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CHAPTER I 

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, Tc. They also exclude magnetic fields below 'Pc; this 

exclusion is commonly called the Meissner Effect. 

One area of research attempts to bring Tc  as close to room 

temperature as possible. Another area attempts to utilize these materials 
to improve the performance of microwave (p,W) circuits. The 

improvements would result from reduced conductor losses due to the low 

surface resistance of the supercopductor at microwave frequencies. 

To maximize the superconductors performance, substrate losses 

must be low. The dielectric constanteat cryogenic temperatures be 
accurately known. Superconductors like YBa2Cu307-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. 

• have good lattice constant match with the superconductor, with 

no phase transitions in the temperature range of interest. 
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• have good thermal expansion coefficient match with the 

superconductor, so that they are compatible 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 (SrLaA1O4), lanthanum 

orthogallate (LaGaO3), lanthanum aluminate (LaAlO3) 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, Er, 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], 

[16], [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. 
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2. Measurement Constraints 

For our measurements, the experiment had to satisfy certain 

constraints: 

(1) Measurement 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 (Cr  = +jer") 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 foim, 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. 
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Courtney's technique is described in Chapter II and the changes 

implemented in Chapter III. 



CHAPTER II 

COURTNEYS MEASUREMENT METHOD 

As mentioned in Chapter I, Courtney's method can be used to 

measure the relative dielectric constant, er, and the loss tangent, tans, 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 tans 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 sample 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 Modes 

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 
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frequency of each resonance is dependent on the Cr, the dimensions of the 

material and the properties of the mode. The equations to calculate these 

frequencies are shown in Appendix C. 

Fig.1 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. Ez  or Hz) 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 BE 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 the notation used to describe a mode is TE011 where 

the m, n and p subscripts for TEmnp  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 
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cylindrical coordinate system. In the dielectric resonator case this is either 

cos(m ) or sin(m ) with m = 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 subscript, 

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: 

TM210, HE111, TM020, "Eon, HE211, 

The expressions which are used to calculate the sr  and the tan 8 in 

this experiment belong to the T.E011 mode. This mode can be easily 

identified as described in Section 3 of this chapter. Other modes such as 

TE012 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. 

Fig. 2(a) Electric field lines for rilEoi mode inside a dielectric resonator 
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Sample 

Gold plated brass 
conducting plates 

2. Coupli  ng  to the TEon Mode 

In Courtney's article, energy is coupled to the electric field lines 
associated with the TE011  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. 

Fig. 2(b) Electric field lines for TE011  mode in a dielectric resonator 

sandwiched between two conducting plates 

8 



3. Identification of TEoll Mode 

There are different techniques for identifying the trk;011 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 TMmno 

modes generally tend to be very lossy [6] and hence are difficult to observe 

because of their relatively low Q (due to radiation). 

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 TE011  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 
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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. 

Q = 21c 
 Xitallal energy stored during a cycle  

average energy dissipated per cycle 

The loss tangent of a dielectric is inversely proportional to the 

dielectric Q, Qd of the material. Qd is related to the unloaded Q (i.e. the total 

Q due to the losses in the resonator setup) by the equation: 

1 1 _ 1 _ 
Qd Q0 (I (2,- 

where, Qo is the rmloadedbQ 

Qc  is the Q due to the conductivity of the plates 

Q, is the Q due to the radiation from the sample 

The loss tangent, tans, is given by: 

tan 8 = -
d 

 

5. Formulas for Calculations 

The formulas for relative dielectric constant and loss tangent 

calculations are given by the following two equations: 
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Jm - Bessel function of the first kind of order m 

Km - Modified Bessel function of the first kind of order m 

Jm - Derivative of Jm  with respect to its argument a 

Km' - Derivative of Km  with respect to its argument 13 

E0 - Permittivity of free space 

Cr - Relative dielectric constant of the material 

1.10 - Permeability of free space 

D - Diameter of the sample 

- Height or thickness of the sample 

fo - Frequency of resonance ofTE011 mode 

X - Wavelength corresponding to f0 

Q0 - Unloaded Q of the sample 

11 



p - Third subscript of a mode (p =1 for Thou mode) 

Rs - Surface resistance of the conducting plates 

c - Speed of light 

The frequency of resonance (fo) and the unloaded Q (Qo) are 

measured in the experiment. The process of f0  and Qo measurement is 

described in Appendix B [1] and the program 'QO.FOR' is given in 

Appendix C. 

6. Potential Measurement Problem s 

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 Cr. 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 TEon.  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 TEon 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 HI 

MODIFIED MEASUREMENT SETUP 

1. Fixture Modifications 

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 

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 then.screwed into a grooved chassis so that 

various size samples could be fitted into the fixture by moving the 

plates closer or further apart [21]. 

(2) 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. 

(3) Top Coupling: The formulas for Er  and tans 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 



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 

a 
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. 

(4) 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 
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Fig.4(d) Photograph of experimental fixture 
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(5) 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 

Courtney. 

(6) 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) be right-cylindrical in shape. 

(2) be non-magnetic (µ = µ0 ), isotropic ( e and pt. same in every direction), 

and homogeneous (e andµ independent of position inside the 

dielectric). 

(3) sample thickness should be less than one-half the wavelength of rhon. 

resonance of the dielectric sample being measured. This condition is 

required to eliminate the radiation losses of the sample. 

(4) diameter to thickness ratio of the sample should be as large as possible 

for good mode separation. This results in non-degenerate modes, and 
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therefore there is less difficulty in identifying them. This also results 
in the TM„mo 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 TM„mo mode overlapping with another mode 

would affect it detrimentally, since the TMnmo modes are very lossy. 

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

(5) 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 Mon Mode 

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

field lines coupling for the measurement. 
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The magnetic field distributions of TEon mode are shown in Fig. 5(a). 

Figure 5(b) shows the magnetic field configurations 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 RI. 

Fig. 5(b) Magnetic field lines for TE011 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 S11 

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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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  



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. Vacuum 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 last one is connected to the line going to the cryostat can. 

First, with the diffusion pump 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. 

21 



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 the 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 gas 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 maximum 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 S (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 
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Fig. 8(b) Photograph of experimental setup 
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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 5 can be 

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

Fig. 9 Magnetic field lines for TE012 mode in a twice the thickness resonator 

twice, once with a sample designed for TEon 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 TE012 mode to resonate at the frequency of the 

TEon mode for the original sample. 

26 



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: 

where, p = 2 for TE012 mode 

Qop  is the unloaded Q measured for the TE0ip  mode 

Qol is the unloaded Q for the TE011 mode 

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

Jm - Bessel function of the first kind of order m 

Km - Modified Bessel function of the first kind of 
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order m 

3-1;1 - Derivative of Jm with respect to its argument a 

Km - Derivative of Km  with respect to its argument p 

E0 - Dielectric constant of free space 

Er - Relative dielectric constant of the material 

P-o Permeability of free space 

D - Diameter of the sample 

Height or thickness of the sample 

fo - Frequency of resonance of lholi mode 

X. Wavelength corresponding to fb 

Qo - Unloaded Q 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. 
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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% A1203, single crystal MgO and single crystal 

LaA10 3. 

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 TEon 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 rails, 

is input to the Fortran program 'DESIGN.FOR'. The output of this 

program is the corresponding height of the sample required to have a TE011 

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. 
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After obtaining the above data, the value of one-half the wavelength 
corresponding to the TE011  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 the height is set to eliminate radiation losses (Chapter II, 

Section 6). For the remaining samples, the frequency of resonance of 
modes close to the TE011 mode is calculated from the graph in an article by 

Kobayashi and Tanaka [6] (shown in Fig. 10). The frequencies of HEinp, 
TE0np  and TMonp  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 TE011  mode, is picked. If 

none of the graphs are satisfactory, then other diameter values are picked 

and'the process is repeated. 

Fig. 10 Mode chart for sample from Kobayashi and Tanaka article [6] 
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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 

+1- 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(TEon) = 6GHz For Material With 6r  = 26  

Er = 26 

f(1E011) = 6GHz 

Diameter (D) Height (T) (D/T)2 

(mils) (mils)  

350 510 0.471 

375 420 0.797 

400 370 1.169 

425 340 1.563 

450 320 1.977 

475 300 2.507 

500 280 3.189 

525 270 3.781 
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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 
er(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 

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. 
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TABLE II - 

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

Cr = 26 

D = 350 mils 

T = 510 mils 

(D/T)2  = 0.471 

Mode er(D/X)2 Frequency of Resonance 

(GHz) 

T1V1011 

HE111 

'1E011 

11E112 

Th1011 

`1E012 

Th1210 

11E211 

TM020 

0.55 

0.60 

0.85 

1.03 

1.30 

1.40 

1.45 

1.60 

1.65 

4.908 

5.126 

6.102 

6.717 

7.546 

7.831 

7.969 

8.371 

8.501 
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TABLE III - 

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

el.= 26 

D= 375 mils 

T = 420 mils 

(D/T)2  = 0.797 

Mode sr(DA)2 Frequency of Resonance 

(GHz) 

TM110 

ihon 

BEll2 

TM210 

TM011 

HE211 

TM020 

0.55 

0.70 

0.95 

1.40 

1.45 

1.50 

1.55 

1.65 

4.581 

5.168 

6.020 

7.308 

7.438 

7.565 

7.690 

7.934 
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TABLE IV 

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

Er  26 

D=400 mils 

T = 370 mils 

(D/T)2  .1.169 

Mode Er(D/X)2 Frequency of Resonance 

(G-Hz) 

rrivi1i0 0.55 4.295 

BEiii 0.70 4.845 

Mon 1.15 6.210 

TM210 1.35 6.728 

TIV1011. 1.45 6.973 

BE2i1 1.50 7.092 

TM020 1.65 7.438 
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TABLE V 

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

Er  = 26 

D = 425 mils 

T = 340 mils 

(D/T)2  = 1.563 

Mode Er(DA)2 Frequency of Resonance 

(GHz) 

TM110 0.55 4.042 

HE111 0.80 4.875 

ihou 1.22 6.020 

TM210 1.35 6.332 

TM020 1.65 7.001 

mai 1.70 7.106 

TM011 1.73 7.169 

EE112 2.03 7.765 

Kim 2.07 7.841 
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TABLE VI  

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

Er . 26 

D . 450 mils 

T . 320 mils 

(yr)2  .1.977 

Mode er(D/1)2 Frequency of Resonance 

(GHz) 

TM110 

FlEin 

Moi 

TM210 

111020 

0.55 

0.95 

1.35 

1.38 

1.65 

3.817 

5.017 

5.981 

6.047 

6.612 
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TABLE VII. 

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

Er . 26 

D = 475 mils 

T . 300 mils 

(D/T)2 . 2.507 

Mode Er(D/X)2 Frequency of Resonance 

(GHz) 

mino 0.55 3.616 

HE111 1.15 5.229 

TM210 1.38 5.728 

lEon. 1.58 6.130 

TM020 1.65 6.264 

HE211 1.90 6.722 

'Moil 2.03 6.948 
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TABLE VIII- 

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

er  = 26 

D = 500 mils 

T = 280 mils 

(D/T)2  = 3.189 

Mode er(D/X)2 Frequency of Resonance 

(GHz) 

Min 1.30 5.282 

'Mao 1.38 5.442 

TM020 1.65 5.951 

rhon 1.72 6.076 

Mai 2.08 6.681 

rrMoil 2.20 6.871 
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TABLE IX 

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

Cr  = 26 

D = 525 mils 

T = 270 mils 

(DiT)2  = 3.781 

Mode cr(DA.)2 Frequency of Resonance 

(GHz) 

TM210 

TM020 

TEoli 

11E21i 

'Mon 

1.38 

1.42 

1.65 

1.85 

2.25 

2.35 

• 

5.183 

5.257 

5.667 

6.001 

6.618 

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 TE011 modes. 

By looking at the graph, samples III through VIII can be eliminated from 

consideration due to the nearness of TMonp modes to the TE011  mode. 

Samples I and II are both good candidates for the measurement. Sample 

II 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 

TE011 mode and the other modes surrounding it. 
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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 (ZrSnTiO4) 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 XI 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 Mon mode and the associated Qo were 

calculated using the program !QO.FOIC. The er  was calculated using the 

program 'ER.FOR'. For more details on the programs see Appendix C. 
Figure 10 shows the er  increasing slightly as the temperature is lowered, 

but remaining approximately around thirty eight, as expected. 
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TABLE X - 

Mode Frequencies for Polycrystalline ZrSnTiO4  Sample  

D = 500 mils 

T = 272.5 mils 

(D/T)2  = 3.367 

X0/2 =1159 mils 

Mode Er(D/2 )2  Expected Frequency Observed Frequency 

(GHz) (C-Hz) 

BEM 1.35 4.474 4.48 

MI210 1.37 4.507 

TM020 1.60 4.871 

lhon 1.78 5.138 5.09 

11E211 2.18 5.686 5.78 

11131 0 2.55 6.150 

'Moil 2.60 6.210 

Elini 2.70 6.328 6.30 

11M120 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 giveifin.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 

(K) (mhos/m)  

290 4x107  

77 15x107  

The conductivity equation obtained from this data is: 
• 

— 0.87760  
1 + 0.00339(T - 293) 

where ao = 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)). 
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Table XI ' 

Polycrystalline ZrSnTiO4 Results 

Diameter = 500 mils 

Height = 272.5 mils 

Expected Relative Dielectric Constant = 38 (Commercially available 

Temperature Compensated Material) 

Temp. Frequency Qo er tans Published tans 

(K) of Thoii(GHz) (x10-4) (x10-4) 

291 5.09156 3535.7 ' 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 • 

78.5 5.07869 6681.8 38.145 0.5547 0.55 

46 



Temperature (K) 

Fig. 11(b) Loss tangent versus temperature for ZrSnTiO4 
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Table XII  

Conductivity of Gold Plated Brass Versus Temperature 

Temp. 

(IQ 

Calculated conductivity of 

gold plated brass (mhos/m) 

Theoretical conductivity 

of gold (mhos/m) 

293 4.000x107  4.562x107  

120 9.675x107  • 

110 10.539x107  • 

100 11.572x107  • 

90 ' 12.830x107  • 

77 14.942x107  23.084x107  

Fig. 12 Conductivity of gold plated brass versus temperature 

4. Alumina (99.5%) Results  
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The next material that was tested in the fixture was Alumina (99.5% 
A1203); This material was obtained from McDanel Refractory Co., Beaver 

Falls, Pennsylvania. The sample diameter was 705.5 mils (1.792 cm) and 

the height was.353.5 nails (0.898 cm). These dimensions were calculated 
(using the program 'DESIGN.FOR') to make the resonator have a TEo11 

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 XIV 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 er  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. 

13W and 13(b). The raw data is given in Appendix E. The published value 

of er  as being 9.8 at room temperature was obtained from and article by 

Tamura et al.[20] and the value for the loss tangent from a report by 

Rockwell International at 7GHz [24 *1 
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TABLE XIII - 

Mode Frequencies for 99.5% A1903 Sample 

D = 705.5 mils 

T= 353.5 mils 

(D/T)2  = 3.983 

Mode er(D/X)2  Expected Frequency Observed Frequency 

(GHz) (GHz) 

TM210 1.35 6.250 • 

BEM 1.45 6.477 6.475 

TM020 1.59 6.783 • 

Thon 1.93 7.473 7.389 

BE21 2.28 8.122 8.066 

Mill 2.40 8.333 • 

TM310 2.53 8.556 • 

EH111 2.85 9.081 8.978 

TM120 3.00 9.317 • 

EH311 3.40 9.919 9.870 
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Table XIV ' 

99.5% Alumina Results 

Diameter = 705.5 mils 

Height = 353.5 mils 

Temp. 

(K) 

Frequency 

oflEoii(GHz) 

Qo Er tan..3 

(x10-41 

293 7.38893 4533.6 9.847 1.0021 

120 ,  7.43393 8847.9 9.726 0.3557 

110 7.43483 9070.4 9.724 0.3571 

100 7.43585 95318 9.721 0.3333 

90 7.43657 10048.7 9.719 0.3098 

77 7.43655 11442.1 9.719 0.2291 
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Fig. 13(b) Loss tangent versus temperature for A1203 
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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 aTE011 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 Qo varied with rotation of the 

sample in relation to the coupling loop. The variation of Qo 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 'QQ.FOR', 'ER.FOR' and 'TANDLT.FOR'. 
It can be seen that the er  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 (Cr  = 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 

Qo of 9000 at room temperature. When the same sample was measured two 

and a half months later, its Qo 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. 
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TABLE XV 

Mode Frequencies for Single Crystal Mg0 Sample 

D = 388 mils 

T = 362 mils 

(D/T)2  =1.149 

Mode Er(DA)2  Expected Frequency Observed Frequency 

(GHz) (GHz) 

Thino 0.55 7.248 • 

HEiii 0.75 8'.464 8.468 

TEon 1.05 10.015 9.941 

TM210 1.35 11.356 . 

TM011 1.45 11.770 . 

BE 1.50 11.970 12.46 
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Table XVI 

Mg0 (Single Crystal) Results 

Diameter = 388 mils 

Height = 362 mils 

Temp. 

(K) 

Frequency 

of Ti 01 1 (GHz) 

Q0 Er Published 

Er 

tans 

(xl 0 -4) 

300 1-10KHz • • 9.956 • 

290 9.941030 8647.5 9.802 0.5074 

210 1-10KHz • . • 9.876 • 

150 1-10KHz • • 9.823 • 
6 

120 10.02422 11563.3 9.632 • 0.4514 

110 10.02719 12334.3 9.626 9.797 0.4112 

100 10.02970 12227.3 9.621 • 0.4359 

90 10.03193 12164.4 9.616 • 0.4580 

77 10.03323 13200.3 9.613 • 0.4141 

70 1-10KHz • • 9.783 • 
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Fig. 14(b) Loss tangent versus temperature for MgO 
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6. Lanthanum Aluminate (Single Crystal) Results 

Lanthanum Aluminate (LaA103) 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 Qo was observed (like the MgO sample), even though the 

frequency of resonance remained constant. This proved that the sample 

was inhomogeneous. Figure 16 showt the change in the measured Qo with 

rotation. As can be seen from the figure, the Qo 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 Qo 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 er  decreases slightly over the 

measured temperature range (see Fig. 17). Figure 17 also shows a 
published result for the er  (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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Fig. 15 Photograph of four fold symmetry of LaA103  sample 
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Fig. 16 Unloaded Q versus angle of rotation for LaAlO3 
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TABLE XVIT  

Mode Frequencies u_IleCstalL03 aAlSample 

D . 375 mils 

T . 418.5 rails 

(yr)2 = 0.803 

Mode er(D/X)2 Frequency of Resonance 

(GHz) 

Tmii o 

HEni 

TEon 

BEn2 

Tm21.0 

TM011 

HE2ii 

TM020 

0.55 

0.70 

0.95 

1.40 

1.45 

1.50 

1.55 

1.65 

4.581 

5.168 

6.020 

7.308 

7.438 

7.565 

7.690 

7.934 
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Table XVIII 

LaAlO3 (Single Crystal) Results 

Diameter = 375 mils 

Height = 418.5 mils 

Temp. Frequency Q0 Er tan8 

(K) of TEoll(GHz) (x10-4.1 

293 6.23676 8909.7 24.207 0.5349 

120.0 6.28598 10832.1 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 11868.1 23.767 0.5378 
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Fig. 17(b) Loss tangent versus temperature for LaA1O3 
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CHAPTER V 

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% AI203, single crystal Mg0 and 

single crystal LaA103. 

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

Material er (300K) er  (77K) tan8(x1 0-4)(300K) tanS(xl Q-4)(77K) 

A1203 9.847 9.719 1.0021 0.2291 

(99.5%) 

MgO 9.802 

(single crystal) 

9.613 0.50741 0.41414 

LaA103 24.207 

(single crystal) 

23.767 • • 

It can be seen that Mg0 seems to exhibit lower dielectric losses at 

higher temperatures as compared to Alumina. Hence Mg0 appears to be 

better suited for high temperature superconductor deposition. But Mg0 

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. 
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The LaAlO3 sample was found to be extremely inhomogeneous and 

hence its tans could not be evaluated accurately. Even though the dielectric 

losses for this material cannot be stated for certain, it appears that LaAlO3 

might be usable as a substrate material. 
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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. The Maxwell's equations are as 

follows: 
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Er - relative permittivity or relative dielectric 

constant of the material 

- frequency in radians / cycles (co = 2icf) 

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

To obtain independent Electric and Magnetic field equations, take the 

curl of both sides of equation (8) to obtain equation (12). 

(due to the assumption that 

the material is isotropic) 

Substituting for V x H from equation (9) into equation (12) 

where k is called the wave number of the media and is defined as: 
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Equations (13) and (15) are called the Vector Helmholtz Equations. 

For a general vector A, the following identity holds: 

Substituting this identity for E in eauation (13). 

But, V . E = 0 from equation (11). 

Therefore, equation (16) simplifies to 

Similarly, for the Magnetic field vector 

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. 

These equations are called the wave equations or the scalar  

Helmholtz equations. The other components of the electric and magnetic 

fields, i.e. E4), EP, Ho and Hp,can be calculated once the z components are 

known. 

,, 
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Fig.1A Cylindrical coordinate system 
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Similarly, substitute for Hp  from equation (21a) into equation (22b): 

Also, substitute for Ep  from equation (22a) into equation (21b) to 

obtain the following equation: 

Finally, substitute for H4)  from equation (21b) into equation (22a): 
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From equations (23) through (26) it can  be seen that the p and 

components of the electric and magnetic field's  can be obtained from the Ez  

and Hz  components. 

To solve for Ez  and Hz, 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: 

where Ez1 - Electric field vector inside the dielectric 

Ez2 - Electric field vector outside the dielectric 

Hz]. - Magnetic field vector inside the dielectric 

ilz2 - Magnetic field vector outside the dielectric 

Note that the fields contain the same coefficient for the z propagation, 
kz  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 Jm  Bessel functions are chosen. For 

the Ez2 and Hz2 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 Km  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 

In equation (32), kz  and ko switch places so that the argument of Km  

in equations (29) and (32) is real. 

Now substituting for Ez  and Hz  from equations (27a) and (27b) into 

equation (23) to solve for El, : 
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Similarly substituting for Ez  and Hz  from equations (27a) and (27b) 

into equations (24), (25) and (26) to solve for Ho , Ep and Hp for inside the 

dielectric resonator: 

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: 
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Substituting equations (27a) through (27d) in equations (32a) and 

(32b), we get: 

Now, substituting equations (30a), (30b), (31a) and (31b) into equations 

(32c) and (32d) with p = a: 

The unknown kz  can be written in terms of variables ko and k from 

equations (28) and (29). 
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Substituting equations (34a) through (34c) into equations (33a) 

through (33d), we get: . 

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

solve: 

Solving the above determinant, 
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Multiplying by (Exa(a)), we obtain the transcendental equation of 
Courtney's article: 

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 (fo) and the unloaded Q (Qo), since it was found to 

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

The process of measurement of the fo and the Qo 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 thEhminimum. level Dm  (a negative number 

in dB). The frequency value at this lowest point is the fo of the mode of 

measurement. 

Fig. 2A Resonance as seen on amplitude display of network analyzer 
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The first step in the calculation of the Qo 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, 13. If 13 is greater than unity, then the resonator is overcoupled 

and vice versa. The exact value of 13 can be determined by using the 

formulas, 

The next step involves the calcplation of the level Do whose 

intersection with the resonance notch gives the value of the two 3dB 
frequency points which are later used to calculate the unloaded Q, Qo. The 

value of the Do level is obtained from equation (3): 

The value of the two 3dB points at this level gives the two frequency 
points, to  and fM. The center frequency is calculated from the average of to  

and fhi: 

The above calculations are incorporated in the Fortran program 

'QO.FOR'. The first input required by the program is whether 13 is less than 
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or greater than unity. This data is read off the polar display of the Network 

Analyzer. Next, the program asks for the value of Dm  (in dB as a positive 

number). The program then calculates the exact value of j3 and the value of 

Do. From the values of i  and fhi, fo and Q  are calculated. 

• 
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APPENDIX C 

FORTRAN PROGRAMS 

The main variables 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 7E 

a  = 7E2d2er  

b = ic2d2p2 / 4t2  

= n2d2 

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 TE011  mode. An approximate value of the Cr  of the material 

also needs to be given. 
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Program DESIGN 

*********************************************************************** 
c *** File Name: DESIGN.FOR *** 
c *** This program is used to design the samples. The input data *** 
c *** needed is the frequency of resonance of TE011 mode, an *** 
c *** approximate value of the er, and the diameter value. This *** 
c *** program finds a range for the height of the material for *** 
c *** which the function is valid for TE011 resonance and then *** 
c *** calculates the function in that range with the height *** 
c *** changing by ten mils every time. The optimum height for a *** 
c *** particular diameter is found by calculating the height at *** 
c *** which the function is zero (with the use of the BISECTOR *** 
c *** subroutine to satisfy the condition for TE011 resonance. *** 
*********************************************************************** 
c *** Declare variables 

Integer t min i t max i 
Real wlr, func, f, Ti, T2, v 
Real t_low, t_hi, t min, t max 
Real pre_al, pre b, alpha, beta, funcl, func2 
Real t, d, er, pi, a, b, c, ratjljz, ratklkz 
Character answer 

c *** Open data file, TDESIGN.DAT', that will store the data as it is 
c *1* produced so it can be accessed later on. 

open (unit=20, file=IDESTGN.DAT', status='unknown') 
c *** Get input data 

write (6,10) 
10 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 

write (20,10) 
read(5,*) er 
write(20,*) er 
write(6,20) 

20 format(' ENTER FREQUENCY OF RESONANCE OF TE011 MODE (GHz)') 
write(20,20) 
read(5,*) f 
write(20,*) f 

30 write(6,35) 
35 format (' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)') 

write (20, 35) 
read(5,*) d 
write(20,*) d 

c *** Define constant pi 
pi = 4.0 * atan(1.0) 

c *** Calculate the wavelength in mils 
wlr = (30000.0 / 2.54) / f 

c *** Calculate the limits for the height of the samples. The lower 
c *** limit 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 

c *** Convert variable 't max' to integer value. 
t max_i = t max 

c *** The value of the variable 'v' is used to determine if it is the 
c *** first run through the DO loop. If so, the subroutine BISECTOR 
c *** cannot be called since at lest two runs through the loop are 
c *** required. 
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v = 0 
c *** Begin DO loop 

Do 80 t = t min_i, t max i, 10 
v = v + 1 
a = (pi ** 2) * (d ** 2) * er 
b = ((pi * d / t) ** 2) / 4 
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 = sqrt(pre b) 

c ********** Call the subroutine J1JZ to calculate the ratio of the 
c ********** Bessel functions JO / Ji for the above calculated alpha. 

call J1JZ(alpha, ratjzjl) 
c ********** Call the subroutine K1KZ to calculate the ratio of the 
c ********** Bessel functions KO / Kl for the above calculated beta. 

call K1KZ(beta, ratkzkl) 
c ********** Calculate the function, variable 'func'. 

func = (alpha * ratjzjl) + (beta * ratkzkl) 
c ********** Output the results. 

write(6,40) t 
40. format(' HEIGHT OF THE SAMPLE = ', f7.2) 

write(20,40) t 
write(6,50j func 4  

50 format(' FUNCTION = f7.2) 
write(20,50) func 
write(6,*) ' 1 
write(20,*) 
if (v .eq. 1) go to 77 

c ********** If v is greater than one, then save the last two values 
c ********** of the function to calculate if a zero crossing is 
c ********** between these two values. If so, then call subroutine 
c ********** BISECTOR to calculate the point of zero crossing. 
c ********** Also save the corresponding heights. Note that 't_low' 
c ********** 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 .lt. 0.0) go to 75 
go to 77 

75 call BISECTOR(t_low, t_hi, funcl, func2, wlr, d, er) 
77 write(6,*) ' 

write (20, *) 
80 continue 
c ********** End DO loop 

write(6,*) ' RESULTS ARE STORED IN FILE DESIGN.DAT' 
c *** Close data file 'DESIGN.DAT' 

close(20) 
read(5,90) answer 
write(6,*)1  
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)' 
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write(20,*)' 1  
write(20,*)1D0 YOU WANT TO RUN THE PROGRAM AGAIN FOR A DIFFERENT' 
write(20,*)'DIAMETER WITH THE SAME FREQUENCY OF RESONANCE AND 1  
write(20,*)'RELATIVE DIELECTRIC CONSTANT? (Y/R)' 

90 format(A1) 
if (answer .eq. 'y') goto 30 
if (answer .eq. 'Y') goto 30 
stop 
end 

C * ** ** ** ** ** ** ** **--- 
C * ** ** ** ** ** ** ** **--- 

Subroutine J1JZ(arg, ratjzjl) 
********************************************************************** 

c *** This subroutine takes in the input, arg, which in this case *** 
c *** is the value of the variable alpha which is calculated in the *** 
c *** main program. The output of the subroutine is the value of *** 
c *** the ratio of the Bessel functions JO to J1. *** 
o  ********************************************************************** 
c *** Declare variables. 

Real t(10), rjz, rjl, ratjzjl, sq_arg 
Integer 

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

c *** Begin do loop 
fp 

do 190 n = 1, 5 
190 t(n+1) = t(n) * t(1) 
c *** End do loop 

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(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 
* t(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+1) = t(n) * t(1) 
c *** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg -* cos(tz) 
fl = 0.79788456 + 0.00000156 * t(l) + 0.01659667 * t(2) + 

0.00017105 * t(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 * t(5) 
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- 0.00029166 * t(6) 
sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos(t1) 

220 continue 
ratjzjl = rjz / rjl 
return 
end 

C  * ** ** ** ** ** ** **  

c * ** ** ** ** ** ** **  

Subroutine K1KZ(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 value of the *** 
c *** ratio of the Bessel functions KO to Kl. *** 
• ********************************************************************** 
c *** Declare variables 

Integer 
Real (10), rkl, rkz, ratkzkl 

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

• *** Begin do loop 
do 230 n = 1, 5 

230 t(n+1) = t(n) * t(1) 
• *** End do loop 

riz = 1.0 + 3.5156229 * t(1)•+ 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(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 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

• *** Begin do loop 
do 240 n = 1, 5 

240 t(n+1) = t(n) *t(1) 
• *** 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 270 

250 continue 
t(1) = 2.0 / arg 

• *** Begin do loop 
do 260 n = 1, 5 

260 t(n+1) = 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 * t(6) 
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rkz = rkz / (((arg) ** 0.5) * 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 / (((arg) ** 0.5) * exp(arg)) 
270 continue 

ratkzkl.= rkz / rkl 
return 
end 

C * ** ** ** ** ** ** ** **--- 
C * ** ** ** ** ** ** ** **--- 

Subroutine BISECTOR(xa, xb, funca, funcb, wlr, d, er) 
o ********************************************************************** 
c *** This subroutine calculates the value of the zero crossing *** 
c *** between the two points provided by the main program when it *** 
c *** calls this subroutine. *** 
o ********************************************************************** 
c *** Declare variables. 

Integer iterations 
Real xa, xb, xc, funca, funcb, funcc 
Real root, t, d, er, f, wlr 

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

iterations = 0 
280 xc = (xa + xb) / 2.0 

iterations = iterations + 1 4  
c *** The difference in the sign of xa and xb can be when the function 
c *** goes to plus or minus infinity. Hence the zero cannot be found. 
c *** If the loop is repeated more than 100 times, it is very likely 
c *** that the case is not that of zero crossing. Therefore, get out 
c *** of the loop. 

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

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

if (funcc .lt. 0.0000) go to 300 
if (funca .lt. 0.0000) go to 310 

290 xa = xc 
call FUNC(xa, d, er, wlr, funca) 
if (abs(funca) .lt. 0.0001) go to 320 
go to 280 

300 if (funca .lt. 0.0000) go to 290 
310 xb = xc 

call FUNC(xb, d, er, wlr, funcb) 
if (abs(funcb) .lt. 0.0001) go to 320 
go to 280 

320 root = xc 
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c *** Output the results. 
write(6,*)1  SAMPLE HEIGHT AT WHICH THE FUNCTION IS ' 
write(6,*)' EQUAL TO ZERO = root., ' MILS' 
write(6,*)1  
write(20,*)' SAMPLE HEIGHT AT WHICH THE FUNCTION IS ' 
write(20,*)' EQUAL TO ZERO = ', root, ' MILS' 
write(2.0,*)' 

335 return 
end 

C * ** ** ** ** ** ** ** ** 
C * ** ** ** ** ** ** ** ** 

Subroutine FUNC(t, d, er, wlr, function) 
• ********************************************************************** 
c *** This subroutine calculates the value of the variable function *** 
c *** for the particular height of sample that is provided as an *** 
c *** argument by the subroutine BISECTOR. It calls upon the *** 
c *** subroutines J1JZ and K1KZ to provide the values of the ratios *** 
c *** of the Bessel functions JO / J1 and the ratio KO / Ni. *** 
• ********************************************************************** 
c *** Declare variables. 

Real wlr, t, d, er, pi, a, b, c 
Real pre_al, pre b, alpha, beta 
Real ratjljz; ratkikz 

c *** Define constant pi 
pi = 4.0 * atan(1.0) 
a = (pi ** 2) * (d ** 2) * Tr 
b = ((pi * d / 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 = sqrt(pre b) 

c *** Call subroutine J1JZ to calculate the value of the Bessel 
c *** functions ratio JO /J1. 

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

call K1KZ(beta, ratkzkl) 
c *** Calculate the variable 'function'. 

function = (alpha * ratjzjl) + (beta * ratkzkl) 
c *** Return to subroutine BISECTOR the value of the variable 
c *** 'function'. 

return 
end 

C  ********************************************************************** 

c END OF PROGRAM 
c ********************************************************************** 

85 



2. Programs 'TE.FOR', 'TM.FOR' and 'HE.FOR'  

The transcendental equation for TEonp  resonance is: 

aJ0(a) 01(0(0)  
Ji(a) K1(3) 

The transcendental equation for TMonp  resonance is: 

aJo(a) + (3K0(0)  
erJi(a) K1((3) 

The transcendental equation for HEinp resonance is: 

rerj;(a) K1(13) 
 i 

r J1(a) K1(0) { er ] .0 
La Ji(a) 13K1((3) La J1(a) 13K1(P) a2  02  La2 02  

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

The input data required by the programs is the value of p (third 

subscript of the mode), the diameter of the sample in nails, the height of the 

sample in mils, and the relative dielectric constant of the material. 

Program TE 
C  ********************************************************************** 
c *** File Name: TE.FOR *** 
c *** This program finds the values of the function, func, for a *** 
c *** whole range of wavelengths, provided the diameter, height of *** 
c *** the sample, the dielectric constant and the value of p are *** 
c *** provided (for TEOnp modes). It then calculates the *** 
c *** frequencies at which the various modes (various n's in TEOnp) *** 
c *** are resonating. These are calculated by calculating where *** 
c *** the variable function, func, goes to zero. *** 
c ********************************************************************** 
c **** Declare variables 

Integer wl, wllo, wlhi, delta 
Real wlr, wlloa, wlhia, func, f, mode p, whl, w12 
Real wl_low, wl_hi, v 
Real pre_al, pre b, alpha, beta, funcl, func2 
Real t, d, er, pi, a, b, c, ratjljz, ratklkz 
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c **** Open data file, 'TE.DAT', that will store the data as it is 
c **** produced so it can be accessed later on. 

open (unit=20, file="TE.DATT, status=Tunknown9 
c **** Get input data 

write (6,10) 
10 format(' ENTER VALUE OF p FOR TEOnp MODE (REAL #)') 

write (20,10) 
read(5,*) mode_p 
write(20,*) mode_p 
write(6,20) 

20 format(' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)') 
write (20, 20) 
read(5,*) d 
write(20,*) d 
write(6,30) 

30 format(' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)') 
write(20,30) 
read(5,*) t 
write(20,*) t 
write(6,40) 

40 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 
write (20, 40) 
read(5,*) er 
write(20,*) er 

c **** Define constant pi 
pi = 4.0 * atan(1.0) 
a = (pi ***2) * (d ** 2) * er 
b = ((pi * d * mode_p / t) ** 2) / 4 
c = (pi ** 2) * (d ** 2) 

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

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

c **** Define interval, delta, for wavelength at which the calbulations 
c **** are to be carried out. There will be approximately 150 points 
c **** for calculations. 

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

v = 0 
c **** Begin DO loop 

Do 80 wl = wllo, wlhi, delta 
v = v + 1 

c ******* Convert the wavelength to a real number 
wlr = wl * 1.0 
wll = w12 
w12 = wlr 

******* Calculate the frequency in GHz 
f = (30000.0 / 2.54) / wlr 

c ******* Calculate variables alpha and beta 
pre_al = (a / (wlr ** 2)) - b 

4 pre_b = b - (c I. (wlr ** 2)) 
alpha = sqrt(pre_al) 
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.4. 
• • 

beta = sqrt(pre b) 
c ******* Call the subroutine J1JZ to calculate the ratio of the 
• ******* Bessel functions JO / Jl for the-above calculated alpha. 

call J1JZ(alpha, ratjzjl) 
• ******* Call the subroutine K1KZ to calculate the ratio of the 
c ******* Bessel functions KO / Kl for the above calculated beta. 

call.K1KZ(beta, ratkzkl) 
c ******* Calculate the function, variable func. 

func = (alpha * ratjzjl) + (beta * ratkzkl) 
c ******* Output the results. 

write(6,50) wlr 
50 format(' WAVELENGTH = i4, ' MILS') 

write(20,50) wlr 
write(6,60) f 

60 format(' FREQUENCY = f9.5, GHz') 
write(20,60) f 
write(6,70) func 

70 format(' FUNCTION = ',f7.2) 
write(20,70) func 
write(6,*) ' 
if (v .eq. 1) go to 77 

c ******* If v is greater than one, then save the last two values 
c ******* of the function to calculate if a zero crossing is 
c */;***** between these two values. If so, then call subroutine 
c ******* BISECTOR to calculate the point of zero crossing. 
c ******* 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 

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

75 wl_low = wll 
wl_hi = w12 
call BISECTOR(wl_low, wl_hi, funcl, func2, t, d, er, mode p, 

f) 
77 write(20,*) ' 
80 continue 

c **** End do loop 
write(6,*) ' RESULTS ARE STORED IN FILE TE.DATT 

c **** Close data file 'TE.DAT' 
close(20) 
stop 
end 

c * ** ** ** ** ** ** ** **--- 

c * ** ** ** ** ** ** ** **--- 



Subroutine J1JZ(arg, ratjzjl) 
****************************************t***************************** 

c **** This subroutine takes in the input, arg, which in this case *** 
c **** is the value of the variable alpha which is calculated in the *** 
c **** main program. The output of the subroutine is the value of *** 
c **** the ratio of the Bessel functions JO to Jl. *** 
c  ********************************************************************** 
c **** Declare variables. 

Real t(10), rjz, rjl, ratjzjl, sq_arg 
Integer 

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

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

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

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(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 
* t(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+1) = t(n) * t(1) 
**** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 

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

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos (tl) 

220 continue 
ratjzjl = rjz / rjl 
return 
end 

c * ** ** ** ** ** ** ** ** 

c * ** ** ** ** ** ** ** ** 
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Subroutine K1KZ(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 value of the *** 
• *** ratio of the Bessel functions KO to Kl. *** 
• ********************************************************************** 
c **** Declare variables 

Integer 
Real t(10), rkl, rkz, ratkzkl 

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

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

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

riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(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 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c **** Begin do loop 
do 240 n = 1, 5 

240 t(n+1) = t(n) * t(1) 
• **** 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 270 

250 continue 
t(1) = 2.0 / arg 

• **** Begin do loop 
do 260 n = 1, 5 

260 t(n+1) = t(n) * t(1) 
• **** 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) 

rkz = rkz / (((arg) ** 0.5) * 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 / (((arg) ** 0.5) * exp(arg)) 
270 continue 

ratkzkl = rkz / rkl 
return 
end 
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C * ** ** ** ** ** ** ** **--- 

c * ** ** ** ** ** ** ** **_-- 

Subroutine BISECTOR(xa, xb, funca, funcb, t, d, er, mode_p, f) 
********************************************************************** 

c **** This subroutine calculates the value of the zero crossing *** 
c **** between the two points provided by the main program when it *** 
c **** calls this subroutine. *** 
o  ********************************************************************** 
c **** Declare variables. 

Integer iterations 
Real xa, xb, xc, funca, funcb, funcc 
Real root, t, d, er, f, mode_p 

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

iterations = 0 
280 xc = (xa + xb) / 2.0 

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

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

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

if (funcc .lt. 0.0000) go to 300 
if (funca .lt. 0.0000) go to 310 

290 xa = 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 .lt. 0.0000) go to 290 
310 xb = xc 

call FUNC(xb, t, d, er, mode_p, funcb) 
if (abs(funcb) .lt. 0.0001) go to 320 
go to 280 

320 root = xc 
c **** Output the results. 

write(6,*)1  WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO 
write(6,*)1  ZERO = ', root, 1  MILS CORRESPONDING TO 
write(6,*)1  FREQUENCY = 1, f, ' GHz1  
write(6,*)1 
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write(20,*)' WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO ' 
write(20,*)' ZERO = ', root, ' MILS.CORRESPONDING TO ' 
write(20,*)' FREQUENCY = f, 
write(20,*)' 

335 return 
end 

c * ** ** ** ** ** ** ** ** 

c * ** ** ** ** ** ** ** ** 

Subroutine FUNC(wlr, t, d, er, mode_p, function) 
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 *** 
c *** J1JZ and K1KZ to provide the values of the ratios of the *** 
c *** Bessel functions JO / Jl and the ratio KO / Ki. *** 
c  ********************************************************************** 
c **** Declare variables. 

Real wlr, t, d4 er, pi, a, b, c 
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) * er 
b = ((pi * d * modey / t) ** 2) 4.0 
c = ** 2) * (d ** 2) 

c **** Calculate variables alpha and beta 
= (a / (wlr ** 2)) - b 

pre_b = b - (c / (wlr ** 2)) 
alpha = sqrt(pre_al) 
beta = sqrt(pre_b) 

c **** Call subroutine J1JZ to calculate the value of the Bessel 
c **** functions ratio JO /J1. 

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

call K1KZ(beta, ratkzkl) 
c **** Calculate the variable 'function'. 

function = (alpha * ratjzjl) + (beta * ratkzkl) 
c **** Return to subroutine BISECTOR the value of the variable 
c **** 'function'. 

return 
end 

• ********************************************************************** 
END OF PROGRAM 

c • ********************************************************************** 
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Program TM 
********************************************************************** 

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

Integer wl, wllo, wlhi, delta 
Real wlr; wlloa, wlhia, func, f, mode_p, wll, w12 
Real wl_low, wl_hi, funcl, func2, v 
Real t, d, er, pi, a, b, c, ratjzjl, ratkzkl 
Real pre_al, pre b, alpha, beta 

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

open (unit=20, file=TTM.DAT', status='unknown') 
c 4*** Get input data 

write(6,10) 
10 format(' ENTER VALUE OF p FOR TMOnp MODE') 

write(20,10) 
read(5,*) mode_p 

6 
write(20,*) mode_p 
write(6,20) 

20 format(' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)') 
write(20,20) 
read(5,*) d 
write(20,*) d 
write(6,30) 

30 format(' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)') 
write(20,30) 
read(5,*) t 
write(20,*) t 
write(6,40) 

40 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 
write (20, 40) 
read(5,*) er 
write(20,*) er 

c **** 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) 

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

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

c **** Define interval, delta, for wavelength at which the calculations 
c **** are to be carried out. There will be approximately 150 points 
c **** for calculations. 
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delta = (wllo + wlhi) / 150 
c **** The value of the variable 'v' is used to determine if it is the 
c **** first run through the DO loop. If so, the subroutine BISECTOR 
c **** cannot be called since at least two runs through the loop are 
c **** required. 

v = 0 
c **** Begin DO loop 

do 80 wl = wllo, wihi, delta 
v = v + 1 

c ******* Convert the wavelength to a real number. 
wlr = wl * 1.0 
wll = w12 
w12 = wlr 

c ******* Calculate the frequency in GHz. 
f = (30000.0 / 2.54) / wlr 

c ******* Calculate variables alpha and beta 
pre_al = (a / (wlr ** 2)) - b 
pre_b = b - (c / (wlr ** 2)) 
alpha = sqrt(pre_al) 
beta = sqrt(pre b) 

c ******* Call the subroutine J1JZ to calculate the ratio of the 
c ******* Bessel functions JO / Jl for the above calculated alpha. 

call J1JZ(alpha, ratjzjl) 
c ******* Call the subroutine K1KZ to calculate the ratio of the 
c ******* Bessel functions KO / ,K1 for the above calculated beta. 

call K1KZ(beta, ratkzkl) 
c ******* Calculate the function, variable func. 

func = ((alpha * ratjzjl) / er ) + (beta * ratkzkl) 
c ******* Output the results. 

write(6,50) wl 
50 format(' WAVELENGTH = i4, ' MILS') 

write(20,50).wl 
write(6,60) f 

60 format(' FREQUENCY = f9.5, 'GHz') 
write(20,60) f 
write(6,70) func 

70 format(' FUNCTION = f7.2) 
write(20,70) func 
write(6,*) ' 
if (v .eq. 1) go to 77 

c ******* If v is greater than one, then save the last two values 
c ******* of the function to calculate if a zero crossing is 
c ******* between these two values. If so, then call subroutine 
c ******* BISECTOR to calculate the point of zero crossing. 
c ******* Also save the corresponding wavelengths. Note that wl_low 
c ******* corresponds to funcl and 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 

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

75 wl_low = wll 
= w12 

call BISECTOR(wl_low, wl_hi, funcl, func2, t, d, er, mode p, 
f) A 

77 write(20,*) I 
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80 continue 
c ******* End do loop 

write(6,*) ' RESULTS ARE STORED IN FILE TM.DATT 
c **** Close data file 'TM.DAT' 

close(20) 
stop 
end 

c * ** ** ** ** ** ** ** **--- 

c * ** ** ** ** ** ** ** **--- 

Subroutine J1JZ(arg, ratjzjl) 
********************************************************************** 

c **** This subroutine takes in the input, arg, which in this case *** 
c **** is the value of the variable alpha which is calculated in the *** 
c **** main program. The output of the subroutine is the value of *** 
c **** the ratio of the Bessel functions JO to J1. *** 
c ********************************************************************** 
c **** Declare variables. 

Real t(10), rjz, rjl, ratjzjl, sq_arg 
Integer 

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

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

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

rjz = 1.0 - 2.2499997 * tar + 1.2656208 * t(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 
* t(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+1) = t(n) * t(1) 
c **** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 

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

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos(tl) 
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220 continue 
ratjzjl = rjz / rjl 
return 
end 

c * ** ** ** ** ** ** ** **--- 

c * ** ** ** ** ** ** ** **--- 

Subroutine K1KZ(arg, ratkzkl) 
• ********************************************************************** 
• *** 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 value of the *** 
c *** ratio of the Bessel functions KO to K1. *** 
c  ********************************************************************** 
c **** Declare variables 

Integer 
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+1) = t(n) * t(1) 
• **** End do loop 

riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(4) + 0.0360768 * t(5) + 0.0045813 
* t(6) 

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

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c **** Begin do loop 
do 240 n = 1, 5 

240 t(n+1) = 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 270 

250 continue 
t(1) = 2.0 / arg 

• **** Begin do loop 
do 260 n = 1, 5 

260 t(n+1) = t(n) * t(1) 
• **** End do loop 

rkz = 1.25331414 - 0.07832358 * t(l) + 0.02189568 * t(2) 
- 0.01062446 * t(3) + 0.00587872 * t(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 * t(2) 

+ 0.01504268 * t(3) - 0.00780353 * t(4) + 0.00325614 * 
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t(5) - 0.00068245 * t(6) 
rkl = rkl / (((arg) ** 0.5) * exp(arg)) 

270 continue 
ratkzkl = rkz / rkl 
return 
end 

c * ** ** ** ** ** ** ** ** 

c * ** ** ** ** ** ** ** ** 

Subroutine BISECTOR(xa, xb, funca, funcb, t, d, er, mode_p, f) 
• ********************************************************************** 
c *** This subroutine calculates the value of the zero crossing *** 
c *** between the two points provided by the main program when it *** 
c *** calls this subroutine. *** 
• ********************************************************************** 
• **** Declare variables. 

Integer iterations 
Real xa, xb, xc, funca, funcb, funcc 
Real root, t, d, er, f, mode_p 

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

iterations = 0 
280 xc = (xa + xb) / 2.0 

iterations = iterations + 1 
c **** 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 zero crossing. Therefore, get out 
c **** 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) 
c **** If the value of the function at both xa and xc are either 
c **** 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 xc and output the 
• **** results. 

if (funcc .lt. 0.0000) go to 300 
if (funca .lt. 0.0000) go to 310 

290 xa = 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 .lt. 0.0000) go to 290 
310 xb = xc 

call FUNC(xb, t, d, er, mode_p, funcb) 
if (abs(funcb) .lt. 0.0001) go to 320 
go to 280 

320 root = xc 
c **** 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 = f, ' GHz' 
write(6,*)' 
write(20,*) ' 
write(20,*)'WAVELENGTH AT WHICH TRF FUNCTION IS EQUAL TO ' 
write(20,*)'ZERO = ', root, ' MILS CORRESPONDING TO ' 
write(20,*)'FREQUENCY = f, 'GHz' 
write(20,*)' 

335 return 
end 

C * ** ** ** ** ** ** ** ** 

C * ** ** ** ** ** ** ** ** 

Subroutine FUNC(wlr, t, d, er, mode_p, function) 
• ********************************************************************** 
• *** 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 *** 
• *** J1JZ and K1KZ to provide the values of the ratios of the *** 
c *** Bessel functions JO / J1 and the ratio KO / Kl. *** 
c  ********************************************************************** 
c **** Declare variables. 

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

c **** 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) 

c **** Calculate variables alpha and beta 
pre_al = (a / (wlr ** 2)) - b 
pre b = b - (c / '(wlr ** 2)) 
alpha = sqrt(pre al) 
beta = sqrt(pre E) 

• **** Call subroutine J1JZ to calculate the value of the Bessel 
c **** functions ratio JO /J1. 

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

call K1KZ(beta, ratkzkl) 
c **** Calculate the variable 'function'. 

function = ((alpha * ratjzjl) / er ) + (beta * ratkzkl) 
c **** Return to subroutine BISECTOR the value of the variable 
c **** function. 

return 
end 

• ********************************************************************** 
c END OF PROGRAM 
c  ********************************************************************** 
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Program HE 
********************************************************************** 

c *** File Name: HE.FOR *** 
c *** This program finds the values of the function,fn, for a whole *** 
c *** range of wavelengths, provided the diameter, thickness of puck,*** 
c *** and the dielectric constant are provided (for HElnp modes). It *** 
c *** then calculated the frequencies at which the various modes are *** 
c *** resonating. These are calculated by calculating where the *** 
c *** function, func, goes to zero. *** 
c ********************************************************************** 
c **** Declare variables • 

Integer wl, wllo, wlhi, delta 
Real wlr, wlloa, wlhia, func, f, mode_p, fnl, fn2 
Real pre_al, pre b, alpha, beta, wl_low, wi_hi 
Real lhs, rhs, w11, w12, funcl, func2, v 
Real t, d, er, pi, a, b, c, ratjlderjl, ratklderkl 

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

open (unit=20, file='HE.DAT', status='unknown') 
c **** Get input data 

write (6,10) 
10 format(' ENTER VALUE OF p FOR HElnp MODE (REAL #)') 

write (20,10) 
read(5,*) mode_p 
write(20,*) mode_p 
write(6,20) 

20 format(' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)') 
write(20,20) 
read(5,*) d 8 

write(20,*) d 
write(6,30) 

30 format(' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)') 
write(20,30) 
read(5,*) t 
write(20,*) t 
write(6,40) 

40 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 
write(20,40) 
read(5,*) er 
write(20,*) er 

c **** Define constant pi 
pi = 4.0 * atan(1.0) 
a = (pi ** 2) * (d ** 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 
c **** analyzed. 

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

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

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

v = 0 
c **** Begin DO loop 

do 80 wl = wllo, wlhi, delta 
v = v + 1 

c ******* Convert the wavelength to a real number 
wlr = wl * 1.0 
wll = w12 
w12 = wlr 

c ******* Calculate the frequency in GHz 
f = (30000.0 / 2.54) / wlr 
pre al = (a / (wlr ** 2)) - b 
pre_b = b - (c / (wlr ** 2)) 
alpha = sqrt(pre_al) 
beta = sqrt(preb) 

c ******* Call the subroutine J1DERJ1 to calculate the ratio of the 
c ******* Bessel functions derivative(J1) to J1 for the above calculated 
c ******* alpha. 

call J1DERJ1(alpha, ratjlderjl) 
c ******* Call the subroutine K1DERK1 to calculate the ratio of the 
c *1',1 ***** Bessel functions derivative(K1) to K1 for the above calculated 
c ******* beta. 

call K1DERK1(beta, ratklderkl) 
c ******* Calculate the function, func 

fnl = (ratjlderjl / alpha2 + (ratklderkl / beta) 
fn2 = ((ratjlderjl * er) / alpha) + (ratklderkl / beta) 
lhs = fnl * fn2 
rhs = ((er / (alpha ** 2)) + (1 / (beta ** 2))) * 

((1 / (alpha ** 2)) + (1 / (beta ** 2))) 
func = lhs - rhs 

c ******* Output the results. 
write(6,50) wl 

50 format(' WAVELENGTH = i4, ' MILS') 
write(20,50) wl 
write(6,60) f 

60 format(' FREQUENCY = f9.5, ' GHz') 
write(20,60) f 
write(6,70) func 

70 format(' FUNCTION = ',f7.2) 
write(20,70) func 
write(6,*) ' 
if (v .eq. 1) go to 77 

c ******* If v is greater than one, then save the last two values 
c ******* of the function to calculate if a zero crossing is 
c ******* between these two values. If so, then call subroutine 
c ******* BISECTOR to calculate the point of zero crossing. 
c ******* Also save the corresponding wavelengths. Note that 'wl_low' 
c ******* 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 

72 if (funcl .lt. 0.0) go to 75 
go to 77 
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75 wl low = wll 
wl-hi = w12 
call BISECTOR(wl_low,wl_hi,fundl.,func2,t,d,er,mode_p,f) 

77 write(20,*) 
80 continue 
c **** 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 * ** ** ** ** ** ** ** **--- 
c * ** ** ** ** ** ** ** **___ 

Subroutine J1DERJ1(arg, ratjlderjl) 
c  ********************************************************************** 
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 *** ratio of the first derivative of J1 to the Bessel function J1. *** 
c  ********************************************************************** 
c **** Declare variables. 

Real t(10), rjz, rjl, ratjlderjl, rjlder, sq_arg 
Integer 

c **** Start calculations 
if (arg .gt. 3.0) goto 200 6 
t(1) = (arg / 3.0) ** 2 

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

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

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(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 
* t(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+1) = t(n) * t(1) 
c **** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 
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tl = arg - 2.35619449 + 0.12499612 * t(1) + 0.00005650 * t(2) 
- 0.00637879 * t(3) + 0.00074348 * t(4) + 0.00079824 * t(5) 
- 0.00029166 * t(6) 

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos(tl) 

220 continue 
rjlder = rjz - (rjl / arg) 
ratjlderjl = rjlder / rjl 
return 
end 

C * ** ** ** ** ** ** ** **--- 
c * ** ** ** ** ** ** ** **--- 

Subroutine K1DERK1(arg, ratklderkl) 
c  ********************************************************************** 
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 value of the *** 
c *** ratio of the first derivative of K1 to the Bessel function Kl. *** 
c  ********************************************************************** 
c **** Declare variables 

, Integer 
Real t(10), rkl, rkz, ratklderkl, rklder 

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

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

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

riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(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 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c **** Begin do loop 
do 240 n = 1, 5 

240 t(n+1) = 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 270 

250 continue 
t(1) = 2.0 / arg 

c **** Begin do loop 
do 260 n = 1, 5 

260 t(n+1) = t(n) * t(1) 4 
c **** End do loop 
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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) 

• rkz = rkz / (sqrt(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 / (sqrt(arg) * exp(arg)) 
270 continue 

rklder = -rkz - (rkl / arg) 
ratklderkl = rklder / rkl 
return 
end 

C * ** ** ** ** ** ** ** **--- 
C * ** ** ** ** ** ** ** **--- 

Subroutine BISECTOR (xa,xb,funca,funcb,t,d,er,mode_p,f) 
********************************************************************** 

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

Integer iterations 
Real ratjlderjl, ratklderkl, mode_p 
Real xa, xb, xc, funca, funcb, funcc 

c **** Start calculations 
c **** Call subroutine 'funs' to calculate the value of the function 
c **** at the two limits of the wavelength that were provided. 
c **** Note that variable 'funca' is the value of the function at xa 
c **** similarly '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) 

c **** Calculate xc, the midpoint between xa and xb, which will 
c **** become one of the new limits. 
280 xc = (xa + xb) / 2.0 

iterations = iterations + 1 
if (iterations .gt. 20) go to 335 

c **** Calculate the value of the function for xc, i.e. funcc. 
call func (xc, t, d, er, mode_p, funcc, f) 

c write(6,*)txal, xa, xb, xc, funca, funcb, funcc 
c **** If the value of the function at both xa and xc are either 
c **** positive or negative, then let the new value of xa be equal to 
c **** xc. Now calculate the new value of funca. If on the other 
c **** hand, the value of the function at both xb and xc are of the 
c **** same sign, then let the new value of xb be equal to xc and now 
c **** calculate the new value of funcb. Repeat this till the value of 
c **** function is approximately equal to zero. Then let the root be 
c **** equal to xc and output the results. 

if (funcc .lt. 0.0000) go to 300 
if (funca .lt. 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 = xc 
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call func(xb, t, d, er, mode_p, funcb, f) 
if (abs(funcb) .lt. 0.0001) go to 320 
go to 280 

320 root = xc 
c **** Output the results. 

write(6,*)' WAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO ' 
write(6,*)' ZERO = ', root, ' MILS', ' CORRESPONDING TO ' 
write(6,*)' FREQUENCY = f, GHz' 
write(6,*)1  
write(20,*)' 
write(20,*)TWAVELENGTH AT WHICH THE FUNCTION IS EQUAL TO ' 
write(20,*)'ZERO = ', root, ' MILS', ' CORRESPONDING TO ' 
write(20,*)'FREQUENCY = ',f , GHz' 
write(20,*)' 

335 return 
end 

C * ** ** ** ** ** ** ** **--- 
C * ** ** ** ** ** ** ** **--- 

Subroutine FUNC(wlr, t, d, er, mode_p, function, freq) 
********************************************************************** 

c **** This subroutine calculates the value of the variable function *** 
c *,k** for the particular wavelength that is provided as an argument *** 
c **** by the subroutine BISECTOR. It calls upon the subroutines *** 
c **** J1DERJ1 and K1DERK1 to provide the values of the ratios of *** 
c **** the Bessel functions J1/derivative(J1) and the ratio *** 
c **** K1/derivative(K1). 
c  ********************************A*********************************** 
c **** Declare variables. 

Real wlr, t, d, er, pi, a, b, c 
Real pre_al, pre b, alpha, beta 
Real fnl, fn2, lhs, rhs, ratjlderjl 
Real ratklderkl, freq, modep 

c **** 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) 

c **** 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 = sqrt(pre_al) 
beta = sqrt(pre b) 

c **** Call the subroutine J1DERJ1 to calculate the ratio of the 
c **** Bessel functions J1 / derivative(J1) for the above calculated 
c **** alpha. 

call J1DERJ1(alpha, ratjlderjl) 
c **** Call the subroutine K1DERK1 to calculate the ratio of the 
c **** Bessel functions Kl / derivative(Kl) for the above calculated 
c **** beta. 

call K1DERK1(beta, ratklderkl) 
fnl = (ratjlderjl / alpha) + (ratklderkl / beta) 
fn2 = ((ratjlderjl * er) / alpha) + (ratklderkl / beta) 
lhs = fnl * fn2 
rhs = ((er / (alpha ** 2)) + (1 / (beta ** 2))) * 
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((1 / (alpha ** 2)) + (1 / (beta ** 2))) 
c **** Calculate the variable 'function'. 

function = lhs - rhs.  
c **** Return to subroutine BISECTOR the value of the variable 
c **** 'function'. 

return 
end 

c  ********************************************************************** 
c END OF PROGRAM 

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

3. Program 'QO.FOR'  

This program is first used to calculate the points at which the 3dB 
frequencies should be measured, given the value of the coupling, j3 (see 

Appendix B)., When these 3dR frequencies are input to the program, it 
then calculates the Qo and the fo value. 

Program UnloadedQ 
c  ********************************************************************** 
c  **** File Name: QO.FOR *** 
c **** This program calculates QO 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 *** 
c **** J.E. Aitken. *** 
c  ********************************************************************** 
c **** Declare variables 

Character 
Real Dm, beta, pre_DO, DO, QO 
Real fO, flo, fhi 

c **** Get input data 
c **** 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 ' 
write(6,*) ' THE REFERENCE LEVEL.' 
write(6,*) 
write(6,*) ' ENTER Dm (MAX. REFL. COEFF. AS A POSITIVE NUMBER)' 
read(5,*) Dm 
if (B .eq. 'g') go to 100 
if (B .eq. 'G') go to 100 
beta = (1 - 10 ** (-Dm / 20)) / (1 + 10 ** (-Dm / 20)) 
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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 **** level. 

pre DO = ((2 - (2 * beta) + (beta ** 2)) / 
(2 + (2 * beta) + (beta ** 2))) ** 0.5 

DO = 20.0 * alog10(pre DO) 
c **** Output the value of DO. 

write(6,*) ' READ FREQ. AT ',DO,' dB BELOW THE REFERENCE POINT' 
c **** Input 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 
QO = f0 / (fhi - flo) 

c **** Output results. 
write(6,*) ' QO = QO 
write(6,*) ' CENTER FREQUENCY = f0 
stop 
end 

c  ********************************************************************** 
c END OF PROGRAM 
c  ********************************************************************** 

e 

4. Program 'ER.FOR'  

This program calculates the value of the relative dielectric constant 
for the Mon 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 Mon  mode. 

Program ER 
c  ********************************************************************** 
c  **** File Name: ER.FOR **** 
c **** This program finds the relative dielectric constant for a **** 
c **** given frequency of resonance for TEOnp mode, provided the **** 
c **** diameter, the height of the sample and the value of p are **** 

c **** also given. **** 
c  ********************************************************************** 
c **** Declare variables 

Integer erlow_i, erhigh 
Real mode p, wlr, func, erlow 
Real pre b, beta, pre al, alpha, t, d, er, pi 
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Real a, b, c, ratjljz, ratklkz, f, v 
c **** Open data file 'ER.DAT' that will store the data as it is 
c **** produced so it can be accessed later. 

open (unit=20, file=1ER.DATT, status='unknown') 
c **** Get input data 

write(6,10) 
10 format(' ENTER DIAMETER OF SAMPLE IN MILS (REAL #)') 

write(20,10) 
read(5,*) d 
write(20,*) d 
write(6,20) 

20 format(' ENTER HEIGHT OF SAMPLE IN MILS (REAL #)') 
write(20,20) 
read(5,*) t 
write(20,*) t 
write(6,30) 

30 format(' ENTER VALUE OF p (REAL I) FOR TEOnp MODE') 
write (20, 30) 
read(5,*) mode_p 
write(20,*) mode_p 
write(6,40) 

40 format(' ENTER FREQUENCY OF RESONANCE FOR TEOnp MODE (GHz)') 
write (20, 40) 
read(5,*) f 
write(20,*) f 

c **** Calculate the wavelength in mils 
wlr = (30000.0 / f) / 2.54 

c **** Define constant pi 
pi = 4.0 * atan(1.0) 
b = ((pi * d * mode_p / t) ** 2) / 4 
c = (pi ** 2) * (d ** 2) 

c **** Calculate variables 'alpha' and 'beta' 
pre b = b - (c / (wlr ** 2)) 
beta = sqrt(pre b) 

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

call K1KZ(beta, ratkzkl) 
c **** Calculate the lower limit of the range of the relative 
c **** dielectric constant. This limit is calculated so that the square 
c **** of alpha does not become negative and hence alpha is not 
c **** imaginary. 

erlow = ((wlr * mode_p) / (2 * t)) ** 2 
erlow_i = erlow 
erlow_i = erlow_i + 1 

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

erhigh = 100 
c **** Calculate the interval, delta, for the range of the dielectric 
c **** constant at which the calculations will be done. In this case 
c **** there will be approximately 50 points of data. 

delta = (erhigh - erlow_i) / 50 
c **** The value of the variable 'v' is used to determine if it is the 
c **** first run through the DO loop. If so, the subroutine BISECTOR 
c **** cannot be called since at least two runs through the loop are 
c **** required. 

v = 0 
c **** Begin do loop 

Do 80 er = erlow_i, erhigh, delta 
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v = v + 1 
erl = er2 
er2 = er 
a = ((pi * d) ** 2) * er • 

c ******** Calculate variable alpha 
pre_al = (a / (wlr ** 2)) - b 
alpha = sqrt(pre al) 

c ******** Call the subroutine J1JZ to calculate the ratio of the 
c ******** Bessel functions JO / Jl for the above calculated alpha. 

call J1JZ(alpha, ratjzjl) 
c ******** Calculate the function, variable func 

func = (alpha * ratjzjl) + (beta * ratkzkl) 
c ******** 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 =', f7.2) 
write(20,60) func 
write(6,*) ' 
if (v .eq. 1) go to 77 

c ******** If v is greater than one, then save the last two values 
c ******** of the function to calculate if a zero crossing is 
c ******* between these two values. If so, then call subroutine 
c ******** BISECTOR to calculate=the point of zero crossing. 
c ******** Also save the corresponding dielectric constant values. 
c ******** Note that 'er_low' corresponds to 'funcl' and 'er_hi' to 
c ******** 'func2'. 

funcl = func2 
func2 = func 
if (func2 .gt. 0.0) go to 72 
if (funcl .gt. 0.0) go to 75 
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 ******** End do loop 
write(6,*) 'RESULTS ARE STORED IN FILE ER.DAT' 

c **** Close data file 'ER.DAT' 
close(20) 
stop 
end 

c * ** ** ** ** ** ** ** **--- 
c * ** ** ** ** ** ** ** **___ 

Subroutine J1JZ(arg, ratjzjl) 
c  ********************************************************************** 
c **** This subroutine takes in the input, arg, which in this case *** 
c **** is the value of the variable alpha which is calculated in the *** 
c **** main program. The output of the subroutine is the value of *** 
c **** the ratio of the Bessel functions JO to Ji. *** 
********************************************************************** 
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c **** Declare variables. 
Real t(10), rjz, rjl, ratjzjl, sq_arg 
Integer 

c **** Start calculations 
if (arg .gt. 3.0) goto 200 
t(1) = (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 * t(1) + 1.2656208 * t(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 
* t(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+1) = t(n) * t(1) 
c **** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 

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

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos (t1) 

220 continue 
ratjzjl = rjz / rjl 
return 
end 

C  * ** ** ** ** ** ** ** **--- 
C  * ** ** ** ** ** ** ** **--- 

Subroutine K1KZ(arg, ratkzkl) 
c  ********************************************************************** 
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 value of the *** 
c *** ratio of the Bessel functions KO to Kl. *** 
c ********************************************************************** 
c **** Declare variables 

Integer 
Real t(10), rkl, rkz, ratkzkl 
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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+1) = t(n) * t(1) 
c **** End do loop 

riz = 1.0 •+ 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(4) + 0.0360768 * t(5) + 0.0045813 
* t(6) 

ril = 0.5 + 0.878.90594 * t(1) + 0.51498869 * t(2) + 0.1508493 * 
t(3) + 0.02658733 * t(4) + 0.00301532 * t(5) + 0.00032411 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c **** Begin do loop 
do 240 n = 1, 5 

240 t(n+1) = 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 * t(3) - 0.01919402 * t(4) 
- 0.00110404 * t(5) - 0.00004686 * t(6) 

rkl = (rkl / arg) 
go to 270 

250 continue 
t(1) = 2.0 / arg 

c **** Begin do loop 
do 260 n = 1, 5 

260 t(n+1) = 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 * t(6) 

rkz = rkz / (((arg) ** 0.5) * 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 / (((arg) ** 0.5) * exp(arg)) 
270 continue 

ratkzkl = rkz / rkl 
return 
end 

c * ** ** ** ** ** ** ** **--- 
o * ** ** ** ** ** ** ** **--- 

Subroutine BISECTOR(xa, xb, funcar  funcb, t, d, mode p, f) 
o ********************************************************************** 
c **** This subroutine calculates the value of the zero crossing *** 

c **** between the two points provided by the main program when it *** 
c **** calls this subroutine. *** 
c  ********************************************************************** 
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c **** Declare variables. 
Integer iterations 
Real xa, xb, xc, funca,-funcb, funcc 
Real' root, t, d, f, mode_p 

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

iterations = 0 
280 xc = (xa + xb) / 2.0 

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

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

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

if (funcc .lt. 0.0000) go t9 300 
if (funca .lt. 0.0000) go to 310 

290 xa = xc 
call FUNC(xa, t, d, 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 = xc 

call FUNC(xb, t, d, mode_p, funcb, f) 
if (abs(funcb) .lt. 0.0001) go to 320 
go to 280 

320 root = xc 
c **** 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,*) ' 

335 return 
end 

c*********************************************************************** 
Subroutine FUNC(er, t, d, mode_p, function, f) 

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



c **** Declare variables. 
Real wlr, mode_p, f, pi, pre_al, pre_b 
Real alpha, beta 
Real t, d, er, a, b, c, ratjljz, ratklkz 

c **** Define constant pi 
pi = 4.0 * atan(1.0) 
a = (pi.** 2) * (d ** 2) * er 
b = ((pi * d * mode_p / t) ** 2) / 4 
c = (pi ** 2) * (d ** 2) 

c **** Calculate the wavelength in mils. 
wlr = (30000.0 / 2.54) / f 
pre al = (a / (wlr ** 2)) - b 
pre—b = b - (c / (wlr ** 2)) 
alpha = sqrt(pre al) 
beta = sqrt(pre iT) 

c **** Call subroutine—j1JZ to calculate the value of the Bessel 
c **** functions ratio JO /J1. 

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

call K1KZ(beta, ratkzkl) 
c **** Calculate the variable 'function'. 

function = (alpha * ratjzjl) + (beta * ratkzkl) 
c **** Return to subroutine BISECTOR the value of the variable 
c **** function. 

return 
end 

• 
c ********************************************************************** 

c END OF PROGRAM 
********************************************************************** 

5. Program 'TANDLT.FOR'  

This program calculates the loss tangent for the material for TEon. 

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 Qo and the f0 

value (calculated by 'QO.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 
C  ********************T************************************************* 
c  **** File Name: TANDLT.FOR *** 
c **** This program is used to calculate the tandelta value for TEOnp*** 
c **** mode for a particular freq of resonance, relative dielectric *** 
c **** constant, diameter and height of the sample. *** 
********************************************************************** 

c **** Declare variables 
Character answer 
Real fn_alpha, fn beta, AA, BB, x, y, z 
Real t, tm, d, er, pi, a, b, c 
Real rjz, rjl, rj2, u0, cond, e0, Bden 
Real QO, temp, mode_n, mode_p 
Real sig 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 

c **** 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 

c **** Convert height of puck into meters = tm 
tm = t * 2.54 / le5 

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,*) f 
wlr = (30000 / 2.54) / f 

c **** Convert the frequency to Hz 
freq = f * 1.0e9 
write(6,60) 

60 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 
read(5,*) er 
write(6,70) 

70 format(' ENTER UNLOADED Q (REAL #)') 
read(5,*) QO 

c **** Define constant pi 
pi = 4.0 * atan(1.0) 

c **** Define permeability of free space = u0 (henry/m) 
u0 = 4.0 * pi * le-7 

• c **** Enter temperature of operation in kelvin. 
write(6,*) 'ENTER TEMPERATURE OF PUCK IN KELVIN' 
read(5,*) temp 

c **** Start calculations 
c **** Conductivity of gold for temperatures ranging from room 
c **** temperature down to liquid nitrogen temperature is given by 
c **** the following formula. See Chapter IV, section 3 for details. 

cond = (0.877 * 4.562e7) / ( 1.0 + (0.00339 * (temp - 293.0))) 
write(6,*) T  
write(6,*)'CONDUCTIVITY OF GOLD AT',temp, 'K IS',cond, ' MHO/MT 
write(e,*) T  

c **** Resistivity (units of ohm.m) is inverse of conductivity 
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resistivity = 1.0 / cond 
c **** Define sigma to 1 ratio (i.e. conductivity to mean free path 
c **** ratio in units of mho / sq m) for gold, which is constant for 
c **** a material. 

= 0.43e15 
c **** Calculate the mean free path (unit of meters) for gold at 
c **** this temperature. 

meanpath = 1.0 / (sig * resistivity) 
c **** Calculate the skin depth, delta (unit of meters). 

delta = 1.0 / sqrt(pi * freq * 110 / resistivity) 
c **** Calculate the classical surface resistance (unit of ohms). 

Rclassic = resistivity / delta 
write(6,*) 'CLASSICAL SURFACE RESISTANCE', Rclassic, ' OHMS' 

c **** Calculate the mean free path to delta ratio (unitless). 
1_to_delta = meanpath / delta 

c **** Calculate the value of alfa and z, as defined in Jim Matey's 
c **** internal correspondence dated 4 July 1988 [23]. The function 
c **** 'z' is defined as function 'a' in the correspondence. 

alfa = (1_to_delta ** 2) * 3.0 / 2.0 
z = Rclassic * alfa ** 0.1666 

c **** Calculating the x and y coordinates of the graph in the 
c **** correspondence by using the polynomial for y. 

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

c **** Calculate the anomalous surface resistance of gold in ohms. 
y= -y 
Ranam = z * exp(y) 
write(6,*) 'ANOMALOUS SURFACE RESISTANCE = Ranam, ' OHMS' 

c **** Define permittivity of free space = e0 (farads/m) 
e0 = 8.854 * 1e-12 
a = (pi ** 2) * (d ** 2) * er 
b = ((pi * d * mode_p / t) ** 2) / 4 
c = ** 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 = sqrt(pre b) 

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

call J1JZ(alpha, rj2, rjl, rjz) 
c **** Call subroutine K1KZ to calculate the Bessel functions KO (i.e. 
c **** variable rkz), Kl (i.e. variable rkl) and K2 (i.e. variable rk2) 
c **** for the above calculated beta. 

call K1KZ(beta, rk2, rkl, rkz) 
c **** Calculate the functions fn_alpha and fn_beta 

fn_alpha = (rjl ** 2) / ((rjl ** 2) - (rjz * rj2)) 
fn_beta = ((rkz * rk2) - (rkl ** 2)) / (rkl ** 2) 
AA = 1 + (fn_alpha * fn_beta / er) 

c **** Bden is the denominator of BB 
Bden = 2.0 * pi * (freq ** 3) * (u0 ** 2) * e0 * (tm ** 3) * er 

c **** If the temperature of the sample is greater than 200K, then use 
c **** the classical surface resistance, Rclassic. 

if (temp .lt. 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 **** If 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 / QO) - 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(0)' 
read(5,110) answer 

110 format (Al) 
if (answer .eq. 'Y') go to 30 
if (answer .eq. 'y') go to 30 
stop 
end 

C  * ** ** ** ** ** ** ** **--- 
C  * ** ** ** ** ** ** ** **--- 

Subroutine J1JZ(arg, rj2, rjl, rjz) 
*;******************************************************************** 

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 JO, J1 and 432. 
********************************************************************** 

c **** Declare variables 
Real t(10), rjz, rjl, rj2, sq_arg 
Integer 
if (arg .gt. 3.0) go to 130 
t(1) = (arg / 3.0) ** 2 

c **** Begin do loop 
do 120 n = 1, 5 

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

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(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 
* t(3) + 0.00443319 * t(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(n+1) = t(n) * t(1) 
c **** End 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 = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 

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

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos(t1) 

150 continue 
rj2 = ((2.0 * rjl) / arg) - rjz 
return 
end 

o * ** ** ** ** ** ** ** **--- 
o * ** ** ** ** ** ** ** **--- 

Subroutine K1KZ(arg, rk2, rkl, rkz) 
o ********************************************************************** 
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 value of the 
c **** Bessel functions KO, K1 and K2. 
o *****************************0**************************************** 
c **** Declare variables. 

Integer 
Real t(10), rk2,6  rkl, rkz 
if (arg .gt. 2.0) go to 180 
t(1) = (arg / 3.75) ** 2 

c **** Begin do loop 
do 160 n = 1, 5 

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

riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(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 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c **** Begin do loop 
do 170 n = 1, 5 

170 t(n+1) = 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 200 

180 continue 
t(1) = 2.0 / arg 

c **** Begin do loop 
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do 190 n = 1, 5 
190 t(n+1) = 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 * t(6) 

rkz = rkz / (((arg) ** 0.5) * 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 / (((arg) ** 0.5) * exp(arg)) 
200 continue 

rk2 = rkz + ((2.0 * rkl) / arg) 
return 
end 

C ********************************************************************** 
END OF PROGRAM 

C ********************************************************************** 

6. Program 'COND.FOR'  

This program is used to calculate the conductivity of the conducting 

plates for the '1E011 resonance. The input data needed is the dimensions of 
the sample, the value of fo (calculated by 'QO.FOR'), the Er value (calculated 

by 'ER.FOR') and the loss tangent value (calculated by 'TANDLT.FOR'). 

Program Conductivity 
********************************************************************* 

c *** File Name: COND.FOR *** 
c *** This program is used to calculate the conductivity value for *** 
c *** TE011 mode for a particular freq of resonance, relative *** 
c *** dielectric constant, diameter, length of puck and loss *** 
c *** tangent. *** 
C ********************************************************************* 
c *** Declare variables 

Character answer 
Real fn_alpha, fn beta, AA, BB 
Real t, tm, d, er, pi, a, b, c 
Real rjz, rjl, rj2, u0, cond, e0, Bden 
Real Q0, mode p 
Real resistivity, Rs 
Real wax, freq, rkz, rkl, rk2 
Real pre_al, pre b, beta, alpha, tandelta 
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c *** Get input data 
write(6,10) 

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

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

c *** Convert length of puck into meters = tm 
tm = t * 2.54 / 1e5 

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,*) f 
wlr = (30000 / 2.54) / f 

c *** Convert the frequency to GHz 
freq = f * 1.0e9 
write(6,60) 

60 format(' ENTER RELATIVE DIELECTRIC CONSTANT (REAL #)') 
read(5,*) er 
write(6,70) 

70 format(' ENTER UNLOADED Q (REAL #)') 
read(5,*) QO 
write(6,80) 

80 format(' ENTER TANDELTA (REAL #)') 
read(5,*) tandelta 

c *** Define constant pi 
pi = 4.0 * atan(1.0) 

c *** Define permeability of free space = u0 (henry/m) 
u0 = 4.0 * pi * le-7 

c *** Define permittivity of free space = e0 (farads/m) 
e0 = 8.854 * le-12 
a = (pi ** 2) * (d ** 2) * er 
b = ((pi * d * mode_p / t) ** 2) / 4 
c = (pi ** 2) * (d ** 2) 
pre al = (a / (wlr ** 2)) - b 
pre —b = b - (c / (wlr ** 2)) 
alpha = sqrt(pre al) 
beta = sqrt(pre E) 

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

call J1JZ(alpha, rj2, rjl, rjz) 
c *** Call subroutine K1KZ to calculate the Bessel functions KO (i.e. 
c *** variable rkz), K1 (i.e. variable rkl) and K2 (i.e. variable rk2) 
c *** for the above calculated beta. 

call K1KZ(beta, rk2, rkl, rkz) 
c *** Calculate the functions fn_alpha and fn_beta 

fn_alpha = (rjl ** 2) / ((rjl ** 2) - (rjz * rj2)) 
fn beta = ((rkz * rk2) - (rkl ** 2)) / (rkl ** 2) 
AA = 1 + (fn_alpha * fn_beta / er) 
BB = (AA / QO) - tandelta 

c *** Bden is the denominator of BB 
Bden = 2.0 * pi * (freq ** 3) * (u0 ** 2) * e0 * (tm ** 3) * er 
Rs = BB * Bden / (1.0 + (fn_alpha * fn_beta)) 
cond = pi * freq * u0 / (Rs ** 2) 
cond = cond / 1e7 
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write(6,90) cond 
90 format(' CONDUCTIVITY OF PLATES = f9.2, e+7 mho/m 

write(6,*) ' 
write(6,*) ' DO YOU WANT TO RUN IT AGAIN FOR SAME ' 
write(6,*) ' SAMPLE DIMENSIONS ? ENTER Y(es) OR N(0)' 
read(5,100) answer 

100 format (Al)- 
if (answer .eq. 'Y') go to 30 
if (answer .eq. '17') go to 30 
stop 
end 

c * ** ** ** ** ** ** **  

c * ** ** ** ** ** ** **  

Subroutine J1JZ(arg, rj2, rjl, rjz) 
********************************************************************** 

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 *** 
c *** main program. The output of the subroutine is the value of *** 
c *** the Bessel functions JO, J1 and J2. *** 
c ********************************************************************** 
c *** Declare variables 

Real t(10), rjz, rjl, rj2, sq_arg 
Integer 
if (arg .gt. 3.0) go to 130 
t(1) = (arg / 3.0) ** 2 

c *** Begin do loop 
do 120 n = 1, 5 

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

rjz = 1.0 - 2.2499997 * t(1) + 1.2656208 * t(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 
* t(3) + 0.00443319 * t(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(n+1) = t(n) * t(1) 
c *** End 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) 

sq_arg = fz / sqrt(arg) 
rjz = sq_arg * cos(tz) 
fl = 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) 
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tl = arg - 2.35619449 + 0.12499612 * t(1) + 0.00005650 * t(2) 
- 0.00637879 * t(3) + 0.00074348 * t(4) + 0.00079824 * t(5) 
- 0.00029166 * t(6) 

sq_arg = fl / sqrt(arg) 
rjl = sq_arg * cos(t1) 

150 continue 
rj2 = ((2 0 * rjl) / arg) - rjz 
return 
end 

c * ** ** ** ** ** ** ** **--- 

c * ** ** ** ** ** ** ** **--- 

Subroutine K1KZ(arg, rk2, rkl, rkz) 
• ********************************************************************** 
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 value of the *** 
c *** Hassel functions KO, K1 and K2. *** 
• ********************************************************************** 
• *** Declare variables. 

Integer 
Real t(10), rk2, rkl, rkz 
if (arg .gt. 2.0) go to ISO 
t(1) = (arg / 3.75) ** 2 

c *** Begin do loop 
do 160 n = 1, 5 

160 t(n+1) = t(n) * t(1) 
• *** End do loop 

riz = 1.0 + 3.5156229 * t(1) + 3.0899424 * t(2) + 1.2067492 * 
t(3) + 0.2659732 * t(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 
* t(6) 

ril = ril * arg 
t(1) = (arg / 2.0) ** 2 

c *** Begin do loop 
do 170 n = 1, 5 

170 t(n+1) = 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 * t(3) - 0.01919402 * t(4) 

- 0.00110404 * t(5) - 0.00004686 * t(6) 
rkl = (rkl / arg) 
go to 200 

180 continue 
t(1) = 2.0 / arg 

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

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

rkz = 1.25331414 - 0.07832358 * t(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) * exp(a4)) 
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 / (((arg) ** 0.5) * exp(arg)) 
200 continue 

rk2 = rkz + ( (2.0 * rkl) / arg) 
return 
end 

C  ********************************************************************** 
END OF PROGRAM 

C  ********************************************************************** 
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APPENDIX D 

HEArEtt 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 twee, 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 ZrSnTiO4 Sample: 

Diameter of sample = 500 mils 

Height of sample = 272.5 mils 

Data point #1 

Temperature 291 K 

Dm  -5:4 dB 

0.301* 

Do -2.576 dB 

to 5.09084 GHz 

fhi 5.09228 GHz 

Qo 3535.7 

fo 5.09156 GHz 

Cr 37.952 

tans 1.064x10-4  

6 4.028x107  mhos/m 



Data point #2  

Temperature 120 K 

Dm -9.45 dB 

0 0.496 

D0 -4.119 dB 

to 5.08204 GT-T7 

fhi 5.08296 Gliz 

Qo 

fo 

5522.7'  

5.082450 GFIz 

Er 38.088 

tans 0.6803x10-4  

a 9.675x107  mhos/m 



Data point #3  

Temperature 110K 

Dm -10.05 dB 

0.521 

Do -4.310 dB 

0 5.08123 GHz 

fhi 5.08211 GHz 

Qo 5776.2 

fo 5.08167 GHz 

er 38.100 

tan3 0.6441x10-4  

a 10.539x107  mhos/m 



Data point #4  

Temperature 100 K 

Dm 40.95 dB 

0.558 

Do -4.577 dB 

flo 5.08087 GHz 

fhi 5.08171 GHz 

Qo 6051.2 

f0 5.08129 GHz 

er 38.106 

tans 0.6100x10-4  

11.572x107  mhosim 



Data point #5  

Temperature 90 K 

Dm -11.8 dB 

13 0.591 

D0 -4.808 dB 

flo 5.07887 GHz 

fhi 5.07967 GHz 

Qo 6348.0 

f0 5.07927 GHz 

Er 38.136 

tans 0.5785x10-4  

a 12.830x107  mhos/m 



Data point #6  

Temperature 78.5 K 

Dm -13.1 dB 

0.637 

Do -5.124 dB 

fio 5.07831 GHz 

fhi 5.07907 GHz 

Qo 

fo 

Er 

tans 

6681.8 

5.07869 GHz 

38.145 

0.5547x10-4  

14.940x107  mhos/m 



II. Data for 99.5% A1903 Sample: 

Diameter of sample = 705.5 mils 

Height of sample = 353.5 mils 

Data point #1  

Temperature 293 K 

Dm -7.0 dB 

13 0.382 

Do -3.238 dB 

flo 7.38811 GHz 

fhi 7.38974 GHz 

Qo 4533.6 

f0 7.38893 GHz 

Cr  9.847 

tans 1.0021x104  

4.0009x107  mhos/m 



Data point #2  

Temperature 120 K 

Dm -16.9 dB 

13 0.750 

Do -5.824 dB 

flo 7.43351 GHz 

fhi 7.43435 GHz 

Qo 8847.9 

ft) 7.43393 GHz 

Er 9.726 

tan6 0.3557x10-4  

a 9.675x107  mhos/m 



Data point #3  

Temperature 110K 

Dm -18.4 dB 

i3 0.785 

Do -6.024 dB 

flo 7.43442 GHz 

fhi 7.43524 GHz 

Qo 9070.4 

f0 7.43483 GHz 

Er 9.724 

tans 0.3571x104  

0' 10.539x107  mhos/m 



Data point #4  

Temperature 100 K 

Dm -20.0 dB 

13 0.818 

Do -6.199 dB 

flo 7.43546 GHz 

fhi 7.43624 GHz 

Qo 9531.8 

f0 7.43585 GHz 

Er 9.721 

tans 0.3333x10-4  

11.572x107  mhosim 



Data point #5 

Temperature 90 K 

Dm  -23.8 dB 

0.879 

Do -6.497 dB 

AO 7.43620 GHz 

fhi 7.43694 GHz 

Qo 10048.7 

e 

f0 7.43657 GHz 

er 9.719 

tans 0.3098x10-4  

12.830x107  rahos/ra 



Data point #6  

Temperature 77 K 

Dm -29 dB 

0 1.073 

Do -7.219 dB 

flo 7.43623 GHz 

fhi 7.43688 GHz 

Qo 11442.1 

fo 7.4365 GHz 

Er 9.719 

tan6 0.2291x104  

a 1 4.940x10 7 mho s/m 



III. Data for single crystal MgO Sample: 

Since the Mg0 sample was i-nhomogeneous, 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 

Data point #1 

Temperature 

Dm  

First Run Second run Average 

290 K 

-9.1 dB * 

290 K 

43.2 dB 

290 K 

• 

13 0.481 0.641 • 

Do 4.004 dB -5.147 dB • 

to 9.94587 GHz 9.93504 GHz • 

fhi 9.94703 GHz 9.93618 GHz • 

Q0 8576.9 8718.2 8647.5 

f0 9.94645 GHz 9.93561 GHz 9.94103 
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Following are the results obtained for the MgO sample at 290 K using 

the average frequency of resonance and unloaded Q value: 

Temperature 290 K 

Qo 8647.5 

fo 9.94103 

er 9.802 

tans 0.5074x10-4  

Data point #2 

Temperature 

Dm  

0 

Do 

to 

fhi 

Qo 

fo 

First Run Second run Average 
d 

120 K 

-20.8 dB 

120 K 

-30 dB 

120 K 

• 

0.833 0.939 • 

-6.274 dB -6.758 dB • 

10.02905 GHz 10.01852 GHz • 

10.02987 GHz 10.01944 GHz • 

12228.7 10897.9 11563.3 

10.02946 GHz 10.01898 GHz 10.02422 
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Following are the results obtained for the Mg0 sample at 120 K using 
the average frequency of resonance and unloaded Q value: 

Temperature 120 K 

Qo 11563.3 

fo 10.02422 

er 9.632 

tans 0.4514x10-4  

Data point #3 

Temperature 

Dm  

First Run Second run Average 

110 K 

-27.5 dB 

110 K 

-17.3 dB 

110 K 

• 

0 0.919 1.316 • 

D0 -6.677 dB -7.624 dB • 

flo 10.03201 GHz 10.02156 GHz • 

fhi 10.03287 GHz 10.0233 GHz • 

Qo 11662.7 13005.9 12334.3 

f0 10.03244 GHz 10.02194 GHz 10.02719 
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Following are the results obtained for the Mg0 sample at 110 K using 

the average frequency of resonance and unloaded Q value: 

Temperature 110 K 

Q0 12334.3 

fo 10.02719 

Er 9.626 

tans 0.4112x10-4  

Data point #4  • 

First Run Second run Average  

Temperature 100K 100K 100 K 

Dm -40 dB 10.0 dB • 

1.020 1.925 • 

Do -7.058 dB -7.118 dB • 

flo 10.03457 GHz 10.02402 GHz • 

fhi 10.03546 GHz 10.02477 GHz • 

Q0 11266.0 13188.6 12227.3 

f0 10.03502 GHz 10.02439 GHz 10.029705 
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Following are the results obtained for the Mg0 sample at 100 K using 

the average frequency of resonance and unloaded Q value: 

Temperature 100 K 

Qo 12227.3 

fo 10.029705 

Er 9.621 

tans 0.4359x10-4  

Data point #5  

First Run second run Average  

Temperature 90K 90K 90 K 

Dm -24 dB -12.9 dB • 

1.135 1.585 • 

Do -7.370 dB -7.576 dB • 

f10 10.03678 GHz 10.02615 GHz • 

fhi 10.03762 GHz 10.02696 GHz • 

Qo 11959.9 12368.9 12164.4 

f0 10.03720 GHz 10.26656 GHz 10.031928 
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Following are the results obtained for.the Mg0 sample at 90 K using 

the average frequency of resonance and unloaded Q value: 

Temperature 90 K 

Q0 12164.4 

fo 10.03193 

Er 9.616 

tans 0.4580x10-4  

Vata point #6 

Temperature 

Dm  

First Run Second run Average 

77 K 

-17 dB 

77 K 

-9.7 dB 

77 K 

• 

13 1.329 1.973 

Do -7.632 dB -7.036 dB 

flo 10.03810 GHz 10.02761 GHz • 

fhi 10.03886 GHz 10.02837 GHz • 

Qo 13207.2 13193.4 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 77 K 

Qo 13200.3 

fo 10.03323 

er 9.613 

tans 0.4141x104  

III. Data for single crystal LaA103 Sample: 

The LaAlO3  sample was also foeund 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 

Dm -6.4 dB 

0.353 

Do -2.997 dB 

6.23641 GFrz 

fhi 6.23711 GHz 

Qo 8909.7 

fo 6.23676 GHz 

Er 24.207 

tans 0.5349x10-4  

a 4.001x107  mhos/m 



Data point #2 

Temperature 120K 

Dm -5.5 dB 

f3 0.306 

Do -2.619 dB 

flo 6.28569 GHz 

fhi 6.28627 GHz 

Qo 10832.1 

fo 6.28598 GHz 

Er 23.821 

tanS 0.5533x10-4  

a 9.675x107  mhos/m 



Data point #3  

Temperature 100K 

Dm -4.5 dB 

13 0.253 

D0 -2.177 dB 

flo 6.28938 G-Frz 

fhi 6.28997 GFrz 

Q0 10663.2 

f0 6.28967 GFrz 

Cr 23.792 

tans 0.598x10-4  

szy 11.572x107  mhos/m. 



Data point #4  

Temperature 90K 

Dm -4.5 dB 

0.253 

Do -2.177 dB 

flo 6.29137 GHz 

fhi 6.29192 GHz 

Qo 11433.7 

fo 6.29165 GHz 

er 23.777 

tans 0.5493x10-4  

12.83x107  nahos/m 



Data point #5  

Temperature 77K 

Dm -4.5 dB 

0.253 

Do -2.177 dB 

to 6.29269 GHz 

fhi 6.29322 GHz 

Qo 11868.1 

f0 6.29295 GHz 

er 23.767 

tans 0.5378x104  

a 14.94x107  mhos/m 



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 rails at room temperature (290K). The results obtained are 

shown below: 

Regular Top Plate Experiment Top Plate With Hole Experiment 

Dm  = - 3.3 dB Dm  = - 6.0 dB 

13 = 6.1877 d=0.332 

Do = -1.621 dB Do = -2.831 dB 

flo = 5.09623 GHz AO = 5.09418 GHz 

fhi = 5.09771 GHz f = 5.09565 GHz 

Q0 = 3443.7 (4,0 = 3465.7 

f0 = 5.09670 GHz fo = 5.094915 GHz 

Er  = 37.875 Er  = 37.901 

tanS =1.1435X10-4 tans =1.1246X104  
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