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ABSTRACT

Title of Thesis: Cryogenic characterization of potential high temperature
superconductor substrates at microwave frequencies

Sukhmani Kaur, Master of Science, 1990

Thesis directed by: Dr. Edip Niver, Associate Professor

<

The lack of characterization data for dielectric substrate materials at
microwave frequencies and cryogem's temperatures hinders the
development of high T, superconducting circuits. Low loss (tand < 10-4)
substrates with dielectric constants in the range of 5-100 at cryogenic
temperatures are needed to realize the advantages of superconductor
circuits. Measurement techniques previously reported are either time
consuming or inaccurate. We report an adaptation of Courtney's method
for accurate, simple evaluation of complex dielectric constants
(10 < & < 100) at low temperatures. The fixture was calibrated using known
properties of polycrystalline ZrSnTiO4. We measured &; and tand on three
potential substrate materials, AlogO3, MgO, and LaAlOg at 5-10 GHz in the
temperature range 77-300K. No temperature hysteresis in either & or tand
was observed. The effects of inhomogeneity in the samples were studied,
especially effects on the loss tangent. The accuracy of the & measurements
are 5%; the tand accuracy is + 0.5 x 10-5. Based on our results at 77K,
alumina (tand = 0.229x104, &, =9.72) and MgO (tand = 0.414x1 0*4’ &= 9.613)
are suitable. Results on the loss tangent of LaAlO3 were inconclusive
because of inhomogeneities in the crystal.
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CHAPTERI
INTRODUCTION

The discovery of High Temperature Superconductivity by Bednorz
and Muller [9] stimulated a global research effort. Superconductors are
materials which have zero DC resistance below their transition or critical
temperature, T.. They also exclude magnetic fields below T,; this

exclusion is commonly called the Meissner Effect.

One area of research attempts to bi'ing Te as close to room

temperature as possible. Another area attempts to utilize these materials
to improve the peiforinance of microwave (UW) circuits. The
improvements would result from reduced conductor losses due to the low
surface resistance of the superconductor at microwave frequencies.

To maximize the superconductors performance, substrate losses
must be low. The dielectric constant’at cryogenic temperatures be
accurately known. Superconductors like YBagCugOq.x (yittrium barium
copper oxide, sometimes referred to as YBCO or 1-2-3) on different
substrates such as strontium titanate are currently deposited. But these
microwave substrates have not been well characterized down to liquid
nitrogen temperature (77 K).

Potential microwave substrates should:

* be homogeneous and isotropic so that the circuit performance is
not location or orientation related.

* be non-magnetic so that its magnetic field does not interfere with
the fields excited in the superconductor.

* have low dielectric losses as they will have the dominant effect
when conductor losses are eliminated using superconductor in
microwave circuit applications.

s have good lattice constant match with the superconductor, with
no phase transitions in the temperature range of interest.



* have good thermal expansion coefficient match with the
superconductor, so that they are cémpatible over a large
temperature range.

* have no chemical reaction with the deposited film to minimize
degradation of the superconductor properties.

Materials currently being considered as good microwave substrates
are single crystal strontium lanthanum aluminate (SrLaAlQOy4), lanthanum
orthogallate (LaGaOg), lanthanum aluminate (LaAlOg) and magnesium

oxide (MgO).

This thesis characterizes selected dielectric materials which are
potential candidates for microwave applications. This characterization
includes microwave relative dielectric constant and loss tangent
measurements from 77 K to room temperature.

1. Measurement Techniques

Many techniques are available to measure relative dielectric
constants, €, and loss tangents, tan 6, at microwave frequencies. These

methods can be classified into four categories:

(1) Perturbation Techniques: compare the effect on the cavity resonance
and the quality factor by the addition of dielectric samples [10], [13],
[16l, [17].

(2) Transmission Line Techniques: compare the change in the
transmission coefficient and the velocity of propagation of a line with
and without dielectric materials [15].

(3) Reflection Techniques: measure the reflection at the boundary of
materials [18] to extract the parameters of interest.

(4) Resonance Techniques: measure the resonance frequency and quality
factor of resonant dielectric waveguides. '



2. Measurement Constraints

For our measurements, the experiment had to satisfy certain
constraints:

@ Measﬁrement range: The technique had to be applicable to a large
range of relative dielectric constant values (2 to 100) and also to loss
tangent values (down to 10-5).

(2) Measurement accuracy: The accuracy requirement for relative
dielectric constant was within 5% and for the loss tangent was around
10%.

(3) Material requirement: The method had to measure the complex
dielectric constant (g, =€, +je, ) for non-magnetic, homogeneous and

" isotropic materials.

(4) Temperature flexibility: The measurement technique had to be
applicable to measurements froth room temperature (300 K) to liquid
nitrogen temperatures (77 K).

(5) Physical Size: Since the measurements were done at low

temperatures, the limitations on the maximum size of the fixture were
determined by the cryostat size. The available cryostat had an inner
diameter of approximately 2-1/2 inches and a length of about 6 inches.

(6) Mechanical Movement: The setup should require no change in the
settings or adjustments after the cryostat was evacuated and sitting in
the liquid Helium dewar.

(7) Shape of the material: Since many dielectrics are easily available in
rod form, it was preferable to find a method which would use rod
shaped samples.

Due to the first- two constraints, the perturbation, transmission and
reflection techniques were eliminated from consideration. The chosen
resonance technique, described by Courtney [2] was modified to satisfy the
physical, mechanical and measurement range constraints described above.



Courtney's technique is described in Chapter II and the changes
implemented in Chapter IIL



CHAPTER IO
COURTNEY'S MEASUREMENT METHOD

As mentioned in Chapter I, Courtney's method can be used to
measure the relative dielectric constant, €y, and the loss tangent, tang, of a
dielectric material. Figure 3 shows a fixture consisting of a right-
cylindrical dielectric sample sandwiched between two conductor plates. In
our experiment, the conductor plates are made of gold plated brass.
Courtney's technique is suitable for measurements of the complex
dielectric constant of non-magnetic dielectric materials with relative
dielectric constant variations between 10 and 100, and with tand between 10-
2 and 10-5 in the microwave frequency range. The measurement accuracy
of the dielectric constant is about 2-3% and that of the losses is around 10%.
However, the measurement can also be extended to calculate the complex
permeability of magnetic materials [2].

In this measurement, the sam.ple acts as a dielectric resonator.
Resonant modes are excited by the microwave energy provided by a probe at
the end of a coaxial cable. In transmission measurements, a second probe
located on the opposite side of the sample couples to the energy transmitted
through the sample. Most of the energy provided to the sample is confined
within, and only a very small amount is present outside. This is primarily
due to the higher dielectric constant of the sample as compared to that of
the air surrounding the sample.

We modified this method of measurement to be compatible for
cryogenic measurements. Hence a number of changes were implemented
in the fixture. These are described in the next chapter.

1. Resonance Modg

Various resonance modes can be excited in the cylindrical sample
(see Fig. 1) according to the frequency and energy provided by the coupling
loop. These discrete modes have different resonance frequencies. The



frequency of each resonance is dependent on the &, the dimensions of the
material and the properties of the mode. The equations to calculate these
frequencies are shown in Appendix C.

Fig.1l Cylindrical Coordinate System

In general, there are three electric field components and three
magnetic field components associated with each mode in any curvilinear
coordinate system. The notations TE and TM are acronyms for Transverse
Electric and Transverse Magnetic modes. This notation denotes that the
longitudinal component of the electric or the magnetic field (i.e. E; or Hy) is
not present in the TE or TM mode, respectively. The HE and EH modes are
hybrid modes consisting of a combination of TE and TM modes, i.e. all six
field components may be present. For the HE or quasi-TE mode, the TE
component carries most of the power, whereas for the EH mode, it is the
TM component which carries most of the power.

An example of fhe notation used to describe a mode is TEg11 where
the m, n and p subscripts for TEmpp represent the configuration of the field
lines associated with this particular mode. The first subscript, m, denotes

the azimuthal or ¢ variation of the fields for that particular mode in the



cylindrical coordinate system. In the dielectric resonator case this is either
cos(m ¢ ) or sin(m ¢ ) withm =0, 1, 2, ... The second subscript n refers to
the number of nodes of the field in the radial or r direction, that are present
inside the dielectric material rod. Similarly, p, the last subsecript,
represents the number of nodes of the field in the axial or z direction, inside
the resonator. The subscripts n and p take values 1, 2, 3, ... Typical field
representation is shown in Fig. 2(a).

For our measurement setup, the modes seen in the frequency
spectrum, are in the following ascending order:

The expressions which are used to calculate the &, and the tan 6 in
this experiment belong to the TEg11 mode. This mode can be easily

identified as described in Section 3 of this chapter. Other modes such as
TEg12 can also be used to carry out the same measurement if they can be

clearly identified and are highly trapped in the dielectric rod. The field
expressions corresponding to each mode are given in Appendix C.

G>
'

Fig. 2(a) Electric field lines for TEg; mode inside a dielectric resonator



2. Coupling to the TEy;; Mode

In Courtney's article, energy is coupled to the electric field lines
associated with the TEg11 mode. The configuration of the electric field lines
for this mode is shown in Fig. 2(a). When the sample is sandwiched
between two conducting plates, as shown in Fig. 2(b), the electric field tends
to vanish at the conductor plates.

Coupling to these field lines can be done by using two right angle E-
field probes (see Fig. 3). This measurement method uses two probes, one
probe excites the sample while the other probe senses the transmitted
fields. This technique is called the Transmission Measurement technique.

\ Sample
T e T Gold plated brass
N ('\___,___:} A conducting plates
- — o

Fig. 2(b) Electric field lines for TEp11 mode in a dielectric resonator

sandwiched between two conducting plates



3. Identification of TEg;; Mode

There are different techniques for identifying the TEqg;1 mode once it -

has been excited. The most important characteristic is that this mode is the
second mode observed on the discrete spectrum. This is because the TMpng

modes generally tend to be very lossy [6] and hence are difficult to observe
because of their relatively low Q (due to radiation).

Gold plated brass
conducting plates

E-Field probe ’

Dielectric sample

Fig. 3 Coupling to electric lines of force using E-field probes

The interpretation of the mode identification charts [6], i.e.
calculating the frequencies of resonance of the various modes for a
particular dielectric material of certain dimensions can ensure the
previously identified modes. The appropriate equations will be shown in
detail later on.

However, if the TM modes are visible on the network analyzer
display, then the TEg11 mode is not the second mode in the frequency
spectrum (as noted in technique one for identification) and the TE and TM
modes can be distinguished by slightly moving the top plate up and down.
The TM modes move up in frequency as the top plate is moved up, while the



TE modes remain stagnant. A good measurement setup has relatively
enough separation between these modes.

4. Quality Factor and Loss Tangent

The quality factor, Q is the ratio of the maximum energy stored to the
energy dissipated, i.e.

.. maximum energy stored during a cycle
Q=2x —
average energy dissipated per cycle

The loss tangent of a dielectric is inversely proportional to the
dielectric Q, Qg of the material. Qq is related to the unloaded Q (.e. the total
Q due to the losses in the resonator setup) by the equation:

1 1 1 _1°

U @ Q% &
where, Qo is the unloaded'Q

Qc is the Q due to the conductivity of the plates
Qr is the Q due to the radiation from the sample
The loss tangent, tang, is given by:

tan § =L
Qa

5. Formulas for Calculations

The formulas for relative dielectric constant and loss tangent
calculations are given by the following two equations:

g=1+ (n—D"—fE)Z(oc2 + BZ) @)
§=A -B
tan 3 2)

10



where,

Q -

a=2D4/ [&-(371)2]
A 2L

2
p-m2A/ [ -1]

A =14 F@GE
&
g — Rl +F@)G@)]
2nfopdlAece;
13

F(a) =

[72(cx) - Jo(o)T2(0)]

2
G(B) = [Ko(ﬁ)Kzéﬁ) - K1(B)]
K13

Bessel function of the first kind of order m
Modified Bessel function of the first kind of order m
Derivative of Jy, with respect to its argument o
Derivative of Ky, with respect to its argument 8
Permittivity of free space

Relative dielectric constant of the material
Permeability of free space

Diameter of the sample

Height or thickness of the sample

Frequency of resonance of TEg;1 mode
Wavelength corresponding to fy

Unloaded Q of the sample

11



p - Third subscript of a mode (p =1 for TEg11 mode)
R - Surface resistance of the conducting plates
c - Speed of light

The frequency of resonance (fp) and the unloaded Q (Qp) are
measured in the experiment. The process of fy and Qp measurement is
described in Appendix B [1] and the program 'Q0.FOR' is given in
Appendix C.

6. Potential Measurement Problems

An air gap between the sample and the conductor plates can cause
measurement problems if the relative dielectric constant of the sample is
high [12] since the electric field lines see the sample as consisting of the
dielectric material with air gaps on each end. This can result in
underestimating the &.. Fortunately, this problem is not too serious in our

measurement setup, since the electric field vanishes at the conductor plates
(see Fig. 1(b) ).

A second problem that can exist is the radiation problem of the
sample for the TEq;; mode. This results in overestimating the measured
dielectric losses. This problem can be overcome by using samples with a
height less than one-half the wavelength in free space corresponding to the
frequency of TEqp11 mode [3].

After the setup was modified, two other issues: finite plate size due to
restriction of the cryostat size and unknown surface resistance of gold
' plated brass, came up. These difficulties and the resolution will be
described in the next chapter.

12



CHAPTER III

MODIFIED MEASUREMENT SETUP

1. Fixture Modiﬁcaﬁons

The measurement fixture utilized in current measurement setup is

basically Courtney's fixture with six changes made to reduce it's

complexity and to make it more compatible for low temperature

measurements:
(1) Compensation for Dimensional Changes: To utilize the fixture for .

2)

3)

cryogenic measurements, it was necessary that the fixture be capable
of compensating for the dimensional changes in the sample due to the

-temperature variation. Therefore, the bottom plate of the fixture was

spring loaded so no air gaps dre produced between the conductor plates
and the sample if the sample or conductor dimensions change. The
two conducting plates were thensscrewed into a grooved chassis so that
various size samples could be fitted into the fixture by moving the
plates closer or further apart [21]. '

Magnetic Field Coupling: The second change was the use of a
horizontal loop (Fig. 4) instead of the right angle E-field probe (Fig. 3) to
couple the energy. The loop couples to the magnetic field lines set up
in the fixture instead of the electric field lines. The magnetic field was
found to be easier to couple to and was therefore used.

Top Coupling: The formulas for €, and tand have been derived with the
assumption that the plates are infinite. But due to the practical
limitations of infinite plates, a ratio of three or greater for the diameter
of the conductor plates to that of the sample is considered satisfactory
since the fields attenuate very rapidly as you move radially away from
the sample. The maximum size of the plates is determined by the
inner diameter of the cryostat can (approximately two and a half
inches) since the fixture is to be enclosed inside it. Bringing the
coaxial cable in between the conductor plate and the inner cryostat
wall would further reduce the diameter of the plate (Fig. 4(a)).. By

13



4

bringing the coaxial cable through the plate, the full inner diameter of
the cryostat can be used. A right angle loop was soldered to the end of

Coaxial cable
from Network
Analyzer

Goid p]vated brass
conducting plates

Loop probe.

Dieleciric sample

Fig. 4(a) Coupling to magnetic lines of force using side coupling

the coaxial cable. The two methods of measurement, i.e. the side and
the top coupling, were used to measure the sensitivity of the
measurement due to the hole in the top plate (data to prove this is
provided in Appendix F'). The results obtained showed almost no
change in the data acquired. Accordingly, the second approach of top
coupling was utilized, in place of side coupling that was used by
Courtney.

Vertical Movement: The next change was brought about due to the

requirement of vertical movement capability of the loops, so that
samples with varying thicknesses could be measured. The loop should
be present at nearly one-half the height of the sample so that the
coupling to the magnetic field lines is easy. Hence the coaxial cable,
after passing out of the cryostat, was made to pass through a hollow
support tube, on top of which a vacuum feed through was placed, so
that the cable could be moved up or down relative to the fixture [22].

14



Coaxial cable
from Network
Analyzer

Dielectric sample Gold plated brass

Loop probe conducting plates

Fig. 4(b) Coupling to magnetic lines of force using top coupling

®

Coaxial | cable
from Network
Analyzer

Gold plated brass
conducting plates

Horizontal hole
for grounding

Dielectric sample

Fig. 4(c) Grounding of top plate using a screw

15






®)

)

Reflection Measurements: Reflection measurements were carried out
in place of Transmission measurements. A single loop (Reflection
Measurements) was used to reduce the complexity of the fixture in
place of two loops for the transmission measurements, as used by
Courfney.

Grounding: The last change made in the fixture was due to the
grounding requirement of the conducting plates. Since the outer
conductor of the coaxial cable is at ground potential, the top plate was
brought in contact with this conductor using a screw that passes
through a horizontal hole in this plate (Fig. 4(c) ). The screw presses
the coax against the top plate, grounding it. The bottom plate, in
contact with the top plate through the chassis that holds the two plates,

.is thus also grounded.

<

Figure 4(d) shows a photograph of the fixture used for the

experiment.

®

2. Sample Requirements for Measurement

In summary, the samples that can be measured in the fixture have

certain limitations on their dimensions and properties, as listed below.
They should

1)
@)

6))

4)

be right-cylindrical in shape.

be non-magnetic ( i = g ), isotropic ( € and | same in every direction),
and homogeneous ( € and |t independent of position inside the
dielectric).

sample thickness should be less than one-half the wavelength of TEg;1

resonance of the dielectric sample being measured. This condition is
required to eliminate the radiation losses of the sample.

diameter to thickness ratio of the sample should be as large as possible
for good mode separation. This results in non-degenerate modes, and

17



therefore there is less difficulty in identifying them. This also results
in the TMpmo modes (TM modes with subscript p = 0, i.e. no axial
variation of the fields) being as far as possible from all other modes.
This is essential since a TMpmo mode overlapping with another mode
would affect it detrimentally, since the TMpn,0 modes are very lossy.

Fig. 5(a) Magnetic field lines for TEg11 mode for a dielectric resonator

(6) The conducting plate diameter should be at least three times the
diameter of the sample. This is necessary to satisfy the condition of
infinite conducting plates, as mentioned in Section 1.

3. Coupling to the TEgy;; Mode

Chapter II describes the method of coupling to the electric field lines
associated with the TEg11 mode. The modified fixture utilized the magnetic

field lines coupling for the measurement.
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The magnetic field distributions of TEg;1 mode are shown in Fig. 5(a).
Figure 5(b) shows the magnetic field conﬁgv:rations when the sample is
sandwiched between two conducting plates. To achieve the magnetic field
coupling to this mode, horizontal wire loops shown in Fig. 4(b) can be
utilized [4].

Dielectric Gold plated bra
"Sample conducting plat
[ 4 . — ]

Fig. 5(b) Magnetic field lines for TEO11 mode in a dielectric resonator
sandwiched between two conducting plates

4. Measuring Equipment Setup

The coaxial cable from the experimental fixture is connected to the
Hewlett Packard 8746B S-parameter Test Set (see Fig. 6), which is set to Si1
- mode for Reflection Measurements (see the following section). The
resonance can be seen on the Network Analyzer's Polar Display (HP8410A
Network Analyzer) and Magnitude Display (HP8418A Auxiliary Display
Holder). The frequencies of interest for unloaded Q measurement can be
measured with the EIP Model 578 Source Locking Microwave Frequency
Counter.
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G | Frequency |
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4 Test Phase Test Phase
Test Amplitude Test Amplitude
Reference Reference
Sweep Out Sweep In
Frequency Counter

1GHz-18GHz Input

&

Fig. 6 Equipment setup for measurements

5. Measurement Techniques

There are essentially two ways of measuring the properties of the
sample. These are:

(1) Transmission Measurements
(2) Reflection Measurements

The difference between the two techniques is the use of two loops
(Transmission Measurements) versus a single loop (Reflection
Measurements). As mentioned in Section 1, the latter method was used for
the modified fixture.

6. Dielectric Constant and Loss Tangent Formulas
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The formulas for the calculation of the relative dielectric constant
and the loss tangent are the same as listed in section 4 of Chapter II for
Courtney's fixture.

7. Vacoum Pumping System

The cryostat can is initially at atmospheric pressure. It is evacuated
with a Veeco VR300 Mobile Model Pumping Station, consisting of two
pumps, a Mechanical or Roughing Pump and an Oil-Diffusion or High
Vacuum Pump (see Fig. 7). There are three pressure detecting
thermocouple gauges that are attached to the system. The first gauge is
next to the foreline valve. The second one is close to the roughing valve, and
the 11ast one is connected to the line going to the cryostat can.

First, with the diffusion pu}np isolated, the mechanical pump
creates a vacuum of 100 milliTorr (100 mTorr). Then the diffusion pump,
with the High-Vacuum valve, is used to further decrease the pressure. For
the setup at David Sarnoff Research Center, the lowest vacuum that can be
achieved inside the cryostat can (measured at gauge 3) is approximately 10
mTorr. This ultimate pressure is limited by the length and the
conductance of the connecting tubing, the pumping speed and the
outgassing characteristics of the system.

8. Cryogenic Measurement Procedure

A block diagram of the entire setup is shown in Fig. 8(a) and a
photograph of the same in Fig. 8(b). First the sample measurements are
performed at room temperature (Appendix B gives the details on how to
- measure the frequency of resonance and unloaded Q for relative dielectric
constant and loss tangent calculations). Next, the thermometer and the
heater connections are made to the temperature controller (the heater and
thermometer details are given in Appendix D). Then the fixture is enclosed
in the cryostat can and the can is screwed close. The pumping system
evacuates the cryostat can by following the procedure outlined in Section 7.
The measurement of relative dielectric constant and the unloaded Q is once
again repeated at room temperature to ensure that no change has occured.
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Next the cryostat can is dunked in a dewar containing liquid nitrogen and
the temperature of the sample is allowed to decrease. Once the sample
reaches a temperature of interest, the temperature is maintained with the
controller. The sample is allowed another fifteen minutes to half an hour to
stabilize and then measurements are carried out at this new temperature.
This process is repeated for all the temperatures of interest. The important
thing to note is that the heater is capable of providing only a certain amount
of heat. This limits the temperature range in which it can be used. The
temperature range for the tested fixture was up to 50K above the liquid
nitrogen temperature of 77K. For this reason, the data acquired is limited
to measurements between 77K and 127K besides measurements at room
temperature.

To speed up the cooling down process, a second procedure can be
followed. The process is the same up to the point of evacuating the cryostat
can at room temperature. Then tile can is cut off from the pumping station
and backfilled with gaseous nitrogen. It is then dunked in liquid nitrogen.
The presence of a heat transferring éas inside the can, reduces the
temperature more quickly. The sample is allowed to reach 77K and
measurements at this temperature are carried out. The pumping station is
then used to reevacuate the can. After evacuation, the can is removed from
the dewar and allowed to warm up to the next temperature of interest.
Once it approaches this temperature, it is again dunked in liquid nitrogen
and the temperature controller is used to hold the temperature so that the
measurements can be repeated at the new temperature. This process is
repeated for all the other temperatures of interest.
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Fig. 8(a) Experimental apparatus

9. Measurement Limitations

As mentioned in Chapter I, the fixture is capable of measuring only
a limited range of dielectric properties. These limits are set either by the
size of the fixture or by the limit of the measuring technique.

The limit on the relative dielectric constant is brought about by the
maximum and the minimum size of the samples that can be measured in
the fixture. The maxzimum size of the sample is limited by the size of the
plates since the ratio of the diameter of the plates to that of the sample is
required to be at least three times (see section 1). Hence the sample size is
* limited to 0.65 inches. The smallest sample which can be measured is
limited by the coaxial cable diameter. Therefore samples with diameters
less than approximately 0.2 inches are not recommended for this fixture.

The limitations on the lower limit of tan 8 (i.e. 10-5) is set by the fact
that if the substrate losses are below 10-5, the plate conductor losses become
dominant and therefore the dielectric losses are difficult to measure. The






upper limit of 10-2 is set by the practicality of the measurement method. In
any case, we are not interested in materials with high losses.

10. Extension of Technique to Measure the Conductor Losses

The conducting plates are made out of brass and then electroplated
with gold. The conductivity of these plates is in between that of plated gold
and brass. In general, electroplated gold has lower conductivity than bulk
gold. It is important to know the conductivity so that the conductor losses
can be accurately calculated. The Courtney Technique can be modified to
measure the Conductor losses of the plates so that the tan & can be

accurately measured. To do this, the same experiment has to be repeated

L |

— epe— T

Gold plated brass
1 [ ———— conducting plates

Dielectric
Sample

—— o

=

Fig. 9 Magnetic field lines for TEg12 mode in a twice the thickness resonator

twice, once with a sample designed for TEg11 resonance measurements,
and then with a sample with the same diameter but twice the height (see
Fig. 9 for the magnetic field lines configuration). The use of twice the
height sample results in the TEg12 mode to resonate at the frequency of the
TEo11 mode for the original sample.



By using the results of the above listed experiments the conductor
losses can be calculated using the formulas derived in the book 'Dielectric
Resonators’ [5]. The equations used for the calculation of the conductivity of
the gold plated brass plates are:

()G(B)
e (R | -ty

where, p = 2 for TEg12 mode

Qop 1s the unloaded Q measured for the TEq;, mode

Qo1 1s the unloaded Q for the TEg11 mode

2
1D A/ e - B
where, a= N [&} (ZL) ]

<

2
B=% \/ [(12)—%) ;1]
7o)

[7(0r) - Jo(e)T2(0)]

[Ko(B)Ka(B) - K2(B)]
K1)

F(a) =

G =

Then the surface resistance can be calculated by using the formula:

_ B [2nfgudlece,]

R,
1+ F(a)G(BY) )

where B= —QAM“ tan & (tan 8 calculated from equation (3) )

A=1+EO0®

Jdm - DBessel function of the first kind of order m

K, - Modified Bessel function of the first kind of



order m

Jn - Derivative of Jp, with respect to its argument o
Kn - Derivative of Ky, with respect to its argument B
€ - Dielectric constant of free space

Er - Relative dielectric constant of the material

Lo - Permeability of free space

D - Diameter of the sample

L - Height or thickness of the sample

fo - Frequency of resonance of TEg11 mode

A - Wavelength corresponding to fj

Qo - Unloaded @ of the sample

This process of calculation of the conductivity of the plates was tried
using two samples of the same dimensions, stacked one on top of the other.
But the results obtained were not satisfactory. The reason for this could be
the small air gap between the two samples.

Hence, the conductivity was calculated using the published data for a
ZrSnTiO4 sample. This procedure is explained in the next chapter.



CHAPTER IV )
MEASUREMENTS AND RESULTS

This chapter discusses the sample dimensions calculation process
and later discusses the calibration process of the fixture using a
polycrystalline ZrSnTiO4 sample. Lastly, it provides and discusses the
results obtained for 99.5% AlyOg, single erystal MgO and single crystal
LaAlOg.

1. Step by Step Sample Dimensions Calculation

In order to design a test sample, the sample dimensions, an
approximate value of its relative dielectric constant and the frequency of

measurement are required. This frequency corresponds to the frequency of
resonance of the TEg11 mode. *

The first step is to pick various acceptable diameters for the sample
which are compatible with the fixture. The diameter should be less than
one-third the diameter of the conducting plates, i.e. less than 0.65 inches,
and larger than 0.2 inches. The upper limit on the diameter is set because
of the assumption in the calculations that the conducting plates are
infinite, but due to practical limitations, a 1:3 ratio for the diameter of the
sample to that of the plates is considered satisfactory. The lower limit on
the diameter (of 0.2 inches) is set by the coaxial cable diameter. If the
sample is too small, the coax would be unable to couple tightly to the field
lines. In general, diameters of 350, 400, 450, 500 and 550 mils (1000 mils =1
inch) are picked. Then the relative dielectric constant value, the frequency
of resonance value, and one of the diameter dimension value, say 350 mils,
is input to the Fortran program 'DESIGN.FOR'. The output of this
program is the corresponding height of the sample required to have a TEg11
resonance at the desired frequency. For more details on this program see
Appendix C. This process of height calculation is repeated for the other
diameters. All these samples are candidates for the sample dimensions to
be picked.



After obtaining the above data, the value of one-half the wavelength
corresponding to the TE11 frequency is calculated. If any of the candidate
samples has a height close to or greater than the value of one-half the
wavelength, it is eliminated from consideration for the sample. This
condition on thé height is set to eliminate radiation losses (Chapter II,
Section 6). For the remaining samples, the frequency of resonance of
modes close to the TEg;1 mode is calculated from the graph in an article by
Kobayashi and Tanaka [6] (shown in Fig. 10). The frequencies of HE1np,
TEonp and TMopp modes can be verified with programs given in
Appendix C. After this process is repeated for all the samples, the
frequencies of the various modes is marked on a frequency axis graph.
From this graph, the best sample with the TM modes as far away as
possible from any main modes, especially the TEg11 mode, is picked. If
none of the graphs are satisfactory, then other diameter values are picked
and the process is repeated.
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Fig. 10 Mode chart for sample from Kobayashi and Tanaka article [6]



2. Numerical Example

The above discussed calculation process is demonstrated with an
example. Let the material have an approximate relative dielectric constant
of 26 and let the frequency at which the measurement is to be carried out be
6 GHz (or 6x109 Hz). Picking diameter values of 350, 375, 400, 425, 450, 475,
500 and 525 mils, the corresponding heights for the diameters are
calculated using the program 'DESIGN.FOR'. The values for the heights
shown in the table are rounded off to the nearest integer divisible by five
since usually when cutting the sample, the dimensions are within
+/- 5 mils. The data obtained from the program is shown in Table I. Note
that 1000 mils =1 inch = 2.54 cm. ‘

‘TABLE I

Dimensions Needed to Obtain f{TEp11) = 6GHz For Material With &, = 26

8r=26

f{TEqg11) = 6GHz

Diameter (D) Height (T) (D/T)2
(mils) (mils)
350 510 0471
375 420 0.797
400 370 1169
425 340 1.563
450 320 1.977
475 300 2.507
500 280 3189
525 270 3.781



The value of one-half the wavelength corresponding to the frequency
of 6 GHz is 984.25 mils. Since the heights of the samples shown in the above
table are less than the value of one-half the wavelength, all of the above
sample dimensions are good candidates for the measurement.

The next step in choosing the right sample dimensions is the
calculation of the frequencies of resonance of various modes for the above
samples. This is done by using the graph shown in Fig. 10. The first
sample with D = 350 mils and T = 510 mils, has a (D/T)2 ratio of 0.471. This
value is noted on the x-axis of the graph and the corresponding values of
e-(D/A)2 for the various modes is read off from the y-axis. Since the value of
er and D is known, the value of the frequency of resonance can be A
calculated. Table II show the results of this process. This calculation is
repeated for all the other samples in Table I and the results are shown in
Tables III through IX.



TABLFE II -

Frequencies of Resonan f Vari Modes for Sample I of Tabl
e =26
D =350 mils
T = 510 mils
(D/T)2=0.4T71
Mode er(D/A)?2 Frequency of Resonance
(GHz)
TMo11 0.55 4908
HE111 0.60 5126
TEo11 0.85 6102
HE;j19 1.03 6.717
TMo11 1.30 7.546
TEo12 1.40 7.831
TMo1 9 145 7.969
HEog11 1.60 8.371
TMo20 1.65 8.501

I



TABLE TII -

Frequencies of Resonances of Various Modes for Sample IT of Table I

e =26

D = 375 mils

T = 420 mils

(D/T)2 = 0.797

Mode g-(D/A)2 Frequency of Resonance
| (GHz)

T™i10 055 4581

HEq11 0.70 5168

TEo11 0.95 6.020

HE112 - 140 7.308

TMo10 145 7438

TMo11 1.50 7.565

HEo11 1.55 7.690

TMo20 1.65 7.934



TABLE IV*

Frequencies of Resonances of Various Modes for Sample III of Table I

& =26

D =400 mils

T = 370 mils

(D/T?2 =1.169

Mode er(D/A)2 Frequency of Resonance
(GHz)

T™i10 0.55 4295

HE111 0.70 4.845

TEo11 115 6.210

T™Mo10 1.35 6.728

TMop11 1.45 6.973

HEo11 1.50 7.092

TMo20 1.65 7438



TABLE V-

Frequencies of Resonances of Various Modes for Sample IV of Table T

& =26

D =425 mils

T = 340 mils

(D/T)2=1.563

Mode e{(D/L)2 Frequency of Resonance
| (GHz)

T™i10 0.55 4.042

HE;311 0.80 4.875

TEo11 1.22 6.020

TMoa10 1.35 6.332

TMoz20 1.65 7.001

HEo11 1.70 7106

TMo11 1.73 7169

HE119 2.03 7.765

EHi11 2.07 7.841



TABLE VI~

Frequencies of Resonances of Various Modes for Sample V of Table I

& =26

D =450 mils

T = 320 mils

O/T2=1.977

Mode e(D/A)2 Frequency of Resonance
| (GHz)

T™i10 0.55 3817

HEq111 0.95 5017

TEq 1.35 5.981

TMbo10 1.38 6.047

TMoz20 1.65 6.612



TABLE VIL

Frequencies of Resonances of Various Modes for Sample VI of Table 1

81- =26 i

D =475 mils

T = 300 mils

(D/T)2 = 2.507

Mode e(D/A)2 Frequency of Resonance
| (GHz)

TMi10 0.55 3.616

HEq11 115 5.229

TMo19 1.38 5.728

TEq11 1.58 6130

TMoz0 1.65 6.264

HE911 1.90 6.722

TMo11 2.03 6.948



TABLE VIIT

Frequencies of Resonances of Various Modes for Sample VII of Table T

81-'—_'-26

D =500 mils

T = 280 mils

(D/T)2 = 3.189

Mode ex(D/A)2 Frequency of Resonance
| (GHz)

HE111 1.30 5.282

TMe10 1.38 5.442

TMo20 1.65 5.951

TEo11 1.72 6.076

HEo11 2.08 6.681

TMop11 2.20 6.871



TABLE IX

Frequencies of Resonances of Various Modes for Sample VIII of Table I

& =26

D =525 mils

T = 270 mils

(D/T)2 = 3.781

Mode er(D/A)2 Frequency of Resonance
(GHz)

TMa10 1.38 5183

HEq31 142 , 5257

TMo20 1.65 5.667

TEo11 1.85 6.001

HEo; 2.95 6.618

TMop11 2.35 6.763

The next step involves the drawing of frequency axis graphs so that
the mode separation can be easily seen. The graph is shown on the
following two pages. We want to pick a sample which has good mode
- separation, especially the TM modes as far as possible from TEg11 modes.
By looking at the graph, samples ITI through VIII can be eliminated from
consideration due to the nearness of TMonp modes to the TEqg11 mode.
Samples I and II are both good candidates for the measurement. Sample
IT can be picked over sample I due to its smaller height which leads to

lesser radiation losses and also due to the better separation between the
TEq11 mode and the other modes surrounding it.



MODE CHART FOR MATERIAT, WITH g, = 26 AND FREQUENCY

OF RESONANCE OF TEg; 1 MODE APPROXTMATELY 6 GHz

Sample I: D = 350 mils; T = 510 mils; (D/T)2 = 0.471

TMi10 TEO11 TM210  HE211
TMO11 l l freq(GHz)
I T T I T >
4 5 | 6 | 7 | s |
HE111 HE112 TEO12 TMO20

Sample II: D = 375 mils; T =420 mils; (D/T)2 = 0.797

T™i10 TEO11 TMO11
TA T™M210 I I ITMOZO freq(GHz)

i a P I N T

HE111 HE112 HE211

Sample III: D = 400 mils; T = 370 mils; (D/T)2 = 1.169
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" T N T T
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Sample IV: D = 425 mils; T = 340 mils; (D/T)2 = 1.563

{
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L.
Al [ | 7 o T
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Sample V: D =450 mils; T = 320 mils; SD/T)z =1.977

T™™210 TMO20

HE111
T‘V'”o TEO1 || freq(GH2)
T ] | T | ™
4 5 6 7 8 9
Sample VI: D =475 mils; T = 300 mils; (D/T)2 = 2.507
HE111 TMOZ0
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T™™Z10 HEZ11
Sample VII: D =500 mils; T =%280 mils; (D/T)2 = 3.189
HE111 TEO11 TMO11 f}eq(GHz)
T T T T »‘
" T T n o
TM210  TMO20 o
Sample VIII: D = 525 mils; T = 270 mils; (D/T)2 = 3.781
HE111  TEO11 HE211 Hoq(GHz)
4T 5| I | 61 I 7l 8' 9[
TM210  TMO020 TMo11



3. Calibration Process and Calculation of Conductivity of the Plates

As explained in Chapter III, the double height experiment could not
be used to calculate the conductivity of the gold plated brass plates.
Therefore, in order to calibrate the measurement setup a sample whose
properties are well defined with temperature was used. The results
obtained from the experiment were used to calculate the conductivity of the
gold plated brass plates.

A sample of polycrystalline Zirconium Tin Titanate (ZrSnTiO,) was
used for calibration. The cylindrical sample had a diameter of 500 mils
(1.27cm) and a height of 272.5 mils (0.692cm). This material was obtained
from Murata Erie North America, Inc. The sample is a U series disc
resonator. Its relative dielectric constant is expected to remain constant at
38, since it is a temperature compensated material. Table X shows the
frequencies of resonance of the various modes associated with this sample.
The expected frequency values are obtained from Fig. 10 and the observed
frequencies were read off from the network analyzer display in the
experiment. The published data and the measured results obtained are
given in Table XTI and the graph of the relative dielectric constant versus
temperature is shown in Fig. 11(a). The raw data is given in Appendix E.
The frequency of resonance of TEg;1 mode and the associated Qg were
calculated using the program '‘Q0.FOR'. The &, was calculated using the
program 'ER.FOR'. For more details on the programs see Appendix C.
Figure 10 shows the &, increasing slightly as the temperature is lowered,
but remaining approximately around thirty eight, as expected.



TABLE X -

Mode Frequencies for Polycrystalline ZrSnTiQO4 Sample
D =500 mils

T = 272.5 mils
(D/T)2 = 3.367
A/2 = 1159 mils
Mode er(D/A)2 Expected Frequency Observed Frequency
(GHz) (GHz)
13 1.35 4474 448
TMe10 1.37 4507 , .
TMop20 1.60 4871 .
TEo11 1.78 | 5138 5.09
HE211 218 5.686 5.78
TM310 2.55 6.150 .
TMo11 2.60 6.210 °
EHi11 2.70 6.328 6.30
-TM120 3.05 6.726 .

For the calculation of the loss tangent, the value of the conductivity of
the plates is required. As mentioned before, since the plates are made out
of gold plated brass, the conductivity is expected to be in between that of
plated gold and brass. The conductivity of the plates at room temperature
and at 77K was first calculated using the published data provided by the
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company from which the sample was obtained. The expected loss tangent
values of polycrystalline ZrSnTiO4 are given'in-an article by Tamura et al.
[19]. The conductivity was calculated using the program 'COND.FOR' (see
Appendix C). The values obtained were:

Temperature Conductivity
(28] (mhos/m)
290 4x107
7 | 15x107

The conductivity equation obtained from this data is:
&

0.8770p

© = 170.00339(T - 293)

where og = 4.562x107 mhos/m is the theoretical conductivity of gold at room
temperature [7]. The 0.877 factor is calculated from the ratio of 4.562 to 4.0
and the constant 0.00339 is calculated by using the conductivity at 77K.
Table XII shows the conductivity of the plates versus temperature obtained
using the above equation along with the theoretical conductivity for bulk
gold [7]. Figure 12 shows the graphs of conductivity of gold plated brass and
the theoretical conductivity of gold.

Using this conductivity equation, the loss tangent of ZrSnTiO4 was
then obtained using the program "TANDLT.FOR'. A factor of four times
improvement in the losses was observed, as expected (see Fig. 11(b)).



Table XI *
Polycrystalline ZrSnTiQ4 Results
Diameter = 500:.m1'1s
Height = 272.5 mils

Expected Relative Dielectric Constant = 38 (Commercially available
Temperature Compensated Material)

Temp. Frequency Qg &r tand Published tand
(K)ﬂ of TK11(GHz) (x104) (x104)

291 5.09156 35357 = 37.952 1.0640 1.05

200 . . . . 0.85

120 5.08250 5522.7 38.088 0.6803 *

110 5.08167 5776.2 38.100 0.6441 .

100 5.08129 6051.2 38.106 0.6100 0.60
90 5.07927 6348.0 38.136 0.5785 .

785 5.07869 6681.8 38.145 05547 0.55



Relative Dlelecttic Constant

Fig. 11(a) Relative dielectric constant versus temperature for ZrSnTiO4
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Fig. 11(b) Loss tangent versus temperature for ZrSnTiO4
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Table XTI

-

Conductivity of Gold Plated Brass Versus Temperature

Temp. Calcuiated conductivity of : Theoretical conductivity
129 gold plated brass (mhog/m) of gold (mhos/m)
293 4.000x107 4.562x107
120 9.675X107 .
110 10.539x107 .
100 11.572x107 ‘ .
90 - 12.830x107 o
77 14.942x107 23.084x107
005 ] O {:; Calc;lated (;onductLivit; of !plates i
s0) [ Theoretical Conductivity of gold
17.5:

o
€

<%,

12.5 - L
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&
&
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Fig. 12 Conductivity of gold plated brass versus temperature

4. Alumina (99.5%) Results



The next material that was tested in the fixture was Alumina (99.5%
Al503).: This material was obtained from McDanel Refractory Co., Beaver
Falls, Pennsylvania. The sample diameter was 705.5 mils (1.792 ¢m) and
the height was, 353.5 mils (0.898 cm). These dimensions were calculated
(using the program DESIGN.FOR') to make the resonator have a TEg11
resonance of 7.4 GHz as can be seen in Table XIII. Table XIII shows the
observed frequencies as seen on the Amplitude Display of the Network
Analyzer along with the expected frequencies calculated using Fig. 10.

Table XTIV shows the results obtained for the relative dielectric
constant and the loss tangent as a function of temperature (using programs
'QO.FOR/, 'ER.FOR' and "TANDLT.FOR'). It can be seen that the g, does
not vary too much over the temperature range whereas the loss tangent
improves by a factor of four. The graphs for this data are shown in Figs.
13(a) and 13(b). The raw data is given in Appendix E. The published value
of e; as being 9.8 at room tempera%ure was obtained from and article by
Tamura et al.[20] and the value for the loss tangent from a report by
Rockwell International at 7TGHz [24].’



TABLE XITII-

Mode Frequencies for 99.5% AloQO3 Sample

D = 705.5 mils

T = 353.5 mils

(D/T)2 = 3.983
Mode er(D/A)2 Expected Frequency Observed Frequency

(GHz) (GHz)

TMay0 1.35 6.250 .
HF311 145 6.477 6.475
TMo20 1.59 6.783 .
TEo11 1.93 7473 7.389
HEg11 2.28 | 8122 8.066
TMo11 2.40 8.333 .
TMas10 253 8556 .
EHi11 2.85 9.081 8.978
TMi20 3.00 9.317 .
EHs11 3.40 9.919 9.870



99.5% Alumina Results

Diameter = 705.5 mils

Height = 353.5 mils

Table X1V -

Temp. Frequency Qo & tand
X) of TEo11(GHz) (2104

293 7.38893 4533.6 9.847 1.0021
120. 7.43393 8847.9 9.726 0.3557
110 7.43483 9(;70.4 9.724 0.3571
100 7.43585 9531.8 9.721 0.3333
D 7.43657 10048.7 9.719 0.3098
77 7.43655 114421 9.719 0.2291



Fig.

Relative Dielectrlc Constant

13(a) Relative dielectric constant versus temperature for AloOg3

Loss Tangent (x10e-4)

9.9 PP SEREPE | 1 I X X P L
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Fig. 13(b) Loss tangent versus temperature for AlpO3



5. Magnesium Oxide Results

The Magnesium Oxide sample measured is single crystal with a
diameter of 388 mils (0.985 cm) and a height of 362 mils (0.919 cm). The
sample was obtained from GFI Advanced Technologies, Forest Hills, NY.
These dimensions resulted in a TEg;1 resonance of approximately 10 GHz
(see Table XV). This table shows the frequencies calculated from Fig. 10
and the various mode resonances observed on the display of the Network
Analyzer.

The sample was inhomogeneous as its Qg varied with rotation of the
sample in relation to the coupling loop. The variation of Qg was within the
range of 7000 - 9000. Hence the experiment was repeated at two different
orientations to obtain an average value (see Appendix E for details on the
averaging process and the raw data). Table XVI shows the results obtained
for the relative dielectric constant and the loss tangent as a function of
temperature using the programs 'Q9.FOR', 'ER.FOR' and 'TANDLT.FOR'.
It can be seen that the &, decreases slightly as the temperature is lowered
and the loss tangent improves only slightly too. This table also shows the
published results for the relative dielectric constant at 1-10KHz frequency.
The published results were obtained from a 1973 article by Bartels and
Smith [8]. A single point (g, =9.83 at 1KHz) is also shown on the relative
dielectric constant graph. This point was obtained from an article by
Fontanella et al. [14] . The graphs for the relative dielectric constant and
the loss tangent versus temperature are shown in Figs. 14(a) and 14(b).

Besides the inhomogeneity problem, another problem encountered
with the MgO sample was its deterioration property with passage of time.
Hence the sample had to be stored in vacuum or in a gaseous nitrogen
environment. When the sample was first received, it had an approximate
Qg of 9000 at room temperature. When the same sample was measured two
and a half months later, its Qg had depreciated to about 5000. The results
quoted in the following tables are those which were obtained from a second
sample which had been stored in vacuum.



TABLE XV *

Mode Frequencies for Single Crystal MgO Sample
D =388 mils

T = 362 mils

(D/T)2=1.149

Mode e-(D/A)2 Expected Frequency Observed Frequency
(GHz) (GHZ)___

TMi10 0.55 7.248 .

I—IEi11 0.75 8464 8.468

TEo1 1.05 10.01:5 9.041

TMa10 1.35 11.356 .

TMo11 1.45 » 11.770 .

HEo11 150 11.970 1246



Table XVI

M ingle sult

Diameter = 38é mils

Height = 362 mils

Temp. Frequency Qo &r Published tand
X of TEo11(GHz) & (x10-Y

300 1-10KHz . . 9.956 '

290 9.941030 8647.5 9.802 0.5074

20 1-10KHz . . 9.876 .

150 1-10KHz . , d 9.823 .

120 10.02422 11563.3 9.632 . 0.4514

110 10.02719 12334.3 9.626 9.797 0.4-112

100 10.02970 12227.3 9.621 . 0.4359
90 10.03193 121644 9616 . 0.4580
77 10.03323 13200.3 9.613 . 04141
70 1-10KHz . . 9.783 .
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Fig. 14(a) Relative dielectric constant versus temperature for MgO
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Fig. 14(b)‘ Loss tangent versus temperature for MgO



6. Lanthapum Aluminate (Single Crysta}) Results

Lanthanum Aluminate (LaAlOg) is considered to be another
potential material for superconductor substrates. A single crystal sample
of this material was obtained from North Carolina production facility of
Airtron-Litton. The sample obtained was from the end of a boule. It had an
approximate diameter of 2 inches and a height of an inch. From the
physical appearance of the sample it could be seen that it had a four fold
symmetry. A photograph of the samples four fold symmetry as seen by
cross polarization is shown in Fig. 15.

From the original sample a cylindrical sample was cut from one of
its quarters. This sample had a diameter of 375 mils (0.952 ¢cm) and a
height of 418.5 mils (1.063 cm). When this sample was put in the fixture
and rotated in its orientation with respect to the coupling loop, a change in
the sample Qg was observed (like the MgO sample), even though the
frequency of resonance remained constant. This proved that the sample
was inhomogeneous. Figure 16 shows the change in the measured Qg with
rotation. As can be seen from the figure, the Qg varies over a much wider

range of values, unlike the MgO sample.

Table XVII shows the frequencies of resonances of the modes of
interest along with the observed frequencies.

A sample position, for which the measured Q¢ was an average value

of 8900, was chosen. At this position, the measurements were carried out to
obtain the results shown in Figs. 17(a) and 17(b). Table XVIII shows the
results obtained for the sample. The & decreases slightly over the

measured temperature range (see Fig. 17). Figure 17 also shows a
published result for the &, (equal to 23.5) at room temperature and 10GHz

frequency [11]. The loss tangent obtained does not show much variation as
the temperature is decreased.

Due to the extreme inhomogeneity of the sample, the loss tangent
results cannot be stated with certainty. If another orientation of the sample
were to be chosen, the results would be different though with the same
trend.
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Material - LaAIO3
Diameter - 375 mils ,
9000+ Height - 418.5 mils i
Freq. (TEO11) - 6.3 GHz
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3000+ — r * T T x
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Rotation Angle (Degree)

Fig. 16 Unloaded Q versus angle of rotation for LaAlOg



TABLE XVII

Mode Frequencies for Single Crystal LaAlO3 Sample
D = 875 mils

T = 418.5 mils
(D/T)2 =0.803
Mode ex(D/A)2 Frequency of Resonance
(GH=2)
TMj10 0.55 | 4581
HE111 0.70 5168
TEo11 0.95 6.020
HEq12 1.40 7.308
TMo10 145 7.438
TMo11 1.50 7.565
HEgy1 155 7.690
TMoz20 1.65 7.934



Table XVIIT

LaAl ingle Cryvstal) Result
Diameter = 37 5 mils

Height = 418.5 mils

Temp. Frequency Qo &r tand
§29)] of TH11(GHz) (x10-4)
293 6.23676 8909.7 24.207 0.5349
120.0 6.28598 16832.1 23.821 0.5533
100:0 6.28967 10663.3 23.792 0.598
90.0 6.29165 11433.7 23.777 0.5493
77.0 6.29295 11862;.1 23.767 0.5378



Relative Dielectric Constant
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Fig. 17(a) Relative dielectric constant versus temperature for LaAlOg
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Fig. 17(b) Loss tangent versus temperature for L.aAlOg



CHAPTERV
CONCLUSION

Courtney's experimental fixture was modified for cryogenic
measurements. The fixture was successfully used to measure the complex
dielectric constant of homogeneous, isotropic,non-magnetic, cylindrical
samples at microwave frequencies and versus cryogenic temperatures.

The polycrystalline ZrSnTiO4 sample was used to calibrate the
conductivity of the gold plated brass conducting plates and then the fixture
was used to measure the properties of 99.5% Al203, single crystal MgO and
single crystal LaAlO3.

A summary of the results obtained at 300K and 77K is given below:

Material £ (300K) & (7TTK) ___ tan8(x104)(300K)_tanS(xl0-4)(77K)

AloOg 9.847 9.7119 1.0021 0.2201
(99.5%)
MgO 9.802 9613 0.50741 041414

(single crystal)

LaAlOg3 24.207 23.767 ® ®
(single crystal)

It can be seen that MgO seems to exhibit lower dielectric losses at
higher temperatures as compared to Alumina. Hence MgO appears to be
better suited for high temperature superconductor deposition. But MgO
also degrades very rapidly if it is kept in open atmosphere. Therefore,
depending on the superconductor and its transition temperature, it might
be advisable to use the 99.5% Alumina.



The LaAlOg sample was found to be extremely inhomogeneous and
hence its tand could not be evaluated accurately. Even though the dielectric
losses for this material cannot be stated for certain, it appears that LaAlOg
might be usable as a substrate material.



APPENDIX A

DERIVATION OF THE TRANSCENDENTAL EQUATION

The transcendental equation for the experimental fixture can be

obtained using the four basic Maxwell's equations for a linear,
homogeneous and isotropic medium.

follows:

VXE=-jou H
VxH=joeE+]
V.B=0

and V.eE=q .

Here, J=0cE .
B=pH

and e=go(er-j(c/mep)

where E - Electric field vector

H - Magnetic field vector
J - current density vector
q - charge density vector

B - magnetic charge density

The Maxwell's equations are as

G - conductivity

I - permeability

€ - permittivity

€& - permittivity of free space = 8.854x10-12 F/m
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& - relative permittivity or relative dielectric
constant of the material

® - frequency in radians / c¢ycles (0 = 2xf)

In a source free region, (i.e. J = 0) and for a loss free case (i.e. ¢ =0),
the above equations become:

VXxE=-jopH (8)
VxH=joeE 9)
V-B=0 10)
and V.E=0 | (11)

To obtain independent Electric and Magnetic field equations, take the
curl of both sides of equation (8) to obtain equation (12).

&
VX(VXE)=V x(jopH)

= o p (VxH) 12)

(due to the assumption that
the material is isotropic)

Substituting for Vx H from equation (9) into equation (12)
VXx(VxE)=-jop(o E)
=2uekE
=k2E 13)

where k is called the wave number of the media and is defined as:

k=oVHe=2L
H A 14)
Similarly, - Vx(VxH)=k2H 15)

a3



Equations (13) and (15) are called the Vector Helmholtz Equations.
For a general vector A, the following id;antity holds:

Vx(VxA)= V(V.A)-V*A
Substituting ﬁs identity for E in equation (13),

V(V.E)-V’E=KE (16)
But, V.E =0 from equation (11).
Therefore, equation (16) simplifies to

V’E+k?E=0

or, [V +K]E=0 an

Similarly, for the Magnetic field vector

&

[VZ+K2]H=0 18)

Since we are dealing with a cylindrical dielectric resonator, the
cylindrical coordinate system is utilized.

Equations (17) and (18) will be utilized to solve for the z components of
the electric and magnetic fields.

Therefore, [VZ+ k] E, =0 19)
[V2 +Xx7]H, =0 (20)

These equations are called the wave equations or the scalar

Helmholtz equations. The other components of the electric and magnetic
fields, i.e. Eg, Ep, Hy and Hp can be calculated once the z components are
known.



y
/—_ a —
) r
/C)
Fig.lA Cylindrical coordinate system
Expanding equation (8) in cylindrical coordinates:
-—Ep=-jouH
Paq)(EZ) a(q;) joup P (21a)
— -— =-jouH
~ % &) - O @)=joun, b
-—[i(E -— Ep)l=-jopH
papq))q)p—JP«z (21c)
Similarly, expanding equation (9) in c¢ylindrical coordinates:
H,) - — E
pa¢( 2 ’ @ =jock, (222)



_[__p( Hq;)--a—¢—(Hp)] =joek, (22c) .

Substituting for E, from equation (22b) into equation (21a):

21 2@y L2 @y)-Geun
Paq)(EZ) az[Jfﬂeaz( p) o 39 (H)] jopHp

2
1

1= S N =-j H
or. paq,(E) Jmeazz( 0) F% 50 j o pHp
82 aZ

(L9 19 g+ L @

or, joE 5,2 jop] H p= pv o (Ez) joe 3002 (Hz)
5% | p) Pk

[2 +121H, =12 L )+ @) 23)

or, 32 P 3 dpoz

s(since k2 = o2e )

Similarly, substitute for H, from equation (21a) into equation (22b):

82 2

3
[ 421y =jop 2 @)+ 1L @)
922 pTIons P 3230 @4

Also, substitute for E, from equation (22a) into equation (21b) to
obtain the following equation:

2 2

o L
[ +k ]H¢—-_10)8-a—(Ez)+'p‘£‘(HZ) 25)

Finally, substitute for H, from equation (21b) into equation (22a):
¢

9’ d R
[ 4121y =20 )+
0z2 ) P 99 0zdp

(E2) (26)



From equations (23) through (26) it can be seen that the p and ¢
components of the electric and magnetic fields can be obtained from the E,
and H, components.

To solve for E, and H;, we have to go back and solve equations (19) and
(20). This is done by using the method of separation of variables, which is
described in the book "Dielectric Resonators' [3] and can also be found in
any mathematics book. The results obtained are:

E; = %‘, Am Tn(kp1p) cos(md) efomei®®  (p<a) (27a)

Hy1 = Y, B Ju(kpip) sin(mf) e (pa) @7h)

E,; = ; Cm Kin(kp2p) cos(mo) edazeiot  (p<a) (27¢)

Hyo = 3, D Knllpop) sin(ing) e ciot  (p<a) @7d)
where E,1 - Electric field vector inside the dielectric

E,o - Electric field vector outside the dielectric
H,; - Magnetic field vector inside the dielectric
H,o - Magnetic field vector outside the dielectric

Note that the fields contain the same coefficient for the z propagation,
k, the waveguide propagation constant, since they must have the same

phase along the axis.

The choice of the Bessel function for the various components is due to
the Boundary Conditions of the setup. Since the E and H fields are finite at
the center of the sample (at r = 0), the J; Bessel functions are chosen. For
the E,9 and H,9 components, the fields are supposed to be finite at r = a, and

then should attenuate exponentially, i.e. no radial propagation of fields.
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Hence the K, Bessel functions are chosen for the fields outside the
dielectric sample. .

In the above equations, the variables A, B, C and D are constants and

K2y =k2- 12 (28)
amd K-8 @)
where ko - free space wave number

k=ko Ve

In equation (32), k; and kg switch places so that the argument of Km
in equations (29) and (32) is real.

Now substituting for E, and H, from equations (27a) and (27b) into
equation (23) to solve for E, :

[582_2 +K2] Eg; =jolo D, Bn -a% {Tm(kp1p)) sin(me) ekezejot

+ plZ Am Unkp1p)} (-m) sin(m) (-jk;) edkzeior

[aa? +k2] Eg = 2 [Aka;m {Tm(kp1P)} + B jookp: {JI'n(kplp)}] sin(m)ekzeiot

Bgy= 13 [ AnT22 (5nkoip) + B jotiokp: (Ui 0prp)) ] sintmppeee

k2- k2

Eq>1 = Z [ Ag szm {Jm(kplp)} + Bm jopokp1 {Jm(kplp)}] sin(mé)e-kezeiot

5y + kz) kZ'm



Ey1 = ég [ An 2 () *+ B jopdkr Unpip)] ] sinqledoeior o0

Similarly substituting for E, and H; from equations (27a) and (27b)
into equations (24), (25) and (26) to solve for Hq) , Ep and H; for inside the

dielectric resonator:

Hyr = =13, | jAneoskpr (Tn(kp1p)) + B T {In(lcp1p)} | cos(mp)edircior

2 p

. , @ N
Ep1 = ;21“‘2 [JAmkzkpl {Tm(kp1p)} + jBm L:")Om {Jm(kplp)}] cos(ma)ekazejor
1 m

p

(30b)

(30c)

_ 1 . 0)808rm o ' s -1kyZajo
Hp; = Eg [ -54x S (In(kp1)) - Bkl Un(lep1p)} ] sin(mpeareior (30d)

Similarly, for outside the dielectric resonator,

k;m {Km(kp2p)} + D jolokp2 {K,'n(kpgp)}] sin(mg)e-ikzejor

E =i —Cn'lj
$2 kzzm 3

P (31 a)

H¢2 = 1

2 m B

[ Cooegkps (Ki0e2p)) + D 2% (Knlipap)) | costunpe eir
(81b)

- , . 0 . .
Ep; = k% | iCkakp2 {Km(¥p2p)} + D *“)"m {Km(kp2p)) | cos(mp)eThzeior
2 ™ i}

p (Ble)

Hyo = é— 'jcm% {Km(kp2P)} + Brkpaks {Km(kp2p)} | sin(me)e-sezeion
gm )

p 81d)

Now, considering the boundary conditions which come about due to
the continuity of the fields tangential to the boundary between the dielectric
resonator and the surrounding air:

E;1=Ez (p=2) (32a)
H,1 =H,9 (p=2a) (32b)
Ey1 =Ep ’ (p=2) (32¢)




and Hy; =Hy, (p=2) (32d)

Substituting equations (27a) through (27d) in equations (82a) and
(32b), we get: '

Am Jm(kpla) =Cn Km(kpZa) (33a)
Bin Tn(p12) = Din Kanllk) 33h)

Now, substituting equations (30a), (30b), (31a) and (31b) into equatmns
(82¢) and (32d) with p = a:

;‘;m A Tn(p12) + B Tm(kp12) = X258 O K (kp2) ——-”EDm Kom(kpn2)

pla pza P (330)

2080 ¢,y Kin(kp2a) - k;m D Kn(kp22)
pla P p2d (33d)

14

The unknown k; can be written in terms of variables kg and k from
equations (28) and (29).

ko1

Now let, a=Xkpia (34a)
B=kpa
or, PB=aVki-k (from equation (29))

or, B=a«/.(k2-k§1)-k%

or, B=a'\/k%(8r-1)-k12>1

or, B=+(koa)Xe-1)- c? (34b)
Also, k,a =av k%"ir'kgl
or, ksa=+(koa)%;, - o2 (34c)



Substituting equations (34a) through (384c¢) into equations (33a)

through (33d), we get: .
AnJm(o) - Cme(B) =0 (85a)
.Bme(C() - Dme(B) =0 . (35b)
k,ma liga , k,ma WLpa . _
S An @)+ B @)t G+ DRG0 o
(EQEA ' k;ma wepa ' k,ma P :
o Am (o) + o2 By Jn(0) + B C Kun(B) + > Dy Kn(B) =0 (35d)

Writing equation (35a) through equation (35d) in determinant form to

solve:
Tm(0) 0 KB 0
0 Tm(0t) 0 Km(B)
k, , k,ma o . =
2 O S @ g M2 K (B) 0
DEGEA 1 () kznzla Tm(cr) %2 ¢ (B) &;E Km(B)
(04 (04

Solving the above determinant,

' 2 2 ) "2 2
(omatn(@Ka®) (L + 1) + 2(1"‘("01{&’“&B i G G LS. A Wﬁ";m(ﬁ)sf)

_ 0%821080Tm(0) Kn(B)Im(0)Km(B) (1+8)=0
op

Dividing through by -K2(B)w?lpea? and rearranging, we get
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F1(c)Fy(0r) - F3(e) =0 (36)

_L;(a) Tn(OKm(B)
where Fi(o) = o T &.PK o (B) (872)

' T(@) | Im(c)Km(B)
Fo(a) = +
ST e R 37

and koVe, (37¢c)

Multiplying by (€/74(c)), we obtain the transcendental equation of
Courtney's article:

In(@) , KaB) 71 In(0 , Ka® 7 _
erm&)*BKm(B)] [Mm?w BKm(B)] i 1][ e
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APPENDIX B .
MEASUREMENT OF FREQUENCY OF RESONANCE AND UNLOADED Q

On the Network Analyzer Amplitude display, the frequency
spectrum is seen as a straight line. A notch is seen on the amplitude
display at the resonance frequency of the various modes. On the phase
display (equivalent to a Smith Chart), the frequency spectrum is seen as a
full circle. For each resonance, a smaller circle enclosed inside the large
one is seen on this display.

For the experiment, the amplitude display was utilized to calculate
the resonance frequency (fp) and the unloaded Q (Qp), since it was found to

be more reliable and easier to read as compared to the phase display.

The process of measurement of the fy and the Qg is derived from a

1976 article by Aitken [1]. The top of the notch is used as the reference level.
The bottom of the notch is called the: minimum level Dy, (a negative number

in dB). The frequency value at this lowest point is the f; of the mode of
measurement. ’

ks

QdB reference level

-9d8

hY

frequency

i3

Fig. 2A Resonance as seen on amplitude display of network analyzer
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The first step in the calculation of the Qg is determining whether the

coupling loops are over or undercoupled to the resonator. This can be done

by looking at the phase display and measuring the point of intersection of
the resonance circle with the horizontal axis. The number on the
horizontal axis at the point of intersection is equivalent to the coupling
coefficient, B. If B is greater than unity, then the resonator is overcoupled
and vice versa. The exact value of B can be determined by using the

formulas,
1 + antilogjo =2 Dy,
p= > B> @
>
1- anuloglo 20
D,
_ 1- antﬂoglg 20
1 + antilog;g I;O . B<1) @)

The next step involves the calculation of the level Dg whose

intersection with the resonance notch gives the value of the two 3dB
frequency points which are later used to calculate the unloaded Q, Qg. The
value of the Dg level is obtained from equation (3):

Do =20 logio {\/ @- 2ﬁ+B2) } 3)

@2 +28 +B)

The value of the two 3dB points at this level gives the two frequency
points, fj, and f;. The center frequency is calculated from the average of fi,

and f};:

_ fio + fj
fo= > 4)
Qo is calculated by:
fo
O - h 2

The above calculations are incorgerated in the Fortran program
'Q0.FOR'. The first input required by the program is whether P is less than



or greater than unity. This data is read off the polar display of the Network
Analyzer. Next, the program asks for the value of Dy, (in dB as a positive
number). The program then calculates the exact value of P and the value of

Dg. From the values of fj, and fjj, fo and @ are calculated.
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APPENDIX C . .

FORTRAN PROGRAMS
The main varie;bles used in the programs are:
er Relative dielectric constant
f Frequency of resonance of mode of interest (GHz)
freq Frequency of resonance of mode of interest (Hz)
d Diameter of the sample (mils)
t Height of the sample (mils)
pi Constant ©
a = n2d2er
b = w2d2p2/ 412

¢ = w2d2

alpha = ot = [fz'b]

beta=f = [b—%]

1. Program DESIGN.FOR'

This program is used to calculate the value of the height of the

sample necessary for a particular diameter and a particular frequency of
resonance for TEqg11 mode. An approximate value of the &, of the material

also needs to be given.



Program DESIGN

c

KAKXAAIKAhkAkhhhkkhkhkhkhdkhhkhhkhhhhhkhhkhkhkhdkhkhkhkhhkhrktdThhkkhkhkrhkhkhhkhkhkhkhkkrrhhkhkihkihkk
c k%% File Name: DESIGN.FOR * k%
c **%* This program is used to design the samples. The input data ***
c *** needed is the frequency of resonance of TE(0ll mode, an * k%
c *** approximate value of the er, and the diameter value. This % k%
c *** program finds a range for the height of the material Ffor * % %
c *** which the function is valid for TE01ll resonance and then *kk
¢ *** calculates the function in that range with the height *kk
c *** changing by ten mils every time. The optimum height for a * %k
c *** particular diameter is found by calculating the height at * % %
c *** yhich the function is zero (with the use of the BISECTOR * k%
c *** gsubroutine to satisfy the condition for TE01ll resonance. * % %

% Kk ok K ok & ok Rk ok ok ok ke ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok sk e s ok ok ok ok ok ok o ok ok ko ok Tk ok ke ke ke ke ok ok ok ok K ke
c *** Declare variables

Integer t min_i,t max i

Real wlr, func, £, T1, T2, v

Real t low, t hi, t min, t max

Real pre_al, pre b, alpha, beta, funcl, func2
Real t, 4, ex, pi, a, b, ¢, ratjljz, ratklkz
Character answer

c **%* Open data file, 'DESIGN.DAT', that will store the data as it is
c *kx produced so it can be accessed later om.
open (unit=20, f£ile='DESIGN.DAT', status='unknown')
c *** Get input data
write (6,10)
10 format (' ENTER RELATIVE DIEI‘ECTRIC CONSTANT (REAL #) ')
write(20,10)
read(5,*) er
write (20, *) er
write(6,20)
20 format (' ENTER FREQUENCY OF RESONANCE OF TE(Oll MODE (GHz)')
write(20,20)
read(5,*) £
write(20,%*) f
30 write(6,35)
35 format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)7)
write (20,35)
read(5,*) d
write(20,*) d
¢ *** Define constant pi
pi = 4.0 * atan(1.0)
c *** Calculate the wavelength in mils
wlr = (30000.0 / 2.54) / £
c *** Calculate the limits for the height of the samples. The lower
c *** l1imit on the height is set by the point where the variable
c *** alpha is zero. The upper limit is set by the radiation condition.
t min = wlr / (2 * sqrt(er))
c *** Convert variable 't min' to integer value.
t min i = £t _min + 10
t max = wlr / 2
**%* Convert variable 't max' to integer value.
t_max i = t max
*%* The value of the variable 'v' is used to determine if it is the
**%% first run through the DO loop. If so, the subroutine BISECTOR
**%x cannot be called since at least two runs through the loop are
***%  required.

Q
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v=20
*** Begin DO loop
Do 80 t = t min i, t max i, 10 -
v =v + 1
a = (pi ** 2) * (4 ** 2) * er
b= ((pi *d/t) **2) / 4
o= (pi ** 2) * (d **x 2)
*kxxkxkkkk*% Calculate variables 'alpha' and 'beta'
pre al = (a / (wlr ** 2)) - b
pre_ b = b - (c / (wlx ** 2))
alpha = sqgrt (pre_al)
beta = sqrt (pre_b)
*kkkxkkkk* Call the subroutine J1JZ to calculate the ratio of the
*kkxxxkxx* Bessel functions J0 / J1 for the above calculated alpha.
call J1J%(alpha, ratijzjl) .
*kkkkkkk** Call the subroutine KIKZ to calculate the ratio of the
*kkkkkkxk*x Bessel functions KO / K1 for the above calculated beta.
call K1KZ (beta, ratkzkl)
*kxkkkkxk*k*x Calculate the function, variable 'func’.
func = (alpha * ratjzjl) + (beta * ratkzkl)
*xkkxkxkkxk Qutput the results.
write(6,40) t
40, format (' HEIGHT OF THE SAMPLE = ', £7.2)
‘ write(20,40) t
write(6,50) func
50 format (' FUNCTION = ', £7.2)
write (20;50) func
write (6,*) ! ® '
write (20,%) ° '
if (v .eqg. 1) go to 77
*kkkxkkxkx* Tf v is greater than one, then save the last two values
kkkkkkkk*k* of the function to calculate if a zero crossing is
*kkkkkkkx* hetween these two values. If so, then call subroutine
¥k kkkkxkx* BISECTOR to calculate the point of zero crossing.
¥k%kk%k*%***x Also save the corresponding heights. Note that 't_low'
**xkxk*x**x* corresponds to ‘funcl' and 't hi' to '"func2'.
funcl = func2
func2 = func
t low = t_hi
t_hi =t
if (func2 .gt. 0.0) go to 72
if (funcl .gt. 0.0) go to 75
go to 77
72 if (funcl .1t. 0.0) go to 75
go to 77
75 call BISECTOR(t low, t_hi, funcl, func2, wlr, 4, er)
77 write(6,%*) ' '
write (20,%*) 7 !
80 continue
kkkxkkkkikkk FEnd DO loop
write(6,*) ' RESULTS ARE STORED IN FILE DESIGN.DAT'
*** Close data file 'DESIGN.DAT®
close (20) '
read(5,90) answer
write(6,*)° '

write (6,%*) 'DO YOU WANT TO RUN THE PROGRAM AGAIN FOR A DIFFERENT'

write (6,*) '"DIAMETER WITH THE SAME FREQUENCY OF RESONANCE AND !
write (6,*) "RELATIVE DIELECTRIC CONSTANT? (Y/N)’'

8
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write (20,%) " v
write (20, *) 'DO YOU WANT TO RUN THE PROGRAM AGAIN FOR A DIFFERENT'
write (20, *) '"DIAMETER WITH THE SAME FREQUENCY OF RESONANCE AND '
write (20, *) *RELATIVE DIELECTRIC CONSTANT? (Y/N)°*

90 format (Al)
if (answer .eq. 'y') goto 30
if (answer .eq. 'Y') goto 30

stop
end
Ko b S, FHK e * %k * %k * % —_—k b U, KK e

* * % —%% ——k * %k * %k * % [ T —— b Fe——

Subroutine J1JZ(arg, ratjzjl)
AR IR KAK KA KA I KA I I A KA R KAK AR IR AR AR KR AR K AKKEARIREIRKRRK IR KA KRR h A K *

*** This subroutine takes in the input, arg, which in this case * %%
*** is the value of the variable alpha which is calculated in the ***
*** main program. .The output of the subroutine is the value of * % %
*%% the ratio of the Bessel functions J0 to J1. *kx
KKK KE KKK KA KA IAANAK AKX KA AKX I A AR A A A AR A A A A AR A AT ARk kA kkhkhkhkddhkhkrkhkhkkhkhkhkhkhkxrhhrhkx
*%% Declare variables. .

Real t(10), rjz, rjl, ratijzjl, sq_arg

Integer n
**% Start calculations s

if (arg .gt. 3.0) goto 200

t(l) = (axg / 3.0) ** 2

*** Begin do loop
do 190 n =1, 5
190 t{nt+l) = t(n) * t(1)
***  End do loop .
rjz = 1.0 - 2.2499997 * t (1) + 1.2656208 * t(2) ~ 0.3163866 *

& t(3) + 0.0444479 * t£t(4) - 0.0039444 * t(5) + 0.0002100 *
& t (6)

rjl = 0.5 — 0.56249985 * £ (1) + 0.21093573 * t£(2) - 0.03954289
& * £(3) + 0.00443319 * t£(4) - 0.00031761 * £(5) +
& 0.00001109 * t (6)

rjl = rjl * arg

go to 220

200 continue
t(l) = 3.0 / arg
*** Begin do loop
do 210 n =1, 5
210 t(n+l) = t(n) * t(l)

**% End do loop

fz = 0.79788456 - 0.00000077 * (1) - 0.00552740 * t(2) -
& 0.00009512 * £(3) + 0.00137237 * t(4) ~ 0.00072805 * t(5)
& + 0.00014476 * t(6)

tz = arg - 0.78539816 - 0.04166397 * t(1) - 0.00003954 * t(2) +
& 0.00262573 * t(3) -~ 0.00054125 * £ (4) - 0.00029333 * t(5)
& + 0.00013558 * t(6)

sq _arg = fz / sqrt (arqg)

rijz = sq _arg * cos(tz)

£f1 = 0.79788456 + 0.00000156 * £ (1) + 0.01659667 * t(2) +
& 0.00017105 * £(3) - 0.00249511 * t(4) + 0.00113653 * t(5)
& - 0.00020033 * t(6)

tl = arg - 2.35619449 + 0.12499612 * t (1) + 0.00005650 * t (2)
& - 0.00637879 * £(3) + 0.00074348 * t£(4) + 0.00079824 * t(5)
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& - 0.00029166 * t(6)
sq_arg = £1 / sqgrt(arg)

rijl = sq arg * cos(tl) -
220 continue :

ratjzjl = rjz / rijl

return

end
C Fmm—meem K e e hk— e *% * K Hok— E * % —kk e
c * * % * % * %k KK et e e e o b - J KK [ SO KK

Subroutine K1KZ(arg, ratkzkl)

c IAEAAAIA I AT AKX KA II A ARk Tk Ik hkARrxhkhkhkhkhkrkhkhkhkkhbhrkkhhkdkhkhhkkhkkkrhkkhkhhhhkkhkkx
c *** This subroutine takes in the input, arg, which in this case is **x*
c *** the value of the variable beta which is calculated in the main **x*
c *** program. The output of the subroutine is the value of the * %k
¢ *** ratio of the Bessel functions K0 to K1. * k%
c Ahkkhkkhkhkhhhkhhhhkkkhkhhkhkhhkdrhhhhhhhkhkhkhhhkhhkhkhkhhkhkhhkdhkhhkhhhkhhhkhhdkhkrhkrhkhikkk
c *** Declare variables

Integer n

Real (10), rkl, rkz, ratkzkl

c *** GStart calculations
if (arg .gt. 2.0) go to 250
: t(l) = (axrg / 3.75) ** 2
c *** Begin do loop «

do 230 n =1, 5
230 t(n+l) = t(n) * t£(1)

c *** End do loop .
riz = 1.0 + 3.5156229 * £ (1) + 3.0899424 * £(2) + 1.2067492 *

& t(3) + 0.2659732 * t(4) + 0.0360768 * t£(5) + 0.0045813
& * £ (6) _

ril = 0.5 + 0.87890594 * t (1) + 0.51498869 * t£(2) + 0.1508493 *
& t(3) + 0.02658733 * t(4) + 0.00301532 * t(5) + 0.00032411
& * £ (6)

ril = ril * arg

t(l) = (axg / 2.0) ** 2
c *** Begin do loop
do 240 n =1, 5 ,
240 t(n+l) = t(n) * t(1)
c *** FEnd do loop
argh = arg / 2.0
rkz = —alog(argh) * riz - 0.57721566 + 0.42278420 * t (1) +
& 0.23069756 * t(2) + 0.03488590 * t(3) + 0.00262698 * t (4)
& + 0.00010750 * £(5) + 0.00000740 * t(6)
rkl = arg * alog{argh) * ril + 1.0 + 0.15443144 * t (1) -

& 0.67278579 * t(2) -~ 0.18156897 * t(3) - 0.01819402 * t(4)
& - 0.00110404 * t£(5) - 0.00004686 * t(6)

rkl = (rkl / arg)

go to 270 '

250 continue
t(l) = 2.0 / arg
c *** Begin do loop
do 260 n = 1,5
260 t(n+l) = t{n) * t(l)
c *** End do loop
rkz = 1.25331414 - 0.07832358 * t(1) + 0.02189568 * t(2)
& - 0.01062446 * t{(3) + 0.00587872 * t{4) ~ 0.00251540 *
& t(5) + 0.00053208 * t(6)
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rkz = rkz / (((axg) ** 0.5) * exp{arqg))

rkl = 1.25331414 + 0.23498619 * t{1) - 0.03655620 * t(2)
& + 0.01504268 * t(3) - 0.00780353 * t£(4) + 0.00325614 *
& t(5) - 0.00068245 * t(6)

rkl = rkl / (((arxg) ** 0.5) * explarqg))
270 continue
ratkzkl.= rkz / rkl

return

end
Ko — ko, J S, ko - * % * % K k3, F. KK KK e
* KK memn * %k * %k * % KK * % * %k KK

Subroutine BISECTOR({xa, xb, funca, funcb, wlr, d, er)

KIAKIEKIARAKRIAAAAkhkhkhAhhkhhkhhkhhdhhhkhkhkhhkhdkhhkhhkdhhkhhkrhhkhkhkhkhrhkhkhkhhkrkrhhkkhkkhhkhkhkhihx
*** This subroutine calculates the value of the zero crossing kel
**% between the two points provided by the main program when it * k%
**%* calls this subroutine. *kk
*******************************************************************?\-**
*** Declare variables.

Integer iterations

Real xa, xb, xc, funca, funcb, funcc

. Real root, t, 4, exr, £, wlr

**% Calculate xzc, the midpoint between xa and xb, which will
**% become one of the new linfits.

iterations = 0

280 xc = (xa + xb) / 2.0

iterations = iterations + 1
*** The difference in the sign of xa and xb can be when the function
*** goes to plus or minus infinity. Hence the zero cannot be found.
**%* TIf the loop is repeated more than 100 times, it is very likely
*** that the case is not that of zero crossing. Therefore, get out
*x* of the loop.

if (iterations .gt. 100) go to 335
**% Calculate the wvalue of the function for xc, i.e. funcc.

call FUNC(xc, d, er, wlxr, funcc)
*%% TIf the value of the function at both xa and xc are either
*** positive or negative, then let the new value of xa be equal to
**%* xc. Now calculate the new value of funca (the wvalue of the
*%** vyariable func at the point xa). If on the other hand, the
*** value of the function at both xb and xc are of the same sign,
**% then let the new value of xb be equal to xc and now calculate
*** the new value of funcb(the value of the variable func at point
*%% xbh). Repeat this till the value of function is approximately
***%* equal to zero. Then let the root be equal to xc and output the
***  results.

if (funcc .1lt. 0.0000) go to 300
if (funca .1lt. 0.0000) go to 310
230 Xa = XC
call FUNC(xa, d, er, wlr, funca)
if (abs(funca) .lt. 0.0001) go to 320
go to 280
300 if (funca .1lt. 0.0000) go to 290
310 xb = xc
call FUNC(xb, 4, er, wlr, funcb)
if (abs(funcb) .lt. 0.0001) go to 320
go to 280 a
320 root = xcC
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Output the results.

write(6,*)' SAMPLE HEIGHT AT WHICH THE FUNCTION IS '
write(6,%*) ' EQUAL TO ZERO = ', root, ' MILS'

write (6, *)"° '

write (20,*) ' SAMPLE HEIGHT AT WHICH THE FUNCTION IS °
write (20,*) ' EQUAL TO ZERO = ', root, ' MILS'

write(20,*)? '

return

end

ek K e * e —k% ——k% * % * % —%k
NSRRI " E'T O, Y 7 * % * % *% K

Subroutine FUNC(t, d, er, wlr, function)

KrkkkkhkhkhkhkkhkkdhhkAhkhAhkdAAxAAhdhdkAhkhAxkdddddhkhAhxhkhhkhhhdrrhdhhhdhkhkhkhkkdrrhkhhhixikk

* k%
* k%
* k%
kK *x
* k&

This subroutine calculates the value of the variable function
for the particular height of sample that is provided as an

argument by the subroutine BISECTOR. It calls upon the

subroutines J1Jz and K1KZ to provide the values of the ratios

of the Bessel functions J0 / J1 and the ratio KO0 / Ki.

* % %
%k %k
%k
* k%
Jedk

KKK KA AR K A A I A A A AR A A A AR KRKAAKAAKRAAAAIARAR I A IR AA A AR A AR IRk hkk ko hkkhkhkkkhhhkhhk

*k*k

.

*kk

* Kk ok

* Kk k
* kK

* kK
*k*k

*k*k

* % %
* k&

Declare variables.

Real wlr, t, 4, er, pi, a, b, ¢
Real pre al, pre b, alpha, beta
Real ratjljz; ratklkz

Define constant pi

pl = 4.0 * atan(1.0)

a = (pi ** 2) * (d ** 2) * er

b= ((pi *d/ t) **2) / 4.0

c = (pi ** 2) *x (4 *x 2)

Calculate variables alpha and beta

pre_al = (a / (wlr ** 2)) - b

pre b = b - (c / (wlr ** 2))

alpha sqrt (pre_al)

beta = sqgrt (pre_b)

Call subroutine J1JZ to calculate the value of the Bessel
functions ratio J0 /J1l.

call J1JZ (alpha, ratjzjl)

Call subroutine K1KZ to calculate the value of the Bessel
functions ratio KO / K1.

call K1Kz(beta, ratkzkl)

Calculate the variable "function'.

function = (alpha * ratjzjl) + (beta * ratkzkl)

Return to subroutine BISECTOR the value of the variable
'function'.

return

end

KARAKAAAAAKAAAKRA KA AR A A TR Ak hkhkhkhkkh kA hhkhhhdhkhhhkhkhhhkhhdkddhrhxhhhkhkdbrhik

END OF PROGRAM
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2. Programs 'TE . FOR', 'TM.FOR' and 'HE.FOR'
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The transcendental équation for TEgnp resonance is:

(on(a) + BKO(B)

IR

The transcendental equation for TMonp resonance is:

ado(@) . BXo(B) _
EICONS <1(:)

The transcendental equation for HE;pqp resonance is:

L | Ki®) 71 5 . KB 7
2111(2) BKl (ﬁ)] [a}l((xa) [3K1 (B)] ‘[EI‘J’L] [L

+1_31?]=0

These equations are incorporated in the programs 'TE.FOR!,
"TM.FOR' and '"HE.FOR'.

14

The input data required by the programs is the value of p (third
subscript of the mode), the diameter of the sample in mils, the height of the
sample in mils, and the relative dielectric constant of the material.

Program TE

khhkkhkkhkhkhhkhhhhkhhhhhhdhkhkhhkhkhkhdhhhhhhkhhkdrrdhkdkhhkk ko hkhhdhhhkhkhkkkrkrrkhkkhkk

* Kk
* Kk %k
*kk
* Kk
*kk
*kk
* k%
*k*k

File Name: TE.FOR * kX
This program finds the values of the function, func, for a *kk
whole range of wavelengths, provided the diameter, height of * %k
the sample, the dielectric constant and the value of p are *kk
provided (for TEOnp modes). It them calculates the *k ok

frequencies at which the various modes (various n's in TEOnp) ***
are resonating. These are calculated by calculating where *kok
the variable function, func, goes to zero. KKk

hkkkkkhhhkhhkkhkrhhhkkhhhhhhhhkkhkddhhhhhhkrihrkh kK kk kk k% sk & %k % 5k o s s g F ok % % s ok K e Jo &
**** Declare variables

Integer wl, wllo, wlhi, delta

Real ’ wlr, wlloa, wlhia, func, £, mode p, wll, wl2
Real wl low, wl hi, v

Real ‘pre_al, pre_ b, alipha, beta, funcl, func2
Real t, d, er, pi, a, b, ¢, ratjljz, ratklkz



c **** QOpen data file, 'TE.DAT', that will store the data as it is
c **** produced so it can be accessed later on.

C

QQ

Qa0

Q

*kkk

10

20

30

40

*kok Kk

k ok ok Kk
*kkkk

* ok k%
*kkk
* Kk k*k

* KKk
*k k%
Kk kkk
*k k%

*kkk

open (unit=20, file="TE.DAT', status=Tunknown')
Get input data
write (6,10)
format (! ENTER VALUE OF p FOR TEOnp MODE (REAL #)')
write (20,10)
read (5, *) mode p
write(20,*) mode p
write(6,20) -
format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)')
write(20,20)
read(5,*) 4
write(20,%*) d
write (6, 30) .
format (* ENTER HEIGHT OF SAMPLE IN MILS (REAL #)°')
write (20, 30)
read(5,*) t
write (20,%*) t
write (6,40) ]
format (' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)7')
write (20, 40)
read (5, *) er
write (20, *) er s
Define constant pi
pi = 4.0 * atan(1.0)
a (pi **°2) * (d ** 2) * er
b= ((pi *d * mode p / t) M 2) / &
c = (pi * %k 2) * (d * %k 2)
Define limits, wllo and wlhi, for the range of wavelength to be
analyzed. '
wlloa = sqrt(c / b)
wllo = wlloa + 1
wlhia = sgqrt(a / b)
wlhi = wlhia - 1
Define interval, delta, for wavelength at which the calculations
are to be carried out. There will be approximately 150 points
for calculations.
delta = (wllo + wlhi) / 150
The value of the variable 'v' is used to determine if it is the
first run through the DO loop. If so, the subroutine BISECTOR
cannot be called since at least two runs through the loop are
required.
v=20
Begin DO loop
Do 80 wl = wllo, wlhi, delta
v=v-+1

**%x%kx*x* Convert the wavelength to a real number

wlr = wl * 1.0
wll = wl2
wl2 = wlr

**x%%** Calculate the frequency in GHz

£ = (30000.0 / 2.54) / wlr

**kx***x* Calculate variables alpha and beta

pre al = (a / {(wlr ** 2)) - Db
pre b = b = (c / (wlr ** 2))
alpha = sqgrt (pre al)



beta = sgrt(pre b)
¢ **%%%** Call the subroutine J1JZ to calculate the ratio of the
c ***x%x%x% Bessel functions J0 / J1 for the -above calculated alpha.
) call J1JZ{alpha, ratijzijl)
c **x%%%* Call the subroutine K1KZ to calculate the ratio of the
c **xx**x* Bessel functions KO0 / K1 for the above calculated beta.
call K1KZ (beta, ratkzkl)
C ***%x*** Calculate the function, variable func.
func = (alpha * ratjz3jl) + (beta * ratkzkl)
Cc **%%%**% Qutput the results. :
write(6,50) wlr
50 format (' WAVELENGTH = ', i4, ' MILS')
write (20,50) wlr
write(6,60) £
60 format (' FREQUENCY = ', £9.5, * GHz')
write(20,60) £
write(6,70) func
70 format (* FUNCTION = ',£7.2)
write (20,70) func
write(6,*) '
if (v .egq. 1) go to 77

c **x***%% Tf v jis greater than one, then save the last two values
c ****¥**x*x of the function to calculate if a zero crossing is
c **%**%x* hetween these two values. If so, then call subroutine
C **%%%%*% BISKECTOR to calculate the point of zero crossing.
C **%*x*** Also save the corresponding wavelengths. Note that wl low
C ******%* corresponds to funcl and wl_hi to func2.
funcl = func2 N
func2 = func
if (func2 .gt. 0.0) go to 72
if (funcl .gt. 0.0) go to 75
go to 77 .
72 if (funcl .1lt. 0.0) go to 75
go to 77
75 wl low = wll
wl_hi = wl2
call BISECTOR(wl_low, wl hi, funcl, func2, t, 4, er, mode p,
& £)
77 write (20,%*) '
80 continue
c *Exk End do loop

write(6,*) ' RESULTS ARE STORED IN FILE TE.DAT®
c **%* Close data file '"TE.DAT®

close(20)

stop

end
C Fmmmmmm— L JE Y P *% * % * %k * %k kK e — E
c K * K e * %k ——K K * % * % ——K% —K & [ .



Subroutine J1JZ(arg, ratjzjl)

c **********************************************************************
c **** This subroutine takes in the input, arg, which in this case * k%
c **** ig the value of the variable alpha which is calculated in the **=*
c **** main program. The output of the subroutine is the value of * k%
c **%** the ratio of the Bessel functions J0 to Jl. * %%k
C Fhhkkkkhkhkkkhkhkkhhkkhkhkhhhhkkhhkhkkhkhkhrhhkhkhkhhrkkthkhkhhkrhkhkhkhkrhkhrhckk ko hkhkkrdhkkht
c **** Declare variables.

Real t(10), xjz, xjl, ratjzjl, sq arg

Integer n

c **** Start calculations
if (arg .gt. 3.0) goto 200
t(1) = (axg / 3.0) ** 2

c **** Begin do loop
do 190 n =1, 5

190 t(n+tl) = t(n) * t(1l)

c **** End do loop

rjz = 1.0 - 2.2499997 * £(1) + 1.2656208 * t(2) — 0.3163866 *

& t(3) + 0.0444479 * t(4) - 0.6039444 * £(5) + 0.0002100 *
& t (6) .
rjl = 0.5 - 0.56249985 * t£(1) + 0.21093573 * t(2) - 0.03954289
, & * £(3) + 0.00443319 * t(4) — 0.00031761 * ©£(5) +
- & 0.00001109 * t(6)
rjl = rjl * arg .
go to 220
200 continue

t{(l) = 3.0 / axg
c **** Begin do loop
do 210 n =1, 5
210 t(nt+l) = t(@) * t(1)
c ***%* End do loop .
£z = 0.79788456 ~ 0.00000077 * t(1) - 0.00552740 * t(2) -

& 0.00009512 * t£(3) + 0.00137237 * t£(4) — 0.00072805 * £ (5)
& + 0.00014476 * t(6)

tz = arg - 0.78539816 - 0.04166397 * t(1) — 0.00003954 * t(2) +
& 0.00262573 * £(3) - 0.00054125 * £(4) — 0.00029333 * t(5)
& + 0.00013558 * t(6)

sq arg = fz / sqrt(arg)
rjz = sq_arg * cos(tz)
£1 = 0.79788456 + 0.00000156 * t{(}) + 0.01659667 * t(2) +

& 0.00017105 * t£(3) — 0.002495%1 * t(4) + 0.00113653 * t(5)
& - 0.00020033 * t(6)
tl = arg — 2.35619449 + 0.124899612 * t(1) + 0.00005650 * t(2)
& - 0.00637879 * t(3) + 0.00074348 * £ (4) + 0.00079824 * t(5)
& - 0.00029166 * t(6)

sq arg = £f1 / sgrt(arq)

rjl = sq arg * cos(tl)
220 continue

ratjzjl = rjz / rjl

return

end
C Kem—mm— P Z— ok Kk *%k * % * % ke Xk
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Subroutine KlKZ(arg, ratkzkl)

C kK ko ke ok kR o R ko ok ok ok ok ok sk ok ek ok ok o ook ok ok ok e oo s ok ok ok o ok ok o ok o ok o ok ok ok ok ok ok ok ok o ok ok o o ok ok
¢ *** This subroutine takes in the input, arg, which in this case is *=*=*
c *** the value of the variable beta which is calculated in the main ***
¢ *** program. The output of the subroutine is the value of the * k%
c *** ratio of the Bessel functions KO to K1. *kk
c ***************_***********************’R*******************************
c **** Declare variables

Integer n . ’

Real t(10), rkl, rkz, ratkzkl

c **** Start calculations
if (arg .gt. 2.0) go to 250
t(1) = (arg / 3.75) ** 2
c **** Begin do loop
do 230 n =1, 5
230 t(n+l) = t(n) * t(1)
c ***%* End do loop
riz = 1.0 + 3.5156229 * £ (1) + 3.0899424 * t(2) + 1.2067492 *

& t(3) + 0.2659732 * t(4) + 0.0360768 * t(5) + 0.0045813
& * £(6) )

ril = 0.5 + 0.87890594 * t (1) + 0.51498869 * £(2) + 0.1508493 *
& t(3) + 0.02658733 * t(4) + 0.00301532 * £(5) + 0.00032411
& * £ (6)

ril = ril * arg «

t(l) = (axg / 2.0) ** 2
¢ **** Begin do loop

do 240 n =1, 5
240 t(n+l) = t{n) * t(1)
¢ **** End do loop

argh = arg / 2.0

rkz = -alog(argh) * riz - 0.57721566 + 0.42278420 * t (1) +

14

& 0.23069756 * t(2) + 0.03488590 * t(3) + 0.00262698 * £ (4)
& + 0.00010750 * £(5) + 0.00000740 * t(6)

rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * t(1) -
& 0.67278579 * t£(2) - 0.18156897 * £(3) - 0.01919402 * t(4)
& - 0.00110404 * £(5) - 0.00004686 * t(6)

rkl = (rkl / arg)

go to 270

250 continue
(1) = 2.0 / axg
¢ **** Begin do loop
do 260 n =1, 5
260 t{ntl) = t(n) * t(1)
c **** End do loop
rkz = 1.25331414 - 0.07832358 * t(1) + 0.02189568 * t(2)

& ~ 0.01062446 * t(3) + 0.00587872 * t(4) - 0.00251540 *
& t(5) + 0.00053208 * £ (6)
rkz = rkz / (({arg) ** 0.5) * expfarg))

rkl = 1.25331414 + 0.23498619 * t{1) - 0.03655620 * t(2)
& + 0.01504268 * £(3) — 0.00780353 * t(4) + 0.00325614 *
& t(5) - 0.00068245 * t(6)

rkl = rkl / (((arg) ** 0.5) * exp(arg))

270 continue
ratkzkl = rkz / rkil
return )
end

-
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Subroutine BISECTOR(xa, xb, funca, funcb, t, d, er, mode p, £f)
C KEkkEA kAR AKARARIA KAk hhkkhkkhdokddkhdkh sk sk ko ko gk ok ko ok ok ok b ok ok ok ok ok & ok
c **** This subroutine calculates the walue of the zero crossing * % %
c **** between the two points provided by the main program when it *k %
c **** calls this subroutine. *kk
c AAEEXAAKAATAAKE A AR A AAARAA A A AR A TR A AT AT A AT I Ak Ak Ak Ak kA kA Tk khkkhkkhhhhkhkkkhkkhkkk
c **** Declare variables.

Integer iterations

Real xa, xb, xc, funca, funcb, funcc

Real root, t, 4, er, £, mode p

c **** Calculate xc, the midpoint between xa and xb, which will
**%* become one of the new limits.
iterations = 0
280 xc = (xa + xb) / 2.0
iterations = iterations + 1
***x* The difference in the sign of xa and xb can be when the function
**x%x* goes to plus or minus infinity. Hence the zero cannot be found.
**** If the loop is repeated more than 100 times, it is very likely
*%x%* that the case is not that of zero crossing. Therefore, get out
***%*% of the loop. )
. if (iterations .gt. 100) go to 335
*%%* Calculate the value of the function for xc, i.e. funcc.
call FUNC(xc, t, d, er, mode p, funcc)
*%%* Tf the value of the function at both xa and xc are either
*%*%* positive or negative, then let the new value of xa be equal to
***%* xc. Now calculate the new ¥alue of funca (the value of the
*%*%* yariable func at the point xa). If on the other hand, the
*x** yalue of the function at both xb and xc are of the same sign,
**** then let the new value of xb be equal to xc and now calculate
***% the new value of funcb(the value of the variable func at point
*x*%%* xb). Repeat this till the value of function is approximately
**** equal to zero. Then let the root be equal to xc and output the
**%% results.
if (funcc .1t. 0.0000) go to 300
if (funca .1t. 0.0000) go to 310
290 xXa = XC
call FUNC(xa, t, d, er, mode p, funca)
if (abs (funca) .lt. 0.0001) go to 320
go to 280
300 if {(funca .1lt. 0.0000) go to 290
310 xb = xc
call FUNC(xb, t, d, er, mode p, funcb)
if (abs(funcb) .1t. 0.0001) go to 320
go to 280
320 root = xc
c **%** Qutput the results.
write(6,*) ' WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO !
write(6,*)' ZERO = ', root, ' MILS CORRESPONDING TO ‘'
write(6,*)' FREQUENCY = *, £, ' GHz'
write(6,*) ! !

Q
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write (20, *)' WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO °?
write (20,*) ' ZERO = ', root, ' MILS .CORRESPONDING TO '
write (20,*)' FREQUENCY = ', £, "'GHz'

write(20,*) 1! '

335 return

Q
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Q

end
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Subroutine FUNC(wlr, t, d, er, mode p, function)
**************************************t*******************************

**%*% This subroutine calculates the value of the variable function ***
**%* for the particular wavelength that is provided as an argument *%x

*** by the subroutine BISECTOR. It calls upon the subroutines * &k
*** J1J% and K1KZ to provide the values of the ratios of the *k %k
*** Bessel functions J0 / J1 and the ratio K0 / K1. * kK

**********************************************************************
**** Declare variables.

Real wlr, t, d, er, pi, a, b, ¢
Real pre_al, pre b, alpha, beta
) Real ratjljz, ratklkz, mode p
**** Define constant pi
pi = 4.0 * atan(1.0) <
a = (pi ** 2) * (d ** 2) * er
b= ((pi *d*mode p / t) ** 2) [/ 4.0

c = (pi ** 2) * (d ** 2) .
**%%* Calculate variables alpha and beta

pre_al = (a / (wlr ** 2)) - b

pre b = b - (c / (wlr ** 2))

alpha = sqgrt(pre_al)

beta = sqrt(pre_b)
**%%* Call subroutine J1JZ to calculate the value of the Bessel
**x*x functions ratio J0 /J1.

call J1JZ(alpha, ratjzjl)
**%* Call subroutine K1KZ to calculate the value of the Bessel
***% functions ratio KO / K1.

call K1KZ(beta, ratkzkl)
**%** Calculate the wvariable 'function’'.

function = (alpha * ratjzijl) + (beta * ratkzkl)
**%% Return to subroutine BISECTOR the walue of the variable
**k%x%x Vfyunction'.

return

end

Thkkhkhkhkhhkkhkrhhhhkkhkhkhhkhhhkhkhhhrdhhhhhhhkhhkkkhkhhhkkkhkhkhhhkrhrhhhkhhkkhhhkkkkx

END OF PROGRAM
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Program TM
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File Name: TM.FOR .
This program finds the values of the function, func, for a
whole range of wavelengths, provided the diameter, height of
the sample, the dielectric constant and the value of p are
provided (for TMOnp modes). It then calculates the
frequencies at which the various modes (various n's in TMOnp)
are resonating. These axe calculated by calculating where
the variable function, func, goes to zero. This program does
not work for p = 0, since that makes the variable 'beta’
imaginary and this program is not capable of handling complex
numbers.

* k%
*k %k
* k%
* Kk k
* k%
* %%
* %k
**x %
* k%
* k%
* k%
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* % %k Xk
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*x k%
kK Kk
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Declare variables.

Integer . wl, wllo, wlhi, delta

Real wlr, wlloa, wlhia, func, £, mode p, wll, wl2
Real wl_low, wl_hi, funcl, func2, v

Real - t, 4, er, pi, a, b, ¢, ratjzjl, ratkzkl
Real pre_al, pre b, alpha, beta

Open data file, 'TM.DAT', that will store the data as it is
produced so it can be accessed later on.

open (unit=20, £ile="TM.DAT', status=Tunknown')

Get input data

write (6,10) ®

format (' ENTER VALUE OF p FOR TMOnp MODE')

write (20,10)

read (5, *) mode p
write (20, *) mode;p
write (6,20) .
format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)')
write (20,20)

read (5, *) d

write(20,*) d

write (6,30)

format (' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)7)
write (20, 30)

read(5,*) t

write(20,%) t

write (6, 40)

format (' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #) ')
write (20, 40)

read(5,*) er

write (20, *) er

Define constant pi

pli = 4.0 * atan(1.0)

a = (pi ** 2) * (4 ** 2) * er

b= ((pi *d *mode p / t) ** 2) / 4.0

c = (pl ** 2) * (4 ** 2)

Define limits, wllo and wlhi, for the range of wavelength to be

analyzed.

wlloa = sgrt(c / b)
wllo = wlloa-+ 1
wlhia = sgrt(a'/ b)
wlhi = wlhia - 1

Define interval, delta, for wavelength at which the calculations

are to be carried out. There will be approximately 150 points

for calculations.
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delta = (wllo + wlhi) / 150
The value of the variable 'v' is used to determine if it is the
first run through the DO loop. If so, the subroutine BISECTOR
cannot be called since at least two runs through the loop are
required.
v=20
Begin DO loop :
do 80 wl = wllo, wlhi, delta

v=v+1

**kk%x**x* Convert the wavelength to a real numberx.

wlr = wl * 1.0
wll = wl2
wl2 = wlr

**%k**%* Calculate the frequency in GHz.

f = (30000.0 / 2.54) / wlx

**%k%xx*x* Calculate variables alpha and beta

pre al = (a / (wlr ** 2)) - Db
pre b = b ~ (c / (wlr ** 2))
alpha = sqgrt(pre_al)

beta = sqgrt (pre_b)

*¥%kx**%%*% Call the subroutine J1JZ to calculate the ratio of the
*****x%* Bessel functions J0 / J1 for the above calculated alpha.

call J1J% (alpha, ratjzjl)

*k%x%*** Call the subroutine K1KZ to calculate the ratio of the
****x**x* Bessel functions KO / K1 for the above calculated beta.

call K1KZ (beta, ratkzkl)

**%k%k%x*x* Calculate the function, wvariable func.

func = ((alpha * ratjzjl% / er ) + (beta * ratkzkl)

****x*x* Qutput the results.

50

60

70

write(6,50) wl

format (' WAVELENGTH = *, i4, ' MILS')
write (20,50). wl

write{(6,60) £

format (* FREQUENCY = ', £9.5, 'GHz')
write(20,60) f

write(6,70) func

format (' FUNCTION = ', £7.2)
write(20,70) func

write(6,*) ' '
if (v .eq. 1) go to 77

**%xxxx* Tf v is greater than one, then save the last two values
*%k%xx%%* of the function to calculate if a zero crossing is

*%xxk*** between these two values. If so, then call subroutine
*x%x%%x* BISECTOR to calculate the point of zero crossing.

*%%%%x** Also save the corresponding wavelengths. Note that wl_low
*k%*x%* corresponds to funcl and wl_hi to func2.

72

75

77

funcl = func2

func2 = func

if (func2 .gt. 0.0) go to 72

if (funcl .gt. 0.0) go to 75

go to 77

if (funcl .l1lt. 0.0) go to 75

go to 77

wl low = wll

wl hi = wl2

call BISECTOR(wl low, wl hi, funcl, func2, t, d, er, mode p,
) «

write (20,%) * ¢



80

continue

c *******x End do loop

write(6,%*) ' RESULTS ARE STORED IN FILE TM.DAT'

c **** CJose data file 'TM.DAT?

close (20)

stop

end
c * kK e i * %k * * k% % %k % Kk * k KK m e am
c * %%k * % —%% * %k * % * %k KK e e e e e KK e e

Subroutine J1JZ({arg, ratjzjl)
PR TR SRR Rttt Sttt bt R B R R g b B g L Lt S e T A )
¢ *%**%* This subroutine takes in the input, arg, which in this case * &k
¢ ***%* jig the value of the variable alpha which is calculated in the ***
¢ **** main program. The output of the subroutine is the value of * %%k
c **** the ratio of the Bessel functions J0 to Jl. *% %
R R R T T T L L L L T D A A A,
c **** Declare variables.

Real t(10), xrjz, xjl, ratjzjl, sq arg

Integer n
c **** Start calculations

Cc **%xk%k

190
c K*rx*

200

c *xkkk

210
c *kk%k

if (arg .gt. 3.0) goto 200

t(l) = (arg / 3.0) ** 2

Begin do loop “

do 190 n =1, 5

t(n+l) = t(n) * €£(1)

End do loop

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(2) - 0.3163866 *

t(3) + 0.0444479 * t(4) - 0.0039444 * £(5) + 0.0002100 *

t(6)

0.5 - 0.56249985 * £ (1) + 0.21093573 * t£(2) - 0.03954289

* £(3) + 0.00443319 * t(4) - 0.00031761 * t(5) +

0.00001109 * t(6)

rjl = rjl * arg

go to 220

continue

t(l) = 3.0 / arxg

Begin do loop

do 210 n =1, 5

t(ntl) = t{(n) * t(1)

End do loop

fz = 0.79788456 - 0.00000077 * t£{1) - 0.00552740 * t(2) -
0.00009512 * £(3) + 0.00137237 * £(4) - 0.00072805 * t(5)
+ 0.00014476 * t(6)

tz = arg - 0.78539816 - 0.04166397 * t{(1) - 0.00003954 * t(2) +
0.00262573 * t(3) - 0.00054125 * t£{4) - 0.00029333 * t(5)
+ 0.00013558 * t(6)

sq arg = fz / sqrt(arg)

rjz = sq arg * cos(tz)

fl = 0.79788456 + 0.00000156 * t{1l) + 0.01659667 * t(2) +
0.00017105 * £(3) — 0.00249511 * t£(4) + 0.00113653 * t(5)
- 0.006020033 * t(6)

tl = arg - 2.35619449 + 0.12499612 * t(1) + 0.00005650 * t(2)
-~ 0.00637879 * t£(3) + 0.00074348 * t(4) + 0.00079824 * £ (5)
- 0.00029166 * t(6)

sq_arg = f£1 / sgrt(arg) =

rjl = sq_arg * cos(tl)

rjl



220 continue
ratjzjl = rjz / rjl

return .
end
c * * % *k_ * % * % * % * % *%k Kk
* * k * % —_%k [ * % * k * % k3 S,
c

Subroutine.KlKZ(arg, ratkzkl)

c **********************************************************************
¢ *** This subroutine takes in the input, arg, which in this case is ***
c *** the value of the variable beta which is calculated in the main **=*
c *** program. The output of the subroutine is the wvalue of the * % %
c *** ratio of the Bessel functions K0 to Kl. * Kk
C **********************************************************************
Cc **%%* Declare variables

Integer n

Real t(10), rkl, rkz, ratkzkl

c **** Start calculations
if (arg .gt. 2.0) go to 250
t(1l) = (axg / 3.75) ** 2

c **** Begin do loop
do 230 n =1, 5

230 t(n+l) = t(n) * t(1)
c **** End do loop “
riz = 1.0 + 3.5156229 * t (1) + 3.0899424 * £ (2) + 1.2067492 *
& t(3) 4+ 0.2659732 * t(4) + 0.0360768 * £(5) + 0.0045813
& * £ (6) .

.
ril = 0.5 + 0.87890594 * t (1) + 0.51498869 * t(2) + 0.1508493 *

& t(3) + 0.02658733 * £ (4) + 0.00301532 * £(5) + 0.00032411
& * £(6)

ril = ril * arg

t(l) = (arg / 2.0) ** 2

c **** Begin do loop

do 240 n =1, 5
240 t(n+l) = t(n) * t(1)
c **** End do loop

argh = arg / 2.0

rkz = —alog(argh) * riz -~ 0.57721566 + 0.42278420 * t (1) +
& 0.23069756 * t(2) + 0.03488590 * t(3) + 0.00262698 * t (4)
& + 0.00010750 * t(5) + 0.00000740 * t (6)
rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * t (1) -
& 0.67278579 * t(2) — 0.18156897 * £(3) -~ 0.01919402 * t(4)
& ~ 0.00110404 * £(5) — 0.00004686 * t(6)
rkl = (rkl / arg) -
go to 270
250 continue

t(l) = 2.0 / arg
c **** Begin do loop
do 260 n=1, 5
260 t(n+l) = t(n) * t(1)
c ***%* End do loop
rkz = 1.25331414 -~ 0.07832358 * t(1) + 0.02189568 * t (2)

& - 0.01062446 * £(3) + 0.00587872 * t(4) - 0.00251540 *
& t(5) + 0.00053208 * t (6)
rkz = rkz / (((arg) ** 0.5) * exp(axqg))

rkl 1.25331414 + 0.23498619 * t(1) - 0.03655620 * t(2)
& + 0.01504268 * t£(3) - 0.00780353 * £(4) + 0.00325614 *

%6



& t(5) — 0.00068245 * t(6)

rkl = rkl / (((axg) ** 0.5) * explarg))
270 continue -

ratkzkl = rkz / rkl

return

end
c * P FX * % * % *% * % XK Hk— e
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c Kkxk

Subroutine BISECTOR(xa, xb, funca, funcb, t, d, er, mode p, f)

I E S S LSS LS LS L LSS E LSS TEE LSS EELEESEEEETL LRSS ESEESEESELEEE LT EE L LT SR

This subroutine calculates the value of the zero crossing * k%
between the two points provided by the main program when it * k%
calls this subroutine. * % %

**********************************************************************

Declare wvariables.

Integer iterations
Real xa, xb, xc, funca, funcb, funcc
Real root, t, d, exr, £, mode p

Calculate xc, the midpoint between xa and xb, which will
become one of the new limits.

iterations = 0

xc = (xa + xb) / 2.0

iterations = iterations #+ 1

The difference in the sign of xa and xb can be when the function
goes to plus or minus infinity. Hence the zero cannot be found.
If the loop is repeated morg than 100 times, it is very likely
that the case is not that of zero crossing. Therefore, get out
of the loop. ’

if (iterations .gt. 100) go to 335

Calculate the value of the function for xc, i.e. funcc.

call FUNC(xc, t, d, er, mode p, funcc)

If the value of the function at both xa and xc are either
positive or negative, then let the new value of xa be equal to
xc. Now calculate the new value of funca (the value of the
variable func at the point xa). If on the other hand, the
value of the function at both xb and xc are of the same sign,
then let the new value of xb be equal to xc and now calculate
the new value of funcb(the value of the variable func at point
xb) . Repeat this till the value of function is approximately
equal to zero. Then let the root be equal to x¢ and output the
results.

if (funcc .1t. 0.0000) go to 300

if (funca .1lt. 0.0000) go to 310

xXa = XC

call FUNC(xa, t, d, er, mode p, funca)

if (abs(funca) .1t. 0.0001) go to 320

go to 280

if (funca .lt. 0.0000) go to 290

xb = xC

call FUNC(xb, t, d, er, mode p, funcb)

if (abs(funcb) .1t. 0.0001) go to 320

go to 280

root = xc

Output the results.

write(6,*) "

write (6, *) "WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO '

]
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write(6,*)*ZERO = ', root, ' MILS CORRESPONDING TO *
write (6, *) 'FREQUENCY = ', £, ' GHz'
write (6, *)?* R '
write (20,%*)? '
write (20, *) '"WAVELENGTH AT WHICH THE FUNCTION IS EQUAL: TO °*
write (20, *) YZERO = ', root, ' MILS CORRESPONDING TO '
write(Zp,*)'FREQUENCY = ', £, 'GHz®
write (20, %) '
335 return '
end

c * —% % * % * k% * %k * % * % ——E K e ki Je—
f r—— * * * % * % * % * % * % b KK

Subroutine FUNC(wlx, t, d, er, mode p, function)

nooo0oaQaaqq

hAhkhkkAhkRkAIkAhkARkAhkhhkhhkhhkhkhkhdrkhhkhkhkhkhhkhkhkhdrhkkkrhkhkhkhkrarkhkddhkhhkhdhkhrhkhrhhhkkt
*%* This subroutine calculates the value of the variable function ***
*%** for the particular wavelength that is provided as an argument **%*
**%* by the subroutine BISECTOR. It calls upon the subroutines * k%
*%%* J1JZ and K1KZ to provide the values of the ratios of the % % %
*** Bessel functions J0 / J1 and the ratio K0 / Kl. *kk
EE R S R P A R R R R P P Y R T ]
***%* Declare variables.
! Real wlr, t, d, exr, pi, a, b, ¢
Real pre al, pre b, alpha, beta
Real ratjljz, ratklkz, mode p

c ***%** Define constant pi
pi = 4.0 * atan(1.0)
a = (pi ** 2) * (d ** 2) * &r
b= ({(pi *d *mode p / t) ** 2) [/ 4.0
c = (pi ** 2) * (d ** 2)
c ***%** Calculate variables alpha and beta
pre al = (a / (wlr ** 2)) - b
pre b = b - (c / (wlr ** 2))
alpha = sqrt(pre_al)
beta = sqgrt (pre_b)
c **** Call subroutine J1JZ to calculate the value of the Bessel
c *%*** functions ratio J0 /J1.
call J1JZ(alpha, ratjzijl)
c ****% Call subroutine K1KZ to calculate the value of the Bessel
c **** functions ratio KO0 / Kl.
call K1KZ (beta, ratkzkl)
**%*%* Calculate the variable 'function'.
function = ((alpha * ratjzjl) / er ) + (beta * ratkzkl)
**x*x* Return to subroutine BISECTOR the value of the variable
**x%% function.
return
end

A KA A A A A A A A A A A AR AR A A AR A A AA AR AR AT A AR A AR AR AR A A A A A A A Ak kA hkhkkdkdhdhhddddhk

END OF PROGRAM
KAk IAKRKARKK AR K AR K AR KRk AA Ak h ko hhhrdhrhkhhkkkkhhkkhkkkhkhkrkxkhhkhkkkkhk
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Program HE

KARAAKIAIA AT KR KA AR A A KAk Ak Ak Ak khk T Ak EAhkhhhkhhkkhkhkkhkhkkhkhkrhhkkrhhkkkrhkkhk
File Name: HE.FOR . * %k

This program finds the values of the function,fn, for a whole #*%%

range of wavelengths, provided the diameter, thickness of puck, ***

and the dielectric constant are provided (for HElnp modes). It ***

then calculated the frequencies at which the various modes are **x%

resonating. These are calculated by calculating where the * k%
function, func, goes to zero. %Kk
KRAKKKIAXKAKRAAKRAKAKAA A A KA AT A A AR Ad Ak Ak khkA Ak hkhkhkAhkhhhhhkrohkhhkhkhhkhkhkhkhkhkk
Declare variables
Integer wl, wllo, wlhi, delta
Real wlr, wlloa, wlhia, func, f, mode p, fnl, £n2
Real pre_al, pre b, alpha, beta, wl low, wl hi
Real lhs, rhs, wll, w12, funcl, func2, v
Real t, d, er, pi, a, b, ¢, ratjlderjl, ratklderkl

Open data file, 'HE.DAT', that will store the data as it is
produced so it can be accessed later on.

open (unit=20, file='HE.DAT', status="unknown')

Get input data

write (6,10)

format (' ENTER VALUE OF p FOR HElnp MODE (REAL #)7)

write (20,10)

read(5,*) mode p

write (20, *) mode p “

write(6,20)

format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)')

write (20,20)

read(5,%*) d ¢

write (20,*) 4

write (6, 30)

format (' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)')

write (20,30)

read(5,*) t

write(20,*) t

write (6, 40)

format (' ENTER RELATIVE DIELECTRIC CONSTANT (REAIL #)7')
write (20,40)

read (5, *) er

write (20, *) er

Define constant pi

pi = 4.0 * atan(1.0)

a = (pi ** 2) * (4 ** 2) * er

b= ((pi *d *mode p / t) ** 2) / 4

c = (pi ** 2) * (d ** 2)

Define limits, wllo and wlhi, for the range of wavelength to be
analyzed.

wlloa = sqgrt(c / b)

wllo = wlloa + 1

wlhia = sgrt(a / b)

wlhi = wlhia - 1

Define interval, delta, for wavelength at which the calculations
are to be carried out. There will be approximately 250 points
for calculatiomns.

delta = (wllo + wlhi) / 250
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*%** The value of the variable 'v' is used to determine if it is the
*%%% first run through the DO loop. If so, the subroutine BISECTOR
*%x*%* cannot be called since at least two-runs through the loop are
**** required. )

v =20

Q

do

C Kkrkkkkkx

C KExkkkkk

C *kkkKkkk
C RkEkkkkx
C *kkkkkk

C *kkkkkx
c FEkKkkkx

C kkkkkkk

Cc *kkkkkk

&

C hkkkFkhkk

50

60

70

kkkkkkk
kkkkkkk
kkkkkkk
*hkkkkkx
*kkkkkk
*hkkkkkXx

acoaoaaaanaQq

72

**%* Begin DO loop

80 wl = wllo, wlhi, delta
v=v +.1
Convert the wavelength to a real number
wlr = wl * 1.0 :
wll = wl2
wl2 = wlr
Calculate the frequency in GHz
£f = (30000.0 / 2.54) / wlrx
pre al = (a / (wlr ** 2)) - Db
pre b = b - (c / (wlr ** 2))
alpha = sqrt (pre_al)
beta = sqgrt (pre b)
Call the subroutine J1DERJLl to calculate the ratio of the
Bessel functions derivative (J1l) to J1 for the above calculated
alpha. )
call J1DERJL (alpha, ratjlderjl)
Call the subroutine KIDERK1l to calculate the ratio of the
Bessel functions derivative (K1) to K1 for the above calculated
beta. *
call K1DERKI1 (beta, ratklderkl)
Calculate the function, func
£nl (ratjlderjl / alpha) + (ratklderkl / beta)
fn2 = ((ratjlderjl * er) / alpha) + (ratklderkl / beta)
lhs = £nl * f£n2
rhs = ((er / (alpha ** 2)) + (1 / (beta ** 2))) *
((L / (alpha ** 2)) + (1 / (beta ** 2)})
func = lhs - rhs
Output the results.
write (6,50) wl
format (* WAVELENGTH = ', i4, ' MILS')
write (20,50) wl
write(6,60) £
format (' FREQUENCY = ', £9.5, ' GHz')
write (20,60) £
write(6,70) func
format (* FUNCTION = ',£7.2)
write (20,70) func
write(6,%*) ! ‘ '
if (v .eqg. 1) go to 77
If v is greatexr than one, then save the last two values
of the function to calculate if a zero crossing is
between these two values. If so, then call subroutine
BISECTOR to calculate the point of zero crossing.
Also save the corresponding wavelengths. Note that 'wl low'
corresponds to 'funcl' and 'wl_hi' to 'func2’'.
funcl = func2
func2 = func
if (func2 .gt. 0.0) go to 72
if (funcl .gt. 0.0) go to 75
go to 77 .
if (funcl .lt. 0.0) go to 75
go to 77
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75 wl low = wll
wl hi = wl2
call BISECTCR(wl_ low,wl_hi, funcl, func2,t,d,er,mode p,f)
77 write(20,%*) ° v
80 continue
c *kk* End do loop
write(6,%*) ' RESULTS ARE STORED IN FILE HE.DAT'
write (20, *) ' RESULTS ARE STORED IN FILE HE.DAT’
c **** Close data file 'HE.DAT'
close (20)
stop
end
c ke—— KK —e * ko * %k * % * % * %k * %k [, FE——.
C K ——— * % * % KK o e em * % * % * %k KK — b S
c
Subroutine J1DERJL (arg, ratijlderjl)
C FhhkhkkkhkhkAkAkkAAhkhkkkAhkdkdkhhkhkkhhdhkhhkkhkxdkhkhkhkdhkdkrdhhkrhkhkhhkrhkhkhkkhkhkkkhkkhkihk
c *** This subroutine takes in the input, arg, which in this case is ***
c *%* the value of the variable alpha which is calculated in the main%**
¢ *** program. The output of the subroutine is the value of the *k K
c *** ratio of the first derivative of J1 to the Bessel function Jl. ***
C KEAIAA AKX AR AR AR I KA I AR IR AR IR R A AR AR R A AR ARk khk kA hkhhhkhkhhkhxhhkhkkhhkkhkrhkhk
c ¥*** Declare variables.
Real t(10), rjz, rjl, ratjlderjl, rjlder, sq_arg
. Integer n
¢ ****% Start calculations
if (arg .gt. 3.0) goto 200 ,
t(l) = (arg / 3.0) ** 2
c **** Begin do loop
do 190 n = 1, 5
190 t(n+l) = t(n) * t(1)
c **** End do loop
rjz = 1.0 - 2.2499997 * £ (1) + 1.2656208 * £(2) - 0.3163866 *
& t(3) + 0.0444479 * t(4) -~ 0.0039444 * t£(5) + 0.0002100 *
& t (6)
rjl = 0.5 = 0.56249985 * t(1) + 0.21093573 * t£(2) - 0.03954289
& * £(3) + 0.00443319 * t(4) - 0.00031761 * t(5) +
& 0.00001109 * t(6)
rjl = rjl * arg
go to 220
200 continue
t(1) = 3.0 / arg
c **** Begin do loop
do 210 n =1, 5
210 t(n+tl) = t(n) * t(1)
c **** End do loop
fz = 0.79788456 - 0.00000077 * t£(1) - 0.00552740 * t(2) -
& 0.00009512 * £(3) + 0.00137237 * t(4) - 0.00072805 * t(5)
& + 0.00014476- * £(6)
tz = arg — 0.78539816 - 0.04166397 * t(1) - 0.00003954 * t(2) +
& 0.00262573 * t(3) — 0.00054125 * t£(4) - 0.00029333 * t(5)
& + 0.00013558 * t(6)
sq _arg = fz / sqrt(arg)
rijz = sg_arg * cos(tz)
£l = 0.79788456 + 0.00000156 * t(1) + 0.01659667 * t(2) +
& 0.00017105 * £(3) - 0.00249511 * t(4) + 0.00113653 * t(5)
& - 0.00020033 * t(6)
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tl = arg - 2.35619449 + 0.12499612 * t (1) + 0.00005650 * t(2)
& ~ 0.00637879 * t(3) + 0. 00074348 * £(4) + 0.00079824 * t(5)
& ~ 0.00029166 * t(6)
sq _arg = £1 / sgrt(arg)
rjl = sg_arg * cos(tl)
220 continue
rjlder = rjz - (rjl / axg)
ratjlder3il = rjlder / ril

return

end
C Femmmm—e KK e KK e K — * KX * % * % ——k K ——————— KK m e
C Ke———— * % * * * Kk * % * % * % kK — KK e

Subroutine K1DERK1(arg, ratklderkl}
le} **********************************************************************
c *** This subroutine takes in the input, arg, which in this case isg #**x
c *** the value of the variable beta which is calculated in the main ***
c *** program. The output of the subroutine is the value of the *kk
c *** ratio of the first derivative of XK1 to the Bessel function Kl. ***
c *************'k'k*******************************************************
¢ **%* Declare variables .

, Integer n
Real t£(10), rkl, rkz, ratklderkl, rklder
<

c **** Start calculations
if (arg .gt. 2.0) go to 250
t{(l) = (arg / 3.75) ** 2

c **** Begin do loop &
do 230 n =1, 5 .
230 t(n+l) = t(n) * t£(1)

c **** End do loop
riz = 1.0 + 3.5156229 * £ (1) + 3.0899424 * t(2) + 1. 2067492 *

& t(3) + 0.2659732 * £ (4) + 0.0360768 * t(5) + 0.0045813
& * t£(6)

ril = 0.5 + 0.87890594 * t(1) + 0.51498869 * t(2) + 0.1508493 *
& t(3) + 0.02658733 * t(4) + 0.00301532 * t£(5) + 0.00032411
& * £(6)

ril = ril * arg

t(1l) = (arg / 2.0) ** 2
c **** Begin do loop
do 240 n =1, 5
240 t(n+tl) = t(n) * t(1)
c ***% End do loop
argh = arg / 2.0

rkz = —alog(argh) * riz - 0.57721566 + 0.42278420 * t (1) +
& 0.23069756 * t{2) + 0.03488590 * t£(3) + 0.00262698 * t(4)
& + 0.00010750 * £(5) + 0.00000740 * £ (6)
rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * £ (1) -
& 0.67278579 * £(2) — 0.18156897 * £(3) - 0.01919402 * t (4)
& - 0.00110404 * t(5) - 0.00004686 * t (6)
rkl = (rkl / arg)
go to 270
250 continue

t(l) = 2.0 / arg
c **** Begin do loop
do 260 n =1, 5
260 t({n+l) = t(n) * t(1) “
c ***% End do loop
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rkz = 1.25331414 - 0.07832358 * t{1) + 0.02189568 * t(2)

& — 0.01062446 * £(3) + 0.00587872 * t£(4) - 0.00251540 *
& t(5) + 0.00053208 * t (6) -

rkz = rkz / (sgrt(arg) * exp(arg))

rkl = 1.25331414 + 0.23498619 * t(1) - 0.03655620 * t (2)
& + 0.01504268 * t£(3) — 0.00780353 * t(4) + 0.00325614 *
& t(5) - 0.00068245 * t(6)

rkl = rkl / (sgrt(arg) * exp(arg))

270 continue

Q
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C
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rklder = ~rkz - (rkl / arg)
ratklderkl = rklder / rkl
return
end
* * % *% * % *% *% FK e o S, *kmme

* bk T * % —_—% %k *%k KK e k2 T — b SRR ki JE—

Subroutine BISECTOR (xa,xb, funca, funcb,t,d,er,mode_p, £)
R L R L Rt I L D L L T u A u Ay

*%x%** This subroutine calculates the value of the zero crossing *kok
**** between the two points provided by the main program when it *kk
**%%* calls this subroutine. ' *kok
KhhkkhhkhkkhkkkhkhkrkhkhkhhdkhhhhhkhkhkAhkhkkdrhdrrhhkrdkhhdh Xk dkrhhkhhhkhkkhhhhkhkkrkhhhrhkd
**%** peclare variables

Integer iterations

Real ratjlderjl, ratklderkl, mode p

Real xa, xb, xc, funca, funcb, funcc

**%* Start calculations
*¥*** Call subroutine 'func' to calculate the value of the function
**** at the two limits of the wavelength that were provided.
**** Note that variable ‘funca' is the value of the function at xa
*%*%% gimilarly 'funcb' is the value of the function at xb.
iterations = 0
call func(xa, t, d, er, mode p, funca, f)
call func(xb, t, d, er, mode p, funcb, f)
*%** Calculate xc, the midpoint between xa and xb, which will
**%%* become one of the new limits.
280 xc = (xa + xb) / 2.0
iterations = iterations + 1
if (iterations .gt. 20) go to 335
**%% Calculate the value of the function for xc, i.e. funcec.
call func(xc, t, 4, er, mode p, funcc, f)
write(6,*)'xa', xa, xb, xc, funca, funcb, funcc
**** Tf the value of the function at both xa and xc are either
****x positive or negative, then let the new value of xa be equal to
**%%* xc. Now calculate the new value of funca. If on the other
**%% hand, the value of the function at both xb and xc are of the
*%*** same sign, then let the new value of xb be equal to xc and now.
**** calculate the new value of funcb. Repeat this till the value of
**%* function is approximately equal to zero. Then let the root be
**%* equal to xc and output the results.
if (funcc .lt. 0.0000) go to 300
if (funca .1lt. 0.0000) go to 310
290 Xa = XC
call func(xa, t, d, er, mode p, funca, f)
if (abs(funca) .lt. 0.0001) go to 320
go to 280
300 if (funca .lt. 0.0000) go to 290
310 xb = xcC
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call func(xb, t, d, er, mode p, funcb, f)
if (abs(funcb) .it. 0.0001) go to 320
go to 280 -

320 root = xc
¢ ***% Qutput the results.
write(6,*) ' WAVELENGTH AT WHICH THE FUNCTION IS EQUAL, TO !
write(6;*)"' ZERO = 7, root, ' MILS', ' CORRESPONDING TO '
write(6,*) ' FREQUENCY = ', £, ' GHz'
write(6,*) " !
write (20,%*) " ’ '
write (20, *) "WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO °'
write(20,*) 'ZERO = ', root, ' MILS', ' CORRESPONDING TO '
write (20, *) "FREQUENCY = ', f , ' GHEz'
write (20,%)? '
335 return
end
C Xe—m————— kS * % * %k * % * % * % _ K e b S
C Femmmmm—— b P, * % —k Kk —%k% * % * % KK e e [ R,
Subroutine FUNC(wlx, t, d, er, mode p, function, freq)
c **********************************************************************
c ***%* This subroutine calculates the value of the variable function ***
c *%** for the particular wavelength that is provided as an argument ***
c **** by the subroutine BISECTOR. It calls upon the subroutines *%%
¢ **** JIDERJ1l and K1DERK1l to provide the values of the ratios of *kk
Cc **** the Bessel functions Jl/derivative(J1l) and the ratio * %%
c **** Kl/derivative (K1).
C *********************************ﬁ************************************
c ****%* Declare variables.
Real wlr, t, 4, er, pi, a, b, c
Real . pre_al, pre b, alpha, beta
Real fnl, fn2, lhs, rhs, ratjlderjil
Real ratklderkl, freq, mode p
c **** Define constant pi
pi = 4.0 * atan(1.0)
a = (pi ** 2) *x (d ** 2) * er
b= ((pi *d *mode p/ t) ** 2) / 4.0
c = (pi**2) * (d**2)
¢ **** Calculate the frequency in GHz.
freq = (30000.0 / 2.54) / wlr
c **** Calculate variables alpha and beta
pre al = (a / (wlr ** 2)) - b
pre b = b - (c / (wlr ** 2))
alpha = sqgrt(pre_al)
beta = sqgrt (pre_b)
c **** Call the subroutine JIDERJ1 to calculate the ratio of the
c **** Bessel functions J1 / derivative(Jl) for the above calculated
c **** alpha.
call J1DERJL (alpha, ratijlderil)
c **** Call the subroutine KIDERK1 to calculate the ratio of the
¢ **** Bessel functions K1 / derivative(X1l) for the above calculated
c ***%* heta. ’

call K1DERK1 (beta, ratklderkl)

fnl = (ratjlderjl / alpha) + (ratklderkl / beta)

fn2 = ((ratjlderjl * er) / alpha) + (ratklderkl / beta)
lhs = £fnl * £fn2

rhs = ((ex / (alpha ** 2)) + (1 / (beta ** 2))) *
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& (1 / (alpha ** 2)) + (1 / (beta ** 2)}))
c **** Calculate the variable 'function'.
function = lhs - rhs -
Cc **%*% Return to subroutine BISECTOR the value of the wvariable
c ***xx Tfynction'.
return
end

C khkkkhkkhkkkkhhkhrkhkhkhhkhkkhhkhhkddkrhrhkhkhkkhhkhkhkhddhhhkhkhrhrhhhhkhhkdhkhkrrkkrkikhrhhk

END OF PROGRAM
R L L R L N S s e

e}

3. Program 'Q0.FOR'

This program is first used to calculate the points at which the 3dB .
frequencies should be measured, given the value of the coupling, B (see

Appendix B)., When these 3dB frequencies are input to the program, it
then calculates the Q¢ and the fy value.

Program UnloadedQ

c AEKAAAKRKIAAA KR KAAAAARA AR KA A A A Ak hkhkhhkhkrhhkhhkhkhkhkhhkrkhkhkrhhkhhkhkhkdkkhkhkhhhkkhkhkhhhk
C KEkx*x File Name: Q0.FOR * k%
c **** This program calculates Q0 from values read off the amplitude ***
c **** and polar display. It is based on the equations given in the **=*
c ****% article "Swept-frequency microwave Q-factor measurement™ by * Kk
c **** J_E. Aitken. * % %k
c KAKKAXKRKA KA KA A AA A A AT A A Ak hhkhkkkrkhhkh Ak hkrdhkhkhkhkhkhkhkhkrhhkbhrkrhhrh ok khkhhkkkrkkk ki
c **** Declare variables

Character B

Real Dm, beta, pre D0, D0, QO

Real . f0, flo, fhi

c **** Get input data
**** By looking at the polar display resonance, it can be seen
c **** whether beta is less than or greater than one.
write(6,*) ' LOOK AT THE POLAR DISPLAY RESONANCE'
write(6,*) ' ENTER "G" IF BETA > 1, "L" IF BETA < 1°
read(5,10) B
10 format (Al)
write(6,*) ' LOOK AT THE RESONANCE ON THE AMPLITUDE °
write(6,%*) ' DISPLAY. READ OFF HOW MANY dBs THE !
write(6,*) ' BOTTOM OF THE RESONANCE CURVE IS BELOW °
¥
4
1

Q

write (6, *) THE REFERENCE LEVEL.'
write (6, %)
write (6, *)
read(5,%*) Dm
if (B .eqg. 'g') go to 100

if (B .eq. 'G') go to 100

beta = (1 - 10 ** (-Dm / 20)) / (1 + 10 ** (-Dm / 20))

ENTER Dm (MAX. REFL. COEFF. AS A POSITIVE NUMBER)'
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go to 120
100 beta = (1 + 10 ** (-Dm / 20)) / {1 - 10 ** (-Dm / 20))
120 write(6,*) ' BETA =', beta *

c ***%* Calculate the value of DO which is 3 dB below the reference

c **%% Jevel.
pre DO = ((2 - (2 * beta) + (beta ** 2)) /
& (2 + (2 * beta) + (beta ** 2))) ** (0.5
DO = 20.0 * aloglO (pre DO)
c **** Qutput the value of DO.

write(6,*) ' READ FREQ. AT ',D0O,' dB BELOW THE REFERENCE POINT'

c **** Tnput the three dB points.
write(6,*) ' ENTER THE 3 dB LOW FREQUENCY VALUE, flo'
read(5,*) flo
write(6,*) ' ENTER THE 3 dB HIGH FREQUENCY VALUE, fhi'
read(5,*) fhi
c **** Calculate the center frequency
f0 = (flo + fhi) / 2
c *%*%% Calculate the unloaded Q
Q0 = £0 / (£fhi - flo)
c **** Qutput results.
write(6,*) ' Q0 = ', Q0 .
write(6,*) ' CENTER FREQUENCY = ¥, f0
stop
end

.

C F*hkhkhkhkkkhkkkhhkhkhkhkhkhkhhhkdkkhkhdhhhhkhhkrhhkhrhdhkhkdhhhkhhdhhkhhrkhhkhhkhkkhkkhhkdhkkhkhkk®

END OF PROGRAM

Q

C Fhhkhkhkhkkhkhkkkhkhkkhhkhhkkhhhhhkhhhhhdhhhkkkhkrdhhhhhhhkhkdhkhkhhkhhbhkhkdhkhhkhkhkhkhk

&

4. Program 'ER.FOR’

This program calculates the value of the relative dielectric constant
for the TE11 resonance when it is provided with the diameter and height of

the sample, the value of p ( the third subscript of the mode) and the
frequency of resonance of the TEg11 mode.

Program ER

KKK AEKAKRKRA KK IARR KKK AR AR AR KR KAAR AR AR AR A AR Ak dkhddA AR A kA hddhkhdkhkhxkhkkhhhhxx

kkkk
*kkk
*kkk
* %k k%
* %k k%

c
c kkEkx File Name: ER.FOR
c **** This program finds the relative dielectric constant for a
¢ **** given frequency of resonance for TEOnp mode, provided the
c *%*% diameter, the height of the sample and the value of p are
¢ **** also given.
c AEAKREAKIAXIAAA KX AR A KA A K AR KA AR AR KA A A A AR A R AT A dA I Ak dkhkkhhkhhkhdhhhhhbhkhhbhhkhkihkkx
¢ **x** Declare variables

Integer erlow i, erhigh

Real mode p, wlr, func, erlow

Real pre b, beta, pre al, alpha, t, 4, er, pi
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Real a, b, ¢, ratjljz, ratklkz, £, v

Open data file 'ER.DAT' that will store the data as it is
produced so it can be accessed later.

open (unit=20, file='ER.DAT', status='unknown')

Get input data

write(6,10)

format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)!)
write(20,10)

read(5,%) d

write(20,*) 4

write(6,20)

format (' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)')

write (20,20)

read(5,*) t

write(20,*) t

write(6,30)

format (* ENTER VALUE OF p (REAL #) FOR TEOnp MODE')

write (20,30)

read (5, *) mode_p

write (20, *) mode p

write (6,40)

format (' ENTER FREQUENCY OF RESONANCE FOR TEOnp MODE (GHz)')
write (20,40)

read(5,*) £

write (20,*) f «

Calculate the wavelength in mils

wlr = (30000.0 / £) / 2.54
Define constant pi

pi = 4.0 * atan(1.0)
b= ((pi *d *mode p / t) ** 2) / 4

c = (pi **x 2) % (d ** 2)

Calculate variables 'alpha' and 'beta!

pre b = b - (c / (wlr ** 2))

beta = sqgrt (pre b)

Call the subroutine K1KZ to calculate the ratio of the Bessel
functions KO / K1 for the above calculated beta.

call K1XZ(beta, ratkzkl)

Calculate the lower limit of the range of the relative
dielectric constant. This limit is calculated so that the square
of alpha does not become negative and hence alpha is not
imaginary.

erlow = ((wlr * mode p) / (2 * £)) **% 2

erlow_i = erlow

erlow i = erlow i + 1

The upper limit of the range of the relative dielectric constant
is arbitrarily set to 100.

erhigh = 100

Calculate the interval, delta, for the range of the dielectric
constant at which the calculations will be done. In this case
there will be approximately 50 points of data.

delta = (erhigh - erlow_ i) / 50

The value of the variable 'v' is used to determine if it is the
first run through the DO loop. If so, the subroutine BISECTOR
cannot be called since at least two runs through the loop are
required.

v =20

Begin do loop =

Do 80 er = erlow i, erhigh, delta

L4
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v=v+1
erl = er2
er2 = er -
a = ((pi * d) ** 2) * er
C ***x%%**%* Calculate variable alpha
pre_al = (a / (wlr ** 2)) - b
alpha = sqgrt(pre_al)
¢ *¥******%* Call the subroutine J1JZ to calculate the ratio of the
¢ *¥**¥%xxx Bessel functions J0 / J1 for the above calculated alpha.
call J1JZ (alpha, ratijzijl)
c ¥*%%%%*x** Calculate the function, variable func
func = (alpha * ratjzijl) + (beta * ratkzkl)
c ***%k%%*x Output the results
write(6,50) er
50 format (* IF RELATIVE DIELECTRIC CONSTANT =', £7.2)
write (20,50) er
write(6,60) func

60 format (* THEN VALUE OF FUNCTION IS =', £7.2)
write(20,60) func
write(6,*) :

if (v .eq. 1) go to 77
*x%%%**x* Tf v is greater than one, then save the last two values
*¥kxxxx** of the function to calculate if a zero crossing is
*xkk***** between these two values. If so, then call subroutine
¥kkk%*%* BISECTOR to calculate: the point of zero crossing.
**xk*x%x** Also save the corresponding dielectric constant values.
*k%x%k%x%%% Note that 'er low' corresponds to ‘funcl'® and 'er hi' to
kkkkkkk*x Vfyunc2? .

funcl = func2

func2 = func

if (func2 .gt. 0.0) go to 72

if (funcl .gt. 0.0) go to 75

Qo0 aaa

&

go to 77

72 if (funcl .lt. 0.0) go to 75
go to 77

75 er low = erl

er_hi = er2
call BISECTOR(er_low, er_hi, funcl, func2, t, d, mode p, f)
77 write(20,%*) ° ¥
80 continue
c ***%xx%xx*x End do loop
write(6,*) 'RESULTS ARE STORED IN FILE ER.DAT'
c ***%* Close data file 'ER.DAT'

close (20)

stop

end
C Ko k. S k- -k Kk -k *k —_k %k b P, KK ———
c * -k K b *k * % * % — * %k KK e KK e e

Subroutine J1JZ(arg, ratijzjl)
KEAKEAKAAK AKX AA A AR AKX A A K R A A ATk IR A A Ak bk kbt hkhkh bk kA kA kT dhkhhkhkhkkhkkkxkkhhkkk
*%%% This subroutine takes in the input, arg, which in this case * %k
***%* is the value of the variable alpha which is calculated in the **%*
**%% main program. The output of the subroutine is the value of Fokk

**%%x the ratio of the Bessel functions J0 to Jil. * k%
AR A A A A A LA AT A AR A A A A A AR A AT A A A AR KA AAK AKX AT XAT AR A AR A R A ARk AR Ak Ak khkrAdhkkkrxhkxhk

aooaaoaonan
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c ****%* Declare variables.

Real t(10), rjz, rjl, ratjzjl, sq arg
Integer n

c ***%* Start calculations

if (arg .gt. 3.0) goto 200
t(1l) = (axg / 3.0) ** 2

c **** Begin do loop

do 190 n =1, 5

190 t(n+l) = t(n) * t(1)
c **** End do loop

rjz = 1.0 ~ 2.2499997 * £(1) + 1.2656208 * £(2) -~ 0.3163866 *
& t(3) + 0.0444479 * t(4) — 0.0039444 * £(5) + 0.0002100 *
& t (6)

rjl = 0.5 - 0.56249985 * t(1) + 0.21093573 * t£(2) - 0.03954289

& * £(3) + 0.00443319 * t£(4) - 0.00031761 * t(5) +
& 0.00001109 * t(6)

rjl = rjl * axg

go to 220

200 continue

t(1) = 3.0 / arg

c **** Begin do loop

do 210 n = 1, 5

210 t{n+l) = t(n) * t(1)
c **** End do loop

fz = 0.79788456 - 0.00000677 * £(1) — 0.00552740 * t(2) -

& 0.00009512 * £(3) + 0.00137237 * t(4) — 0.00072805 * t(5)
& + 0.00014476 * £ (6)

tz = arg ~ 0.78539816 — 0.04%66397 * t(1) - 0.000033954 * t(2) +
& 0.00262573 * t£(3) - 0.00054125 * t(4) — 0.00029333 * t(5)
& + 0.00013558 * t(6)

sq arg = fz / sqgrt(axqg)
rjz = sq_arg * cos{tz)
£1 = 0.79788456 + 0.00000156 * t(1) + 0.01659667 * t{2) +

& 0.00017105 * £(3) - 0.00249511 * £(4) + 0.00113653 * t(5)
& ~ 0.00020033 * t(6)
tl = arg - 2.35619449 + 0.12489612 * t(1) + 0.00005650 * t(2)
& — 0.00637879 * t(3) + 0.00074348 * t(4) + 0.00079824 * £ (5)
& - 0.00029166 * t(6)

sq_arg = f1 / sqrt(azrqg)
rjl = sq arg * cos(tl)

220 continue

Q

o000

ratjzjl = rjz / rjl

return

end
K e L S KK *% * % * % * % * % PSS
*— ——kk * % * % * % *% * % * % —kk e

Subroutine K1KZ(arg, ratkzkl)
KA AKK AR I I KA I A I KA A AR AR I I AR KA A AR IR KA KA KA RA R R IR KA IR IR A ALk kk Tk Kk
*** This subroutine takes in the input, arg, which in this case is ***
*** the value of the variable beta which is calculated in the main **%*
*** program. The output of the subroutine is the value of the *k K

**% ratjo of the Bessel functions K0 to Kl. * k%
AhkhkhkAkIIAkIAAAITAAKRKEEAIE AR AT AR A A A A A AR A AT A AR A A I A A A A kA kAR kA hkrk ARk dxhkhkkxk

**x** Declare variables
Integer n
Real t(10), rkl, rkz, ratkzkl
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**%x% Start calculations
if (arg .gt. 2.0) go to 250
t(l) = (axg / 3.75) ** 2
***% Begin do loop
do 230 n=1, 5
230 t(n+l) = t(n) * t(l)

***%* End do ‘loop
riz = 1.0 + 3.5156229 * t(1) + 3.6899424 * £ (2) + 1.2067492 *
& t(3) + 0.2659732 * t(4) + 0.0360768 * £(5) + 0.0045813
& * £(6) :
ril = 0.5 + 0.87890594 * t (1) + 0.51498869 * t(2) + 0.1508493 *
& t(3) + 0.02658733 * t(4) + §.00301532 * t£(5) + 0.00032411
& * t(6)
ril = ril * arg

t(l) = (axrg / 2.0) **% 2
***%* Begin do loop
do 240 n =1, 5
240 t(n+l) = t(n) * t(1)

c **** End do loop
argh = arg / 2.0
rkz = -alog{argh) * riz — 0.57721566 + 0.42278420 * t (1) +
& 0.23069756 * t(2) + 0.03488590 * t(3) + 0.00262698 * t (4)
& + 0.00010750 * t£(5) + 0.00000740 * t(6)
rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * t (1) -
& 0.67278579 * t(2) = 0.18156897 * £(3) - 0.01919402 * t(4)
& - 0.00110404 * £(5) - 0.00004686 * t (6)
rkl = (rkl / axg)
go to 270 o
250 continue
t(1) = 2.0 / arg
c **** Begin do loop

(o]

(o]

aaoaaan

do 260 n =1, 5
260 t(ntl) = t(n) * t (1)
*%%* End do loop
rkz = 1.25331414 - 0.07832358 * t(1) + 0.02189568 * t(2)

& — 0.01062446 * £(3) + 0.00587872 * t(4) - 0.00251540 =*
& t{5) + 0.00053208 * t (6)
rkz = rkz / (((axg) ** 0.5) * explarqg))

rkl = 1.25331414 + 0.23498619 * t¢l) — 0.03655620 * £ (2)
& + 0.01504268 * £(3) - 0.00780353 * t(4) + 0.00325614 *
& t(5) - 0.00068245 * t (6)

rkl = rkl / (({axrg) ** 0.5) * expfarg))
270 continue
ratkzkl = rkz / rkl

return

end
*_— * % * % * % * % * % * % * % KK e
* * % * % *% * % * % * % %k *k e

Subroutine BISECTOR{xa, xb, funca, funcb, t, d, mode p, £f)
e T L L L g L T T T e e L P T T T T

***% This subroutine calculates the value of the zero crossing * %k %
**** between the two points provided by the main program when it  ***
*%x%% calls this subroutine. Fk K

khkkkhkhkkhkhkhkhhhkkhkhdhhhhkhhkhkhkhhhkrhkkhkhhkkrkhhhhhdkxhdhkddhhdhhrhhhkhhxhhkhdkhx
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290

300
310

320
c kEkxk

335

Declare variables.

Integer iterations
Real xa, xb, xc, funca,~ funcb, funcc
Real” root, t, 4, £, mode p

Calculate xc, the midpoint between xa and xb, which will
become one of the new limits.

iterations = 0

xc = (xa + xb) / 2.0

iterations = iterations + 1

The difference in the sign of xa and xb can be when the function
goes to plus or minus infinity. Hence the zero cannot be found.
If the loop is repeated more than 100 times, it is very likely
that the case is not that of zexo crossing. Therefore, get out
of the loop.

if (iterations .gt. 100) go to 335 ,
Calculate the value of the function for xc, i.e. funcc.

call FUNC(xc, t, d, mode p, funcc, £f)

If the value of the function at both xa and xc are either
positive or negative, then let the new value of xa be equal to
xCc. Now calculate the new value of funca (the value of the
variable func at the point xa). If on the other hand, the
value of the function at both xb and xc are of the same sign,
then let the new value of xb be equal to xc and now calculate
the new value of funcb(the value of the variable func at point
xb) . Repeat this till the value of function is approximately
equal to zero. Then let the root be equal to xc and output the
results.

if (funcc .1lt. 0.0000) go te 300

if (funca .lt. 0.0000) go to 310

Xa = XC

call FUNC(xa, t, d, mode p, funca, f)

if (abs(funca) .l1t. 0.0001) go to 320

go to 280

if (funca .1lt. 0.0000) go to 290

xb = xcC

call FUNC(xb, t, d, mode p, funcb, f)

if (abs(funcb) .1t. 0.0001) go to 320

go to 280

root = xcC

Output the results.

write (6,*) 'THE RELATIVE DIELECTRIC CONSTANT AT WHICH THE'
write (6,*) 'FUNCTION IS APPROXIMATELY EQUAL TO ZERO IS', root
write (6,%*) ! '
write (20,%*) 'THE RELATIVE DIELECTRIC CONSTANT AT WHICH THE'
write (20,*) 'FUNCTION IS APPROXIMATELY EQUAL TO ZERO IS*, root
write (20,%) ° ¥
return

end

Chkhkhkhkhkhkkkhhkkkhkhhkhhkhkrkhkhrkkhhkhhkhkhhhkkhkrkhkhkhhkhhkhkhhbhkhkhhhkkhkhkhrkkhkhhkhhhkhkhkkhx

* k kK
* Kk kK
*xk*k
*kk*k
* k%%
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Subroutine FUNC(er, t, d, mode p, function, f£f)

LR R S e SRR R R e R R R e Y Y Y R R R R R R ]

This subroutine calculates the value of the variable *kkk
'function' for the particular relative dielectric constant *k kK
that is provided as an argument by the subroutine bisector. ***x*
It calls upon the subroutines J1JZ and K1KZ to provide the * ke kk
values of the ratios of the Bessel functions J0/J1 and KO/K1.*x**

AR KA A K I A AR KA A A AT A AR A A AR A AR KA AR IR IR A R AR IR A A A A A A d ks hkhhhkhkhkhkhkkhkhhkhkhhkkk
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c kkkk

C *kk*k

c *kkk

c *khk%x%k
c *kk%k

c Kkxk
C kEkx%

c Fkkx

C KRk
Cc kk*xk

&
C hhkkkhkkhkhkhkkkhkhkdkhhkkhkhkkhhkhhkkhkhhkdhhhhhkkdhhkhhdhkdhkhkhkhkhdhkkkhkrhhkrrrhhhkkkrhkkkd

Q

O FERIAAI A A AR KARK AR KA A A I A A AR I A A A Ak Ak kA kA hhkhkkhkhkkhhkhkhhhkhkhkhkhhhhhkkkhkkhhkkx

Declare variables.

Real . wlr, mode_p, £, pi, pre al, pre b
Real alpha, beta -
Real t, d, er, a, b, c, ratjljz, ratklkz

Define constant pi

pi = 4.0 * atan(1.0)

a = (pl.** 2) * (4 ** 2) * er

b= ({pi *d *mode p / t) ** 2) / 4
c=(pi**2)*(d**2)

Calculate the wavelength in mils.

wlr = (30000.0 / 2.54) / £

pre al = (a / (wlr ** 2)) - b

pre b = b - (c / (wlr ** 2))

alpha sqrt (pre_al)

beta = sqrt(pre_b) _
Call subroutine J1JZ to calculate the value of the Bessel
functions ratio JO0 /J1.

call J1J2 (alpha, ratjzjl)

Call subroutine K1KZ to calculate the value of the Bessel
functions ratio KO / K1.

call K1KZ(beta, ratkzkl)

Calculate the variable 'function'.

function = (alpha * ratjzjl) + (beta * ratkzkl)

Return to subroutine BISECTOR the value of the variable
function. s

return

end

END OF PROGRAM

5. Program "TANDLT FOR'

This program calculates the loss tangent for the material for TEg11
resonance. The input data required by the program is the dimensions of
the sample, the value of p (the third subscript of the mode), the relative
dielectric constant calculated by the program 'ER.FOR', the Q¢ and the fj

value (calculated by 'Q0.FOR').. The loss tangent can be calculated at any
temperature in the range of 77K to 300K. The conductivity equation takes
into account the anomalous surface resistance effect. For the anomalous

resistance equation, reference [23] was used.
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Program Tangent delta
Khkhkkhkkhkkhkhkkhhkhkhkhkkhhkhkhkkhkhhkkdhhhkhkhhkdhkhkhdhkhkhkhkhkhkhrkhkhhkhkhkhkhhkkhkhkhkhkhkkhhhkrxkkx
Kk kk File Name: TANDLT.FOR * % %
***%* This program is used to calculate the tandelta value for TEQnp***
**x** mode for a particular freq of resonance, relative dielectric **x*
***%* constant, diameter and height of the sample. * k%
EE T R R L Y R R R R R R e XL

**%% Declare variables

Character answer

Real fn_alpha, fn beta, AA, BB, x, y, Z
Real t, tm, 4, er, pi, a, b, c

Real rjz, ril, rj2, ul, cond, e0, Bden
Real Q0, temp, mode n, mode p

Real sig to_l1, meanpath, 1_to_delta
Real resistivity, Rclassic, Ranam, alfa
Real wlr, freq, rkz, rkl, rk2

Real pre_al, pre b, beta, alpha

Double Precision tandelta

**%* Get input data
write (6,10)

10 format (* ENTER DIAMETER OF PUCK IN MILS (REAL #)')
read(5,*) d
. write (6,20)
20 format (' ENTER HEIGHT OF, PUCK IN MILS (REAL #)°')

read(5,*) t

**** Convert height of puck into meters = tm
tm = t * 2,54 / 1le5
30 write (6, 40) ’
40 format (* ENTER VALUE OF p FOR TEOnp MODE')

read (5, *) mode p
write (6,50) .
50 format (' ENTER FREQUENCY OF RESONANCE OF TEOnp MODE (GHz) ‘')
read(5,%*) £
wlr = (30000 / 2.54) / £
**%** Convert the frequency to Hz
freq = £ * 1.0e9
write(6,60)
60 format (' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)7')
read (5, *) erxr
write(6,70)
70 format (' ENTER UNLOADED Q (REAL #)7')
read(5,*) QO
**** Define constant pi
pi = 4.0 * atan(1.0)
***%* Define permeability of free space = ul (henry/m)
uf = 4.0 * pi * le-7
**%%%x Enter temperature of operation in kelvin.
write(6,*) 'ENTER TEMPERATURE OF PUCK IN KELVIN'
read(5,%*) temp
**%*% Start calculations
**x** Conductivity of gold for temperatures ranging from room
**x** temperature down to liquid nitrogen temperature is given by
*%x*%* the following formula. See Chapter IV, section 3 for details.
cond = (0.877 * 4.562e7) / ( 1.0 + (0.00339 * (temp - 293.0)))
write(6,*)? !
write(q!*)‘CONDUCTIVITY OF GOLD AT',temp, ‘K IS',cond, ' MHO/M'
write(6,*)?* 1
*%x%* Resistivity (units of ohm.m) is inverse of conductivity
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resistivity = 1.0 / cond

Define sigma to 1 ratio (i.e. comductivity to mean free path
ratio in units of mho / sq m) for gold, which is constant for
a material. ’

sig to_1 = 0.43el5

Calculate the mean free path (unit of meters) for gold at

this temperature.

meanpath = 1.0 / (sig to_l1 * resistivity)

Calculate the skin depth, delta {unit of meters).

delta = 1.0 / sgrt(pi * freq * ul / resistivity)

Calculate the classical surface resistance (unit of ohms).
Rclassic = resistivity / delta

write(6,*) TCLASSICAL SURFACE RESISTANCE®, Rclassic, ' OHMS'
Calculate the mean free path to delta ratio (unitless).

1 _to_delta = meanpath / delta :
Calculate the value of alfa and z, as defined in Jim Matey's
internal correspondence dated 4 July 1988 [23]. The function
'z' is defined as function *a' in the correspondence.

alfa = (1_to_delta ** 2) * 3.0 / 2.0

z = Rclassic * alfa ** 0.1666

Calculating the x and y coordinates of the graph in the
correspondence by using the polyzmomial for y.

x = alog(alfa)

y = -0.038 + (0.131 * x) - (0.006 * x * x)

Calculate the anomalous surface resistance of gold in ohms.

Yy ="y

Ranam = z * exp(y)

write (6, *) 'ANOMALQUS SURFA(;,E RESISTANCE = ', Ranam, ' OHMS'
Define permittivity of free space = el (farads/m)

el = 8.854 * le-12

a = (pi ** 2) * (d ** 2) * er

b= ({pi *d *mode p / t) ** 2) / 4

c = (pi * %k 2) * (d * % 2)

Calculate variables alpha and beta.

pre al = (a / (wlxr ** 2)) - Db

pre_ b = b - (c / (wlr ** 2))

alpha = sqrt(pre_al)

beta = sqrt(pre_ b)

Call subroutine J1JZ to calculate the Bessel functions J0 (i.e.
variable rjz), J1 (i.e. variable rjl) and J2 (i.e. variable rj2)
for the above calculated alpha.

call J1JZ(alpha, rj2, rjl, rjz)

Call subroutine K1KZ to calculate the Bessel functions K0 (i.e.
variable rkz), K1 (i.e. variable rkl) and K2 (i.e. variable rk2)
for the above calculated beta.

call K1KZ(beta, rk2, rkl, rkz)

Calculate the functions fn_alpha and fn beta

fn_alpha = (rjl ** 2) / ((xjl ** 2) - (xjz * r£j2))

fn beta = ((rkz * rk2) - (rkl ** 2)) / (rkl ** 2)

AA = 1 + (fn_alpha * fn _beta / er)

Bden is the denominator of BB

Bden = 2.0 * pi * (freq ** 3) * {(u0 ** 2) * e0 * (tm ** 3) * er
If the temperature of the sample is greater than 200K, then use
the classical surface resistance, Rclassic.

if (temp .1lt. 200.0) go to 80

write(6,%*) ° '

write (6, *) 'USING CLASSICAL SURFACE RESISTANCE VALUE'

BB = Rclassic * (1.0 + (fn_alpha * fn beta)) / Bden
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go to 90
c **** Tf the temperature of the sample is less than 200K, then use
c **** the anomalous surface resistance, Ranam.
80 write(6,*) 'USING ANOMALOUS SURFACE RESISTANCE VALUE'
BB = Ranam * (1.0 + (fn_alpha * fn beta)) / Bden
c **** Calculate the loss tangent

90 tandelta = (AA / Q0) - BB
write(6,100) tandelta
100 format ('THE CALCULATED LOSS TANGENT = ',D16.9)
write(6,*) ' '

write(6,*) 'DO YOU WANT ‘TO RUN IT AGAIN FOR SAME '
write(6,*) 'SAMPLE DIMENSIONS ? ENTER Y(es) OR N(O)'?
read(5,110) answer

110 format (Al)
if (answer .eqg. 'Y') go to 30
if (answer .eqg. 'y') go to 30

stop
end
c * * K- * %k —% % * % * % * %k * % **_;_
c * dok e I S, *k k% * % — * % %% Ik
Subroutine J1J2Z({arg, rj2, xrji, rjz)
c Bk R R R g R R R R R g b g g g R T S IRU RN S
c ****%* This subroutine takes in the input, arg, which in this case is
c **** the value of the variable alpha which is calculated in the main
c **** program. The output of the subroutine is the value of the
c **** Bessel functions J0, J1 and J2.
c hhkhkhkkhkhkhAhkhkdkhkhhkhkhhhkhhkhhkhkbkhkhhkhhkhkrkhkArkhkhhhhkhhkhkhdhbhdkhkkkhkrhhkhdhkrkhhhhhidhkhrkhk
c ***%* Declare variables
Real t(10), rjz, rjl, rj2, sq arg
Integer n

if (arg .gt. 3.0) go to 130
t(l) = (axg / 3.0) ** 2
c **** Begin do loop
do 120 n =1, 5
120 t(n+l) = t(n) * t (1)
c **** End do loop
ryjz = 1.0 - 2.2499997 * £ (1) + 1.2656208 * t(2) - 0.3163866 *

& t(3) + 0.0444479 * £(4) - 0.0039444 * t£(5) + 0.0002100 *
& t (6)

rjl = 0.5 - 0.56249985 * £ (1) + 0.21093573 * £(2) - 0.03954289
& * £(3) + 0.00443319 * £(4) - 0.00031761 * t(5) +
& 0.00001109 * t(6)

rjl = rjl * arg

go to 150

130 continue
t(1) = 3.0 / arg
c ****% Begin do loop
do 140 n =1, 5
140 t(nt+tl) = t(n) * t(1)
c **%% Bnd do loop
fz = 0.79788456 - 0.00000077 * t£(1) - 0.00552740 * t(2) -

& 0.00009512 * t£(3) + 0.00137237 * t(4) - 0.00072805 * t(5)
& + 0.00014476 * t(6)

tz = arg - 0.78539816 — 0.04166397 * t(1) - 0.00003954 * t(2) +
& 0.00262573 * t£(3) - 0.00054125 * t(4) ~ 0.00029333 * t(5)
& + 0.00013558 * t(6)
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sq_arg = £z / sgrt(arg)
rjz = sq_arg * cos(tz)
f1 = 0.79788456 + 0.00000156 * t{1)~+ 0.01659667 * t(2) +

& 0.00017105 * £(3) - 0.00249511 * t(4) + 0.00113653 * t(5)
& - 0.00020033 * t(6)
tl = arg ~ 2.35619449 + 0.12499612 * t(1) + 0.00005650 * t(2)
& - 0.00637879 * t(3) + 0.00074348 * t(4) + 0.00079824 * £ (5)
& - 0.00029166 * t(6)

sq arg = f1 / sqrt(arg)
rjl = sq arg * cos(tl)
150 continue
rj2 = ((2.0 * rjl) / arg) - rijz

return
end
c b S — k. & SN, KK - ki - * %x * %k * % —k% KK am e
c |, * % * % * % —_—Kk * % * Kk —-E K ————— KK meam e
Subroutine K1KZ(arg, rk2, rkl, rkz) )
c KA KA KA KK IA KA A IR AAA AR AA A KA A A A A AR KA A AT A A Ak kA A A Ak kkkkkhkhkkkhkhkkhkhkhkhhkhkkk
c **** This subroutine takes in.the input, arg, which in this case is
c ***%* the value of the variable beta which is calculated in the main
¢ **** program. The output of the subroutine is the value of the
c **** Bessel functions KO0, K1 and K2.
R R L R L T L E L e R L L L Lt i L D A AT
c **** Declare variables.
Integer n
Real t£(10), rk2, rkl, rkz

if (arg .gt. 2.0) go to 180
t(l) = (axg / 3.75) ** 2
c **** Begin do loop
do 160 n =1, 5
160 t(n+l) = t(n) * t(l)
c **** End do loop
riz = 1.0 + 3.5156229 * t(1) 4+ 3.0899424 * £ (2) + 1.2067492 *

& t(3) + 0.2659732 * t£(4) + 0.0360768 * t£(5) + 0.0045813
& * £(6)

ril = 0.5 + 0.87890594 * £ (1) + 0.51498869 * t(2) + 0.1508493 *
& t(3) + 0.02658733 * t£(4) + 06.00301532 * £(5) + 0.00032411
& * £(6)

ril = ril * arg

t(l) = (arg / 2.0) ** 2

c **** Begin do loop
do 170 n = 1, 5
170 t(ntl) = £t{(n) * t(1)
c **** End do loop
argh = axrg / 2.0
rkz = —alog(argh) * riz ~ 0.57721566 + 0.42278420 * t(1l) +

& 0.23069756 * t(2) + 0.03488590 * t£(3) + 0.00262698 * t(4)
& + 0.00010750 * t(5) + 0.00000740 * t(6)
rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * t (1) -
& 0.67278579 * £ (2) - 0.18156897 * t(3) - 0.01919402 * t (4)
& -~ 0.00110404 * t£(5) —~ 0.00004686 * t(6)
rkl = (rkl / argqg)
go to 200
180 continue
t(l) = 2.0 / arg =

c ***%* Begin do loop
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do 190 n =1, 5

190 t(n+l) = t(n) * t(1)
c ***x* End do loop *
rkz = 1.25331414 - 0.07832358 * t (1) + 0.02189568 * t (2)
& - 0.01062446 * t(3) + 0.00587872 * £(4) - 0.00251540 *
& t(5) + 0.00053208 * t(6)
rkz = rkz / (((arg) ** 0.5) * exp(arg))
rkl = 1.25331414 + 0.23498619 * t (1) - 0.03655620 * & (2)
& + 0.01504268 * t£(3) - 0.00780353 * £(4) + 0.00325614 *
& t(5) - 0.00068245 * t(6)

rkl = rkl / (((arg) ** 0.5) * exp(arqg))
200 continue
rk2 = rkz + ({(2.0 * rkl) / arg)

return

end .
c hhkhkkhkhkhkhdkhhkhkhhkhhdkhhkdhrdhhkArkrddhhbRkrkIr Ak dk A AR A A A I A AA T A A XA AT A AT A ARk A kA hkkhkhkkKk
c END OF PROGRAM

C FRARKAKIAIAAAAIAAIRKKA I I A A KK AT I I AT KA IAIK I I A AXRA KAk h A A hhkAhhhkkhhkhkkhhkhhkhkk

N

6. Program 'COND.FOR' .

This program is used to calculate the conductivity of the conducting
plates for the TEQ11 resonance. The °input data needed is the dimensions of
the sample, the value of fy (calculated by 'Q0.FOR), the &, value (calculated
by "ER.FOR") and the loss tangent value (calculated by 'TANDLT.FOR)).

Program Conductivity
sk ok ok e ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok ok s ok 5k ok o gk e Tk ok sk g Sk ok ok Sk ok e ok ok vk ok ok ok ok e e ok ok e ok ok ke ok e ok ok Rk R R

c
c *x% File Name: COND.FOR *x Kk
c *** This program is used to calculate the conductivity value for *¥%
c *** TEQ1ll mode for a particular freq of resonance, relative * %k
c *** dielectric constant, diameter, length of puck and loss * k%
c *** tangent. * %%
lo] AKAXAKEEIKKAKRAKRAKAAKAT AR AKRAAREAAAAA A AKX AR A AT A AR Ak Ak khkhhkhkhkhkdrhhkhkkkhhhhkkkkk
c *** Declare variables

Character answer

Real fn_alpha, fn beta, AA, BB

Real t, tm, 4, er, pi, a, b, c

Real rjz, rjl, rij2, ul, cond, e0, Bden

Real 00, mode p

Real resistivity, Rs

Real wlr, freq, rkz, rkl, rk2

Real pre_al, pre b, beta, alpha, tandelta
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c X%k

10

20

c *k*%

30
40

50

Cc k%%

60

70

80

c k%%
Cc k%%

c k%%

c *k%
Cc k%%
c *k*k

c KE%
c K*k%

c k%%

c *xk

c k%%

Get input data

write(6,10)

format (' ENTER DIAMETER OF PUCK IN MILS (REAL #) ')
read(5,*) d

write(6,20)

format (' ENTER THICKNESS OF PUCK IN MILS (REAL #)')
read(5,%*) t

Convert length of puck into meters = tm

tm =t * 2.54 / 1le5

write (6, 40) :

format (' ENTER VALUE OF p FOR TEOnp MODE')

read (5, *) mode p

write(6,50)

format (' ENTER FREQUENCY OF RESONANCE OF TEOnp MODE (GHz) ')
read(5,*) £

wlr = (30000 / 2.54) / £

Convert the frequency to GHz

fregq = £ * 1.0e9

write (6, 60)

format (* ENTER RELATIVE DIELECTRIC CONSTANT (REAL #) %)

read (5, *) er

write (6,70)

format (' ENTER UNLOADED Q (REAL #)°')

read(5,*) QO

write(6,80) “

format (' ENTER TANDELTA (REAL #) ')

read (5, *) tandelta
Define constant pi
pi = 4.0 * atan(1.0)
Define permeability of free space
ud = 4.0 * pi * le~-7

Define permittivity of free space
e0 = 8.854 * le-12

a = (pi ** 2) * (d ** 2) * er
b= ({pi *d *mode p / t) ** 2) / 4
c = (pl ** 2) *x (4 *x* 2)

pre_al = (a / (wlr ** 2)) - Db

pre b = b - (c / (wlr ** 2))

alpha = sqrt (pre al)

beta = sqrt(pre b)

@

ul0 (henry/m)

el (farads/m)

Call subroutine J1JZ to calculate the Bessel functions J0 (i.e.
variable rjz), Jl (i.e. variable rjl) and J2 (i.e. variable rj2)

for the above calculated alpha.
call J1JZ(alpha, rj2, ril, rjz)

Call subroutine K1KZ to calculate the Bessel functions K0 (i.e.
variable rkz), Kl (i.e. variable rkl) and K2 (i.e. variable rk2)

for the above calculated beta.

call K1KZ(beta, rk2, rkl, rkz)

Calculate the functions fn _alpha and fn_beta
fn_alpha = (rjl ** 2) / ((xjl ** 2} - (rjz * rj2))
fn_beta = ((rkz * rk2) - (rkl ** 2)) / (rkl ** 2)
AA = 1 + (fn_alpha * fn beta / er)

BB = (AA / Q0) - tandelta

Bden is the denominator of BB

Bden = 2.0 * pi * (freq ** 3) * (ul ** 2) * e0 * (tm ** 3) * er

Rs = BB * Bden / (1.0 + (fn_alpha * fn_beta))
cond = pi * freq * u0 / (Rs ** 2)
cond cond / 1le7
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write (6,90) cond

90 format (' CONDUCTIVITY OF PLATES = ', £9.2, ' e+7 mho/m ')
write(6,*) - v
write(6,*) ' DO YOU WANT TO RUN IT AGAIN FOR SAME !
write(6,*) ' SAMPLE DIMENSIONS ? ENTER Y(es) OR N{(O)'
read(5,100) answer

100 format -(Al)
if (answer .eq. 'Y') go to 30
if (answer .eq. 'y') go to 30

stop

end
K — *k— * % * % * % * % * % )k — b, S
K m——. — [ . * %k —kk * % * % * %k * Xk ——K K e

Subroutine J1J%Z(arg, rj2, rijl, rjz)
L e s R P R R R R R R
*%* This subroutine takes in the input, arg, which in this case is**x
*** the value of the variable alpha which is calculated in the ekl
*¥** main program. The output of the subroutine is the value of *kk
*%% the Bessel functions J0,.J1 and J2. *kk
LR R R R SR R R O R T R L X B B b g g R R g R TR R U T e
*** Declare variables

Real t(10), rjz, rjl, rj2, sq arg

Integer n °

if (arg .gt. 3.0) go to 130

t(l) = (axg / 3.0) ** 2
*** Begin do loop N

do 120 n =1, 5

120 t(n+l) = t(n) * t (1)

***  End do loop

rjz = 1.0 - 2.2499997 * t (1) + 1.2656208 * t(2) - 0.3163866 *

& £(3) + 0.0444479 * t(4) - 0.0039444 * t(5) + 0.0002100 =
& t (6)

rjl = 0.5 - 0.56249985 * £ (1) + 0.21093573 * t(2) - 0.03954289
& * £(3) + 0.00443319 * t(4) - 0.00031761 * t(5) +
& 0.00001109 * t(6)

rjl = rjl * arg

go to 150

130 continue

C

t(1) = 3.0 / axg
**% Begin do loop
do 140 n =1, 5

140 t{n+l) = t(n) * t(1)

C

*** End do loop
fz = 0.79788456 ~ 0.00000077 * t£(1) - 0.00552740 * £(2) ~-
& 0.00009512 * £(3) + 0.00137237 * t(4) - 0.00072805 * £ (5)
& + 0.00014476 * t(6)
tz = arg - 0.78539816 ~ 0.04166397 * t{1) - 0.00003954 * t(2) +
0.00262573 * t(3) — 0.00054125 * t(4) - 0.00029333 * t(5)
& + 0.00013558 * t(6)
sq_arg = fz / sqgrt(arqg)
rjz = sq_arg * cos(tz)
£1 = 0.79788456 + 0.00000156 * t(1) + 0.01659667 * t(2) +
0.00017105 * t£(3) - 0.00249511 * t(4) + 0.00113653 * t(5)
& - 0.00020033 * t(6)

g}

R
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tl = arg - 2.35619449 + 0.12499612 * £ (1) + 0.00005650 * t(2)
& - 0.00637879 * t(3) + 0.00074328 * t£(4) + 0.00079824 * t(5)
& - 0.00029166 * t(6)
sq arg = f1 / sqgrt (arg)
rjl = sq_arg * cos(tl)
150 continue
rj2 = ((2.0 * rjl1l) / arg) - rjz

return

end
* —x% * % * % T S *% —%k S T
* —%% * % —k% %% %% *% Fke *k e

Subroutine K1KZ%(arg, rk2, rkl, rkz) ,
**********************************************************************
*** This subroutine takes in the input, arg, which in this case is***
*** the value of the variable beta which is calculated in the main***
*%% program. The output of the subroutine is the value of the * k%
*** Bessel functions K0, K1 and K2. *kk
R R L R T R L L L T e wraure
*** Declare variables.

Integer n

Real t(10), rk2, rkl, rk=z

if (arg .gt. 2.0) go to 180
t(l) = (arg / 3.75) ** 2
*** Begin do loop
do 160 n =1, 5
160 t(n+l) = t(n) * t(1)

*%% End do loop
riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 *
& t(3) + 0.2659732 * £(4) + 0.0360768 * t(5) + 0.0045813
& * £(6)
ril = 0.5 + 0.87890594 * t (1) + 0.51498869 * £(2) + 0.1508493 *
& t(3) + 0.02658733 * t(4) + 0.00301532 * £(5) + 0.00032411
& * t(6)
ril = ril * arg

t(l) = (arg / 2.0) ** 2

c *** Begin do loop

do 170 n =1, 5
170 t(n+l) = t(n) * t(l)

c *** FEnd do loop

(e}

C

argh = arg / 2.0
rkz = ~alog(argh) * riz - 0.57721566 + 0.42278420 * t (1) +

& 0.23069756 * t(2) + 0.03488590 * t(3) + 0.00262698 * t(4)
& + 0.00010750 * £(5) + 0.00000740 * t(6)

rkl = arg * alog(argh) * ril + 1.0 + 0.15443144 * t(1) -
& 0.67278579 * t(2) - 0.18156897 * t(3) - 0.01919402 * t(4)
& - 0.00110404 * £(5) — 0.00004686 * t (6)

rkl = (rkl / arqg)

go to 200

180 continue
t(l) = 2.0 / arxg

*** Begin do loop
do 190 n =1, 5
190 t{ntl) = t(n) * t(1)

*** End do loop @
rkz = 1.25331414 - 0.07832358 * £ (1) + 0.02189568 * t (2)
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& - 0.01062446 * t(3) + 0.00587872 * t(4) - 0.00251540 *
& t(5) + 0.00053208 * t(6)

rkz = rkz / (((arg) ** 0.5) * explarg))

rkl = 1.25331414 + 0.23498619 * £ (1) - 0.03655620 * t(2)
& + 0.01504268 * t£(3) - 0.00780353 * £(4) + 0.00325614 =*
& t(5) - 0.00068245 * £t (6)

rkl = rkl / (((arg) ** 0.5) * exp(arg))
200 continue
rk2 = rkz + ((2.0 * rkl) / arg)

return

end
c KA KA A KA A A KA A A A A AT A A A AR AT T AAAAA AR ET AR A AR A A A A A AT A A A A A Ak Ak hkkhkhkhkhhkhkhk ko k%
C END OF PROGRAM

C kkkkkkhkkkhkkhkdhhkhkhhhhrhdhdhhhkhhhhhkhhhhhhhhhhhhhkhhhhhhhhhhhhhkhhhhhhhkix
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APPENDIXD
HEATER AND THERMOMETER DETAILS

The heater was manually constructed. The bottom of the thermal
resistor was wrapped in cigarette paper and then coated with General
Electric adhesive and insulating varnish 7031. It is very important that
there be no air bubbles between the cigarette paper and the brass thermal
resistor, so that the heater wire is able to make good contact with the metal.
The coating of 7031 was repeated 2-3 times and then it was left under a lamp
to dry overnight. The next day a two feet wire of manganin with 12 ohm/foot
resistivity was wrapped around the cigarette paper which was on the
thermal resistor. An inch of the wire was left unwrapped on each end of
the wire. These two ends were tied down so the wire does not unwrap.
Again care was taken that the turns were close to each other and that the
wire did not overlap. The wire was then coated with 7031 and left under the
lamp for drying. The next day the twp ends of the heater wire were soldered
to two inches of copper wire on each side. The wire was then wrapped
around the thermal resistor in such a way that the manganin wire was
completely wrapped around the resistor. The two ends of the copper wire
were tied down and another coating of 7031 was applied and left to dry. The
next day the two ends of the copper wire were soldered to pins 3 and 4 on the
connector bracket. It is important to check that the heater is not grounded.

The thermometer is a Lake Shore Cryotronics, Inc. doughnut shaped
sensor (model # DT-470-CU-12A). This sensor was screwed above the
fixture. The heater and the thermometer sensor can be seen in
Fig. 4(d).
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APPENDIX E

RAW DATA OBTAINED FROM THE EXPERIMENTS

I. Data for polycrystalline ZrSnTiQ4 Sample:

Diameter of sample = 500 mils

Height of sample = 272.5 mils

Data point #1

Temperature

Dp

B

Do

fio

thi

Qo

201 K

-54 dB

0.301,

-2.576 dB

5.09084 GHz

5.09228 GHz

3535.7

5.09156 GHz

37.952

1.064x104

4.028x107 mhos/m
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Data point #2

Temperature
Dm

B

Do

flO

fhi

Qo

120K

9.45 dB
0.496
4119dB
5.08204 GHz
5.08296 GHz
5522.7
5.08250 GHz
38.088
0.6803x104

9.675x107 mhos/m

124



Data point #3

Temperature 110K

Dm -10.05 dB

B 0.521

Do -4.310 dB

fio 5.08123 GHz
thi 5.(58211 GHz
Qo 57762

£ 5.08167 GHz
& : 38100

tand 0.6441x104
c 10.539x107 mhos/m
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Data point #4

Temperature

D

B

Dy

flo

fhi

Qo

100K
10.95 dB
0.558

4577 dB
5.08087 GHz
5.08171 GHz
6051.2
5.08129 GHz
38106
0.6100x104

11.572x107 mhos/m
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Data point #5

Temperature
Dm

B

Do

flo

fhi

Qo

0K
-11.8dB
0.591

-4.808 dB
5.07887 GHz
5.07967 GHz
6348.0
5.07927 GHz
38136
0.5785x104

12.830x107 mhos/m
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Data point #6

Temperature

D

flo

. thi

Qo

785K
-131 dB
0.637
-5.124dB
5.07831 GHz
5.07907 GHz
662;1.8

.
5.07869 GHz
38.145
0.5547x104

14.940x107 mhos/m
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II. Data for 99.5% AlsQO3 Sample:

Diameter of sample = 705.5 mils

Height of sample = 353.5 mils

Data point #1

Temperature

Dm

B

Do

fio

fhi

Qo

293 K

-7.0dB

0.382

-3.238 dB

7.38811 GHz

7.38974 GHz

4533.6

7.38893 GHz

9.847

1.0021x104

4.0009x107 mhos/m
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Data point #2

Temperature

Dm

flo

fhi

Qo

Er

tansd

120K

16.9dB
0.750

5.824 dB
7.43351 GHz
7.43435 GHz
8847.9
7.43393 GHz
9.726
0.3557x104

9.675x107 mhos/m
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Data point #3

Temperature

Dm

B

Do

fio

thi

Qo

110K
18.4dB
0.785

-6.024 dB
7.43442 GHz
7.43524 GHz
9070.4
7.43483 GHz
9.724
0.3571x104

10.539x107 mhos/m
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Data point #4

Temperature

Dm

flo

thi

Qo

100K
-20.0 dB
0.818

-6.199 dB
7.43546 GHz
743624 GHz
9531.8
7.43585 GHz
9.721
0.3333x104

11.572x107 mhos/m
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Data point #5
Temperature
Dp

B

Do

fio

fhi

Qo

0K
238dB
0.879

6,497 dB
7.43620 GHz
743694 GHz
10048.7
7.43657 GHz
9.719
0.3098x104

12.830x107 mhos/m

133



Data point #6

Temperature

Dy

B

Do

flo

thi

Qo

71K
29 dB

1.073

7.219 dB
7.43623 GHz
7.43688 GHz
114421
7.43655 GHz
9.719
0.2291x104

14.940x107 mhos/m
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IIX. Data for single crystal MgQ Sample:

Since the MgO sample was inhomogeneous, it's dielectric
characteristics were calculated by repeating the experiment twice with two
different orientations and then the average of the two values of the
frequency of resonance and the unloaded Q were used to calculate the
relative dielectric constant and the loss tangent.

Diameter of sample = 388 mils

Height of sample = 362 mils

Temperature

Dm

Data point #1
First Run nd run
200K 200K
-91 dB ® -13.2dB
0481 0.641
-4.004 dB -5.147dB
9.94587 GHz 9.93504 GHz=
9.94703 GHz 9.93618 GHz
8576.9 8718.2
9.94645 GHz 9.93561 GHz
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Average

290K

8647.5

9.94103



Following are the results obtained for the MgO sample at 290 K using
the average frequency of resonance and unloaded Q value:

Temperature

Qo
fo
Er

tand

Temperature
Dm

B

Do

fio

fhi

Qo

fo

290K

86475

9.94103

9.802

0.5074x104

« Data point #2

First Run

&
120K
-20.8dB

0.833

-6.274 dB
10.02905 GHz
10.02987 GHz
12228.7
10.02946 GHz
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Second run
120K

-30dB

0.939

-6.758 dB
10.01852 GHz
10.01944 GHz
10897.9
10.01898 GHz

Average
120K

11563.3
10.02422



Following are the results obtained for the MgO sample at 120 K using
the average frequency of resonance and unloaded Q value:

Temperature 120K
Qo 11563.3
fo 10.02422
€r 9.632
tand 0.4514x10+4
Dsta point #3

First Run Second run Average
Temperature 110K 110K 110K
Dn -27.5dB -17.3dB .
B 0.919 1316 .
Do -6.677 dB -7.624 dB .
fio 10.03201 GHz 10.02156 GHz .
fhi 10.03287 GHz 10.0233 GHz .
Qo 11662.7 13005.9 12334.3
fo 10.03244 GHz 10.02194 GHz 10.02719
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Following are the results obtained for the MgO sample at 110 K using
the average frequency of resonance and unloaded Q value:

Temperature 110K
Qo 12334.3
fo 10.02719
&r 9.626
tand 0.4112x104
D§tg point #4

First Run Second run Average
Temperature 100K 100K 100K
Dm -40dB -10.0dB .
B 1.020 1.925 .
Do -7.058 dB -7118 dB °
flo 10.03457 GHz 10.02402 GHz .
fhi 10.03546 GHz 10.02477 GHz .
Qo 11266.0 13188.6 12227.3
fo 10.03502 GHz 10.02439 GHz 10.029705
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Following are the results obtained for the MgO sample at 100 K using
the average frequency of resonance and unloaded Q value:

Temperature 100K
Qo 12227.3
fo 10.029705
&r 9.621
tand 0.4359x104
Data point #5

First Run Second run Average
Temperature 90K 90K MK
Dm -24dB -12.94B .
B 1135 1.585 .
Do -7.370 dB -7.576 dB .
fio 10.03678 GHz 10.02615 GHz .
i 10.03762 GHz 10.02696 GHz .
Qo 119599 12368.9 121644
fo 10.03720 GH= 10.26656 GHz 10.031928
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Following are the results obtained for.the MgO sample at 90 K using
the average frequency of resonance and unloaded Q value:

Temperature 0K

Qo 121644

fo 10.03193

€r 9616

tand Q.4580x1 04

Data point #6

First Run Second run Average
Temperature TTK TTK TTK
Dn -17dB -9.7dB .
B 1.329 1973 .
Dy -7.632 dB -7.036 dB .
fio 10.03810 GHz 10.02761 GHz .
fhs 10.03886 GHz 10.02837 GHz .
Qo 13207.2 131934 13200.3
fo 10.03848 GHz 10.27990 GHz 10.033235
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Following are the results obtained for the MgO sample at 77 K using
the average frequency of resonance and unloaded Q value:

Temperature TTK

Qo 13200.3

fo 10.03323

€r 9.613

tand 0.4141x104

IIT. Data for single erystal LaAlOs Sample:

The LaAlO3 sample was also found to be inhomogeneous. Figure 16
shows the level of inhomogeneity. To find its complex dielectric constant,
an orientation position which gave a value of 8900 for the unloaded Q was
chosen and the experiment was conducted. The following are the results
obtained for that orientation.

Diameter of sample = 375 mils

Height of sample = 418.5 mils
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Data point #1

Temperature 293K

Do -6.4dB

B 0.353

Do -2.997 dB

fio 6.23641 GHz
thi 6;23711 GHz
Qo 85309.7

£o 6.23676 GHz
&r ‘ 24.207

tand 0.5349x104
c 4.001x107 mhos/m
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Data point #2

Temperature 120K

D -5.5 dB

B 0.306

Do -2.619 dB

flo 6.28569 GHz
fhi 6;28627 GHz
Qo 16832.1

£y 6.28598 GHz
€r | 23.821

tand 0.5533x104
c 9.675x107 mhos/m
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Data point #3

Temperature

Dm

fio

thi

Qo

Er

tand

100K
-4.5dB
0.253
-2177dB
6.28938 GHz
6.28997 GHz
1(3663.2

’
6.28967 GHz
23.792

0.598x104

11.572x107 mhos/m
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Data point #4

Temperature

Dm

fio

- fhi

Qo

€r

tand

90K

-4.5 dB
0.253
-2177dB
6.29137 GHz
6.291 92 GHz
11:133.7
6.2916;5 GHz
23.777
0.5493x10+4

12.83x107 mhos/m
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Data point #5

Temperature

D

77K
-4.5dB
0.253
-2177dB
6.29269 GHz
6.29322 GHz
11 ;68.1

.
6.29295 GHz
23.767

0.5378x10+4

14.94x107 mhos/m
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APPENDIX F

EVALUATION OF EFFECT OF PLATE HOLE ON THE MEASUREMENTS

The sample used to evaluate the effect of the hole in the top plate of
the fixture was the ZrSnTiO4 sample with a diameter of 500 mils and a

height of 272.5 mils at room temperature (290K). The results obtained are

shown below:

Regular Top Plate Experiment

Dy =-3.3dB
B=10.1877
Do=-1.621 dB

fio = 5.09623 GHz
fi,; = 5.09771 GHz
Qo = 3443.7

fo = 5.09670 GHz
g = 37.875

tand =1.1435X104

Top Plate With Hole Experiment
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D =- 6.0 dB

B =0.332

Do =-2.831 dB

fio = 5.09418 GHz
fii = 5.09565 GHz
Qo =3465.7

£y = 5.094915 GHz
£r=37.901

tand =1.1246X104
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