energy can be kept constant.

According to Slater's perburbation theory, the intro-
duction of a sample into the cavity causes the resonant
frequency shift and the cavity Q change to occur. Simple and
useful expressions were derived for interaction of electro-
magnetic fields and material properties. The perturbation
theory, introduced either by Bethe-Schwinger or Slater, is
basically the same. One of the results from these theories
is that if the cavity wall is pushed in by a small amount,
the electromagnetic fields in the cavity are disturbed, and
the perturbation causes th? resonant frequency of the cavity
to be raised. Essentially, the resonant frequency shift and
the cavity Q change due to the insertion of the sample show
the characteristic electrical properties of the material, and
it is known that the resonant frequency shift and the cavity
Q change are usually proportional to the perturbation volume
within the region of validity of the perturbation theory.

The perturbation of the resonant microwave cavity has
been utilized to determine the dielectric property of liquids,
gases, and plasma in a tubular container or solid cylinder.
The perturbation theory was derived based on the fact that the
electromagnetic field wavelength in the cavity (cavity volume)

was assumed to be very large compared to the sample dimension.



In this experiment the approximate ratio of the volume of the
sample to the volume of the cavity was made variable by using
a mechanical drive to advance the sample into the cavity. In
this experimental operation, the rod-shaped sample diameter
is very small compared with the wavelength of the cavity
field, so that the external applied field is assumed to be
uniform over the region in which the sample is inserted. The
rod is placed at a position of zero magnetic field (maximum
electric field), so that magnetic effects can be considered
to be negligible. Using the perturbation method, dielectric
constants can be determined from the resonant frequency

shift of the cavity with and without the sample.

The resonance method of dielectric measurement at micro-
wave frequencies, using cylindrical cavities partially filled
with a solid dielectric rod was worked out by Hornel and his
collaboratorsG. In 1952, Maier and Slater7 introduced metal-
lic conducting sphere, disk and needles of different diameter
into a cavity and employed the perturbation method to compare
their experimental measurements with theoretical results.

Furthermore, some measurements of the dielectric con-

stant at microwave frequencies were reported by Bhar8, 1963;

Gerdes, et al.g, 1969; Srivastava, et al.lo, 1971. 1In 1956,
a similar experiment for a sphere of magnetic material was
worked out by Spencer, Le Craw and Aultll. A year later,
Tompkins and Spencer12 reported retardation effects on a

magnetic sphere and a rod using Bethe-Schwinger perturbation



theory. They also presented frequency shifts of a cylindrical
cavity ('I‘M110 mode) caused by a thin cylindrical rod placed
along the cavity axis.

In 1962, Kaminow and Hardingl3‘measured the temperature
dependence of the complex dielectric constant of KH2 PO4
at the resonant frequency of 9.2 gHz using a cavity pertur-
bation method. In 1964, exact evaluation of the dielectric
constant of a pyrex tube at the resonant frequency of 3 kMHz
was worked out by Sen, Basu and Ghoshall4, and they also
compared the experimental and theoretical dielectric constant
for pyrex.

Recently, an exact solution and perturbation results

for frequency shift and Q deterioration of TE cylindrical
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cavity by coaxial loading with a scalar dielectric were
reported by Hanlotis and GunthardlS. Also, the frequency
shift and the cavity Q change of a microwave cavity caused by
lossy dielectrics and plasmas in spherical or cylindrical
boundaries were calculated by Halll6. His discussion con-
cerned what range of values of permittivity, conductivity and
radius of metallic sphere or rod for a perturbing volume could
produce frequency shifts. At present, it is obvious that the
microwave technigues are standard and common practice in
studying electric properties of materials.

In this investigation, dielectric constants were to bhe

obtained from relative frequency shifts and the cavity Q

changes for various volumes. Liquids and solids were studied



in order to determine the relationship between material
volume and frequency and Q change. Partially inserted in

the cavity, the materials interact with the electromagnetic
fields in the cavity and produce a perturbation which causes
the field configuration to change. The field redistribution
in the cavity causes the resonant frequency of the cavity and
the Q factor to change.

The experimental measurement of the resonant frequency
shift and the cavity Q change in the cylindrical cavity,
which was operated in TMO10 mode, for the volume change of
solids and liquids coaxially placed in the probing cavity
enabled the characteristic properties of materials to be
obtained. Various samples were introduced into the davity
and the resulting perturbation effects on the resonant
frequency shifts and the cavity Q changes were studied.

In general, dielectric properties are temperature and
frequency dependent. The experiment was performed keeping
the cavity at room temperature.

Chapter II deals with instrumentations. Properly inter-
preted, the experimental results yield the microwave properties

of materials and are treated in Chapter TII.



CHAPTER II:
EQUIPMENT DESIGN AND CONSTRUCTION

In this chapter a discussion is given of each part of
the equipment which was unigue to this experimental investiga-
tion. Since the investigation relied upon a complete knowledge
of the shape and the width of the resonance profile associated

with a cylindrical cavity operating in the T mode, it is

010
necessary to fully understand the instrumentation utilized in

deriving these resonance parameters.,

Reflex Klystron

The source of electromagnetic radiation of millimeter or
centimeter wavelength can be usually obtained from an elec-
tronic tube, which is called a reflex klystron. The reflex
klystron is a device that generates a microwave oscillating
electromagnetic field whose frequency primarily depends on
the physical size of a cavity resonator. Basically, the
reflex klystron utilizes a single resonator for electron
bunching and catching which arises from different transit
time of electrons, and develops feedback by reflecting the
electron beam so that it passes through the resonator a

second time.



Specific details of the klystron operation will not be
discussed in this paper since basic operations of the klystron
are described in standard microwave electronicl7. The V-58

type klystron was used for this experimental operation.

Frequency Multiplier

Interpolation of the frequency markers is achieved by
neans of a radio receiver. In order for the radio receiver
to work, the intermediate frequency should be swept through
in the mixing process. In order to meet the mixing require-
ment, another source of high order freguency comparable to
the klystron resonant frequency must be supplied to the crys-
tal detector which is in the directional coupler. Such high
order frequencies, for the mixing process, can be obtained from
a frequency multiplier.

The frequency multipliers used for the frequency measure-
ment were the model 900B Sweep Signal Generator by Jerrold
Electronics, Corporation and models 1112A and 1112B General
Radid Standards. The former type of the frequency multiplier
has two band selections and covers a frequency range up to
1 kMHz.

In the frequency multiplication process, the generation
of an output signal is synchronized with the input and a
component of the desired output freguency. Normally, the
desired output associates with both desired and undesired

components. By using a band pass filter the desired



frequency component can be selected. The important thing is
that harmonic generation of frequency multipliers requires a
high degree of non-linearity in the multiplying element, which
is usually a crystal diode. The basic accuracy of the standard
frequency system is determined by a Hewlett-Packard model 524-D
electronic counter. A crystal oscillator is arranged in the
frequency multiplier to produce initial harmonics of relatively
low frequencies. The initial r-f signal is generated in a
crystal oscillator at 5 MHz.

The subsequent frequency standard devices are set to
multiply the initial standard frequency. The initial standard
frequency utilizes a chain of frequency multiplication through
r-f amplifiers and multipliers. Thus, the high order frequency
output can be available for the mixing process. The crystal
mixer rectifies the r-f gignal and the rectified wave is known
to be the resultant of components of harmonic wave. Fourier
analysis of the non-sinusoidal periodic wave form shows the
rectified wave is made of sinusoidal components whose frequen-
cies are integral multiples of the fundamental frequency of
the non-sinusoidal periodic wave form. When a sine wave input
is applied to a circuit that has non-linear transfer charac—
teristics, the output is non-sinusoidal and contains synchro-
nized harmonics of the fundamental sine wave.. The electronic
details will not be discussed in this section. Instead, the

multiplication process can be understood by referring to the
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schematic diagram shown in Fig. (2-1). The initial frequency
5 MHz in the crystal oscillator is doubled to 10 MHz through
push-push doubler circuits. The resulting 10 MHz drives a
push-pull tripler circuit using a standard multiplying device.
Through this procedure, 30MHz is obtained. The multiplication
is continued by repeating the above procedure until finally a
high-order harmonic output is delivered into the mixer.

Fig. (2-1}) shows the multiplication processes whose initial

5 MHz harmonic waves are increased up to 810 MHz.

The output high-order frequencies are delivered to the
crystal detector and the mixing process occurs. Since the
arbitrary nth harmonic wave from the frequency multiplier can
be matched to the modulated klystron frequency, the frequency
difference can be received by the radio receiver. When the
General Radio model 1112A and 1112B standards are employed
the same technique is used and only the fundamental frequencies

are changed.

Frequency Marker Detection and Display
The interpolation method was used for frequency marker
intervals and frequency reference. Definite frequency marker
references (both intervals and absolute) were essential when
resonant frequency shift and cavity Q change are required to
be measured. The method was to zero beat two frequencies,
one from the klystron and one from a frequency standard, which

produced two reference frequency markers.



The radio receiver used for the interpolation method was
a model B,.C.-348-0 made by Wells Cardner & Company. Use of
the radio receiver permits the frequency standard, when
heterodyned with the klystron frequency, to generate low
frequency intervals. When the klystron signal is heterodyned
against the standard frequency source and monitored by the
interpolation receiver, its position on the freguency scale
is located by marker "beats" whose separation can be read.
Thus, the radio receiver can be used for the frequency refer-
ence markers and at the same time for absolute freguency
measurement.,

The modulated klystron microwave signal is transmitted
through the main waveguide that is coupled to a directional
coupler. The crystal mixer installed in the coupler receives
this microwave signal. On the other hand, the low order
harmonic frequencies originating from the crystal oscillator
in the frequency multiplier are increased to high order har-
monic in the same diode through the multiplication process.

The final output harmonic waves occur in the crystal
mixer where the mixing processes can be achieved. The radio
receiver responds to only the frequency difference between
the klystron resonant frequency and an nth harmonic wave
frequency multiplier. If the interpolation receiver is
adjusted to a certain fregquency band, the radio receiver

detects the mixing frequency difference mentioned above.
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The resulting frequency difference yields two frequency
markers which are displayed on the oscilloscope and the
recorder traces to be used as frequency reference markers.
The appearance of the markers is the frequency difference

separation given by the following equation,

f =f £+ nf (z2-1)

where fr is the freguency to which the radio receiver is
tuned, fs is the modulated klystron frequency, fm is the
frequency from the freguency multiplier, and n is the order
of'harmonics. The plus or minus sign which appears in

Eg. (2-1) indicates that the local oscillatof signal can

mix from either a sum or difference with the center freguency
of the klystron. The marker appearance depends on the wave
form, frequency and amplitude of the klystron modulation. 1In
this operation, the frequency region used for the reference
markers lies between zero and 36 MHz. The width of the band
can be widely selected by the radio receiver. The type
B.C.-348-Q radio receiver has a variety of freguency bands
that ranges from 400 kHz to 36 MHz. The absolute frequency
measurements were determined by a General Radio Model 1112A
and 1112B set of harmonic generators properly stabilized. A

wavemeter was also used to measure coarse frequencies.
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Signal Shape and Modulation

Signal Shape

The reflex klystron generates electromagnetic waves and
the electromagnetic energy is transmitted through a waveguide
to the cavity. As shown in Fig. (2-2-i), the microwave power
generated from the reflex klystron gives only a narrow fre-
guency interval; the horizontal axis is frequency and the
vertical axis is microwave power. Modulafing the signal with
the oscilloscope horizontal sawtooth sweep voltage that is
synchronized with the klystron repeller, the klystron "mode"
appears ag shown in Fig. (2-2-ii). The placement of the
cavity at the end of the waveguide permits the part of micro-
wave power to be reflected and the reflected microwave power
can be detected by a suitable diode. As shown in Fig,
(2-2-iii), the dip represents the cavity resonance absorption
displayed in an oscilloscope by observing the microwave
radiation signal reflected from the cavity. The power ab-
sorption dip indicated in the dotted circle as shown in Fig.
(2-2-1ii) is the major interest in studying microwave inter-
action with the dielectrics.

As the sample is inserted into the cavity, the sample
perturbs the electromagnetic field in the cavity. Conse-
quently, the resonant frequency shifts and the cavity Q
changes. According to Slater's perturbation theory5 the

resonant frequency shifts and the cavity Q changes are
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(i) Klystron mode shape (natural width)

(ii) Klystron mode shape modulated
by an oscilloscope horizontal sawtooth sweep.

f
(1ii) Reflected power absorption by cavity

Fig. (2-2) Observed Microwave Signals
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functions of the dielectric property and its perturbation
change. In the experimental operation, these resonant fre-
quency shifts and the cavity Q changes can be observed in the
following way. The power absorption is reflected by the cav-
ity and the signal can be detected by a suitable crystal
rectifier. As the sample is incrementally placed into the
cavity, the position of the power absorption, i. e., the
resonant frequency, is observed to be shifted and the absorp-
tion shape is distorted. Since the signal made by the cavity
power absorption was not strong enough, a tuned amplifier was
employed to amplify the signal. One is generally interested
in the resonant shape of the power spread within the dotted
circle as shown in Fig. (2-2-1ii) and the enlarged dotted
circle has been redrawn in Fig. (2-3-i).

Through the r-f amplifier, the final form of the sine
wave modulated reflected signal can be obtained as shown in

Fig. (2-3-ii).

> ap
df
PO r P4
|
'
[
i
|
! P
!
X t
3 t
; !
. ¥ . f £y f
(1) Enlarged drawing (ii) Chopper wave
for pewer absorption by the modulated signal.

cavity.

Fig. (2-3) Chopper wave modulated signal
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In order to simplify the measurement, the absorbed sig-
nal due to the unloaded cavity can be conveniently modulated
by applying a "chopper" wave voltage to the repeller electrode
of the reflex klystron and, thus, a differentiated display of
the resonance profile can be obtained. The differentiated
signal is more convenient to measure the unknown frequency
spacings and is more accurate since it is not generally easy
to determine the half power frequency width directly from
observed resonant absorption shape. If the signal is differ-
entiated, the frequency interval measurement will be a
measurement between P3 and P4 for the cavity Q change, and
the measurement of PO will give the resonant frequency shifts
as shown in Fig. (2-3-ii). Fig. (2-4) shows relative cavity
Q change and the resonant frequency shifts. The points P

3
and P4 must be related to the half power points as discussed

dap dp
df df
Py Py
1 1
P3 r
1 ]
¢ "o
I 0 b
]
K | L 1 L I
iy £ ‘ i £
(1) Pirst derivative of (ii) Resonant freguency
resonance absorption. shift and Q change due to
insertion of sample into
cavity.

Fig. (2-4) Resonance absorption and cavity perturbation
signals.
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in the next section. These resonant frequency shifts and the
cavity Q change are produced by the sample insertion into the

cavity.

Modulation

The microwave source (reflex klystron) requires modula-
tion in order to derive a time varying signal since the
unmodulated source gives only a single frequency. It is
desired that the signal is not distorted any more than nec-
essary.

The modulation voltages for the klystron are provided
from two sources.

(1) The oscilloscope horizontal output wave form was
coupled to the klystron repeller electrode and
provided the sawtooth sweep voltage. Providing
sawtooth sweep voltage to the klystron gives sig=-
nals as shown in Fig. (2-2-ii).

(2) The high frequency sine wave voltage was applied to
the repeller of the klystron to "chop" the signal.

Application of sine wave voltage to the reflex klystron caused
the signal to be differentiated as shown in Fig. (2-3-ii).
The modulation signal for this purpose was derived from a
signal generator model EUW-27 made by Heath Company. The sine
wave frequency of this unit lies between 20 Hz and 1 MHz. In
order to obtain the first differentiation for the signal, the

modulator frequency employed was 42 kHz as this was the
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resonant frequency of the tuned amplifier. For the higher
order differentiation, the klystron frequency was modulated
sinusoidally with a frequency of 42/n kHz where n is an
integral number and in the range 1 to 5. The modulated signal
shape arising by application of a sine wave voltage was
studied by Roberts, et alls.

The correction equation for frequency measurement in

which n is 1 when applying the sine wave modulation is given

19
by

% ;
260v = - v 1+ 3+ (5 (2-2)

where Av is the half width, w' is the frequency deviation of
the klystron modulation or the marker palir separation, and

f is the modulation frequency. 1In the experimental operation,
it was observed that the frequency of modulation and the
marker pair spread due to the modulation are negligible

compared with the half-width frequency.

Detector Response and Amplification
Another vital device in this operation was a detector
which is used for the r-f wave. The detector is an element,
uvsually semiconductor crystal which produced demodulation of
an r-f wave. Usually, semiconductor crystals are used for
detection of microwave power. The crystal detector consists

of a fine wire in contact with a block of semiconducting



20

material. The contact resistance in one direction is higher
than in the reverse. The current-voltage characteristic is
¥ery non-linear and rectification can be made when an alter-
nating voltage is applied. Since the detector has fine
contact point, the rectifier can be used to extremely high
frequencies. The sensitivity of a crystal is determined by
the ratio of its forward to a reversed current impedences.
To detect the signal, a 1N23F crystal detector was used to
take power from the waveguide. The crystal detector usually
produces an output current such that the current-voltage
characteristic is represented by I « V2. The output power is
approximately proportional to the square of the input power,
that is

2 4 2

Pout « I% = ¥ o« Py - (2-3)

For small change of the input power, Eqg. (3-3) yields

Apout o« Pin APin. (2-4)

The characteristics of the detector must be well understood
when resonance shape studies are made. A small power input
to the cavity produces absorption due to field interacting
with the dielectric in the cavity and gives a relatively
large change in output signal. The power adjustment must be
made such that the distortion is insignificant. Another
important usage made of crystal detectors is in the harmonic
generation. Since the rectified signal is the resultant

component of all harmonic waves, the crystal detector can be
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well used as a superheterodyne mixer, especially at microwave
frequencies. In this experimental operation, a crystal
detector was ingtalled in the reflectometer to provide dc
output when modulated microwaves are reflected from the
resonant cavity. Another 1N23 crystal detector was mounted in
a directional coupler to mix the modulated klystron signal
with the nth harmonic waves from the frequency multiplier,

(standard fregqguency generator).

Tuned Amplifier

The observed signal is not well enough defined to make
accurate measurements of the cavity Q change directly. A
tuned amplifier was used to produce clearly defined signals
for accurate frequency measurement and to reject unwanted
noise which might be near the resonances being observed. The
tuned amplifier was checked for several different gains with
linearity check made for various input and output voltage as
shown in Fig. (2-5) and Table I. The signal displayed on the
oscilloscope through the tuned amplifier was observed whether
it was distorted or not. Distortion was kept minimized over

the signal ranges observed.

Waveguide System
The waveguide system used in this laboratory consists of
main waveguide, directional coupler, reflectometer, variable

attenuator, wavemeter and cylindrical cavity. All of these
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are commercial units except the sample probing cavity. The
main waveguide is a device made of a hollow conductor through
which electromagnetic waves propagate. The directional
coupler contains a 1N23 crystal diode in which the resonant
frequency of the Ffeflex klystron and the mth harmonics of the
frequency multiplier are mixed together to obtain the fre-
quency marker system. The reflectometer also contains another
1N23 crystal diode which can be used for the detection of the
reflected signal from the cylindrical cavity. The variable
attenuator is designed for power adjustment when the electro-
magnetic waves transmit through the main waveguide. The
wavemeter was mounted on the reflectometer to find the coarse
resonant frequency of the reflex klystron. The microwave
cylindrical cavity was designed for the electromagnetic waves
of TMOlO mode and used as a probe in investigating the inter-
action of microwaves with materials in the cavity. Detailed
discussion on each part of the units and the block diagram

for the experimental apparatus (Fig. 2-1}) follow.

Directional Coupler and Reflectometer
A directional coupler is a device used to divide micro-
wave power. Two directional couplers were used in this
investigation.
One leads microwave power to the frequency measuring
section of the waveguide system which consists of a crystal

diode detector that mixes and multiplies the frequency
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reference signal. The directional coupler may be used to
isolate signal sources or frequencies. Practically, the
microwave power flowing into one (the forward) direction of
the main waveguide is coupled to the r-f gignal from the
frequency standard. 1In this case, the directional coupler
permits a sampling of the power from the microwave source,
without any reflected waves, reaching the monitor. The
reflectometer is exactly the same device as a directional
coupler except that its usage is different. A reflectometer
was coupled to the main waveguide, arranged to measure the
incident and reflected voltages and to indicate their ratio.
It serves to monitor the power when the microwaves are
reflected from the cavity either loaded by the sample or
unloaded. The reflected signal is detected by the crystal
diode installed in the reflectometer. The output is ampli-
fied and recorded along with the frequency markers on a
chart recorder. For recording the output data, a Hewlett-
Packard Model 175A dual-trace oscilloscope was employed.

One output went to the recording of the resonance shape and
the other was connected to the marker system. The principle
and design of the directional coupler is more completely

discussed in "Microwave SpectroscoPy".20

Wavemeter
The Narda Model 810 wavemeter was employed in this

experiment for the purpose of the coarse frequency measurement.
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The calibration curve for the Narda Model 810 wavemeter was
made by using the General Radio Standard Models 1112A and
1112B. Fig. (2-%) shows the calibration curve for the Narda
Model 810 Wavemeter.

Determination of Cylindrical Cavity Size,
Operating Mode and Cavity Q Factor

Principle of Cavity Resonator

The ordinary tuned circuit consists of a coil and a
capacitor. The coil and capacitor are connected either in
series or in paralleil and have a resonant frequency given by
f = 1/JIC. 1In order to increase the resonant frequency, it
is necessary to reduce either the capacity or the inductance
or both. The higheét resonant frequency which can be obtained
in such a way is that the inductance can be reduced to a half-
turn coil and the capacitor reduced to only the stray capacity
in the coil. A simple circuit as shown in Fig. (2-75i).is not
a proper design since ordinary circuits require high current
handling capacity and high voltage breakdown insulation. The
current handling capacity of a resonant circuit can be increased
by adding half turn loops in parallel as shown in Fig., (2-7-ii).
Addition of half turn loops does not affect the resonant fre-
quency appreciably since the parallel inductance increases the
the frequency and parallel capacity lowers the freguency.

Therefore, the actual resonant frequency remains about the
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(i) Simplest tuned circuit
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(iii) Resonant cavity

Fig. (2-7) Various types of tuned circuits
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same. By adding more and more loops, the resonant caviﬁy
can be formed as shown in Fig. (2-7-iii).

Further discussion of the wave functions subject to the
cavity boundary condition for a cavity operating TMOlO mode
and experimental techniques for obtaining the cavity size and
geometry were give in Ref. 17,21. The operating mode can be
uniquely determined from the boundary condition of the
probing cavity. In order to get the localized electric
fields, the TMOlG mode is the most suitable mode for our

investigation.

Cavity Q Determination

The definition of Q is a measurement of sharpness of
re ponse of the cavity to external excitation. A mathe-

matical expression for Q is given as

0 = % stored energy (2-5)
energy loss

where wo/Zw is the resonance frequency. The resonance
profile of the cavity Q was shown to be Lorentzian shape
(Ref, 18) and Eq. (2-5) may be converted to the useful ex-
pression for the determination of the cavity 0.

In order to determine the cavity Q, the exact resonant
frequency of the unloaded cavity must be measured. In this
experimental operation, the resonant frequency of the cavity
was 9.927 kMHz. 1In order to get half power reading from a

power absorption line shape, a 42 kHz modulation frequency
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was used to differentiate the absorption signal. The fre-
quency reading for half-width of the resonant shape was

0.824 kMHz. 1In order to find the actual frequency of the
half-width, the correction equation (Eg. 2-2) must be applied
to correct the modulation.

In order to obtain the best values, the half-width was
measured more than ten times and averaged. The inner surface
of the cavity was coated with silver to reduce the Ohmic loss
due to the current flowing inside the walls of the cavity.
Therefore, the silver coating leads to a higher Q value than

that for the copper foundation material.

Field Pattern for TMOlO Mode

Solving Maxwell's freguency dependent field equations,
in cylindrical resonant cavity for the TM010 mode, yields
solutions for E and H which can be expressed as follows
(Ref. 21)

E = ck AJ_ (Kr)

(drvo + Jjuwe)

ejwt

(2-6)

H. = AJ. (RKr)ed¥t

6 1 (2-7)

in which JO and Jl are the Bessel functions of the first kind,
A 1s a constant governed by the field strength of excitation
and K 1s propagation constant. The electromagnetic fields

for TMOlO mode in the cavity are determined by referring to
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Eq. (2-6) and Eg. (2-7) which include Bessel functions of
the first kind. There is no other component except for EZ
and He for TMOlO mode in the cylindrical cavity.

Actual field patterns in the cylindrical cavity for
TMOlO mode are drawn in Fig. (2-8-ii).

The electric field intensity has its maximum value at
t = 0, whereas the magnetic field is Zexo at the Z-axis as
shown in Fig. (2-9-i). As the radius increases toward the
cavity boundary, the electric field intensity becomes zero
at the cavity wall while the magnetic field intensity in-
Creases to its maximum value and reaches a3 definite value at
the cavity wall as r goes to r = b, Near the Z-axis, the
magnetic field intensity can be neglected since the electric
field intensity is much larger than the magnetic field.
Therefore, it is obvious that the TMOlO mode has more advan-
tages than any other modes in studying electric field inter-
action with materials placed coaxially within the cylindrical
cavity.

The actual electric field pattern at r = ¢ is slightly
altered when the circular iris is drilled at the center of
the end facezz‘ A circular hole drilled at the center of
the end face distorts the electric lines of force in a manner
which suggests the presence of an electric dipole. The
magnetic dipole moment is equal to zero at the circular hole.
Fig. (2-9-ii) shows the exaggerated electric field lines in

a circular cylindrical cavity with a central hole.



\l/

b = 1.15 Cm
L = 2.25 Cm
(i) Cylindrical cavity size for TMOlO Mode
7 7
: x| xx
Kl xx
I—__ . » Ax
i * ' LI .1
. X ¥ X
s}
H -i---ﬁ-u--u—»—-)
—p
Top View Ez ———y Side View
Mode

(i1} Field pattern for TMOlO

Fig. (2-8) Microwave cavity geometry

32



33

| | ] |
J | E =¢ Jo(kn

—

\ \ H:CJ, (kr)

— b

(1) Electromagnetic field intensity from side of the
cavity.

—ale o

:

YYYYY
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Fig. (2-'9)) Electromagnetic field intensity and field
distortion around the iris holes.
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Another important consideration is to investigate the
field lines at the sample boundaries. Actually, it is dif-
ficult to discover precisely how the electric field behaves
at the sample boundaries when the oscillating electric
field is applied.

There are many factors to change the field configuration.
The iris position, the dielectric sample insertion into the
resonant cavity and the variation of the iris diameter cause
the field pattern around them to change. The details of the
disturbance due to the change of boundary conditions of the
cavity will be discussed in Chapter III.

Sample Driving Micrometer, Measurement of

Perturbation and Normalization
of the Perturbing Sample

The cylindrical cavity was constructed to investigate
microwave properties of liquids and solids. The cavity was
specially designed for TMOl0 mode with the resonant fre-
quency 9,927 kMHz. 1In one of the top cylinder faces, there
1s a sample inserting hole (diameter = 0.172"), with a micro-
meter drive installed for insertion of the test sample as
shown in Fig. (2-10). The sample can be inserted coaxially
into the cavity and each scale reading of the micrometer can
be adjusted up to lO-3 cm. Diameters of the samples were
carefully measured by using a microscope. Diameters of

Ccylindrical samples used in this experiment are listed in

Appendix IV and the behavior of each sample will be discussed
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in Chapter III. Careful attention had to be paid to the
normalization of the sample volume and the resonant fre-
quency shift, Before the sample was inserted into the cavity,
a very thin piece of paper was placed on top of the sample
inserting hole of the cavity in order to make sure that the
Zzero reading of the micrometer drive was established to be

the same for each sample. Magnifying lenses were used to

obtain the most accurate reading for different trials.



Fig. (2-10)

Cavity geometry employed for sample probing intc the

microwave cavity.
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Fig. (2-11)

Block diagram of the experimental arrangement employed

make this investigation.
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CHAPTER III
SUMMARY OF RESULTS

The treatment in this paper led to results for Q change
and resonant frequency shifts vs. perturbation volume in-
crement which are related to egquations which were used to
deduce complex dielectric constants. Experimental results
were obtained and compared with the predicted behavior of 0]
and Af/f for the TM010 mode using the perturbation equations
for a resonant cavity.

Since this investigation relies on the perturbation
theory, Slater's perturbation theory is introduced before
extensive discussion of the data is given.

Following Slater, the complex dielectric constant can
be measured by observing the change in resonant frequency
and Q of the cavity as the cavity is peérturbed by a known
volume of the sample to be studied.

For a rod placed parallel to the electric field, the

5
perturbation theory gives

! 4 L1} 2
AE oL _IK}E -1-je")E“dv
— - jA (6) =

(3-1)
£ 2/ B av

where Af is the resonant frequency shift due to the pertur-

bation volume v, Q the quality factor relating to resonant

half width w, ¢' and e" are the real and imaginary parts of

40
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the complex dielectric constant, V ig the cavity volume, and
E is the electric field in the cavity. It should be noted
that the electric field E is assumed to départgonly slightly
from the unperturbed field when a sample is placed in the
cavity. Also, the probing sample volume must be much smaller
than the cavity volume.

For an unperturbed cavity, the electric field for the

TMOIO mode is given by - ai. L

B = DJO(Kg. (3-2)

where K is a propagation factor and D is a constant.

The samples wefe of radii a and were inserted incre-
mentally down the axis of the cavity with the resultant
frequency shift and Q change observed. Under the experi-
mental conditions, the integrals had to be evaluated for a
cavity geometry as shown in Fig. (2-10). The integral may

be expressed as

a
AL 27 2
Af _ =f0J0 S 0 (e'-1)E“rdrd¢dz ;
E 5T T o7 3 (3-3)
2777 S Erdrdédz
0 ¢ 0
and e
fafARIZW "EZ drdod
1 0 0 o € P rdrd¢dz
rory E"rdrddédz y
00" 0

where €" is the lossy part of the dielectric constant and
the ratio of e"/e' is defined as the loss tangentl and AR

is incremental length of the ligquid sample.
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It is clear from this investigation that the nature of
the E field in the vicinity of the iris through which the
sample was admitted cannot be linearly related to the unper-
turbed field although Eq. (3-3) and Eq. (3-4) require guch a
behavior. Moreover, the nature of the field within the
sample itself is changing in non-simple way.

Both the nature of the field near the iris23 and the
nature of the field within the éample have been explored by
other investigators.15

The microwave parameters were exXplored for the best
consistency between the Q change and resonant freguency
shift equations. The results of this process led to a
linear relationship between A% and Af which vielded the
real part of the electric susceptibility. Likewise the
results for AL vs. A(1l/Q) yielded the damping term of the
electric susceptibility.

When the cavity perturbation technique is employed,
accurate measurements of frequency and the sample dimensions
are very important in determining dielectric parameters.

In past works, common experimental difficulties of the
cavity method have required that one merely neglect the iris
effect although the iris terms are shown to be important in
this work and are known from the perturbation theory to be
important. In most cases of determining dielectiic con-
stants, the sample was coaxially placed through the cavity.
In those cases, the cylinder cavity has two irises, one at

each cylinder end face.
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Since accurate fregquency shift due to the presence of
the sample volume in an unperturbed field is of vital impor-
tance in determining dielectric constanfs, compensation for
the effect is desired to determine the resonant frequency
shift. The present experiment was performed in order to
observe the actual experimental iris effects and to determine
how to remove the iris effect such that accurate measurement
of the resonant frequency shift can be deternmined and hence
dielectric constants determined by the cavity perturbation
method. |

In this experiment, a thin-walled teflon tube whose
diameter is 1.5 ‘mm was employed as a liquid container. If
a container is used, it must be determined whether the
summation of the resonant frequency shifts of the container
and the material in the container are linearly additive.
Appendix II shows that the frequency shifts are linearly
additive to an accurace of 5%.

Incremental samples of liquid were introduced into the
teflon tubes, and the sample was advanced into the cavity.
The resonant frequency shift due to the liquid was obtained
by subtracting the frequency shift of the teflon carrier
tube from the total resonant frequency shift for each depth
of penetration. For different volumes of ligquid, the
resonant frequency shifts were plotted. Fig. (3-1) shows
plots of teflon carrier depth with several benzene volumes

vs. resconant frequency shift. As the sample sufficiently



'

44

Fig. (3-1)

Behavior of resonant frequency shift vs. various
amounts of benzene admitted into the resonant cavity along

its symmetry axis. Bold lines are drawn for clarity,
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penetrates into the cavity, the resonant freguency shift
tends to a constant value. The constant value of resonant
frequency shift for given volume means that the sample is no
longer in the region of iris effect. A plot of these incre-
mental volumes vs. frequency shift gives a parameter which
is related to the dielectric constant of the material. As
shown in Fig. (3~1), the iris effect is important up to a
sample depth of ~10 mm. Therefore, we need to find the
region where the iris effect is negligibly small so that the
frequency shift measurements can be made completely out of
the iris region.

The same technique was applied to other non-polar
liquid samples. After accounting for the iris effect, liguid
volume vs. resonant frequency shift can be plotted. The plot
for AR vs. Af in which the iris effect was removed gives more
accurate freguency measurement for the sample than the con-
ventional cavity method.

Fig. (3-2) shows a plot of Al (liquid depth in the
teflon tube which is propertional to liquid volume) wvs. Af
for various liquids. The graph shows that A% is linearly
proportional to Af for most liguids employed. With these
experimental data, a linear least square fit was employed
and slope parameters were deduced from them.

Once the iris effect was accounted for, dielectric
constants using the perturbation equation of Slater were

obtained.



Fig. (3-2)

Resonant frequency shifts vs. various ligquid sample
volumes after iris effect has been removed from the experi-
mental data. (Bold lines represent least square fit to a

linear function.)
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Applying our experimental geometry dimension to
Eg. (3-3), the final form of the dielectric constant equation

is given by

e'" =1+ .288 (3-5)

[

f

e,

where 8 = AL is the slope parameter from Fig. (3-2). The
slope parameter along with the ¢! calculated from them are
given in Table II.

Furthermore, dielectric constants of low loss solids
were calculated by a direct application of the perturbation
equation. These solid samples could be admitted far into
the cavity. The total resonant frequency shift for a given
sample volume was measured. (See Appendix III) Using
Eg. (3-3), dielectric constants of solids were calculated
to deduce Table II.

In addition to obtaining dielectric constants for the
sample, loss tangents were observed. The loss tangent may
be calculated by taking the ratio of Eq. (3-3) to Eg. (3-4).
For the same sample geometry, an equation which may be used
to obtain loss tangents of a material using the method is

given by

2¢" _ Ay |
e =1) = it (3-6)

where Ay is width of the resonance at half-power points.
The values of Aw and Af for each volume increment were

measured as the sample was inserted along the cylindrical

axis of the cavity. The results are shown in Fig. (3-3),
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Fig. (3-3)

Experimental data for Aw vs. Af to deduce loss tangents.

Bold lines represent theoretical curve fittings.
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Since the ratio of Af vs. Aw is found to be linear, we have

the following relation (with modulation correction)

e" V3 Aw -
ST 3 IF (3-7)
or
[1] A l
tan § = - = 866 z% (1-=+) (3-8)

where values of %% can be obtained from Fig., (3-3). TLoss

tangents for liquids and solids obtained from Eg. (3-8) are
listed in Table IT.

Although the cavity resonant frequency was 10 gHz, our
resonant frequency shift for the perturbation could be

accurately measured %—g over range up to 100 MHz of the

10
cavity frequency change. Hence, the numerical values for
the frequency changes are valid up to é% " .01. On the

other hand, it is possible to measure the resonant half-

width up to the order of .01 MHz, i.e.,

e ;%% = .0001 (3-9)

Therefore, the numerical value for loss tangents was assumed
to be valid up to the order of ~ 10”2,

The results of this investigation show that in order
to obtain the most accurate measurements of dielectric con-
stants by using the cavity method it is necessary to take
into consideration all modes of energy losses within the

resonant cavity. This paper dealt mainly with the iris
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effect and energy losses due to its presence. It was shown
that the presence of a single iris perturbs the cavity bound-
ary to the extent that large errors are introduced in Q and
resonant frequency parameters. In the resonant cavity
experiments on plasmas it is necessary to have two irises.
Recent work with plasma probing using cavities has shown
the error introduced by two irises to be as much as 29%
in number density measurements.24 This work showed that
errors may range from a few percent to one hundred percent
if samples are probed in the iris region.

| The results presented for the dielectric constant
measurements with the iris effect removed are believed to
be the most accurate available. The repeatability of the
measurements of this work shows that dielectric constants
and loss tangents can be repeatedly measured with an accﬁ—

racy better than 5% for non-polar samples.



APPENDIX I

PHYSICAL DIMENSIONS OF SAMPLE

Sample

Diameter (mm)

Teflon tube

Quartz tube

Cupric oxide rod

Sodium Chloride

inner 1.50
outer 2,32
inner 1,00
outer 2.10

.64

1.09 x 1.70

56
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APPENDIX IT

CHECK TO DETERMINE THE ADDITIVE PROPERTY OF
THE RESONANT FREQUENCY SHIFTS USING TWO
DIFFERENT RADII QUARTZ TUBES
In order to ascertain the nature of the summation of
the resonant frequency shifts of the material and its con-
tainer, two different radii of quartz tubes were employed,
one of which could be inserted into the other.
The two tubes were designated by the small radius
quartz tube "Q(1)" and the large radius quartz "Q(2)". In
this case, three different observations for the sample pene-

tration depth vs. the resonant frequency shifts were made

as follows:

1. (AR)Q(Ll) vs. Af(1)
2. (AR)0Q(2) wvs. A£(2)

3. (AR)Q(Ll) plus Q(2) wvs. Af(3)

where Af is the sample penetration depth and Af is the
resonant frequency shift due to the perturbation.

For given sample depth, Af(l) of Q(1) and Af(2) of
0(2}) was added and compared with the direct measurement of
A£{3) of two tubes together. These two values of Af(1) +
A£(2) and Af(3) vs. AL are plotted in Fig. (A~I). This
experiment indicated the frequency shifts were linearly

additive to an accuracy of 5 per cent. In additional



experiments with dissimilar materials the linear property
of frequency shifts was not as good. The error was ob-

served to be as much as 6.5 per cent.

58



Fig. {(A~1)

Check for additive property of the resonant frequency
shifts using two different radii quartz tube. (Bold lines

represent theoretical least square fit curves.)
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APPENDIX III

EXPERIMENTAL DATA FOR SOLIDS STUDIED

Sample Sample Depth Resonant Frequency
(xom) Shift (MHz)

Teflon 22,5 118

Quartsz 13.5 170

Cu,0 10 31.8

Cul 4.8 11.5

Na Cl1 6 51.6
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